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Abstract

:

Herein, we synthesized the zinc oxide (ZnO) thin films (TFs) deposited on glass substrates via spray pyrolysis (SP) to prepare self-cleaning glass. Various process parameters were used to optimize photocatalytic performance. Substrates were coated at room temperature (RT) and 250 °C with a 1 mL or 2 mL ZnO solution while maintaining a distance from the spray gun to the substrate of 20 cm or 30 cm. Several characterization techniques, i.e., XRD, SEM, AFM, and UV–Vis were used to determine the structural, morphological, and optical characteristics of the prepared samples. The wettability of the samples was evaluated using contact angle measurements. As ZnO is hydrophilic in nature, the RT deposited samples showed a hydrophilic character, whereas the ZnO TFs deposited at 250 °C demonstrated a hydrophobic character. The XRD results showed a higher degree of crystallinity for samples deposited on heated substrates. Because of this higher crystallinity, the surface energy decreased, and the contact angle increased. Moreover, by using 2 mL solution, better surface coverage and roughness were obtained for the ZnO TFs. However, by exploiting the distance of the spray to the samples size distribution and surface coverage can be controlled, the samples deposited at 30 mL showed a uniform particle size distribution from 30–40 nm. In addition, the photoactivity of the samples was tested by the degradation of rhodamine B dye. Substrates prepared with a 2 mL solution sprayed at 20 cm showed higher dye degradation than other samples, which can play a vital role in self-cleaning. Hence, by changing the said parameters, the ZnO thin film properties on glass substrates were optimized for self-cleaning diversity.
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1. Introduction


Due to the significant greenhouse effect and environmental degradation, a switch to sustainable and green energy resources is urgently required [1]. Self-cleaning is the most attractive area of research due to its wider applications. Self-cleaning coatings based on thin films or nanoparticle semiconductors have grown in popularity over the last decade [2,3,4,5] owing to their commercialization prospects and wide range of applications in window glass [6,7], fabrics [8], paints [9], construction materials, plastics [10], corrosion protection [11], and solar cells [12]. Self-cleaning can be achieved by changing the surface wettability properties so that the surfaces can be optimized to make them hydrophobic and hydrophilic. Surfaces with exceptional wettability have been created utilizing a variety of materials [13]. The self-cleaning property is achieved by two mechanisms that include the spreading of water, which is the sheeting effect, and photocatalysis [3].



Many semiconductors are promising as prospective photocatalysts, such as VO3 [10], ZnS, CdS [14], and ZnO, which are leading the way [15,16,17,18,19,20,21]. ZnO is also a non-toxic wide bandgap semiconductor with good thermal and mechanical stability, and strong photocatalytic activity [22]. The development of semiconductor (SC) metal oxide thin films of tunable bandgap, with various morphologies and self-cleaning attributes, are the key for optoelectronic applications. ZnO has been one of the most widely studied semiconductors with various applications in photovoltaics and as a photocatalyst [23,24,25].



Several techniques have been adopted to synthesize the ZnO thin films (TFs) [26,27,28,29], most of which require a high vacuum, high temperature, costly equipment, catalysts, and the use of toxic gas compounds. As compared to other synthesis methods, the spray pyrolysis technique (SPT) is efficient and relatively low-cost for the fabrication of ZnO TFs [30]. This technique provides better control over the morphology and growth orientation of ZnO TFs by adjusting the process parameters [31].



Hunge et al. [32] prepared multifunctional ZnO TFs by SPT; they varied the substrate temperature while keeping all other parameters fixed and studied the devices for photo electrocatalytic degradation and gas sensing. Tarwal et al. [33] prepared ZnO TFs by SPT, and they varied the solution concentration and studied their effect on wetting properties. Ravichandran et al. [34] prepared ZnO TFs by SPT with various film thicknesses and studied their photocatalytic effect. Antar et al. [35] showed the facile synthesis of ZnO TFs by SPT. Islam et al. [36] showed the photocatalytic activity of ZnO TFs. Zirak et al. [37] prepared composite thin films of ZnO and carbon quantum dots and used various process parameters. However, the comparative variations in the volume of solution, the distance between the spray gun and substrate, and the substrate temperature have not yet been reported all together for wettability and photocatalytic applications.



The focus of the present study is therefore to prepare and optimize ZnO TFs for wettability and self-cleaning applications using different optimization parameters and studying their effects using SPT. The samples were prepared by SPT by varying the distance of the spray gun to the sample, temperature of the substrate, and volume of the ZnO solution.




2. Materials and Methods


The soda–lime glass substrates were first cut 2 × 2 cm2 and then cleaned by sonicating them in deionized water for 10 min and then by sonicating in ethanol for 10 min. They were further rinsed using acetone and isopropyl alcohol (IPA) to obtain clean surfaces for the coatings. Then they were dried in a lab oven for 10 min at 100 °C.



The solution was prepared using zinc acetate dehydrate, isopropyl alcohol (IPA), and monoethanolamine (MEA) purchased from Sigma-Aldrich. All the reagents were of analytical grade with >99% purity. The zinc acetate dehydrate was used as a zinc precursor, whereas the MEA was used as a stabilizing agent for the ZnO solution preparation. A 0.2 M solution was prepared by dissolving the zinc acetate dehydrate in IPA with dropwise addition of MEA. Magnetic stirring at 60 °C was applied throughout the process until the transparent solution was obtained. This solution was then left for aging for 24 h [38].



The ZnO solution was deposited over the pre-cleaned soda–lime glass substrates. The SPT setup was used for the depositions, whose schematic is shown in Figure 1. The spray pyrolysis was conducted using an aluminum alloy cup having a capacity of 25 mL with a spray width of 50 mm. The nozzle caliber was 0.5 mm. The coatings were carried out using different parameters, i.e., deposition temperature, the distance of the spray gun to the substrate, and volume of the solution to optimize thin films with better self-cleaning and photocatalytic properties. The coatings were made at two different temperatures. In the first case, the coating was performed on the substrates that were present at room temperature (RT), and then the substrates were heated at 250 °C on a heating plate in the second case. This temperature was chosen because spray pyrolysis decomposition does not occur below 200 °C, and at temperatures above 300 °C, homogeneous, compact films are typically formed. Furthermore, at this temperature range, porosity can be improved during post-annealing treatment by some decrease in film mass due to the release of some oxygen and water still present in the film after deposition onto the substrate at Ts < 300 °C [39]. The coatings were also repeated from two different gun to substrate distances, 20 cm, and 30 cm. Additionally, different volumes, 1 mL and 2 mL, were used to investigate the effect of the volume on the prepared thin film properties. For all the depositions, a 6 kPa spray pressure was maintained. The samples were annealed in a muffle furnace at 450 °C for 2 h. The names of the samples are presented in Table 1.



To prepare the dye solution, 1 mg of Rhodamine B was taken in 1 L of deionized water. Coated ZnO samples were added in 50 mL of dye solution to study their effect on dye photodegradation. The adsorption–desorption equilibrium of the reaction mixture was attained before exposure to UV light by keeping the mixture in the dark for 1 h. To evaluate the photoactivity of the prepared ZnO coatings, the photodegradation of an organic pollutant rhodamine B was tested under UV irradiation. ZnO has maximum absorbance in the UV region, so photodegradation was observed in a UV photocatalytic reactor at room temperature. The 15 W UV-A lights that have a wavelength range of 320 nm to a visible light cut-off at 380 nm were employed for the photodegradation. The lamp’s peak wavelength is 366 nm.



The size distribution and the phase of thin films were measured via scanning electron microscopy (SEM, JOEL JSM-6490 A) and X-ray diffraction (XRD, Stoe D-64295 Darmstadt), respectively. For XRD, a Cu Ka source was used for X-ray generation. The results showed better size distribution of nanoparticles for heated thin films. The surface roughness was measured by atomic force microscopy (AFM, JEOL-SPM 5200), which was approximately 55 nm. To measure the absorbance of thin films, steady-state UV–Vis spectroscopy (Jenway 7315 UV–Vis spectrometer) was performed, and the results showed that all the samples were active in the UV region and transparent in the visible region (from 500–800 nm). Contact angle measurements were conducted for all the samples to test the wettability of the surfaces using contact angle goniometer (Drop shape analyzer-DSA25, Kruss), which had a measuring range from 0 < θ < 180°. The measurements were performed using automatic analysis using two base points. The ZnO films switched their hydrophilic nature to hydrophobic when they were deposited on the heated substrates. Furthermore, the photoactivity of the thin films was measured by photodegradation of Rhodamine B (RhB) dye. The oxygen vacancies found in ZnO TFs help in degrading the organic structure of the dye molecules [40]. Rhodamine B (RhB) is an organic dye. According to Beer–Lambert law, the concentration of the organic dye (RhB) in the solution is proportional to its absorption. The following equations can be used to compute the degradation efficiency.


Degradation Efficiency = [(C0 − C)/C0] × 100%








where C0 is initial concentration (at t = 0) and C is the concentration of the dye after 10 h reaction time.



The photocatalysis reaction rate (kapp) can be calculated using the following first-order reaction equation.


ln(C/C0) = −kKt = kappt








where K is the adsorption constants, k is the first-order reaction rate constant, and t is the irradiation time. The apparent first-order rate constant, kapp, can be calculated using the best-fit straight line of the semi-logarithmic ln(C/C0) vs. t plot [41].




3. Results and Discussion


The crystallographic properties of all the samples determined using XRD are given in Figure 2. Figure 2a shows the results for the samples that were prepared at room temperature (RT), and Figure 2b illustrates the samples when the substrate was heated at 250 °C. It was observed that all the samples, deposited on substrates at RT or heated, with 1 mL solution showed an amorphous nature. However, for all the samples deposited with 2 mL solution, crystallinity was observed. Kim et al. stated that below a certain film thickness, the grown thin films show an amorphous character [42], which can be explained by the fact that in the case of the 2 mL samples, there is more ZnO coating, which leads to an arrangement of the structure and a variation in the crystallographic attributes [43]. For the RT samples, better crystallinity was observed when the distance for the solution deposition was 20 cm. However, better crystallinity and texture were observed in the case of the sample deposited on the heated substrate with 30 cm, while the induction of crystallinity could still be observed with the sample deposited at 20 cm. For all the crystalline thin films, the hexagonal wurtzite crystallographic structure of ZnO was observed. (100), (002), and (101) planes were determined by the major peaks that were consistent with the literature (JCPDS 36-1451). For the heated samples deposited at a 30 cm distance, the stronger relative intensity of the (002) peak confirmed the ZnO preferable orientation, the c-axis, which is the kinetically preferred orientation in ZnO TFs [38].



Figure 3 and Figure 4 show the morphology and uniformity of the coatings that were prepared using the SP, which were obtained by SEM. Figure 3 shows the coatings of the ZnO that were prepared at room temperature. It can be observed that with 1 mL solution, the nanoparticles are not that defined, and the structures are quite agglomerated irrespective of the distance of the spray gun to the substrate, which is shown in Figure 3a,b. However, when the 2 mL solution is used, the nanoparticles have more defined structures even when the spray distance is 30 cm, and the size of the nanoparticles (NPs) range from 40 nm to 50 nm. The NPs are quite uniform in size and very little agglomeration can be observed. The coatings prepared with heated substrates at 250 °C are shown in Figure 4. For the samples prepared with 1 mL solution, the results are shown in Figure 4a,b. In the case of the coatings that were carried out at a 20 cm distance, the nanoparticles are large, in the range of size from 50 nm to 150 nm, and the particle size distribution is not uniform. However, the sample prepared using a 30 cm spray distance has a uniform size distribution of the NPs, with 30 nm to 50 nm size. In the case of samples prepared using the 2 mL solution, the results are shown in Figure 4c,d. The samples that were prepared using a 30 cm spray distance show a uniform size distribution for the NPs and the size of the NPs range from 20 nm to 35 nm. For the samples that were prepared using a 20 cm spray distance, the grain size of the NPs increases, while they range from 40 nm to 100 nm, and the size distribution is broad.



The surface roughness of the prepared ZnO TFs was determined using AFM. The images were taken on 2 × 2 µm2. All the samples were compared based on the varying aforementioned parameters. The images for the samples deposited with 1 mL solution are presented in Figure S1 in the Supplementary Materials. For the samples deposited with 2 mL solution, the results are presented in Figure 5. Figure S1 in the Supplementary Materials and Figure 5 show the surface topology. All these samples show better surface coverage and roughness as compared to the samples deposited with 1 mL solution. However, the samples that are deposited at a distance of 20 cm to the substrate show the highest roughness. Hence, it can be observed that increasing the volume of the solution and decreasing the distance of solution deposition results in films with high roughness. Other than the surface topology, the roughness of the surface was also studied, which can be described by the root mean square average of the height deviations on the bulging surface. The values of the root mean square (Rq) for all the samples are given in Table 2.



The contact angle measurement was made to evaluate the wetting property of the prepared samples. The apparent contact angle decreases as the solid surface roughness increases and the hydrophilicity improves when the solid surface is hydrophilic (contact angle < 90°). The apparent contact angle will increase with the solid surface roughness if the solid surface is hydrophobic (contact angle > 90°) [44]. The images for the samples deposited using 1 mL solution for both the RT and the heated samples are shown in Figure S2 in the Supplementary Materials. For the samples deposited with the 2 mL solution, it can be observed that when they are deposited at room temperature by varying the distance and being further annealed, they show a slight hydrophilic character and a contact angle of ≤90°. The contact angles images of the samples deposited at RT and that are further annealed are shown in Figure 6a,b. However, when the samples are deposited on heated substrates by changing the distance and being further annealed, the films start to show hydrophobic character with a contact angle of ≥103°. Moreover, it can also be observed that when the volume of the spray is increased in the case of 2 mL samples, the contact angle also increases compared to the samples prepared with 1 mL solution. Additionally, by changing the distance, it is then observed that the contact angle is less for the samples prepared from a 30 cm distance with the same volume of a solution, which is shown in Figure 6b,d, compared to the samples prepared from a 20 cm distance, which are shown in Figure 6a,c. The water contact angle of the substrates only reflects their surface qualities; however, their water removal capacity is heavily influenced by their pore structure and surface wettability [45]. The contact angle changes as a result of increased surface roughness as indicated in the AFM results. Moreover, samples prepared by maintaining a distance of 30 cm from the gun to the substrate have uniform particle size distribution. The contact angle measurements are given in Table 3.



This change in the contact angle can be demonstrated, as observed in titania thin films [46], the surface energy decreases with a higher degree of crystallinity. In the current study, both hydrophilic and hydrophobic sites are present in the RT samples due to the presence of amorphous and crystalline phases on the surface. These phases can be confirmed from the XRD data in Figure 2a. In the case of HT samples, Figure 2b shows that the crystallinity of the HT thin films is increased (increase in the intensity of hkl peaks and decrease in the broad background). Due to the increase in the crystallinity of HT thin films the surface energy decreases, and the contact angle increases. This is in addition to the larger particles present on the surface and surface roughness of the RT thin films as compared to that of HT thin films, which can be observed from SEM micrographs (Figure 3 and Figure 4) and AFM (Figure 5), respectively.



UV–Vis spectroscopy was performed to obtain the absorbance spectra of the prepared ZnO TFs. The results of the bandgap for all the heated samples are shown in Figure S3 in the Supplementary Materials. The band gaps of the RT-prepared samples are shown in Figure 7. It can be observed that when the substrates are heated at 250 °C, the bandgap increases. When the solution is sprayed from a distance far from the substrate, less solution is deposited. The bandgap of prepared samples ranges from 3.21 eV to 3.5 eV. The spectra show that the ZnO TFs are highly active in the UV region while being completely transparent in the visible region.



A small bandgap is necessary for a photocatalyst to demonstrate activity. Another important requirement for organic compound degradation is if the redox potential of the H2O/OH couple is inside the range of the semiconductor’s bandgap [14]. The progress of the photodegradation was studied using Beer–Lambert law (A = εcl) with a UV–Vis spectrophotometer [47]. The photodegradation was measured after every one-hour interval. It can be observed that irrespective of the deposition temperature used, such as the RT samples or the heated samples, the samples with the 2 mL volume of solution sprayed from a 20 cm distance have the best degradation efficiency compared to the samples prepared with the 1 mL solution, which is shown in Figure 8. This is because more ZnO NPs are formed on the substrate in these samples due to the shorter distance. Moreover, as observed from SEM micrographs in Figure 3 and Figure 4, the size of the NPs is smaller in heated substrates as compared to the RT ones, which increases the surface area for the photocatalytic reactions. The increase in the surface roughness of these samples is evident from the AFM images provided in Figure 5, and this also contributes to the enhanced photoactivity of the thin films. Owing to the increased surface area of the NPs, more active sites are available for the dye molecules. This enhances the photoactivity of ZnO TFs.



Based on photoactivity analysis, a plausible photo-response mechanism is proposed [48]. Under UV light irradiation, the electron in the ZnO valance band is transferred to a conduction band because the corresponding energy is higher than its bandgap. The photogenerated holes can (a) directly oxidize the dye, (b) react with the H2O molecules, or (c) form hydroxyl radicals (•OH) with the OH− ions. Additionally, the electrons on the catalyst surface reduce the oxygen molecules to form superoxide radicals (•O2−). Therefore, the dye molecules are degraded by the generation of •OH and •O2−. As the band gap of ZnO is 3.3 eV, it is active under UV light irradiation. The plausible photo-response mechanism is that under UV light, photogenerated electron-hole pairs are generated in the photocatalyst. The electrons (e−) go to the conduction band while holes (h+) remain in the valence band. The photogenerated holes could either directly oxidize adsorbed dyes on the surface of ZnO or react with hydroxyl (OH−) or H2O molecules to generate hydroxyl radicals (•OH). The photoinduced electrons reduce oxygen (O2) adsorbed on the photocatalyst surface into superoxide radical (•O2−). Finally, the dyes are decomposed by the generated •OH and •O2−. This mechanism is shown in Figure 9 and is given as follows.


ZnO + hv → h+ + e−










h+ + OH−/H2O → •OH










e− + O2 → •O2−










•OH and •O2− + dye molecules → CO2 + H2O + inorganic acids












4. Conclusions


In this study, we optimized ZnO TFs prepared via SPT on substrates present at room temperature and heated substrates at 250 °C for exploiting wettability. The properties of the films were tailored via varying different parameters, such as by changing the temperature of the substrates, the distance of the spray gun to the substrate, and the volume of the solution used. The samples prepared with a 2 mL solution show better surface coverage of the substrates with a uniform particle size distribution, which can be seen by the SEM images. The AFM results show that the surface roughness increases when the distance of the spray is maintained at 20 cm for all samples either deposited at room temperature or on heated substrates. However, in the case of heated substrates, the surface roughness is slightly reduced as clearly indicated by the Rq values in Table 2. Intrinsically, ZnO is hydrophilic. However, when the 2 mL solution is used for the deposition on heated substrates, the wettability of the films increases, and they start to show a hydrophobic character. The samples showing hydrophilic characteristics at RT started showing hydrophobic characteristics when the same was deposited at a heated substrate. The XRD results showed higher degree of crystallinity for samples deposited on heated substrates. Because of the higher crystallinity the surface energy decreases, and the contact angle is increased. The photoactivity of the samples is tested by the photodegradation of the rhodamine B dye under UV light irradiation. It was observed that when the substrate is deposited with the 2 mL volume of solution sprayed from a 20 cm distance, the samples provided the best degradation efficiency. Moreover, it can be concluded that when the substrates are heated, they give a pronounced coating with enhanced self-cleaning properties and better photoactivity. Additionally, these thin films can be employed over windows to block UV rays without compromising the daylight as they are transparent in the visible region. Additionally, this technique is cost-effective and efficient so can be easily adopted for industrial purposes.
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Figure 1. Schematic of Spray Pyrolysis Setup. 
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Figure 2. The XRD results of all the ZnO thin films prepared at (a) room temperature and (b) the heated substrates. 






Figure 2. The XRD results of all the ZnO thin films prepared at (a) room temperature and (b) the heated substrates.



[image: Materials 15 03364 g002]







[image: Materials 15 03364 g003 550] 





Figure 3. The SEM images of the ZnO coatings deposited at room temperature were prepared using (a,b) 1 mL solution with 20 cm and 30 cm distances and (c,d) using 2 mL solution with 20 cm and 30 cm distances. 
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Figure 4. The SEM images of the ZnO coatings deposited at heated substrates at 250 °C were prepared using (a,b) 1 mL solution with 20 cm and 30 cm distances and (c,d) using 2 mL solution with 20 cm and 30 cm distances. 
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Figure 5. The AFM images of the substrates were prepared using 2 mL solution, (a,b) were deposited with 20 cm and 30 cm spray distances at room temperature, and (c,d) were deposited with 20 cm and 30 cm spray distances at heated substrates. 
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Figure 6. The contact angle images of the substrates prepared with 2 mL solution (a,b) deposited with 20 cm and 30 cm spray distances at room temperature and (c,d) deposited with 20 cm and 30 cm spray distances at heated substrates. 
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Figure 7. (a) UV–Vis of RT samples, (b,c) bandgap of the RT samples. 
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Figure 8. (a,d) Photodegradation at RT and heated substrate, (b,e) determination of the rate of reactions at RT and heated substrate, (c,f) degradation efficiency of RT and heated substrate. 
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Figure 9. Mechanism of photodegradation by the ZnO thin films under UV light irradiation. 
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Table 1. Samples’ names that were prepared by varying parameters such as temperature, the distance of the spray gun to the substrate, and volume of the solution.
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	Sample Name (ZnO)
	Temperature
	Distance
	Volume





	1 mL 20 d-RT
	Room Temperature
	20 cm
	1 mL



	1 mL 20 d-HT
	250 °C
	20 cm
	1 mL



	1 mL 30 d-RT
	Room Temperature
	30 cm
	1 mL



	1 mL 30 d-HT
	250 °C
	30 cm
	1 mL



	2 mL 20 d-RT
	Room Temperature
	20 cm
	2 mL



	2 mL 20 d-HT
	250 °C
	20 cm
	2 mL



	2 mL 30 d-RT
	Room Temperature
	30 cm
	2 mL



	2 mL 30 d-HT
	250 °C
	30 cm
	2 mL










[image: Table] 





Table 2. Surface roughness values of all the prepared samples.
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	Samples Name (ZnO)
	Rq (nm)





	1 mL 20 d-RT
	9.52 ± 0.97



	1 mL 20 d-HT
	6.90 ± 0.72



	1 mL 30 d-RT
	8.00 ± 0.71



	1 mL 30 d-HT
	7.58 ± 0.68



	2 mL 20 d-RT
	9.44 ± 1.08



	2 mL 20 d-HT
	6.68 ± 0.62



	2 mL 30 d-RT
	8.47 ± 0.90



	2 mL 30 d-HT
	7.25 ± 0.74
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Table 3. Contact angle of all the prepared samples.
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	Sample Name (ZnO)
	Contact Angle





	1 mL 20 d-RT
	74.5°



	1 mL 20 d-HT
	108°



	1 mL 30 d-RT
	67°



	1 mL 30 d-HT
	102°



	2 mL 20 d-RT
	85°



	2 mL 20 d-HT
	114°



	2 mL 30 d-RT
	83°



	2 mL 30 d-HT
	109°
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