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Abstract

:

In this work, the latest achievements in the field of copper oxide thin film gas sensors are presented and discussed. Several methods and deposition techniques are shown with their advantages and disadvantages for commercial applications. Recently, CuO thin film gas sensors have been studied to detect various compounds, such as: nitrogen oxides, carbon oxides, hydrogen sulfide, ammonia, as well as several volatile organic compounds in many different applications, e.g., agriculture. The CuO thin film gas sensors exhibited high 3-S parameters (sensitivity, selectivity, and stability). Furthermore, the possibility to function at room temperature with long-term stability was proven as well, which makes this material very attractive in gas-sensing applications, including exhaled breath analysis.
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1. Introduction


Gas detectors have been continuously developed over the last few decades as a result of increasing industrialization. In 1953, Brattain and Bardeen discovered that gas adsorption onto a semiconductor produces a change in the electrical conductance of its material [1]. The first commercially-available gas sensor was introduced in 1968 by Taguchi for the detection of hydrocarbons [2]. Since then, gas detectors have been used to monitor environmental pollution, domestic safety, public security, automotive applications, air quality, and more recently, to make medical diagnoses, such as exhaled breath analysis. Gas detectors have been fabricated in many different ways, such as: electrochemical and optical approaches, and solid state gas sensors with various gas sensing materials, e.g., metal oxides (MOXs). For such gas sensors, the most widely-accepted sensing mechanism can be explained by the resistance change, which is caused by the surface reaction upon exposure to different gaseous atmospheres, and this is related to their composition, crystalline size, and structure. Over the last 60 years, the gas sensing mechanisms have been studied in terms of various materials (n-type, p-type), several measurement techniques, such as: static and dynamic thermal modulation, doping effects, micro- and nano-structures, etc. CuO is the most widely-studied oxide of all copper oxides (Figure 1a) in terms of sensing applications. It has to be underlined that Cu2O and Cu2O3 are not stable materials and cannot be considered as possible materials for gas-sensing applications. CuO is a typical p-type semiconductor, and it has many remarkable properties, for example: catalytic activity, optoelectronic properties, high stability, ease of access, and antibacterial activity. CuO has a large absorption of solar spectrum and thus can be used as an ideal absorption material in solar cells because its optical absorption edge ranging between 1.2 and 1.9 eV has a good match with the solar spectrum. Moreover, the investigation results have shown that CuO is stable under exposure to various gases, and relatively low changes of base resistivity were observed. It is a less expensive technology than rare materials used in gas-sensing applications [3]. Therefore, it has been utilized in various applications, including: solar energy cells [4], optoelectronics [5], catalysis [6,7,8], biosensors [9,10,11,12,13], photoelectrochemical sensors [14,15], supercapacitors [16], lithium ion batteries [17,18], infrared photo detectors [19], electrochemical sensors [20,21], and gas sensors. Figure 1b shows the number of papers published from 1995 to now, where CuO was studied.



In this review, the latest achievements in the application of gas sensing, in which CuO thin films have been used, are presented and discussed. The paper is organized as follows: Section 2 presents various deposition techniques utilized for CuO thin film deposition and materials used to develop sensors with enhanced sensitivity/selectivity, e.g., the use of various dopants. Section 3 presents the gas sensing results under exposure to various gases and different applications, e.g., environmental pollutant detectors or healthcare monitoring. Section 4 consists of the conclusions and further perspectives for CuO thin film in gas sensors.




2. Copper Oxides’ Compositions and Deposition Techniques


Ideal materials for gas-sensing applications should be characterized by high 3-S parameters (sensitivity, selectivity, and stability). Other important features are fast response/recovery time(s). Since the morphology and structure of oxides play an important role in their gas-sensing characteristic, many efforts have been devoted to the development of deposition and synthesis techniques. In general, to improve the functional properties, oxides are modified by various dopants. Recently, CuO was modified by Au [22], Fe [23], Li [23,24], Na [24], Pd [25], Pt [26], Px (Piroxicam) [27], Ag [28], Cr [28], Sb [28], and Si [28]. Various techniques have been studied to deposit CuO (Figure 2), for example: magnetron sputtering [22,28,29,30,31,32], sol-gel [33], thermal oxidation [14,34], hydrothermal techniques [4,5,15,20,21,35,36,37], hydrothermal techniques with the electrospinning method [38,39], the spray pyrolysis technique [40], the microwave-assisted method [41], electron beam irradiation [42], microplasma synthesis [43], and successive ionic layer adsorption and reaction (SILAR) [44]. In [28], the author presented M-doped CuO-based thin film deposited using magnetron sputtering technology, which is a typical physical vapor deposition (PVD) technique. The sputtering process was carried out in high vacuum/ultra-high vacuum at various temperatures, including cooling and heating of the samples. It has many advantages such as easy operation, large deposition range, and low cost in large-scale production of dense and uniform films. Those features are very important for the fabrication process; moreover, magnetron sputtering can be easily adopted in lab-on-chip production or CMOS technology. It provides the possibility to fabricate the complete gas sensor device with the gas-sensitive layer and electronic circuits. Another technique used for CuO deposition is thermal oxidation, which is very similar to magnetron sputtering with the difference being that the Cu seed layer is firstly deposited and then the samples are oxidized in a furnace under a flow of pure oxygen at higher temperatures (for CuO, it is usually 400 °C). Thermal oxidation gives the possibility to obtain CuO in nanowire form, while magnetron sputtering generally creates thin films. Both techniques require high-class equipment, which is their main disadvantage. In addition to vacuum techniques, hydrothermal processes are also used. In a typical hydrothermal synthesis of CuO, copper (II) nitrate trihydrate (Cu(NO3)23H2O), sodium hydroxide (NaOH), and ethylene diamine (EDA) (C2H4(NH2)2), as well as ethylene glycol (C2H6O2) are used. The hydrothermal methods require chemical reagents, autoclaves, furnaces, etc. However, uniformly-oriented (well distributed on the surface with a specific growth direction) structures can be obtained with this method, such as: snowflake-like, flower-like, hollow sphere-like, and urchin-like 3D [45]. The influence of water and ethylene glycol on the evolution of the morphology of the CuO nanostructures and their corresponding physical properties was studied by Bhuvaneshwari et al. [45]. The synthesized CuO superstructures were tested at room temperature under exposure to ammonia. Another method employed for the production of metal oxides such as copper oxide is a sol-gel method. There are several different synthesis routes for CuO; however, all require chemical agents (complexing and reducing), stirring and drying steps. Sol-gel methods are less expensive and easier in comparison with magnetron sputtering, which make them very attractive for fast prototyping. The main issues are the stability and repeatability of the obtained films. The method that overcomes those limitations (price and technical complications) is the spray pyrolysis technique. This technique includes essentially a nozzle ensuring deposition, a suction pump containing the desired material, and compressed gas, which controls the solution flow rate. In [40], CuO thin films were deposited on glass substrates at temperatures ranging from 300–375 °C and spraying during 20 min. Prior to deposition, substrates were cleaned with nitric acid, acetone, and distilled water to remove any dust or contaminants. The starting solution, an aqueous solution containing copper chloride CuCl2, was used, being a source of copper, heated to a specific temperature to increase the solubility of various constituents, and then deposited on glass substrates using spray pyrolysis. Various methods allow obtaining copper oxides with different morphologies, including nanowires [44,46], nanoparticles [33,47], nanoflowers [26,48], nanofibers [38,49], nanorods [50,51], nanostructures [35,36,42], nanobelts [24], hollow spheres [8,23], and nanosheets [52]. Table 1 lists various deposition techniques and nanoscale forms of CuO-based gas sensors. Generally, the review was limited to the papers published from 2016–2018; therefore, only selected deposition techniques are shown. It has to be underlined that several other techniques such as chemical vapor deposition (CVD), atomic layer deposition (ALD), and pulse laser deposition (PLD) can be applied for CuO deposition, as well. Figure 3 shows SEM photos of various copper oxides with different morphologies.




3. Results and Discussion


The number of papers presenting research findings on CuO thin film in gas sensors increased from 58 in 1995 to 857 in 2018 (108 in 2005 and 501 in 2015), which confirms that copper oxides have become attractive materials for gas-sensing applications. The gas-sensing behavior has been verified under exposure to various gases, such as: nitrogen oxides, carbon oxides, volatile organic compounds, and ammonia. The CuO-based gas sensors have been applied in various fields, including the automotive industry, environmental pollution detectors, and recently, in exhaled breath analyzers. In this section, the latest results are presented and discussed. The section is divided into subsections dedicated to different groups of target gases.



3.1. Nitrogen Oxides


Nitric oxide (NO) and nitrogen oxide (NO2) are typical air pollutants that generate both smog in cities and acid rain, and they have a negative influence on human health [66]. Moreover, nitric oxide is also present in exhaled human breath and is considered to be a biomarker of several pulmonary diseases, e.g., asthma, lung cancer, or chronic obstructive pulmonary disease. Recently, Kim et al. [67] presented CuO-based gas sensors fabricated from activated carbon fibers (ACFs). The NO gas sensing behavior of the developed sensors was determined by measurements of electrical resistance, which decreased under the exposure to NO. The authors measured the untreated and treated ACF sensors. The highest results were obtained for CuO-ACFs with a 4.2 m particle size and a 12.5% resistance change (((RNO − RN2)/RN2), where RNO and RN2 are the electrical resistances under NO and N2, respectively) for 100 ppm of NO. The authors proposed a probable mechanism of the interaction between NO gas molecules and the sensitive layer surface. The CuO particles act as catalysts to assist the movement of electrons in the ACFs. The introduction of CuO particles on the ACFs could improve the movement of electrons, as well as the NO gas detection. After injection of NO gas, NO molecules were adsorbed on the electrode surface, taking out electrons from the surface of CuO. During this process, the potential barrier decreased, and the resistance of the CuO-introduced ACFs was lowered [67]. However, measurements were concluded only at one concentration (100 ppm) without any information concerning other conditions during the gas-sensing measurements, such as temperature and humidity. In [68], the authors developed a CuO-based gas sensor capable of selective detection of NO in a NOx mixture in a dedicated environment, which was nitric oxide detection in combustion emissions. The gas-sensitive layer was deposited on an alumina substrate with IDEs (interdigitated gold electrodes) and thermally annealed at 320 or 500 °C. The developed sensors were tested in various conditions, close to the real conditions prevailing during the operation of internal combustion engines, e.g., 300 ppm NO with increasing concentrations of NO2: 68 ppm, 113 ppm, 180 ppm, and 225 ppm. The authors carried out systematical measurements including CO interactions to gas-sensing responses. The obtained results showed that CuO exhibits greater selectivity to NO at 300 °C over NO2, and the sensor worked well in the dynamic 100–800 ppm concentration range (without sensor saturation) [68]. Navale et al. [55] presented gas sensors based on CuO nanocubes (NCs). Such sensors exhibited a maximum sensitivity S of 76% at 100 ppm NO2 at 150 °C (S = ((Rg − Ra)/Ra) × 100%, where Rg and Ra are the electrical resistance values of CuO NCs in the presence of a target gas and air, respectively). The obtained CuO films were capable of sensing concentrations as low as 1 ppm of NO2 gas [55]. Moreover, the effect of operating temperature on the NO2 sensing properties of CuO films was thoroughly investigated and reported in [55]. The latest results in this field were presented by Zhao et al. [69]. Carbon nanotubes (CNTs) were prepared with CuO nanorods via the facile reflux method. The 1D composite with the molar ratio of CuO and CNTs at 2.4:1 displays excellent gas sensing performance, i.e., the lowest detectable limit of 970 ppb (parts per billion) and the short response time of 6 s at 97.0 ppm NO2 at room temperature. The CuO-CNTs gas sensors are the resistance type, where the total resistance of the sensor is the sum of the resistance of 1D CuO-CNTs and the resistance between the sensitive layer and Au electrode. In the presented sensor, CNTs were behaving as a highly conductive channel and CuO as a low conductivity channel, and the total resistance largely depended on the resistance of CuO nanorods. Recently, Li et al. [62] reported the investigation results of CuO/reduced graphene oxide (CuO/rGO) nanohybrids and their responses to nitrogen oxide in the dynamic 1–75 ppm range. Upon exposure to 1 ppm NO2 at room temperature, the as-prepared CuO/rGO nanohybrids showed a sensitive response of about 14 and the response time and recovery time of about 66 s and 34 s, respectively. The low detection limit was evaluated to be as low as 60 ppb at room temperature. The high response can be attributed to the large surface area of CuO/rGO nanohybrids and enhanced carrier transfer between NO2 molecules and nanohybrids. The estimated (R2 = 0.992) sensitivity of the sensor as a function of nitrogen dioxide was y = 15.273 + 0.490x, where y is the sensitivity and x is the nitrogen dioxide concentration [62]. The investigation results on amorphous and crystalline CuO thin film under exposure to nitrogen oxides are presented in [32]. The obtained results have shown that the optimal operating temperature (100 ppm NO2, 50% RH) is lower for amorphous than for nanocrystalline CuO thin film and equals 180 °C and 325 °C, respectively. The amorphous CuO thin film exhibited faster response/recovery time (s) under the exposure to 100 ppm NO2, equal to 6 and 18 s, respectively (Figure 4a) [32]. Recently developed, nanocrystalline CuO thin films have been tested under exposure to 20 ppm NO2 and at various temperatures (210, 280, 350, and 415 °C) with 50% RH [70]. Figure 4b shows the responses (Rair/RNO2) and response/recovery time (s) of the deposited films. As can be noticed, the response and response/recovery time (s) decreased with temperature. The optimal conditions for such films have to be set as a compromise between higher sensitivity, fast response, and operating temperature value.




3.2. Hydrogen Sulfide (H2S)


CuO is a well-known sensor material for H2S gas detection, due to its catalytic behavior when exposed to H2S gas. The H2S detectors can be divided into two groups. The first one is focused on high concentrations of H2S, which are very dangerous for human beings [66]. The second one is developed to detect low concentrations of ppm and ppb, which is important for medical applications, such as halitosis diagnosis. Recently, Hu et al. [53] presented the gas-sensing results of H2S detection utilized by CuFe2O4− and CuO-based gas sensors. The obtained results showed that the response of the optimized CuFe2O4− modified heterostructures to 10 ppm H2S was approximately 20-times higher than that of pure CuO microspheres. The optimal temperature was 240 °C. The same authors in [25] presented CuO nanoflowers doped with 1.25 wt % Pd, where the optimal temperature was equal to 80 °C and the response was 123.4 to 50 ppm H2S (pure CuO exhibited 15.7). Sensors working at 50 °C were developed by Li et al. [65]. They were based on nanotubular arrays composed of hexagonal ZnO and external monoclinic CuO shells. The sensitivity ((Rg − Ra)/Ra·× 100%) varied in the range of 20%–45% for the dynamic 1–20 ppm H2S concentration. The sensors were prepared with two different morphologies: nanotubes and nanorods. The sensitivity in both cases was comparable; however, the response time (20 ppm H2S) was 37 s and 122 s, respectively [65]. The lowest operating temperature (40 °C) was obtained for gas sensors based on CuO doped with Pt [26]. The results indicated that the CuO sensor doped with 1.25 wt % Pt exhibited the highest response of 135 to 10 ppm H2S, which was 13.1 times higher than the response of a pure CuO sensor [26]. Recently, CuO nanowires were developed for enhanced H2S detection [71]. The authors reported a gas sensor able to detect hydrogen sulfide down to 10 ppb, even in a humid environment. Moreover, the deposition method can be employed in a CMOS backend process, enabling the realization of a fully silicon-integrated CuO nanowire gas sensing device. The operating temperature was 325 °C, and the response ((Rgas − Rair)/Rair) changed from 80% at 100 ppb to 160% at 500 ppb of H2S and 50% RH.




3.3. Carbon Oxides


Carbon oxides, i.e., carbon monoxide (CO) and carbon dioxide (CO2), have some common properties: they both are colorless and odorless gases, and at a high concentration, both can be deadly for human beings. Both gases need to be controlled for safety reasons, but in different concentration ranges. Currently, WHO recommends not extending the exposure to CO (at 760 mmHg and 20 °C) beyond 15 min for 85.8 ppm, 1 h for 30 ppm, 8 h for 8.5 ppm, and 24 h for 6 ppm [72]. Because, CO is a colorless, non-irritant, odorless, and tasteless toxic gas, it is called “a silent killer” and kills around ~450 persons per year in the U.S. [73] and ~400 persons per year in Poland [74], and the numbers are much higher for countries with a low and middle level of development. Recently, CuO thin film gas sensors with enhanced sensitivity to CO were presented in [54]. The authors verified the CO detection for two CuO morphologies, i.e., CuO nanotubes (CuO NTs) and CuO nanocubes (CuO NCs). The obtained results demonstrated that CuO NTs exhibited a lower optimum working temperature (175 °C) and a higher sensitivity to CO in the 50–1000 ppm range. The response/recovery times were 29/37 s and 11/18 s for CuO NCs and CuO NTs, respectively (Figure 5). The structure characterization showed that the prepared CuO nanotubes and nanocubes had a rough surface and enhanced surface area, which are beneficial for gas-sensing applications [54].



Carbon dioxide is considered to be a hazardous gas in the atmosphere, whose continuous increase in concentration can lead to adverse effects on human life and the overall environment [75]. The detection of CO2 by utilization of CuO thin film gas sensors was recently presented by Tanvir et al. [57,76]. In [76], the authors presented investigation results of a gas-sensitive layer based on the combination of CuO nanoparticles with an organic binder and zinc peroxide: ZnO2. The developed layers were investigated in the 20–600 °C temperature range, at various relative humidity (RH) concentrations, such as 0%, 30%, 60%, and 80%, and in 400–4000 ppm concentration range (with 1000 ppm steps) of CO2. The highest responses were obtained at a 300 °C operating temperature and 30% RH. The obtained results showed that the CuO/ZnO2-based (10:1) gas sensor exhibited typical parameters for metal oxide-based sensors. The same group in [57] presented a CuO-based CO2 detector using CuO nanoparticles. The sensors were measured under the same conditions as previously, i.e., CO2 in the 400–4000 ppm range, RH concentrations: 0%, 30%, 45%, 60% and 80%; however, the operating temperature was lower, i.e., 20–110 °C. The best results were obtained at 50 °C and 45% RH. In both cases, [57] and [76], the highest responses were measured for humidified samples. It was suggested that the presence of humidity and adsorbed water is necessary to achieve the reversible reaction of CO2 with the CuO sensing layer.




3.4. Volatile Organic Compounds


Volatile organic compounds (VOCs) are a group of chemical compounds that can evaporate easily at room temperature, and they not only pollute the environment, but also seriously affect human health [77]. Therefore, detection and monitoring of low levels of VOC concentration comprise one of the most active research fields, including the food industry, agriculture, and medical applications.



3.4.1. Ethanol (C2H5OH)


Ethanol is a clear, colorless liquid that is rapidly absorbed from the gastrointestinal tract and distributed throughout the body. It has bactericidal activity and is used often as a topical disinfectant. It is widely used as a solvent and preservative in pharmaceutical preparations, as well as serving as the primary ingredient of alcoholic beverages [78]. CuO-based sensors for ethanol detection were investigated by Umar et al. [35,58]. In 2016 [35], the authors reported a successful synthesis and characterization of the lance-shaped CuO nanostructures prepared employing the hydrothermal technique. The developed sensors were examined in the 300–450 °C temperature range under exposure to 100 ppm C2H5OH. The gas response (Rg/Ra) was around nine at 300 °C, and this temperature was suggested to be the optimum; however, the authors did not show the responses at lower temperatures. The response/recovery times were: 65 s and 125 s, respectively [35]. In 2017 [58], the same group reported the investigation results on CuO nanosheets synthesized by the same hydrothermal method. Previously, in [35], CuO-based gas sensors were tested under the exposure to ethanol, carbon monoxide, and hydrogen, and in [79], the sensors were tested under exposure to acetone, ethanol, and methanol within the dynamic 10–200 ppm concentration range. The optimum operating temperature was increased from 300 °C [42] to 370 °C [58]; however, the response/recovery times were faster, 15/11 s respectively. The developed sensor exhibited higher response (Rg/Ra) to ethanol (8.933) than for acetone (6.625) and methanol (5.47). The gas sensing mechanism for ultra-thin CuO nanosheets for the mentioned gases was proposed and discussed in [58]. The ethanol-sensing characteristics of CuO-based films doped with aliovalent Li(I) and Fe(III) dopants were investigated by Choi et al. [23]. Lithium and iron ions were substitutionally incorporated into the CuO lattice with the variation in lattice parameters and acted as a shallow acceptor or donor, leading to the increase or decrease of the hole density, respectively. Measurements of 1000 ppm of C2H5OH were performed at three different temperatures, 200, 300, and 400 °C, and various dopant concentrations (0–4 at % for both Li(I) and Fe(III)). The highest results were obtained at 300 °C, 1.5 at % of Fe, and was around 4.5 (Rg/Ra); meanwhile, for 1.5 at % of Li, the response was below two. In fact, doping with Li does not improve the detection very much, i.e., the gas sensing change between pure and doped sensors is below one. The detailed results are presented in [23].




3.4.2. Isopropanol (C3H6O)


Isopropanol (isopropyl alcohol or 2-propanol) is an isomer of 1-propanol. It is a colorless liquid having disinfectant properties. It is used in the manufacture of acetone and its derivatives as a solvent. Typically, it is used as an antiseptic. Small amounts of this alcohol are produced naturally by gut microbial flora [80]. The latest report about the CuO-based gas sensor to detect C3H6O was given by Zhang et al. [47]. The authors synthesized SnO2 nanorods and then decorated them with CuO nanoparticles. The decoration of CuO improves the responses (Ra/Rg) to isopropanol (100 ppm) from 22.1 for pure SnO2 to 50.4 for SnO2/CuO. The optimum operating temperature was around 280 °C, and the sensors were tested under the exposure to the dynamic 20–400 ppm isopropanol range. The developed sensors exhibited fast response/recovery times equal to 4 s and 9 s, respectively. The disadvantage of the proposed n-p heterostructure was a low selectivity to other VOCs, such as: ethanol, acetone, or methanol and toluene. Figure 6a illustrates schematic diagrams of the isopropanol gas-sensing mechanism of SnO2/CuO composites. The possible energy band structure of SnO2/CuO is shown in Figure 6b. The electrons would transfer from SnO2 to CuO and holes from CuO to SnO2 until their Fermi levels equalize, leading to forming an additional EDL (electron-depletion layer).



In addition to the detection of isopropanol, CuO-based sensors are also used to detect n-propanol ((CH3)2CHOH). Tan et al. [81] presented CuO nanowire assembled microspheres (CuO NMs) with an extremely fast response time to n-propanol. The optimal temperature was set to 190 °C, and the response/recovery times were 1.2/6.6 s for 100 ppm and 2.7/1.2 s for 1 ppm, respectively. The sensors were tested in the dynamic range of 0–500 ppm n-propanol concentrations and a 130–260 °C temperature range. The highest response (Rg/Ra) was obtained for n-propanol; however, the sensor had some cross-sensitivity to other VOCs, such as: methanol, ethanol, and acetone. The long-term stability test verified the possibility to use the sensor for long periods of time, which is crucial for market applications [81].




3.4.3. Acetone (C3H6O)


Acetone is a colorless, mobile, flammable liquid readily soluble in water, ethanol, ether, etc., and itself serves as an important solvent. Acetone is an irritant, and inhalation may lead to hepatotoxic effects (causing liver damage) [82]. Except its usefulness in chemistry and industry, it has recently become more and more attractive from the medical point of view. Patients with diabetes tend to have higher acetone levels in their breath than healthy people; hence, acetone is considered as one of the biomarkers of diabetes that can be found in exhaled breath. The exhaled acetone is usually in the range of 0.2–1.8 ppm for healthy people and in the range of 1.25–2.5 ppm for people with diabetes [83]. Recently, Yang et al. [84] investigated a series of biomimetic electronic nose nanomaterials of various tungsten oxides, including WO3:CuO and pure CuO prepared by the facile method. The ability to detect acetone was verified under the exposure to 50, 100, and 200 ppm. The highest responses (Rg/Ra) were 3.43, 5.59, and 11.9, respectively. However, the response/recovery time (s) were high: 72.2 s and 29.4 s for 50 ppm of acetone, respectively. Unfortunately, the acetone-sensing characteristics were obtained in a concentration region that is outside of interest. For medical applications, lower acetone concentrations need to be detected, and in industrial applications, generally higher (>1000 ppm) acetone concentrations occur. The conductometric acetone sensor was designed by Moumen et al. [40]. The response of CuO films in the presence of 16 ppm of acetone was investigated at a fixed temperature at 300 °C. The response (%) is defined as ((Ggas − Gair)/Gair) × 100, where Ggas is the conductance in the presence of acetone and Gair is the conductance in air. The response change of 33% under 16 ppm was observed with very high response/recovery times: 160/360 s [40]. Recently, the acetone-sensing behavior of the Cr-doped CuO acetone sensor was published in [59]. The highest response was obtained at 450 °C (3.2 ppm of acetone) with the limit of detection at ~0.4 ppm [59]. The sensor was designed to cover the “diabetes” and “health” region, which means that it is able to detect the acetone concentrations in the range of 0.4–10 ppm. The working temperature was still high, 450 °C, and further investigations are needed to modify the CuO thin film into CuO nanostructures, which should reduce the working temperature.




3.4.4. Others VOCs


In addition to the popular VOCs, such as ethanol, acetone, propanol, etc., several other VOCs have been recently detected by CuO thin film gas sensors, e.g., n-butanol (C4H10O) [85]. It is primarily used as a solvent, as an intermediary in chemical synthesis, and as a fuel. n-Butanol is produced in small amounts by gut microbial fermentation through the butanoate metabolic pathway [85]. Yang et al. [79] synthesized the CuO polyhedrons with different amounts of PtO2 nanoparticles (0%, 2%, 3.5%, and 10%). The developed layers were exposed to n-butanol in the range of 1–10 ppm and 50–200 ppm. The highest responses (Rg/Ra) were obtained for CuO:PtO2 (3.5%), named as the S2-CuO sensor. The response/recovery time (s) for 100 ppm of n-butanol were 2.4 and 5.1 s, respectively. The long-term stability was also verified, and after 30 days, a small fluctuation was observed. The cross-sensitivity was measured for the composition of 100 ppm of n-butanol with inferring gases, i.e., ethanol, acetone, benzene, and isopropanol. The results showed that the S2-CuO composite sensor exhibited an excellent selectivity to n-butanol [79]. The response to n-butanol was recently investigated for (CuO-Cu2O)ZnO:Al heterojunctions by Hoppe et al. [86]. The developed layers with Al dopant at 0.1% were exposed to 100 ppm of n-butanol and different operating temperatures. The optimum temperature for the film was 350 °C, and it gave 200% gas response changes for n-butanol. CuO thin film gas sensors were also used to detect gases, named BTEX (benzene, toluene, ethylbenzene, and xylol). The latest results in this field have been delivered by Ren et al. [87]. The CuO/SnO2 composite was synthesized and verified for is gas sensing properties under exposure to BTEX. The highest response (Ra/Rg) of 50 ppm BTEX at 280 °C was shown for the 3 mol % CuO/SnO2 composite. The pure SnO2 exhibited higher sensitivity to ethanol, acetone, and ammonia, while CuO/SnO2 worked 3–5 times better for BTEX in the wide concentration range of 2–200 ppm [87]. CuO thin film gas sensors have been successfully used to detect propane. Propane (C3H8) is a by-product of natural gas processing and petroleum refining. It is commonly used as a fuel for engines, oxy-gas torches, barbecues, portable stoves, and residential central heating [88]. In [28], the investigation results on M-doped CuO-based (M = Ag, Au, Cr, Pd, Pt, Sb, and Si) sensors working at various temperatures upon exposure to a low concentration of propane were presented. Propane is commonly used in the chemical industry; however, it can also be found in exhaled human breath. The results showed that the addition of M-dopants in the cupric oxide film effectively acted as catalysts in propane sensors and improved their gas-sensing properties.





3.5. Formaldehyde (HCHO)


Formaldehyde is a colorless, poisonous gas synthesized by the oxidation of methanol and used as an antiseptic, disinfectant, histologic fixative, and general-purpose chemical reagent for laboratory applications. Environmentally, formaldehyde may be found in the atmosphere, smoke from fires, automobile exhaust, and cigarette smoke. Small amounts are produced during normal metabolic processes in most organisms, including humans [89]. Recently, formaldehyde gas sensors based on CuO were developed by Meng et al. [37]. The sensors were exposed to formaldehyde in the 5–200 ppm range with a 300 °C optimal operating temperature. The highest responses (Rg/Ra) were obtained for sensor synthesized at 180 °C for 12 h and resulted in four at 200 ppm. The long-term stability and selectivity measurements were carried out showing a market potential for such sensors.




3.6. Ammonia (NH3)


Ammonia is a colorless, inorganic compound of nitrogen and hydrogen with the formula NH3, usually in gaseous form with a characteristic pungent odor. Ammonia is irritating to the skin, eyes, nose, throat, and lungs. It is essential for many biological processes and has various industrial applications [90]. Recently, Poloju et al. [64] investigated the possibility to utilize the Al-ZnO/CuO nanostructures for various ammonia concentration monitoring. Such structures exhibited enhanced response (Ra/Rg) to ammonia within the 100–500 ppm range (100 ppm steps), with response/recovery times equal to 14 and 9 s for 500 ppm, respectively. The response to NH3 was 500 times higher than for other compounds, such as: several common VOCs, gasoline, and acetylacetone [64]. Enhanced ammonia detection was obtained also by utilization of In2O3/CuO mesoporous structures. In [49], the various compositions of indium-copper-oxides were investigated under exposure to a wide range of dynamic ammonia concentrations: 0.3–100 ppm at room temperature. The developed layers exhibited high sensitivity ((Rg − Ra)/Ra) and fast response time (s): 2 and 8 s for 100 ppm and 0.3 ppm of NH3 at room temperature, respectively. The obtained results are very promising for market applications, featuring: operation at room temperature, high sensitivity, fast response, long-term stability (verified over 30 days), and high selectivity to NH3 over H2S, H2, CH4, and CO.




3.7. Relative Humidity


Water vapor is an important interfering gas in all gas-sensing application, including exhaled breath monitoring. There are several techniques to reduce the RH influence on gas measurements; however, the humidity measurements are also important in agriculture, food industry, or art (storage of works of art in a museum). Kim et al. [91] proposed a CuO-based flexible humidity sensor fabricated using a kinetic spray process. The resistance measurements showed signal sensitivity in the range of 0.16–0.18; however, the authors presented very limited information on the measurement conditions, parameters, RH ranges, etc., which makes it difficult to comment on this work [91].




3.8. Cross-Sensitivity Aspect in Copper Oxide-Based Gas Sensors


Sensor accuracy depends on many factors, such as temperature, humidity, age of the sensor, and the presence of interferences. Metal oxide gas sensors (including CuO) are known to have cross-sensitivity to gases other than the target gas. In ideal conditions, the gas sensors exhibit no cross-sensitivity; however, in real conditions, cross-sensitivity will always be present. This could be a negative or a positive cross-sensitivity, decreasing or increasing the signal, respectively. The addition of dopants and optimization of the operating temperature can help to reduce the effect. Furthermore, a number of different methods have been introduced to develop selective sensor systems, such as gas separation techniques using a filter, principle component analysis, and artificial neural networks. For commercially-available sensors, the cross-sensitivity list on gases has to be provided. It has to be underlined that the negative cross-sensitivity may be riskier than the positive one, mostly in safety applications, where positive cross-sensitivity will generally indicate an alarm, while the negative one will mislead the safety system. In scientific papers, the cross-sensitivity issue is generally neglected. The authors report the experimental results on selectivity by testing gas sensors under exposure to various gases at various concentrations and widely discuss only the impact of humidity, as one of the interferences in the gas-sensing behavior. It is well known that the humidity issue is a limiting factor for commercialization and use in practical applications. Thus, it is very important to investigate the gas-sensing properties of metal oxide-based sensors in the presence of humidity, as well as their cross-sensitivity.




3.9. Film Structure’s Influences on the Gas-Sensing Mechanism


Metal oxides are used to detect oxidizing and reducing gases in a simple and cost-effective manner. Their chemiresistive variation emanates from the oxidative or reductive interaction of the target gas with the metal oxide surface and the consequent change in the charge carrier concentration [3]. The nanoforms of gas-sensitive layers possess a large specific surface, abundant mesopores, and many oxygen defects/vacancies and chemisorbed oxygen, which could adsorb target gases. The gas-sensing properties are strongly related to the gas-sensing layer composition, e.g., the CuO nanoparticles connected with In2O3 nanoparticles [49]; forming many junctions, such as CuO-In2O3 (heterojunctions), In2O3-In2O3, and CuO-CuO (homojunctions), resulting in enhanced NH3 detection. Another example is the CuO-based nanocomposite prepared with CNTs (carbon nanotubes) and CuO nanorods. As was mentioned earlier (Section 3.1), such gas sensors exhibit an excellent gas sensing performance, i.e., the lowest detectable limit of 970 ppb of NO2 at room temperature [69]. The electronic transmission ability of CNTs is superior to that of CuO. Therefore, CNTs behaved as a highly conductive channel and CuO as a lowly conductive channel. Furthermore, due to the lack of electrons, the hole-accumulation layer served as a poor conductance channel. The high conductance channel of CNTs, combined with many low conductance channels of the CuO NRs, established the channels of electron transmission. Therefore, the resistance of 1D CuO-CNTs is largely dependent on the resistance of CuO nanorods (Figure 7a). When it was exposed to air, oxygen molecules adsorbed on the surface of the sample tended to trap the electrons from the CuO conduction band and generated O2− adsorbates. In the case of NO2 gas, the gas molecules could attract electrons from the gas-sensitive material because of the high electron affinity to NO2 molecules. Both processes could result in a decrease of electron density, an increase of the hole’s density on the surface of the semiconductor, and a rapid decrease of the resistance of the sensor (Figure 7b) [69].



In the case of gas sensors employing single or multiple nanowires between metal electrodes, the gas sensitivity can be attributed to the modulation of the carrier concentration in the nanowire channels or a Schottky barrier at the metal contact. In [71], gas-sensing properties of a CuO nanowire device were presented, where resistance changes were expected from modulation of carrier concentrations in the nanowires channels and of the potential barrier at the nanowire-nanowire contacts [71]. From the I-V characteristics presented by the authors, it can be concluded that potential barriers at grain boundaries between CuO nanowires occurred. The reaction of oxygen with an adsorption site resulted in ionosorbed oxygen species O− and the generation of a hole, which led to an accumulation layer at the surface of the p-type conducting CuO nanowire, and thus, a decrease of resistance [71]. The film structures morphology strictly depends on the deposition techniques used for gas-sensitive layer deposition. The sensitivity, selectivity, and stability can be enhanced by combining the bare material with dopants, junctions, and different morphologies, and such methods were presented in this review for specific gas-sensing applications.





4. Conclusions and Further Perspectives


The copper oxides have recently become an attractive material for gas-sensing applications, allowing one to detect several gases, such as: nitrogen oxides, carbon oxides, ammonia, hydrogen sulfide, volatile organic compounds, as well as relative humidity. The copper oxide-based sensors were utilized in various industry fields and various concentrations ranges, including high concentrations (>1000 ppm) and low concentrations (<1 ppm). However, the higher concentration for NOx gases (>50 ppm) and H2S gas (ppm range) is mostly too high to be interesting for real applications. The most powerful and robust manufacturing techniques for the preparation of thin films with good thickness control are vacuum-based methods. However, these methods are mostly expensive. An alternative can be sol-gel methods, which are less expensive and easier in comparison with magnetron sputtering, making them very attractive for fast prototyping. The most important feature of the CuO thin film gas sensors is their possibility to function at low or room temperatures for a long time. Recently-published results have shown that pure CuO, as well as modified/doped CuO films can be developed by various techniques, which also increase the possibility to develop gas detectors. Table 2 shows a summary of the information presented in this review. The author of this review started his own research program to utilize CuO in the exhaled acetone measurements, as a supplementary tool for non-invasive diabetes monitoring [59,92].
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Figure 1. The copper oxides: (a) schematic view of the possible copper oxide forms and (b) the number of papers related to CuO-based gas sensors from 1995–2019. 
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Figure 2. The copper oxide deposition methods: (a) Thermal evaporation (Reprinted with permission from [34]); (b) Magnetron sputtering (Reprinted with permission from [28]. Copyright 2017 Elsevier); (c) Hydrothermal method (Reprinted with permission from [37]. Copyright 2017 Elsevier); (d) Facile method (Reprinted with permission from [53]. Copyright 2018 Elsevier). 
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Figure 3. SEM photos of the copper oxides with different morphologies: (a) nanostructures (Reprinted with permission from [27]); (b) nanowires (Reprinted with permission from [16]); (c) nanostructures (Reprinted with permission from [26]); (d) nanobelts (Reprinted with permission from [24]. Copyright 2017 Elsevier); (e) nanostructures (Reprinted with permission from [45]. Copyright 2016 Elsevier); (f) hollow spheres (Reprinted with permission from [23]. Copyright 2017 Elsevier). 
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Figure 4. The copper oxides under exposure to nitrogen dioxide: (a) resistance change of the amorphous CuO thin film under exposure to 100 ppm of NO2 at 180 °C and 50% RH (Reprinted with permission from [32]. Copyright 2014 IEEE); (b) responses and response/recovery time (s) of nanocrystalline CuO thin films under exposure to 20 ppm NO2 at various temperatures and 50% RH. (Reprinted with permission from [70]. Copyright 2018 IEEE). 
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Figure 5. The response and recovery times of the (a) CuO NTs and (b) CuO NCs exposed to 1000 ppm Reprinted with permission from [54]. Copyright 2018 Elsevier. 
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Figure 6. (a) Schematic view of the possible sensing mechanism of sensors based on CuO-decorated SnO2 NRs and (b) the proposed energy band structure diagram of the p-CuO/n-SnO2 heterojunction. Reprinted with permission from [47]. Copyright 2018 Elsevier. 
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Figure 7. Sensing mechanism of the CuO NR-CNT composite-based sensor: (a) the model of CuO NR-CNT composite on the electrode; (b) the surface state of CuO NR in a NO2 atmosphere. Reprinted with permission from [80]. Copyright 2018 Elsevier. 
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Table 1. Selected information of various deposition techniques and nanoscale forms of CuO-based gas sensors presented in the paper.
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	Material
	Nanoscale Form
	Target Gas
	Deposition Technique
	Reference





	CuO
	nanoflowers
	NH3
	hydrothermal with electrospinning method
	[38]



	CuO
	nanotubes
	CO
	hydrothermal
	[54]



	CuO
	nanocubes
	NO2
	thermal evaporation
	[55]



	CuO
	nanoplatelets
	NO2
	sonochemical method
	[56]



	CuO
	nanoparticles
	CO2
	drop coating
	[57]



	CuO
	nanostructures
	Ethanol
	hydrothermal
	[58]



	CuO
	thin films
	Acetone
	spray pyrolysis
	[40]



	M-doped CuO
	thin films
	propane
	magnetron sputtering
	[28]



	Cr-doped CuO
	thin films
	Acetone
	magnetron sputtering
	[59]



	Cr-doped CuO
	nanoboats
	NH3
	hydrothermal
	[45]



	Pd-doped CuO
	nanoflowers
	H2S
	hydrothermal
	[25]



	SnO2-CuO
	nanofibers
	CO
	electrospinning
	[39]



	CuO-Cu2O
	nanowires
	Ethanol
	thermal oxidation
	[60]



	CuO/TiO2
	nanofibers
	NO2/CO
	hydrothermal oxidation
	[61]



	CuO/rGO
	nanohybrids
	NO2
	hydrothermal
	[62]



	CuO/Fe2O3
	nanorods
	H2S
	thermal oxidation
	[63]



	ZnO/CuO
	nanocomposite
	NH3
	sol-gel
	[64]



	CuO/CuFe2O4
	microspheres
	H2S
	hydrothermal
	[53]



	Li-CuO
	hollow spheres
	ethanol
	hydrothermal
	[23]



	Fe-CuO
	hollow spheres
	Ethanol
	hydrothermal
	[23]



	ZnO/CuO
	nanotubular
	H2S
	ultra-sonic pyrolysis
	[65]










[image: Table] 





Table 2. Summarized information of CuO-based gas sensors presented in the paper.
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	Material
	Target Gas
	Concentration (ppm)
	Operating Temp. (°C)
	Highest Sensitivity (%)
	Reference





	CuO–ACF 1
	NO
	100
	RT 2
	12.5
	[67]



	CuO
	NO
	300–500
	300
	40
	[68]



	CuO-TiO2
	NO2
	10
	300
	700
	[61]



	CuO NCs 3
	NO2
	10–100
	150
	75
	[55]



	CuO
	NO2
	10–40
	75
	5600
	[56]



	CuO
	NO2
	100
	180
	3.25
	[93]



	CuO
	NO2
	20
	210
	3.25
	[94]



	CuO:NiO
	NO2
	1–100
	RT
	80
	[94]



	CuO CNTs
	NO2
	0.97–97
	RT
	96.4
	[69]



	CuO/rGO
	NO2
	1–75
	RT
	52.5
	[62]



	CuO/CuFe2O4
	H2S
	10–75
	240
	75
	[53]



	CuO:Pd
	H2S
	1–50
	80
	119
	[25]



	CuO:Pt
	H2S
	1–10
	40
	134
	[26]



	CuO NTs 4
	CO
	50–1000
	175
	2.25
	[54]



	CuO-TiO2
	CO
	10
	300
	1400
	[46]



	CuO
	CO
	100
	180
	2.25
	[70]



	CuO NPs 5
	CO2
	1000–4000
	65
	90
	[54]



	CuO:ZnO
	CO2
	400–4000
	300
	32.5
	[57]



	CuO
	C2H5OH
	100
	300
	9
	[35]



	CuO
	C2H5OH
	10–200
	370
	13
	[58]



	CuO:Li
	C2H5OH
	1000
	300
	2.5
	[23]



	CuO:Fe
	C2H5OH
	1000
	300
	<1
	[23]



	SnO2:CuO
	C3H6O
	10–400
	280
	70
	[47]



	CuO NWs 6
	C3H8O
	0–500
	190
	7
	[81]



	WO3:CuO
	C3H6O
	200
	−
	1092.3
	[84]



	CuO:Cr
	C3H6O
	0.4–3.2
	450
	3.25
	[59]



	CuO:PtO2
	C4H10O
	1–500
	180
	16
	[79]



	(CuO-Cu2O)ZnO:Al
	C4H10O
	100
	350
	200
	[86]



	CuO/SnO2
	BTEX 7
	2–200
	280
	20
	[87]



	M 8:CuO
	C3H8
	1
	250
	1.72
	[28]



	CuO
	HCHO
	5–200
	180
	3
	[37]



	Al-ZnO/CuO
	NH3
	100–500
	RT
	3000
	[64]



	In2O3:CuO
	NH3
	0.3–100
	RT
	1.6
	[49]







1 Active carbon fibers; 2 room temperature; 3 nanocubes; 4 nanotubes; 5 nanoparticles; 6 nanowires; 7 BTEX, benzene, toluene, ethylbenzene, and xylol; 8 M: Ag, Au, Cr, Pd, Pt, Sb, and Si.
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