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Abstract

:

In this work, ZnO thick films were synthesized via two simple and easy methods, mechanochemical synthesis and screen-printing deposition. The ZnO powders were obtained through milling at low temperature with milling times of 20, 40, and 60 min. The ZnO thick films were fabricated by depositing 10 cycles of ZnO inks onto glass substrates. The characterization of ZnO thick films revealed a thickness ranging from 4.9 to 5.4 µm with a surface roughness between 85 and 88 nm. The structural analysis confirmed a hexagonal wurtzite crystalline structure of ZnO, both in powders and in thick films, with a preferred orientation on the (002) and (101) planes. Nanostructures with sizes ranging from 36 to 46 nm were observed, exhibiting irregular agglomerated shapes, with an energy band found between 2.77 and 3.02 eV. A static experimental set up was fabricated for gas sensing tests with continuous UV-LED illumination. The ZnO thick films, well adhered to the glass substrate, demonstrated high sensitivity and selectivity to H2S gas under continuous UV-LED illumination at low operating temperatures ranging from 35 to 80 °C. The sensitivity was directly proportional, ranging from 3.93% to 22.40%, when detecting H2S gas concentrations from 25 to 600 ppm.
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1. Introduction


Monitoring analytes, such as contaminants, explosives, and heavy metal ions, is important for the protection of human beings, considering disease identification and environmental protection [1]. Among the most dangerous gaseous analytes are carbon monoxide (CO) and sulfur dioxide (SO2), produced by combustion of fossil fuels [2]; ammonia (NH3), generated by industrial and agricultural activities [3]; and hydrogen sulfide (H2S), a colorless, toxic, corrosive, and flammable gas produced in oil and gas industry processes such as petroleum refining, natural gas sweetening, and the reduction of sulfates from hydrocarbons in wastewater. Its toxicity can cause damage to the central nervous system in a very short period of time [4]. Short-term exposure (10 min) to H2S gas has a limit of 15 ppm, and long-term exposure (8 h) has been set at 10 ppm. H2S gas can cause instant death when inhaling a concentration of 1000 to 2000 ppm [5]. However, exposure to concentrations as low as 2 ppm can cause nausea and headaches, and at higher concentrations of 50 to 100 ppm, it can affect the respiratory tract and cause digestive problems. For these reasons, there is a need to monitor H2S gas at concentrations lower than 100 ppm [6].



For this purpose, it is essential to have accurate electronic devices for real-time gas monitoring, which enables timely protection for individuals. In this regard, over the past 20 years, research has been conducted on gas sensors based on semiconductor nanomaterials, which are the most used gas sensors in the world. Currently, gas sensitive nanomaterials such as carbon-based materials, semiconductor metal oxides (SMOX), and conductive polymers have been used for gas sensor fabrication [7]. One of the most used conductive polymers is polyaniline, which is generally combined with chitosan to create a polymeric composite [3]. In the other hand, among the most used SMOX in gas sensors fabrication are copper oxide (CuO), tin oxide (SnO2), nickel oxide (NiO), indium oxide (In2O3), tungsten oxide (WO3), and zinc oxide (ZnO) [8]. The latter, ZnO, is a material obtained through simple methods, and its manufacturing is low cost. It is an n-type semiconductor with a bandgap of ~3.37 eV, an exciton binding energy of 60 meV, and high electron mobility of 400 cm2 V−1s−1 [9]. It exhibits transparency in the visible spectrum and high reflectivity in the infrared region [10]. These properties allow ZnO to be employed effectively in various electronic and optoelectronic applications such as solar cells, light-emitting diodes, piezoelectric devices, gas sensors (thermal-activated) [11] and gas sensors (UV-activated) [12], among others.



There are several synthesis methods for obtaining ZnO nanostructures with different morphological characteristics and variations in their physical properties, such as the sol–gel method, chemical vapor deposition, hydrothermal method, ball milling (mechanochemical process) [13], carbo-thermal evaporation [14] and electron beam evaporation [15], to name a few. The mechanochemical method has several advantages over other methods such as simplicity, low cost, low time consumption and minimal waste generation processes, capable of producing nanomaterials on a large scale. The mechanochemical method most of the time promotes changes in strain, structure, and morphology that affect the optical and electrical properties of materials [16]. Some drawbacks of the method are the need for high energy and contamination of powder due to steel balls [17].



ZnO films can be prepared on different substrates by means of various facile and low-cost deposition techniques such as drop casting, spin coating, ink jet printing and screen printing [18]. The screen-printing technique is versatile and allows for the cost-effective deposition of thick films on various types of substrates [19]. Despite the large areas that can be deposited with this technique, there are some drawbacks such as relatively thick films formed and high sintering temperatures [20]. In choosing the substrate, it is important to consider that common substrates are resistant to electrical conductivity and inert. Commercially, the following can be found: alumina, quartz, silicon, glass, soda-lime glass [21], fluorine-doped tin oxide (FTO), indium-doped tin oxide (ITO) and aluminum-doped zinc oxide (AZO) [22].



Gas sensors based on ZnO nanostructures often require an external excitation to activate the surface of ZnO and thus accelerate the adsorption/desorption processes of gas molecules. Typically, this activation occurs at high temperatures, between 300 and 500 °C, where a metallic heater is responsible for raising the temperature, which requires advanced energy consumption, about 500 to 5000 mW [23]. Currently, other options to activate a gas sensor are the 2D and 3D microheaters, due to their low energy consumption, which is in the range of 10 to 80 mW and raise the temperature from 0 to 700 °C [24]. On the other hand, high temperatures in this type of sensors can be dangerous, affecting sensor stability, lifetime, and limiting the detection of flammable or explosive gases. Another drawback is the potential interference of water molecules present in the atmosphere, which can be chemisorbed on the surface of ZnO nanostructures [25].



In order to reverse these disadvantages in gas detection, surface modifications, as well as doping and light activation of ZnO nanostructures, have been carried out, improving sensitivity and selectivity at room temperature [26]. An increase in sensitivity at room temperature can be obtained with UV-photoactivation, using low energy consumption UV-LEDs (UV-light-emitting diodes). UV-LEDs are able to excite the surface of a chemiresistive sensor with low energy consumption, about 50 to 500 mW for optimum operating conditions. For this reason, the use of UV-LEDs is attractive for the development of highly sensitive gas sensors with low energy consumption [12].



In the present work, the fabrication of gas sensor based on nanostructured ZnO thick films on a glass substrate is described. For this purpose, the fabrication of ZnO thick films was carried out in three steps, using two simple and easy methods: mechanochemical synthesis and screen-printing film deposition. The first step was the synthesis of ZnO powders with three different milling times by mechanochemical synthesis. The next step was the ZnO thick film deposition by means of the screen-printing technique. And the final step was the thermal treatment of the ZnO thick films. The electrical resistance of the ZnO thick film sensor upon exposure to H2S gas and other species was measured. It was compared to the response of ZnO thick film sensors towards 25 to 600 ppm of H2S gas in a low operating temperature range from 35 to 80 °C with and without continuous UV-LED illumination activation. The gas sensing test towards 600 ppm of H2S gas at 35 °C, the lowest operating temperature tested, showed that the ZnO sensor activated with continuous UV-LED illumination improved its response with an increase of 88%. However, when combining continuous UV-LED illumination and a low operating temperature of 65 °C, the response of the ZnO sensor improved even more, since it increased up to 116%. This improvement in the sensitivity of the ZnO sensor was carried out with continuous UV-LED illumination activation and low operating temperature with low energy consumption (nominal energy consumption of UV-LED is 55 mW). The characteristics of the nanostructured ZnO thick films, such as small crystallite size, preferential nanostructure growth orientation in the (002) plane, surface roughness and continuous UV-LED illumination, contributed to the improvement of the ZnO sensor response. These activities allowed us to study the optimal ZnO thick film fabrication conditions required for gas sensing and to validate the feasibility of using this type of sensors indoors or outdoors near sources emitting H2S gas or dynamic equipment releasing such vapors through sour gas handling.




2. Materials and Methods


For the synthesis of ZnO powders and fabrication of ZnO thick films, the reagents used were zinc chloride [ZnCl2] (J.T. Baker, Phillipsburg, NJ, USA, 97.0%–100.5%), sodium carbonate [Na2CO3] (J.T. Baker, 99.5%), sodium chloride [NaCl] (J.T. Baker, 99%), ethanol [C2H6O] (Meyer, Vallejo, CA, USA, 99.5%), terpineol [C10H18O] (Aldrich, St. Louis, MI, USA, mixture of isomers, anhydrous), and ethylcellulose [C23H24N6O4] (Sigma-Aldrich, St. Louis, MI, USA, 5% in toluene/ethanol 80:20 (lit.), extent of labeling: 48% ethoxyl). All reagents were used as they come in their trademark.



2.1. Synthesis of ZnO Powders by Mechanochemical Processing


The first step of manufacturing ZnO thick films consisted of obtaining three ZnO powder samples, which are the basis of the ink for the next stage. The precursor reagents were placed in the 100 mL stainless steel vials of the Spex@ 8000D Mixer/Mill high-energy mill, Thomas Scientific, Swedesboro, NJ, USA, which has a 1/3 Hp motor running at 1725 rpm, a clamp speed of 1060 cycles per minute, and a range of motion of 2 1/3 inches (5.9 cm) back-and-forth and 1 inch (2.5 cm) side-to-side. The milling cycles were performed, consisting of three runs with different times: 20, 40 and 60 min at 1725 rpm. Samples were named 20, 40 and 60 min, respectively. The synthesis of ZnO was carried out following the chemical reaction (Equation (1)):


  Z n   C l   2   +   N a   2   C   O   3   + 8 N a C l → Z n O + C   O   2   + 10 N a C l  



(1)







After the milling process, to remove NaCl residues from material, the ZnO powders underwent a selective leaching process, using distilled water as dissolving agent and ultrasonic treatment for 1 h. Finally, a calcination step was performed on the obtained powders at 400 °C for 2 h.




2.2. ZnO Screen-Printed Thick Films Preparation


The second step of the process was the preparation of suspensions of the ZnO nanoparticles. The coatings were carried out on a AT-45FA screen printing equipment, ATMA, Taoyuan City, Taiwan. For the fabrication of the ZnO thick films, three separate suspensions were prepared, consisting of 5 g of ZnO and 10 mL of ethanol. Subsequently, 4.06 g of terpineol were added, continuing again with an ultrasonic treatment for 30 min. Finally, a binder was added to the suspensions, 0.325 g of ethylcellulose dissolved in 12 mL of ethanol, and this solution was heated to 60 ° C while stirring for 1.5 h. The ZnO paste was used to coat the glass substrates, performing 10 deposition cycles on each substrate, using a 90T mesh (56 µm aperture) and a position angle of 0˚ in 2θ. Between each layer, drying was carried out at 125 ° C for 10 min. When the coating process was finished, the material was annealed in a muffle at 450 ° C for 1 h. ZnO thick films were labeled Z-20, Z-40 and Z-60, respectively. As can be observed, this process is highly reproducible. The thickness of the ZnO thick films was measured by using a profilometer. The average thickness of ZnO thick films ranged from 4.9 to 5.4 µm.




2.3. ZnO Thick Films Characterization


Crystallographic structures of materials were measured by X-ray diffraction (XRD) using a D8 Advance diffractometer, Bruker, Madison, WI, USA, with Cu Kα1 (λ = 0.15406 nm) operating at 40 kV and 40 mA and collecting from 10° to 80° (2θ). The surface morphology was observed by using a JSM-7600F Scanning Electron Microscope, JEOL, Peabody, MA, USA. The experiments were carried out at an accelerating voltage of 15 kV and working distance of 8 mm. The surface topography was measured by using an Confocal Raman integrated with Atomic Force Microscope (AFM) Alpha 300, Witec, Ulm, Germany. The measurement was conducted in an area of 100 μm2 (10 µm width and 10 µm height). The vibrational modes of the lattice were studied by Raman spectroscopy, using a Confocal Raman integrated with Atomic Force Microscope (AFM) Alpha 300, Witec, Ulm, Germany with a 400 nm excitation laser. The optical evaluation of the ZnO thick films was carried out by measuring optical absorption with a 1280 Ultraviolet-Visible (UV-Vis) spectrophotometer, Shimadzu, Columbia, MD, USA, at a wavelength from 300 to 800 nm, in absorbance mode. The thickness of the thick films was measured by contact profilometry technique using a Tencor D-500 profilometer, KLA, San Diego, CA, USA, at a 0.03 mms−1 in the sweep speed with 3 mm on linear path on ZnO thick film. Electrical resistivity was determined using the four-points probe technique with a Sourcemeter 2420 equipment, Keithley-Tektronix, Beaverton, OR, USA, with the following specifications: measure voltage from 1 µV to 63.3V and source current from 500 pA to 3.15 A. The adhesion properties were evaluated by means of the cross-sectional adhesive tape test, according to the ASTM D3359-22 standard [27].




2.4. ZnO Gas Sensor Fabrication and Gas Measurement Setup


The ZnO gas sensor was fabricated through the deposition of a pair of silver electrodes by the screen-printing technique using a conductive silver paste. For gas sensing tests, a homemade static gas measurement setup was fabricated, comprising a ZnO gas sensor, UV-LED (390 nm = 3.2 eV; nominal energy consumption: 55 mW), gas chamber with 550 mL volume and data acquisition system (DAS) interfaced with computer for recording the electrical resistance in the presence of ambient air and in the presence of target gas concentrations. The structure of the ZnO gas sensor and the homemade static gas measurement setup for the gas sensing tests are schematically shown in Figure 1.



The gas sensing tests of the ZnO gas sensors were carried out placing the homemade static gas measurement setup into an electric oven, for controlling the working temperature of a ZnO gas sensor in the range from 35 to 80 °C, considering low temperature under 100 °C. Firstly, the ZnO gas sensor underwent a stabilization process for one hour, maintaining the temperature constant in the presence of ambient air and with the UV-LED on. This process was repeated for each of the temperatures. Secondly, the gas chamber was sealed and a precision syringe was used to inject a given amount of gas under testing, so that the chamber maintained the desired target gas concentration. The volume of injected gas was calculated as follows according to Equation (2) [28]:


    V   I n j   = V ∗ C ∗   10   − 6   ∗   273 +   T   E     273 +   T   C      



(2)




where VInj is the volume of gas to be injected (mL), V is the volume of the gas chamber (mL), C is the gas concentration (ppm), TE is the ambient temperature (°C), and TC is the gas chamber temperature (°C). The target gas was H2S and concentrations tested were from 25 to 600 ppm. Finally, when the ZnO gas sensor had enough interaction with the target gas, the gas chamber was opened and the gas was let out. At this time, the ZnO gas sensor interacted with the ambient air. Afterwards, the gas chamber was closed and a new gas concentration was injected into the chamber again. The response and recovery cycle were repeated in static conditions. The UV-LED was on during each response and recovery cycle with an intensity of 1.38 mW/cm2 for activation of the ZnO gas sensor. Every gas sensing test were performed by applying a fixed bias of 5 V across the silver electrodes and recording the electrical resistance as a function of time by using the data acquisition system. The sensor response (S) is calculated in percentage by the following equation [29]:


  S =   (   R   a i r   −   R   g a s   )     R   a i r     ∗ 100 %  



(3)







Here, Rgas and Rair represent the electrical resistance measured by the ZnO sensor during gas and air exposure, respectively. The response time (Tres) and recovery time (Trec) are defined as the required time to reach 90% of total change in electrical resistance upon exposure to gas and air, respectively.





3. Results and Discussion


3.1. Structural Analysis of ZnO Thick Films


The diffraction patterns of ZnO powders and ZnO thick films are presented in Figure 2a,b respectively. All samples are polycrystalline, with well-defined signals for the (100), (002), (101), (102), (110), and (103) planes, consistent with the data provided by the ICDD 00-036-1451 card, which is specifically associated with ZnO and its hexagonal wurtzite crystalline structure (a = 0.3249 nm and c = 0.5201 nm). It was observed that the intensity of the diffraction peaks is different, indicating that the growth of ZnO crystals is not uniform across all planes due to an anisotropic growth. Furthermore, the diffraction patterns showed that the intensity of the signals is higher in thick films than in powders. This is due to the nanomaterials manufactured and deposited on substrates being more compacted and ordered in the films and the crystallite size being different, since size is larger in films than in powders.



As the milling time is a parameter to select the best process to use in our gas sensors, calculation of lattice parameters (a, c), interplanar spacing (d) and crystallite size (D) were carried out by using the following Equations (4)–(7) [30,31,32,33], and physical dimensions of ZnO lattice were obtained:


  a =   λ    3  S e n o θ    



(4)






  c =   λ   S e n o θ    



(5)






    1     d   h k l   2     =   4   3         h   2   + h k +   k   2       a   2       +     l   2       c   2      



(6)






  D =   κ λ   B c o s θ    



(7)




where λ is the wavelength of the CuKα radiation (0.154 nm), θ is the Bragg angle and k is the shape factor (0.9). B is the full width at half maximum (FWHM) of the X-ray diffraction peak. Table 1 shows the values calculated for the parameters previously described. The parameters were calculated from the position (002) of the ZnO powders and ZnO thick films patterns. The values of the lattice parameters are analogous to the range reported in the literature, parameter a is in the range between 3.2477 and 3.2638 Å, and parameter c is in the range between 5.2026 and 5.2260 Å, coinciding with the values reported in the literature for the bulk wurtzite phase of ZnO [32]. The d spacing values are consistent with the (002) plane from ICDD 00-36-1451 card. This way, we could assume that ZnO powders and ZnO thick films increase its crystallite size with milling time. This effect is due to the high impact energy during the early stages of milling which effectively cuts down large particles into smaller ones by the fragmentation process, leading to larger crystallite sizes.



Since this research focused on ZnO thick film gas sensors, other structural parameters for them were calculated, such as unit cell volume (V), Zn–O bond length (bi), u positional parameter in the wurtzite structure, dislocation density (δ), lattice micro strain (ε) and degree of crystallinity (Xc), by using the specific Equations (8)–(13) given below [30,32,34,35]:


  V =    3    2     a   2   c  



(8)






  b i = u c  



(9)






  u =     a   2     3   c   2     + 0.25  



(10)






  δ =   1     D   2      



(11)






  ε =   β c o s θ   4    



(12)






    X   c   =   0.24     β   002      



(13)







Table 2 summarizes the values of all of these parameters calculated for ZnO thick films. As can be seen, in this case, the strain values of ZnO nanoparticles decreased as the milling time increased. This uncommon phenomenon of strain reduction can occur with long milling times under ambient conditions, since during that time period, critical values of dislocation density can be reached in the material, promoting strain relaxation [36]. The difference from the ideal value of the positional parameter, u = 3/8 = 0.375, with respect to the values obtained in these ZnO screen-printed thick films, ≈0.3800, makes it clear that the atoms suffered a deviation from their ideal configuration. Also, a change in the length of the Zn-O bonds was observed, with values from 1.983 to 1.984 Å, compared to the ideal value of 1.930 Å; this is due to the strain experienced by the lattice [32]. Specifically, the values of the degree of crystallinity of the ZnO thick films increased from 0.8230 to 0.9824 as the milling time increased. This indicates that a large portion of the material was arranged in an ordered and crystalline structure and represents larger crystallite sizes.



Also, the texturing of ZnO thick films was calculated by the texture coefficient (TC), through Equation (14) [37]:


    T   c ( h k l )   =       I   ( h k l )       I   ( h k l )   0        ∑  (     I   ( h k l )       I   ( h k l )   0       )    



(14)




where I(hkl) are the measured diffraction intensities obtained from the materials and I0(rhkl) are the intensities of the XRD reference (ICDD 00-36-1451). The texture coefficient calculated for the crystallographic planes (100), (002), (101), (102), (110), and (103) are shown in Table 3. However, the highest peaks in XRD patterns were (100), (002) and (101) planes for all samples. The TC calculation shows that the growth-preferred orientation was along the (002) plane and its values varied from 0.1931 to 0.2043. This preferential growth along the c-axis benefits ZnO thick films for gas sensor applications because it promotes continuous electron transfer [38].



ZnO thick films were characterized by X-ray diffraction after 12 months of aging, and the hexagonal wurtzite crystalline structure of ZnO was observed. This confirms the stability of the crystalline structure of ZnO and films.




3.2. Raman Analysis of ZnO Lattice


Raman spectra of ZnO thick films at three milling times are shown in Figure 3, where all the samples present four intense and defined signals at 100, 333, 438 and 580 cm−1. These signals are characteristic vibrational modes of ZnO, confirming the results obtained in X-ray diffraction and elemental microscopy analysis. The peak located at 100 cm−1 belongs to the low frequency E2L mode, associated with the vibration of the Zn in lattice, while the peak located at 438 cm−1 corresponds to the high frequency E2H mode linked to movements of oxygen atoms in the ZnO lattice. The difference in intensities in the E2H vibrational mode is associated with the quality of crystal growth between the samples [39]. The peak located at 333 cm−1 is a second-order E2H-E2L vibrational mode arising from photons in the wurtzite limited zone. Finally, the signal at 580 cm−1 is an E1 (LO) mode and is caused by oxygen vacancy defects in ZnO [16,39,40]. The results indicate that the three milling times generate wurzite-type nanostructures with high crystalline quality.




3.3. Morphological Identification and Thickness Measurement


Figure 4a,d,g show SEM images of ZnO nanostructures synthesized by the three milling times by mechanochemical synthesis and the screen-printing deposition technique. The surface of ZnO thick film showed a homogeneous growth of nanostructures, where the morphology identified corresponded to well-shaped nanograins, and it was observed that they clustered together forming agglomerates with high surface density, confirming the anisotropic growth of the ZnO nanograins observed in the XRD patterns.



The average values of ZnO nanograin sizes increased as the milling time was extended. Figure 4b,e,h show the size distribution of ZnO nanograins. The values were 36 ± 7, 44 ± 7 and 46 ± 8 nm for Z-20, Z-40 and Z-60, respectively. To confirm the above mentioned, X-ray energy dispersive spectra (EDS) of ZnO thick films is presented in Figure 4c,f,i, which show the presence of the elements Zn and O confirming the formation of ZnO. The formation of larger ZnO nanograins with an increase in milling time can be attributed to the overlapping of smaller ones or the effect of agglomeration of ZnO nanograins by the accumulation of high energy during the milling process [41].



The average thickness of the ZnO thick films was 4.9, 5.2 and 5.4 µm for ZnO thick films Z-20, Z-40 and Z-60, respectively. It was observed that the thickness of the screen printed ZnO thick films measured by profilometry increased with extended milling time as a result of the cycles of deposition and the formation of larger nanoparticles [30]. Additionally, larger crystallites also contributed to the formation of dense thick films, resulting in an increase in thickness [42].




3.4. Surface Analysis of ZnO Thick Films


Figure 5a–f show 2D and 3D images of the surface topography of the ZnO thick films in a scanned area of 10.0 µm × 10.0 µm. The 3D images were processed using the open-source software Gwyddion 2.64, specifically designed for AFM microscopy, data analysis, and visualization [43]. A high-density surface nanostructured with varying sizes is clearly observed in the 2D and 3D images of ZnO thick film, as observed in the SEM micrographs. The roughness results from the root mean square (RMS) of ZnO thick films are 86 ± 10, 88 ± 12, and 85 ± 9 nm for Z-20, Z-40 and Z-60, respectively. In this case, the ZnO thick film with a higher roughness value was Z-40. A high surface roughness is favorable for its application as a gas sensor, since it increases the surface area for interacting with the target gas, enhancing the sensitivity of the ZnO thick film [44,45]. It was observed that for these ZnO thick films, having a lower degree of crystallinity improves their surface roughness; this is because it increases the free energy on the surface, consequently enhancing the roughness [46]. Other factors affecting the roughness of a ZnO thick film include crystal size, nanostructure morphology, substrate and film treatment, film deposition conditions, and precursor solutions concentration [47].




3.5. Optical Analysis and Electrical Measurement


The optical absorption measurement was conducted for the ZnO thick films in the absorbance mode in the range of 300 to 700 nm. In Figure 6a, absorbance spectrum of ZnO thick films Z-20, Z-40 and Z-60 is presented. The optical spectra of the ZnO thick films shows an absorption peak in the ultraviolet region at approximately 375 nm, which is attributed to the band gap direct transition of the bulk ZnO [48]. It was observed that the absorption intensity in the UV region increased in the ZnO thick films as the synthesis time increased. This increase in absorption intensity is due to all the ZnO thick films having crystallites with preferential growth on the (002) plane, which promotes enhanced absorption in the UV region [49]. The synthesis conditions under which the experiments were conducted did not alter the properties of ZnO to absorb light in the UV region and maintain transparency in the visible region. The optical band gaps were calculated using the Tauc Equation (15) [50]:


    ( α h ν )   n   = A ( h ν −   E   g   )  



(15)




where α is the absorption coefficient, hν is the photon energy, A is a constant, n refers to the type of transition for ZnO, which is a direct band gap semiconductor, n = 2, and Eg is the band gap. For the calculation of the band gap, a linear fit was performed in the straight portion of the curve of (αhν)2 against (hν). Figure 6b shows the Tauc’s plots of the ZnO thick films. The band gap of the ZnO thick films was in the range of 2.77 eV to 3.02 eV. This narrowing of the band gap is attributed to the optical confinement effect due to the dimensions of the ZnO nanoparticles and the thickness of the ZnO thick films, showing a red shift [51]. This behavior was reported when ZnO thick films were manufactured through different deposition cycles, resulting in varying film thicknesses, generating a narrowing of the band gap energy causing a red shift [52]. A similar effect occurs when ZnO is synthesized with high concentrations in the precursor solution, where the absorption edges shifted towards the red, and there was a decrease in the band gap energy [53].



The electrical measurement of ZnO thick films was performed by using the four-point probe technique. The resistivity was calculated through Equation (16) [54].


  ρ =   π     ln  ⁡  2     ∗   V   I    



(16)







The average resistivity values obtained for the ZnO thick films Z-20, Z-40, and Z-60 were 2.46 × 105 ohm-m, 7.93 × 104 ohm-m, 7.88 × 104 ohm-m, respectively. The resistivity values found for the ZnO thick films were within the range of values reported in the literature for ZnO [55,56]. The decrease in resistivity among the Z-20, Z-40, and Z-60 thick films was related to the milling time used in the fabrication of ZnO, as the Z-60 thick films with 60 min of milling had the lowest resistivity value. This behavior of the Z-60 film is attributed to the larger crystallite size, and it had the lowest value of dislocation density lines compared to the other thick films. These characteristics help to reduce the grain boundaries and promote an increase in carriers concentration [57]. Additionally, the increase in the thickness of the ZnO thick films also contributes to the decrease in resistivity [58].




3.6. Adherence Test of ZnO Thick Films


The ZnO thick films deposited by screen printing on the glass substrate were uniform. The strength of adhesion of ZnO thick films was measured using a Cross Cut Tape Test. The test was conducted in accordance with the ASTM D3359-22 Standard (Standard Test Methods for Measuring Adhesion by Tape Test) [27]. The adhesion of the ZnO thick films was assessed using an adhesive tape by inspecting the film grid for any evidence of removed sections. The ASTM standard has six classifications for adhesion test, indicating the percentage of film detachment from the substrate: Level 5B (0%), 4B (5%), 3B (5%–15%), 2B (15%–35%), 1B (35%–65%), and 0B (>65%). After the ZnO thick films Z-20, Z-40 and Z-60 were tested, it was observed that thick films were still adhered to the substrate with no visible disarray. Figure 7a shows ZnO thick films assessed and compared with scale and designated as ‘4B’ of ASTM classification; this means that 95% of screen-printed material remained due to the strength of adhesion to the glass substrate. The area of ZnO thick film was 10 mm × 10 mm, as shown in Figure 7b. The cross-cut pattern of ZnO screen-printed thick films after the tape test is shown in Figure 7c–e.



This test revealed the adhesion strength of the ZnO thick films prepared in this work. These results are similar to those reported for ZnO thick films deposited on glass, where the annealing step enhances the film adhesion on the substrates, considering the temperature of annealing in the range of 400 to 550 °C [19,59].



Adhesion tests were carried out after 12 months of aging and it was found that the aged films exhibited an ASTM classification of 3B (5%–15% detachment). Although it decreased in the ASTM classification, it confirms that the ZnO films manufactured in this work are stable and durable. It can be assumed that the change in adherence is due to excess of moisture on the surface of the film.




3.7. Discussion of Characterization Results


In this work, the main objective was the fabrication of ZnO thick films for their application as an H2S gas sensor. Once the thick films were fabricated, the next step was to determine the crystalline structure of ZnO through X-ray diffraction, which confirmed the hexagonal wurtzite crystalline structure of ZnO. Furthermore, the XRD data allowed for the calculation of the crystallite size, which falls within the range of 32–35 nm. This parameter is related to sensor performance, as a smaller size leads to increased sensitivity of the sensor. Another calculated parameter was the texture coefficient, which indicated a preferential growth of ZnO nanostructures on the (002) plane along the c-axis. For a gas sensor, it is desirable for this alignment to occur along the c-axis, as it enhances electron flow during the gas sensing process. Vibrational analysis through Raman spectroscopy confirmed the crystalline structure of ZnO.



Morphological analysis by scanning electron microscopy found a well-defined morphology of nanograins, which were observed to cluster together to form agglomerates, with nanograin sizes ranging from 36 to 46 nm. These nanograins have a high surface-to-volume ratio due to their nanoscale size, facilitating gas molecule adsorption on their surface. The analysis of surface topography by atomic force microscopy allowed the roughness measurement of the ZnO thick films, which was found in the range of 85–88 nm. This indicates that a high roughness value corresponds to a large surface area for interacting with H2S gas, improving the sensitivity. The energy bandgap of ZnO was calculated, and a narrowing in the range of 3.02–2.77 eV was found, attributed to the thickness of the films, confirming its absorption band in the UV region.



The measurement of resistivity of the thick ZnO films using the four-point probe test helped calculate the resistivity values in a range of 7.88 × 104–2.46 × 105 ohm-m. This value is important because lower resistivity reduces the grain boundary and results in a higher flow of charge carriers. Finally, the adhesion tests allowed identification of the strength of film adhesion with the glass substrate, which in this case was 4B for all samples, implying a maximum detachment of 5%. This is beneficial as it indicates that the films can withstand a large number of sensing cycles. All these characterizations helped identify the characteristics of the ZnO films, enabling their application as a gas sensor, as well as comparing the effect of mechanical treatment on milling time and gas sensing efficiency.




3.8. H2S Gas Sensing Performance


The sensitivity of ZnO sensors manufactured through the mechanochemical method and the screen-printing technique was evaluated in terms of changes in electrical resistance when exposed to H2S gas, considering concentrations from 25 to 600 ppm, at different low operating temperature ranges from 35 to 80 °C, under continuous UV-LED illumination to assist in the activation of the surface of ZnO. In these H2S gas sensing tests, humidity control was not conducted. The response time is defined as the required time to reach 90% of total change in electrical resistance upon exposure to target gas, and recovery time is defined as the time taken to reach 10% of total change in electrical resistance in the presence of air. Figure 8a,c,e show the dynamic response curves in percentage of the three sensors Z-20, Z-40, and Z-60, respectively, once exposed to H2S gas concentrations at different low operating temperatures under continuous UV-LED illumination. It can be observed that the response of ZnO sensors increases proportionally as the concentrations of the H2S gas increase. The highest response value was 22.40%, obtained in the test for 600 ppm of H2S gas at 65 °C with the Z-40 sensor. On the other hand, the lowest response value was 3.93%, observed in the test for 25 ppm of H2S gas at 35 °C with the Z-60 sensor. It is noteworthy that the highest response values were obtained at 65 °C. In these tests under continuous UV-LED illumination, the sensor that experienced a greater effect was the Z-40. This effect promoted higher sensitivity, yielding the highest response values across different concentrations and low operating temperatures. This sensor was synthesized with a milling time of 40 min, and the Z-40 sensor exhibited the highest roughness, which helps to provide a larger surface to be in contact with the H2S gas. Other characteristics contributing to this high sensitivity of the Z-40 sensor include the small size of the crystallite, since in the literature we can find that for higher sensitivity, D should have values less than 30 nm [60]. It has been reported that a thinner sensor film and smaller crystal size help to increase sensitivity of the sensor as the grain boundary enlarges [61]. The growth aligned with the C-axis helps electron transfer between the gas molecules and the surface of the ZnO sensor [38]. The response and recovery cycles of ZnO sensors that occurred at different low operating temperatures under continuous UV-LED illumination are presented in Figure 8b,d,f. During H2S gas sensing tests, electrical resistance was measured. The Z-20, Z-40, and Z-60 sensors exhibit good reproducibility in sensing tests, as well as good reversibility toward different concentrations of the H2S gas.



The effect of continuous UV-LED illumination on the sensitivity of the ZnO sensor to H2S gas was evaluated. As an example, the performance of the Z-40 sensor, which achieved the best results in previous tests, is presented in Figure 9a–f. In these sensing tests, concentrations ranging from 25 to 600 ppm of H2S gas and low operating temperatures in the range of 35 to 80 °C were considered, both without continuous UV-LED illumination and with continuous UV-LED illumination. It can be observed that the tests showed detectable responses even without continuous UV-LED illumination. The response values ranged from 9.05 to 22.40% for the tests with continuous UV-LED illumination, while for without continuous UV-LED illumination, the response ranged from 4.98 to 17.5%. The influence of continuous UV-LED illumination was remarkable from 35 to 65 °C, highlighted in Figure 9a–f. The data presented in Figure 9a–f show that the sensitivity of Z-40 sensor was enhanced by continuous UV-LED illumination compared to the tests that did not have its assistance. The response increased up to 116% in the sensing test for 600 ppm of H2S gas at 65 °C. As observed in Figure 9, it had the highest values in these tests. This behavior of the ZnO sensor is related to its two polar faces—one terminated with Zn2+ (positive) and the other with O2− (negative)—due to the electric field generated by these two surfaces. When the ZnO nanoparticles receive continuous UV-LED illumination, the photoinduced electrons prefer to migrate and accumulate on the positive polar face (002) and the photoinduced holes on the non-polar face (100) [62]. Continuous UV-LED illumination increases the conductivity and sensitivity of the ZnO sensor even at room temperature. This is because UV light with energy comparable to the band gap of ZnO is capable of accelerating the absorption and desorption process of gas molecules on the surface of ZnO due to the generation of photogenerated electron-hole pairs, assisting the ZnO sensor at low operating temperatures such as room temperature. On the other hand, when the low operating temperature reaches 80 °C, the sensitivity of the ZnO sensor is almost independent of continuous UV-LED illumination. At this point, thermal energy has the greatest effect on the surface of ZnO, helping to increase the density of charge carriers and the exchange of electrons between the H2S gas molecules and the surface of ZnO.



In Figure 10a, the results of the selectivity tests conducted with the Z-40 sensor are shown. The Z-40 sensor was tested with five gases: C3H8O, C2H6O, C3H6O, LPG, and H2S. The test conditions were 600 ppm of each gas at low operating temperatures of 65 °C under continuous UV-LED illumination, and humidity control was not performed. In the results, a higher selectivity for the H2S gas is observed, with an average of 40% more than the other gases. The selectivity of the ZnO sensor towards H2S gas is related to the small molecular size of H2S gas compared to the other gases tested, and this characteristic is beneficial in the detection of H2S gas as it allows for a greater number of molecules to be absorbed on the surface of ZnO [63]. Other measurements conducted with the ZnO sensors included long-term stability, shown in Figure 10b. A test was conducted once a week for 12 weeks considering the conditions of tests at 65 °C with 600 ppm of H2S gas. The ZnO sensors fabricated in this work exhibited good stability after 12 weeks, with an average decrease of 2.5% in the response. This is due to the stability of the hexagonal wurtzite crystalline structure of ZnO, as well as the fact that the film demonstrated strong adhesion to the substrate. In Figure 10c, the comparison of response time and recovery time for the Z-40 sensor is presented. The test was carried out with 600 ppm of H2S gas at 65 °C, both with and without continuous UV-LED illumination. For the response time and recovery time, a difference of ca. 60 s was observed when utilizing continuous UV-LED illumination. On average, the response time for sensing tests was 518 s, and the recovery time was 543 s. With all the aforementioned results, it was demonstrated that the ZnO thick films manufactured in this work can be used for the detection of H2S gas.




3.9. Sensing Mechanism of ZnO Sensor


The sketch of the sensing mechanism of the ZnO sensor is presented in Figure 11. The sensing mechanism of the ZnO sensor is based on the adsorption and desorption of molecules on its surface. This process begins when the ZnO sensor is exposed to air, where the chemisorption of oxygen (O2) takes place. This can occur at room temperature and at high temperatures (100–500 °C). The O2 molecules can be ionosorbed in molecular (    O   2   –    ) or atomic form (O− and O2−), and this occurs with the transfer of electrons between the surface of the ZnO and the surrounding O2 ions. At temperatures below 100 °C, the adsorbed oxygen is in the form of     O   2   –    . In this case, the ZnO sensor is under continuous UV-LED illumination, where generation of photogenerated electron–hole pairs occurs; then, oxygen molecules trap photogenerated electrons from the conduction band of ZnO, forming negative species [64]. This is shown in the following equation:


    O   2 ( g a s )   +   e   ( h v )   −   →   O   2 ( h v )   −    



(17)







This process results in the formation of an electron depletion layer (EDL) with a decrease in the density of carrier charge and with an increase in electrical resistance of the ZnO sensor. On the other hand, when the ZnO sensor is exposed to H2S gas molecules, these are absorbed on the surface of ZnO, and they will react with the chemisorbed oxygen ions. These chemical reactions promote the release of electrons, which return to the EDL. With this, a reduction of the potential barrier energy occurs. As a result, the electrical resistance on the surface of ZnO is decreased. This interaction is described with the following equation:


    2 H   2   S +   3 O   2 ( h v )   −   → 2   S O   2   + 2   H   2   O + 6   e   −    



(18)







It is well known that UV illumination generates a large number of photogenerated electrons and holes (pairs) on the surface of ZnO because the photon energy is higher than the bandgap energy. Then, the photogenerated holes interact with oxygen species on the surface of the ZnO sensor, leading to the desorption of oxygen molecules and a decrease in the EDL. This is observed in the following equation [65].


    h   ( h v )   +   +   O   2 ( a d s )   −   →   O   2 ( g )    



(19)







In Table 4, a comparison of the results of H2S gas sensing of UV-assisted ZnO sensors published in recent years and those obtained in this work is presented. From the published works, it was observed that they detect H2S gas concentrations between 1 and 1000 ppm and operate at room temperature. They exhibited a detectable response. Therefore, the operating temperature, response and tested concentrations of gas with the sensors in this work are satisfactory.





4. Conclusions


ZnO nanostructures were successfully prepared applying a sequential mechanochemical and screen-printing methodology. These results show that it is possible to obtain high quality coatings after 20–40 min of grinding, without affecting the final characteristics of the film. The results of the diffraction patterns show that for all the synthesized systems, the wurtzite-type hexagonal phase stabilized, without detecting the presence of residual oxides. The synthesis process, presented in this work, is a very simple manufacturing process with relatively low temperatures with high reproducibility, capable of promoting the formation of a stable film for producing large quantities of gas-sensing films. The sensing response of ZnO film sensor (Z-40) to 600 ppm of H2S gas at the low operating temperature of 65 °C was increased up to 116% under continuous UV-LED illumination activation. Under continuous UV-LED illumination, the ZnO sensor exhibited faster response/recovery times than without continuous UV-LED illumination and better selectivity for the same H2S concentration. These results suggest that the combination of continuous UV-LED illumination and low operating temperature had a synergistic effect that helped to increase the sensitivity of the ZnO sensor with low energy consumption. The significant increase in the sensing response of ZnO sensor under continuous UV-LED illumination might be due to the rise in charge carriers caused by the photogenerated electron–hole pairs, which promote an important change in the values of electrical resistance upon exposure to H2S gas molecules. These results should be considered when developing metal oxide gas sensors activated by UV or visible light with low energy consumption for monitoring toxic gases. These metal oxide gas sensors can also be extended on flexible substrates.
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Figure 1. Schematic diagram of a homemade static gas measurement setup. (1) Electric oven with temperature control; (2) gas chamber; (3) precision syringe; (4) UV-LED (390 nm); (5) nanostructured ZnO thick film; (6) Ag electrodes; (7) glass substrate; (8) data acquisition system; (9) portable computer. 
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Figure 2. XRD patterns of ZnO nanomaterials. (a) ZnO powders obtained by mechanochemical synthesis; (b) ZnO thick films deposited by screen-printing technique. 
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Figure 3. Raman spectra of screen-printed ZnO thick films. 
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Figure 4. SEM images, size distribution and EDS spectra of the ZnO thick films prepared with ZnO powders at different milling times. (a–c) Z-20; (d–f) Z-40; (g–i) Z-60. 
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Figure 5. 2D and 3D AFM images of the surface topography of the ZnO thick films. (a,b) Z-20; (c,d) Z-40; (e,f) Z-60. 
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Figure 6. (a) Absorbance spectra of ZnO thick films; (b) inset Tauc’s plots of ZnO thick films. 
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Figure 7. Adherence tests of ZnO thick films based on the ASTM D3359-22. (a) ASTM Classification of Adhesion Test of ZnO thick films; (b) ZnO thick film area 10 mm × 10 mm before cross cut test. Photographical images of ZnO thick films after tape test: (c) Z-20; (d) Z-40; (e) Z-60. 
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Figure 8. Dynamic response curves of the ZnO sensors toward 25, 50, 100, 200, 400, and 600 ppm of H2S gas at low temperatures from 35 to 80 °C under continuous UV-LED illumination. Response curves in percentage: (a) Z-20; (c) Z-40; (e) Z-60, and response curves based on electrical resistance: (b) Z-20; (d) Z-40; (f) Z-60. 
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Figure 9. The temperature dependence of response to H2S gas of the Z-40 sensor at temperatures from 35 to 80 °C under continuous UV-LED illumination. (a) 25 ppm; (b) 50 ppm; (c) 100 ppm; (d) 200 ppm; (e) 400 ppm; (f) 600 ppm. 
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Figure 10. (a) Selectivity test of Z-20/Z-40/Z-60 sensors toward 600 ppm of different gases at 65 °C under continuous UV-LED illumination; (b) long-term stability test of Z-20/Z-40/Z-60 sensors toward 600 ppm of H2S gas at 65 °C under continuous UV-LED illumination; (c) response and recovery time of Z-40 sensor. 
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Figure 11. Sketch of the sensing mechanism of the ZnO sensor exposed to air and H2S gas. 
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Table 1. Structural parameters calculated for ZnO powders and ZnO thick films.
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	Sample
	hkl
	D

(nm)
	a

(Å)
	c

(Å)
	d

(nm)
	FWHM

(002)





	20 min
	002
	17.71
	3.2497
	5.2116
	0.2605
	0.4692



	40 min
	002
	18.22
	3.2477
	5.2026
	0.2601
	0.4562



	60 min
	002
	19.70
	3.2477
	5.2056
	0.2602
	0.4220



	Z-20
	002
	32.45
	3.2582
	5.2212
	0.2610
	0.2561



	Z-40
	002
	33.69
	3.2602
	5.2216
	0.2611
	0.2467



	Z-60
	002
	34.79
	3.2562
	5.2260
	0.2608
	0.2389










 





Table 2. Structural parameters calculated for ZnO thick films.
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	Sample
	hkl
	V

(Å3)
	bi

(Å)
	u
	δ

(×1015 m−2)
	ε

(10−3)
	Xc





	Z-20
	002
	48.01
	1.983
	0.3798
	1.11
	1.07
	0.8230



	Z-40
	002
	48.06
	1.984
	0.3800
	1.06
	1.03
	0.9207



	Z-60
	002
	47.97
	1.982
	0.3799
	1.02
	1.00
	0.9824










 





Table 3. Texture coefficient calculated for ZnO thick films.
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	Sample
	(100)
	(002)
	(101)
	(102)
	(110)





	Z-20
	0.1994
	0.2043
	0.1697
	0.1163
	0.1804



	Z-40
	0.1859
	0.1931
	0.1671
	0.1249
	0.1842



	Z-60
	0.1896
	0.1969
	0.1667
	0.1377
	0.1702










 





Table 4. ZnO gas sensors assisted with UV light.
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	Sensing

Material
	Gas

Concentration
	Operating

Temperature (°C)
	Sensor Response
	Ref.





	Au-ZnO
	H2S (5 ppm)
	RT
	1.01 (Ra/Rg)
	[66]



	In2O3/ZnO
	H2S (1 ppm)
	RT
	1.30 (Ra/Rg)
	[67]



	Au-ZnO
	H2S (1000 ppm)
	250
	18.12% ((Ra/Rg − 1)·100%)
	[68]



	ZnO
	H2S (5 ppm)
	RT
	10.24% ((Ra − Rg/Ra)·100%)
	[69]



	Co-ZnO
	H2S (100 ppm)
	RT
	2.50 (Ig/Ia)
	[70]



	ZnO
	H2S (100 ppm)
	RT
	1.08 (Ra/Rg)
	[71]



	ZnO
	H2S (100 ppm)
	RT
	6.8 (Ra/Rg)
	[72]



	ZnO
	H2S (25 ppm)
	65
	12.66% ((Ra − Rg/Ra)·100%)
	This work



	ZnO
	H2S (100 ppm)
	65
	16.50% ((Ra − Rg/Ra)·100%)
	This work



	ZnO
	H2S (600 ppm)
	65
	26.40% ((Ra − Rg/Ra)·100%)
	This work
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