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Abstract

:

Arrays of zinc oxide (ZnO) nanorods were synthesized over quartz substrates by the hydrothermal method. These nanorods were grown in a predominantly vertical orientation with lengths of 500–800 nm and an average cross-sectional size of 40–80 nm. Gold, with average sizes of 9 ± 1 nm and 4 ± 0.5 nm, and tin nanoclusters, with average sizes of 30 ± 5 nm and 15 ± 3 nm, were formed on top of the ZnO nanorods. Annealing was carried out at 300 °C for 2 h to form ZnO/SnO2 and ZnO/Au nanorods. The resulting nanorod-arrayed films were comprehensively studied using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectrometry (EDS) and X-ray photoelectron spectroscopy (XPS). To fabricate resistive sensor elements, the films were supplied with V/Ni contact metallization on top of the nanorods. The gas sensor performance of the prepared films was evaluated at various temperatures in order to select 200 °C as the optimum one which enabled a selective detection of NO2. Adding UV-viz irradiation via a light-emitting diode, λ = 400 nm, allowed us to reduce the working temperature to 50 °C and to advance the detection limit of NO2 to 0.5 ppm. The minimum response time of the samples was 92 s, which is 9 times faster than in studies without exposure to UV-viz radiation.
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1. Introduction


The most common materials used to fabricate gas sensors are nanocomposite films or nanostructures based on semiconducting metal oxides [1,2]. To improve the characteristics of gas sensors, including sensitivity, selectivity, operating temperatures, temporal stability and energy efficiency, and to reduce the cost of production for systems of continuous emission control and monitoring, intensive efforts are being made to develop efficient methods for the synthesis and modification of nanostructured materials [3]. Excellent results have been demonstrated by nanocomposite materials based on MXenes [4]. Their sensitivity to nitrogen dioxide (NO2) is at the level of tens of ppb and their reaction rate is not worse than units of a second [5]. However, their disadvantages are their complex structure, unexplored mechanism of gas sensitivity and low the long-term stability [6]. Gas sensors based on heterojunctions between oxides of different metals or between metal and metal oxides are found to be highly sensitive [7]. Zinc oxide (ZnO) is a promising metal oxide that is widely used as a sensing layer in chemiresistive sensors [8]. A variety of technologies have been considered for the production of nanostructured ZnO due to the fast growth of the crystals in certain directions under a controlled environment. Among many approaches, the low-cost and low-temperature protocols are the most interesting [9].



One way to increase the selectivity of semiconductor oxides is to modify their surface with metal nanoparticles such as Au [10]. The use of Au nanoparticles yields options for promoting the selectivity of the sensor toward gases such as CO, H2 and NO2 because the gold can catalyze the surface reactions upon the gas adsorption due to the spillover effect [11,12]. Gas sensors based on ZnO/Au and ZnO/Sn nanocomposites are becoming an object of high interest [13,14,15,16].



Another way to increase the sensitivity and selectivity of semiconductor oxides is by designing nanocomposite structures and materials containing heterojunctions of two metal oxides, for example ZnO/In2O3 [17,18], ZnO/SnO2 [19,20,21] or TiO2/SnO2 [22]. The formed heterojunctions increase the lifetime of electron–hole pair carriers by eliminating recombination processes which enhance redox reactions when exposed to analyte [23].



The operating temperatures of gas sensors based on semiconducting metal oxides are ordinarily in the range of 200–450 °C [24,25]. High temperatures cause a short warranty period for sensor operations, as sensors need to function continuously for a long time. There is a significant amount of work to show that gas sensitivity processes are well-activated by ultraviolet radiation, which helps us reduce the operating temperature of gas sensors; not only their sensitivity but also their selectivity to gases is significantly improved [26,27,28,29]. The comprehensive reviews that have recently been published discuss the principles of operation for resistive semiconductor gas sensors upon excitation by a light activation instead of thermal heating when detecting gases [23]. They also describe the results of the utilization of photoactivated nanomaterials (nanostructures, hybrids of metal oxide semiconductors and two-dimensional materials) in the gas-sensing field [26,27].



Nitrogen dioxide is a toxic gas that has a negative impact on human health and the environment [30,31]. Chemiresistive sensors are being considered as a potential solution to enable inexpensive monitoring of atmospheric NO2, and, therefore, they are attracting considerable attention in research [32]. Nanostructured ZnO is widely employed in the fabrication of chemiresistive sensors, thanks to its significant conductivity on surface processes and its excellent chemical and thermal stability.



It is widely shown in the literature that unmodified ZnO films and nanostructures (nanofibers, nanorods, nanosheets, etc.) exhibit high sensitivity to NO2 and other gases, frequently with detection limits below 1 ppm during heating of higher than 200 °C [33,34,35,36]. Modification of ZnO nanofilms and nanostructures by foreign elements, such as gold or tin oxide, can lead to a significant increase in their sensitivity and selectivity, although the operating temperature decreases slightly [37,38,39]. When applying UV activation to pristine ZnO films and nanostructures, these sensors exhibit a high sensitivity to NO2 concentrations of 1–10 ppm when the NO2 is already at room temperature or close to it [23,40]. Recently, a similar trend was shown for the use of UV-activated ZnO that was decorated with gold and tin oxide to improve the detection limit of NO2 and the response to it [41,42].



It should be noted that the intensity of the UV power density on gas-sensitive materials is a very important parameter. The greater the intensity of the radiation, the higher the response obtained [42,43]. However, powerful UV radiations might contribute to the dissociation of NO2 molecules [44]. This, in turn, leads to uncertainties in the measurements. In this regard, it is important to use LEDs with a controlled low-radiant intensity of no higher than 500 μW/cm2.



Recently, we developed nitrogen dioxide sensors based on zinc oxide NRs with Sn and Au gold clusters [37,45]. We found that the response of sensors based on ZnO/Sn NRs, at an operating temperature equal to 200 °C and when exposed to NO2 at a concentration of 50 ppm, was about 47.3, while ZnO/Au NR sensors yielded the response of ca. 40.6. At an operating temperature of 150 °C, the response of these sensors was reduced to 9.6 and 8.3, respectively. Still, at both temperatures, the response and recovery times were longer than 1100 s. To reduce the operating temperature, additional activation was implemented using a light-emitting diode (LED) with a wavelength of 400 nm and whose spectrum included a UV range with a power density incident irradiance of 133 μW/cm2.



Thus, the purpose of this work was to investigate the effects of exposing ZnO NRs modified with Au or Sn to high temperatures and UV-viz radiation simultaneously (133 μW/sm2) in order to reduce the operating temperatures and response times of the sensors while ensuring a high sensitivity to NO2 gas.




2. Materials and Methods


2.1. Materials


Quartz substrates, zinc acetate Zn(CH3COO)2, zinc nitrate Zn(NO3)2*6H2O and hexamethylenetetramine ((CH2)6N4) (Sigma-Aldrich, Merck, Chengdu, China) were used to synthesize ZnO NRs. Prior syntheses, with substrates of 20 × 40 × 0.5 mm3, were thoroughly cleaned in a detergent solution and dried under normal air conditions. For uniform synthesis of the substrate and strong adhesion of the output oxide layer, ZnO seeds were primarily deposited using the sol-gel method. The sol was obtained by dissolving approx. 1 mg of zinc acetate Zn(CH3COO)2 in 10 mL of ethanol at RT. A few drops of the sol solution were applied to a substrate for centrifugation with a rotational speed of up to about 2000 rpm for 1 min. After that, the substrates were dried in a desiccator for 30 min at 110 °C. To obtain the ZnO layers, the substrates, equipped with thin, uniform layers of zinc acetate, were air annealed in a muffle furnace at 350 °C for 60 min. The typical thickness of the ZnO seed layer was about 30 nm [46,47].



The ZnO NR layers were synthesized by the chemical bath deposition (CBD) method. The substrates with the seed layer were placed vertically in a glass beaker, facing the center and fixed on the upper edge of the beaker with a one-sided polyimide adhesive tape. An aqueous 0.05 M equimolar solution of Zn(NO3)2·6H2O and (CH2)6N4 was utilized during the synthesis. The beakers with the substrates, and magnetic anchors, were filled up to 2/3 of their height with this solution and placed in a water bath with a magnetic stirrer. The synthesis was carried out at 94–95 °C for approx. 1 h. After the synthesis, the samples were taken out, washed with distilled water in an ultrasonic bath to remove the surface impurities, and dried in a desiccator [48].




2.2. Modification of Materials


Thin layers of metals (Au and Sn) with 0.999 purity were deposited on the surface of the ZnO NR arrays using thermal vacuum evaporation (VUP-5M, JSC «SELMI», Sumy, Ukraine), with the unit pumped down to approx. 20 mPa and a nitrogen trap employed. A sample of about 10 mg of metal was placed on a tungsten evaporator with the substrate, which contained an array of ZnO NRs, to be distanced by approx. 10 cm. The thickness of the sputtered layer was estimated from the known weight of the suspension, the distance from the suspension to the target and the metal density. The calculations (Supplementary Materials) showed that the sizes of the tin and gold nanoclusters were close to the thickness of the deposited layer. We developed three series of samples of ZnO NR arrays with gold nanocluster sizes of 9 ± 1 nm (sample ZnO/Au(1)) and 4 ± 0.5 nm (sample ZnO/Au(2)). A similar number of samples was obtained by tin sputtering. For the tin, the calculated nanocluster sizes were 30 ± 5 nm (sample ZnO/SnO2(1)) and 15 ± 3 nm (sample ZnO/SnO2(2)). Finally, the substrates with ZnO/Au and ZnO/SnO2 NRs were cut into separate samples of 5 × 5 mm2 for further studies. Since the gas-sensitive properties of resistive gas sensors are manifested at high temperatures, XPS studies were carried out on samples that were heated at 200 and 300 °C for 120 min. For the manufacture of resistive sensor elements and electrophysical measurements, V/Ni contact metallization was formed on top of ZnO/SnO2 and ZnO/Au nanorods, resulting in electrodes that were 0.3–0.4 mm thick and distanced at 500 μm from each other.




2.3. Characterization


The resulting ZnO NRs were comprehensively studied using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-Ray spectrometry (EDS) and X-ray photoelectron spectroscopy (XPS).



The structural properties of the synthesized materials were studied using XRD with the help of an ARL X’TRA diffractometer («Thermo Fisher Scientific SARL», Ecublens, Switzerland) using CuKα radiation, wavelength λ = 0.1540562 nm.



SEM studies were performed with the Nova 600 NanoLab (FEI Company, Hillsboro, OR, USA), which combines the microscopy at ultrahigh resolution using the EDS detector Genesis 600i (EDAX, Ametek, The Netherlands).



The XPS studies were carried out with the ThermoScientific K-Alpha spectrometer (model IQLAADGAAFFACVMAHV, Waltham, MA, USA) by employing AlKα monochromatic rays with 1486.6 eV of energy and spot sizes of 400 µm. High-resolution spectra were obtained using a constant analyzer energy with a pass energy of 20 eV and a spectral resolution of 0.1 eV. The binding energy of the Au4f photoelectrons collected from the gold reference sample was equal to 84 eV. Because the gas-sensitive properties of the material in the resistive gas sensors under study are manifested at high temperatures, XPS studies were carried out on samples heated at 200 °C and 300 °C for 120 min.



The I-V curves and electrical conductivity of the samples were recorded at different operating temperatures with the help of a PC-driven setup described elsewhere [49]. The activation energy of conductivity, Ea, was estimated by the Arrhenius equation (Equation (1)) [50]:


G = G0 · exp(−Ea/k·T),



(1)




where k is the Boltzmann constant and G0 is a coefficient accounting for the bulk material conductivity.



Next, the temperature-stimulated conduction measurements were performed according to previously developed protocols [51,52] in order to evaluate the effective value of the energy barrier between the grains of the nanocrystalline material.



The gas response of the sensors to concentrations of 0.5–50 ppm of nitrogen dioxide, balanced with synthetic air, was measured at operating temperatures in the range of 50–200 °C. High-pressure balloons containing synthetic air, a N2/O2 mixture and a mixture of synthetic air with NO2 (Monitoring LLC, St. Petersburg, Russia) were employed as the primary sources. The gases were injected at a flow rate of 0.3 dm3/min using a gas-mixing generator (Microgaz F, Moscow, Russia) [49]. The sensors were initially exposed to the air for 60 min. to stabilize the baseline resistance. The response of the sensor elements was calculated using Equation (2):


S = Rg/R0,



(2)




where R0 and Rg are the sensor resistances in synthetic air and the mixture of synthetic air and NO2, respectively. Subsequently, the gas sensor which exhibited the best gas-sensing performance was tested upon exposure to NO2.



In order to study the parameters of the photoconductivity of ZnO NR heterostructures formed on opaque substrates, we applied a custom-fabricated setup containing an LED (GNL-3014VC, «G-nor Electronics», Zhuangshi, China) with a wavelength of 400 nm. The CENTER 532 UV intensity meter (Center Light Technology Limited, Center, model 532, Xixiang Town, Baoan District, Shenzhen, China) and a CENTER 530 illuminance meter (Luxmeter, model 530, Xixiang Town, Baoan District, Shenzhen, China) were used to measure the parameters of the LED radiation. Prior to the measurement of the photoconductivity and gas-sensitive properties of the films, a counter-pin contact V-Ni metallization of 300 nm thick was sputtered using thermal vacuum evaporation through a mask to design a planar resistor with an initial resistance of R0. For this purpose, the substrate containing the nanocomposite material was placed on a heating platform to heat the film up to 300 °C. The photoconductivity was monitored with a Tektronix DMM 4050 digital multimeter (Tektronix, Beaverton, OR, USA). Direct measurements were carried out to find the photoconductivity under the influence of the light emitted from the LED; the level of visible light on the sample was equal to 525 lux, and the power density of the UV radiation was equal to 133 μW/cm2. These studies of the photoconductivity allowed us to specify the time parameters required to measure the gas-sensitive properties of arrays of ZnO/Au and ZnO/SnO2 NRs to NO2 under heating and UV-viz radiation.





3. Results and Discussion


3.1. Structural, Morphological and Compositional Characteristics


The results of the X-ray analysis (Figure 1) showed that the ZnO NRs had a wurtzite structure [52] with a preferential growth along the (002) direction.



Electron microscopic studies of arrays of pristine ZnO NRs prior to metal sputtering revealed that the nanorods had an almost vertical orientation, an average transverse size of 40–80 nm and lengths of 500–800 nm; see Figure 2. An area of 1 × 1 μm2 contains approx. 160 rods.



Figure 2c,d shows that the vacuum thermal spraying resulted in the fabrication of gold and tin nanoclusters over the ZnO NRs. The figure proves that these nanoclusters were evenly arranged over the entire surface of the ZnO NR array.




3.2. XPS Analysis


From the analysis of the high-resolution spectra of the C1s photoelectron lines (Supplementary Materials, Figure S1), it is clear that the shapes of the curves and the positions of the intensity maxima fully correspond to the data in the literature concerning atmospheric carbon with characteristic C-C bonds (284.8 eV), C-O (286.2 eV) and C=O (288.4 eV) [53]. Increasing the annealing temperature led to significant changes in the C-C component intensity and the C-O/C=O component ratio, especially for the ZnO/Sn NR sample. It can be assumed that the desorption of carbon adsorbate from the sample surfaces has a different character as a result of the annealing from the surfaces of the ZnO/Au and ZnO/Sn NRs. The ZnO/Au NRs were represented as a simple thermal desorption, while in the case of the ZnO/Sn NRs, it involved a redox processes. Figure 3a,b,f shows that the shape and positions of the photoelectron spectra of Au4f (83.5 eV) and Zn2p (1021.4 eV) did not change depending on the annealing temperature of the ZnO/Au NRs. However, in contrast to the Au4f spectra, where the photoelectron signal amplitude went up with increases in the annealing temperature, the Zn2p spectra exhibited a reduction in the intensity of the peaks. This fact can be explained by the way the surface rearranged the Au nanoparticles into nanoclusters which, in turn, led to the partial screening of the Zn photoelectronic signal to be relayed to the free path length of the electron [54].



The analysis of the high-resolution photoelectron lines of O1s spectra (Figure 3c,d) qualitatively agrees and confirms our assumptions about the mechanisms of desorption and the redox processes that occurred in the ZnO/Sn NRs and clustering Au nanoparticles in the ZnO/Au NRs under heating. Thus, Figure 3c reveals that the annealing of the ZnO/Sn NR results in a significant change in the component ratios, particularly in reducing C-O and C=O and enhancing the metal-oxide components of ZnO and SnO2.



The increase in the intensity of the Sn-O component in the O1s spectrum (Figure 3c) can be explained, on the one hand, by desorption of carbon from the surface of the ZnO/Sn NRs, and, on the other hand, by the oxidation of the tin. The latter was verified by analyzing the high-resolution spectra of the Sn3d peaks (Figure 3e). Indeed, one can see that the sample annealed at 200 °C had both an oxide and a metallic component, with binding energies of 486.6 eV and 484.7 eV, respectively [54]. At the same time, it should be noted that, unlike the spectra of the ZnO/Au NR, the intensity of the photoelectron signal of the Zn2p enlarged with a higher annealing temperature (Figure 3a). This is due to both the desorption of carbon and the formation of tin oxide. The key here is the appearance of the tin oxide, which led to the enhancement of the free path length of the photoelectron and, as a consequence, increased the depth of the near-surface layer analysis by the XPS method [55]. Thus, after annealing at 300 °C, the gold in ZnO/Au NRs remained in the metallic state, but the tin converted to tin dioxide while forming a ZnO/SnO2 heterojunction. Subsequently, before measurements were taken, all structures were annealed at 300 °C for two hours to stabilize the parameters.




3.3. Electrical Characterization


Following preparation, the ZnO/Au and ZnO/SnO2 NR-based sensors were annealed in air at 300 °C for 2 h to stabilize the electrophysical characteristics of the formed materials. Figure 4 plots the resistivity (R) of the studied samples on the operating temperature.



As one can see, the temperature dependences of the sample resistance of the obtained samples followed a linear function. In the sample of the ZnO/Au(1) NR array, the resistance values were an order of magnitude greater than those of ZnO/SnO2 (2), which seems to be explained by the difference in thickness. Therefore, the sensors based on ZnO NRs required a temperature stabilization because their resistance had a strong dependence on the temperature of the heating.



The activation energy of conductivity (Ea) was further evaluated and was calculated based on Equation (1). It was estimated that, in the temperature range of 44–300 °C, Ea is equal to 0.25–0.27 eV for the ZnO/SnO2 NR samples and 0.23–28 eV for the ZnO/Au NR samples. These values are similar to the ones observed earlier in nanotubes of titanium dioxide [56], which shows that their fundamental character to mature is likely due to the nanorod contacts. It is known that the work function of ZnO (5.2–5.3 eV) [57,58] is higher than that of SnO2 (4.8–4.9 eV) and Au (4.76 eV) [59,60]. When ZnO and SnO2 crystallites are in contact with each other, electrons transfer from the tin dioxide to the zinc oxide [52]. The same process occurs at the ZnO/Au heterojunction. In this case, a potential barrier φb appears and is close in magnitude to the difference in the electron output of materials participating in the heterojunction. For the ZnO/SnO2 and ZnO/Au heterojunctions, φb should be approximately equal to 0.3–0.5 eV. Earlier, we determined that the potential barrier values of the NR samples, φb, estimated by thermally stimulated conductivity measurements, were found to be 0.34 eV for ZnO/SnO2(1), 0.43 eV for ZnO/SnO2(2), 0.34 eV for ZnO/Au(1) and 0.37 eV for ZnO/Au(2) [45]. Thus, the values of potential barriers at the ZnO/SnO2 and ZnO/Au heterojunctions coincided with the estimated values. The contacts of zinc oxide nanorods and Au(a) and SnO2 (b) nanocrystallites, as well as the scheme of surface potential formation, are provided in Supplementary Materials (Figure S3).




3.4. Photoconductivity Measurements


Figure 5 depicts the behavior of the nanorod sample resistance, Ri, with a time following 0 s. The resistance values were normalized by the resistance, R0, recorded in dark conditions. The measurements were performed until the curves flattened.



We estimated the time constant of photoconductivity relaxation, τ, using Equation (3) [50]:


     R 0       R 0  −  R i      =   1 −  e     t i   t      ,  



(3)




where R0 is the resistance recorded in dark conditions, and Ri is the resistance under UV-viz irradiation at ti.



These values are presented in in the insert of Figure 5. It is evident that the time constants have close values for the different samples to range from 8 to 12 s. The larger values of τ correspond to larger values of Ea and φb. This indicates the influence of the activation energy of conductivity and the potential barrier in the zinc oxide NRs on the mechanism of the current transfer. The minimum value of τ equal to 8 s was found in the ZnO/Au (2) sample, which had smaller values of Ea and φb than the ZnO/Au (1) sample. These findings also indicate that it is necessary to wait more than 3 min to stabilize the resistance of the gas sensor after turning on the UV-viz irradiation.




3.5. Gas Sensor Measurements


Figure 6a,b shows the characteristic R(t) transients recorded when the ZnO NR samples were exposed to NO2 at 200 °C without U-viz radiation. For convenience and for comparison, the resistance data were normalized by an initial value of R0 taken in pure air.



As one can see, when exposed to NO2, the chemiresistive response of the ZnO NR samples, S, reached 13–14 for the samples of ZnO/Au, while it was equal to 15–26 for the ZnO/SnO2 samples. Thus, the ZnO/SnO2 samples had larger responses than the ZnO/Au ones. It appears that the potential barrier arising at the ZnO-SnO2 heterojunction plays a more significant role than the catalytic ability of the gold nanoclusters on the ZnO surface. However, the response time, tres, estimated for the resistance to reach 90% saturation was better in the case of the ZnO/Au NR samples, in which it was equal to 540–572 s, than in the ZnO/SnO2 ones, in which tres was 610–858 s.



To assess the selectivity of the fabricated sensor structures, the ZnO/SnO2 and ZnO/Au NR samples were exposed to analyte gases (C2H5OH, NH3, C3H8O, C3H6O, CH3OH) at concentrations of 10 ppm in mixtures with synthetic background air. The obtained values of the chemiresistive responses recorded under the sensor operation at 200 °C are summarized in Figure 7.



These data clearly show that the responses of the ZnO/Au and ZnO/SnO2 NRs to NO2 were 12–20 times higher than their responses to the other test gases. This indicates that the developed sensors had a high selectivity to nitrogen dioxide. This may be due to the fact that nitrogen dioxide molecules react more quickly with oxygen ions adsorbed on the surface (see Equations (4) and (5)). Therefore, studies on simultaneous exposure of the sensors to gas and UV-viz radiation were carried out on the analyte.



Figure 8 shows the responses of sensors based on the ZnO/Au and ZnO/SnO2 NRs when exposed to NO2 in concentrations of 0.5–10 ppm and under heating at 50–150 °C and UV-viz radiation.



The data provided in Figure 8 and Table 1 prove that the samples based on the ZnO/SnO2 NRs were approx. 1.3–2 times more sensitive to NO2 than those based on the ZnO/Au NRs, in accordance with data described above. This means that the UV-viz activation does not change the advanced gas-sensing properties of ZnO/SnO2 NRs. The response times, tres, were found to be 256–330 s and 553–564 s for the ZnO/Au and ZnO/SnO2 NR samples when exposed to 10 ppm of NO2, which is ca. 1.5–2 times lower than those recorded without UV-viz radiation, as plotted in Figure 6.



Thus, the data presented in Table 1 provide evidence that the sensors based on ZnO/Au NRs in the 100–150 °C temperature range and under UV-viz radiation exhibited lower response time values than the ZnO/SnO2 NRs. However, the ZnO/SnO2 sensors had better response times when the operating temperature was reduced to 50–150 °C. This may be due to the magnitude of the potential barrier φb, which was the largest for this composition. As has been previously established, the oxygen chemisorption defines the magnitude of the potential barrier on the surface of the semiconductor oxide grains [61]; therefore, the higher the magnitude of the potential barrier, the higher the response.



The gas-sensing properties of the ZnO NR-based sensors are well explained in the framework of the electron-depleted layer (EDL) model [55]. When the sensor is exposed to air at temperatures below 200 °C, oxygen molecules are adsorbed on the surface of sensitive materials, and electrons are captured from the conduction zone to form ion species    O 2 −    [56], as shown in Equation (4). These processes lead to an at-surface electron-depleted layer and narrow the conductive channel, as described, for instance, in [62,63].


   O 2  +  e −  →  O 2 −   



(4)







When sensors are exposed to NO2, the chemisorbed oxygen reacts with the NO2 according to Equation (5) [62]:




  NO 2  +  O   2 −    →  NO   2 −    +  O 2  



(5)





This reaction reduces the concentration of oxygen ions on the surface of the ZnO NRs and accelerates the reaction. This increases the EDL thickness and, consequently, results in a higher overall resistance of the gas sensor.



Furthermore, the UV-viz radiation with an energy level of 3.1–3.4 eV corresponds to the ZnO gap, equal to 3.37 eV [64], which allows one to generate additional free electrons in this wide-gap semiconductor. These processes result in significant improvement in the conductivity of ZnO NRs and, while exposed to O2 under air conditions, allow a higher density of chemisorbed oxygen ions (   O  2 −    ,    O −   , or    O 2 −   ) [26,27,65]. Another feature is that UV-viz radiation promotes the kinetics of the processes described by Equations (3) and (4) and so accelerates the recovery of the sensor resistance after the analyte input [66,67].



When ZnO absorbs UV-viz radiation, photoexcited charge carriers are generated, resulting in an activated surface state due to the dramatic increase of the concentration of free electrons, which leads to a decrease in resistance. In this highly imbalanced state, the adsorption rate of NO2 increases dramatically, and the photo-adsorption rate of NO2 grows as the temperature increases. The change in temperature greatly enhances the photo-adsorption of NO2, which leads to higher surface concentrations of it on the sensor surface, and as a consequence, a larger sensor signal can be achieved [68].



In order to compare the performance of ZnO/Au and ZnO/SnO2 NR-based sensors with those used in the literature, we collected the data in Table 2 regarding their UV excitation with wavelengths in the range of 275–400 nm. It is worth noting that good results are observed when testing gas sensors based on In2O3 [43,69,70]. However, the radiation power of LEDs used by the researchers in this work has been quite high at 5–10 mW.



When analyzing the data presented in Table 1 and Table 2, it is clear that the sensors based on ZnO/Au and ZnO/SnO2 NRs have advanced chemiresistive responses at an operating temperature of 50–100 °C. Calibration curves of the sensors are provided in Supplementary Materials (Figure S2). They clearly show that the sensor based on ZnO/SnO2(2) NRs has the best response. In combination with rather simple technology to modify ZnO NRs, these sensors are quite promising for many applications.





4. Conclusions


In this work, arrays of ZnO NRs were synthesized on quartz substrates by the hydrothermal method and then fully characterized to extract physico-chemical, structural, electrophysical and other properties. The ZnO NRs had nearly vertical orientation, average cross-sectional sizes of 40–80 nm and lengths of 500–800 nm. To advance the functional properties of these structures, Au nanoclusters, with average sizes of 9 ± 1 nm and 4 ± 0.5 nm, and Sn nanoclusters, with average sizes of 30 ± 5 nm and 15 ± 3 nm, were formed on top of the ZnO NRs. The tin nanoclusters oxidized to tin oxide (SnO2) during a 300 °C thermal annealing. The developed sensors exhibited a high selectivity to nitrogen dioxide in concentrations of 5–50 ppm when mixed with synthetic air and exposed to an operating temperature of 200 °C. To reduce the detection limit and operating temperature, UV radiation, generated by an LED with a wavelength of 400 nm, was added. It was found that the sensors had optimal characteristics when operated under the UV and with heating in 50–150 °C range. In particular, it was shown that the ZnO/Au and ZnO/SnO2 NR-based sensors detected NO2 at lower concentrations of 0.5–10 ppm and had lower response times in the range of 92–389 s, which makes it possible to consider them for practice.
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Figure 1. XRD patterns of the ZnO NR array samples synthesized by the CBD method. 
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Figure 2. SEM images of the ZnO NRs on the sensor substrate: (a,b) pristine ZnO NRs at (a) cross-section and (b) top view; (c) ZnO/Au(1) NRs; (d) ZnO/Au(2) NRs; (e) ZnO/SnO2(1) NRs; (f) ZnO/SnO2(2) NRs. 
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Figure 3. XRS characterizations of ZnO/Au and ZnO/Sn NR samples after annealing at 200 °C and 300 °C: (a,b) high-resolution spectra of (a) Zn2p in ZnO/Sn NR and (b) ZnO/Au NR; (c,d) high-resolution O1s spectra in (c) ZnO/Sn NR and (d) ZnO/Au NR; (e) high-resolution Sn 3d spectra in ZnO/Sn NR; and (f) high-resolution Au4f spectra in ZnO/Au NR. 
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Figure 4. Dependence of resistance (R) on the operating temperature (T) of samples ZnO/SnO2 (1) (1), ZnO/SnO2 (2) (2), ZnO/Au(1) (3) and ZnO/Au(2) (4) NRs. 
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Figure 5. The kinetics of resistance of four sensor samples: (1) ZnO/SnO2 (1), (2) ZnO/SnO2 (2), (3) ZnO/Au(1) and (4) ZnO/Au(2) NRs, inserting plots of the constants of photoconductivity relaxation time, τ, for various samples. 
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Figure 6. The resistance-to-time curves characterizing the responses of (a) ZnO/Au and (b) ZnO/SnO2 samples at 200 °C to NO2 with a concentration of 10 ppm. The resistance values are normalized by an initial value of R0 recorded in background air. 
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Figure 7. The chemiresistive responses of sensors based on ZnO/SnO2 and ZnO/Au NRs upon exposure to C2H5OH, NH3, C3H8O, C3H6O and CH3OH at 10 ppm concentration at 200 °C. 
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Figure 8. The typical R(t) transients characterizing sensors based on (a–c) ZnO/Au(1) and ZnO/Au(2) and (d–f) ZnO/SnO2(1) and ZnO/SnO2(2) when exposed to NO2 at concentrations of 0.5, 1, 5 and 10 ppm and UV-viz radiation after heating to operating temperatures of 50 °C, 100 °C and 150 °C. 
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Table 1. Chemiresistive response magnitude, S, and response time, tres, characterizing sensors based on ZnO/Au and ZnO/SnO2 NRs exposed to NO2 under combined conditions of heating and UV -viz radiation.






Table 1. Chemiresistive response magnitude, S, and response time, tres, characterizing sensors based on ZnO/Au and ZnO/SnO2 NRs exposed to NO2 under combined conditions of heating and UV -viz radiation.





	

	
Operating Temperature and Concentration of NO2




	

	
50 °C

	
100 °C

	
150 °C




	
Material Gas

Sensor

	
0.5 ppm

	
1 ppm

	
5 ppm

	
10 ppm

	
0.5 ppm

	
1 ppm

	
5 ppm

	
10 ppm

	
0.5 ppm

	
1 ppm

	
5 ppm

	
10 ppm






	
ZnO/Au(1)

	
S

	
1.5

519

	
1.9

632

	
2.2

741

	
3

1087

	
4.3

744

	
6.4

722

	
7.5

820

	
9

931

	
2.5

92

	
4.7

289

	
6

232

	
6.5

256




	
tres




	
ZnO/Au(2)

	
S

	
1.3

508

	
1.6

1127

	
1.7

1071

	
2.5

1522

	
1.5

243

	
2.2

422

	
3.6

495

	
4

520

	
1.7

234

	
3.8

416

	
5

390

	
6.7

330




	
tres




	
ZnO/SnO2(1)

	
S

	
1.4

507

	
1.8

510

	
1.5

684

	
2

584

	
3

851

	
8.5

919

	
11.5

1147

	
13

957

	
2.4

550

	
4.8

658

	
6

815

	
6.3

564




	
tres




	
ZnO/SnO2(2)

	
S

	
1.7

395

	
2.3

527

	
3

771

	
3.3

696

	
2.7

1045

	
5

1182

	
8

1123

	
12

1185

	
2

389

	
7.6

435

	
7.7

475

	
9.8

553




	
tres
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Table 2. Summary of the performance of metal oxide gas sensors to various gases under UV activation.
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	Material
	Analyte
	Operating Temperature, °C
	Response
	UV Wavelength
	Response Time
	Reference





	ZnO nanofiber
	100 ppm HCHO
	RT
	12.6
	365 nm
	32 s
	[71]



	ZnO-SnO2
	20 ppb Ozone
	RT
	8
	325 nm
	13 s
	[72]



	ZnO-Ag nanoparticles
	5 ppm NO2
	RT
	1.55
	470 nm
	150 s
	[73]



	Au-modified ZnO nanowires
	120 ppm ethanol
	15
	∼1.9
	370 nm
	-
	[74]



	ZnO/Au NP
	2 ppm NO2
	RT
	0.2
	400 nm
	100 s
	[38]



	nanoporous NiO films
	4 ppm NO2
	150
	1
	275 nm
	600 s
	[75]



	ZnO/SnO2
	10 ppm EtOH
	250
	10
	380 nm
	-
	[76]



	ZnO (ball milling)
	100 ppm FA
	RT
	2.33
	400 nm
	-
	[77]



	SnO2-x
	4.5 ppm EtOH
	155
	0.29
	450 nm
	-
	[78]



	ZnO-NP/Tb
	0.1 ppm NO2
	RT
	54
	(UV)
	120 s
	[79]



	In2O3
	1 ppm NO2
	RT
	60
	400 nm
	15 min
	[43]



	Polyvinylpyrrolidone/In2O3
	0.5 ppm NO2
	RT
	1.8
	325 nm
	500 s
	[70]



	In2O3–ZnO
	0.5 ppm NO2
	RT
	3170
	365 nm
	65
	[69]



	ZnO-Au NRs
	0.5 ppm NO2
	50
	4.3
	400 nm
	744 s
	This work



	ZnO-Au NRs
	5 ppm NO2
	100
	7.5
	400 nm
	820 s
	This work



	ZnO-Sn NRs
	0.5 ppm NO2
	50
	3
	400 nm
	851 s
	This work



	ZnO-Sn NRs
	5 ppm NO2
	100
	11.5
	400 nm
	1147 s
	This work
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