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Abstract

:

Tetragonal ZrO2, synthesized by the sol–gel method and dip-coating technique, was found to be photocatalytically active for the degradation of methylene blue. The ZrO2 thin films were characterized by X-ray diffraction (XRD), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and UV-vis spectroscopy. The photocatalytic degradation of methylene blue was carried out with this material. We identified the tetragonal phase in ZrO2 thin film at different annealing temperatures from 400 °C to 550 °C. The XRD study indicated that the films were monocrystalline in nature with preferred grain orientation along (011) plane and exhibited a tetragonal crystal structure. The crystallite size of the films increased with increasing annealing temperature. FTIR explained the bonding nature and confirmed the formation of the composite. UV-Vis showed the optical absorbance was high in the visible region and the optical band gap value increased with annealing temperature. The photocatalytic experimental results revealed that ZrO2 thin films degraded MB by 20%, 24%, 29%, and 36%, with annealing temperatures of 400 °C at 550 °C for 10 h, respectively. Our results provide useful insights into the development of photocatalytic materials and degradation of methylene blue.
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1. Introduction


According to data from the World Bank, 3.6 billion people are unable to obtain proper sanitary facilities, and around 2 billion cannot obtain safe drinking water [1]. Over 80% of wastewater from human activity is thrown untreated into rivers and seas, and 30% of individuals lack access to safe drinking water. Various factors such as population growth, intensive use of water, rainfall variability, and pollution put the availability of drinking water at risk and, thus, economic growth, poverty eradication, and sustainable development; for these reasons, ensuring access to water and its sanitation is the sixth objective of the 2023 UN agenda to achieve sustainable development [2].



Dyes are a major pollutant in water, with over 100,000 commercially available. Ten percent of these are used in textiles, but they are also used in food, paper, and pharmaceuticals [3]. Methylene blue (MB) is a widely used dye for cotton, paper, wood, and silk [4]. Although MB is used in medical treatment within safe limits [5,6,7,8,9,10], it is not controlled when disposed of in water, making it hazardous. MB has been reported as toxic, carcinogenic, and can cause respiratory, digestive, skin, and eye irritation, anemia, and blindness [4,11,12].



Textile effluents can be treated using physical, chemical, or biological methods, or a combination of these. Physical methods like absorption are commonly used, as well as sedimentation, screening, nanofiltration, reverse osmosis, electrolysis, ion exchange, irradiation, coagulation, and flocculation [3,12]. Biodegradation and biocatalytic degradation are common biological methods, but their effectiveness can be influenced by substances like heavy metals, pesticides, herbicides, and textile effluent metal complexes. Chemical methods include chemical precipitation, electrokinetic coagulation, advanced oxidation processes, photo-Fenton and Fenton’s reagents, photo-assisted methods, and photocatalytic degradation [11,12]. While all methods have their advantages and limitations [13], advanced oxidation processes are suitable for degrading stable and non-biodegradable pollutants like MB.



Hydroxyl radicals (OH-) are generated during advanced oxidation processes (AOPs) that can oxidize organic contaminants in a speed range of 108–1010 M−1·s−1 [14]. Among the different advanced oxidation processes [15,16], photocatalytic degradation is one of the most used to remove MB [11]. When a semiconductor material is exposed to light, a process known as photodegradation occurs. If the photons that are absorbed have an energy that is higher than the gap (Eg) or equivalent, electron–hole pairs are generated, whereby energized electrons attack oxygen and form superoxide radicals (O2−) while the holes generate OH- radicals by oxidation of the H2O molecules adsorbed on the surface that also degrade methylene blue [12].



TiO2 is the photocatalyst that has been investigated the most due to its low toxicity, chemical stability, and ease of synthesizing in various morphologies; however, its use is limited to the UV region (λ < 387 nm) [17,18,19,20]. So, the development of photocatalysts has focused on achieving materials capable of operating in the visible light region [16]. Zirconium oxide (ZrO2) is an n-type semiconductor that has gained interest as a photocatalyst to extract organic compounds from water. ZrO2 is resistant to corrosion, and is thermally and chemically stable [21], making it a material of great technological importance that has been used in sensors [22,23,24] and fuel cells [25,26,27] and as a catalyst [28], among other applications. ZrO2 presents different phases: monoclinic, tetragonal, and cubic [21,29]. Each phase has specific characteristics that make it appropriate for certain applications; for instance, the tetragonal phase is more suitable for photocatalytic reactions [30]. TiO2 in visible light range activity has been increased with the application of ZrO2 photocatalysis [31,32], and also can improve the photocatalytic properties of other materials [33] when it is used as a dopant. The band gap is an important factor to determine the efficiency of photocatalysis; ideally, a low band gap means better photocatalytic activity [34]. The ZrO2 band gap is usually reported to be around 5 eV; however, this has been found to be affected by the synthesis method [35]. For instance, Dawoud reported ZrO2 NPs synthesized by an eco-friendly method with a 6 eV band gap and 5.6 eV for ZrO2 doped with silver [36]. Both materials were evaluated as photocatalyst for rhodamine B degradation. Using microwave solvothermal synthesis, band gap values as low as 3.67 eV were achieved for tetragonal ZrO2 NP’s [37]. Oluwabi et al. found band gap values between 5.39 and 5.68 eV for chemical spray pyrolysis-deposited thin films. The band gap reduction was achieved by increasing the deposition and annealing temperatures, which was attributed to the structural changes from the amorphous phase to the crystalline phase [38]. The capacity of ZrO2 nanoparticles to degrade MB has been studied, reaching a degradation of the contaminant greater than 94% [39,40]. Doped ZrO2 has also shown photocatalytic activity using visible light [30,41]. Although ZrO2 can be easily synthesized as nanoparticles, a thin film could be more suitable for water and air treatment [42].



Thin film technology has diverse applications, from decorative to advanced uses in microelectronics, photovoltaic, optics, and biomedical applications [43]. Deposition methods, physical (vacuum evaporation and sputtering) or chemical (gas phase and liquid phase), impact the qualities and attributes of the films. Liquid-phase methods like sol–gel, dip coating, and spin coating are gaining attention due to their simplicity and affordability. Dip coating produces thin uniform layers that are easy to control and scale, with low cost and minimal waste [44]. Sol–gel is a low-temperature and inexpensive technique used to synthesize oxide materials as nanostructures and thin films [45].



In this paper, we describe a facile synthesis of ZrO2 thin films at an annealing temperature (AT) of 400 to 550 °C. Such ZrO2 thin films exhibit good deposition surface, size, and crystallinity. During photocatalytic degradation of methylene blue (MB) under UV irradiation, the ZrO2 at 550 °C samples reveal high photocatalytic activity compared with the sample at 400 °C.




2. Experimental Details


2.1. Substrate Cleaning


The cleaning process of the substrates was carried out according to the procedure of Jothibas et al. [46]. Glass substrates (Corning 2947, Corning, NY, USA) were first treated with a thorough cleaning process using a deionized solution through ultrasonic treatment for several minutes. Following this, they underwent sequential immersion processes: first in a solution of chromic acid (H2CrO4) for 3 h, and after that for a further 1 h at 100 °C in a nitric acid solution. Subsequently, using the dip-coating technique on previously cleaned substrates, ZrO2 thin films were deposited (dipping speed 2 cm/min).




2.2. ZrO2 Thin Films


A precise quantity of nitric acid (HNO3) was added to a 100 mL beaker. Then, 40 milliliters of ethanol was added while being stirred magnetically for 15 min to create the precursor solution, which was essential for the film deposition process. To obtain a translucent yellowish solution, 9 mL of zirconium propoxide was added to the mixture and stirred for an additional hour. Finally, the precursor solution was aged for one day. During the coating process, the substrates were removed at 2 cm/min. Five coats were used to deposit ZrO2 films, and each layer was dried in an open environment oven for three minutes. Once the required number of coatings had been applied, the films were dried at 250 °C for 30 min, before being annealed at 400, 450, 500, and 550 °C; 4 samples were obtained at different temperatures.




2.3. Structural, Optical, and Morphological Characterization of the Films


UV-Vis measurements were carried out using an Evolution 220 UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA, USA). X-ray diffraction experiments were carried out using a Rigaku SmartLab instrument that features a Photon Max high-flux 9 kW rotating anode X-ray source that employed a Cu-Kα radiation with a wavelength of 0.15405 nm in the 20 ≤ 2θ ≤ 80° range. The voltage and current settings were 30 kV and 40 mA, respectively. The samples were continuously scanned with a step size of 0.02° (2θ) and a count time of 1 s per step. Structural properties were also studied using Raman spectroscopy that collected data using a Labram Dilor Raman spectrometer equipped with a He-Ne laser exciting source operating between wavelengths of 150 and 800 nm at ambient temperature (AT). Using a scanning electron microscope (SEM, JEOL JSM-6300, JEOL, Tokyo, Japan), surface pictures were acquired. A Perkin Elmer Spectrum GX spectrometer operating at 4 cm−1 resolution was used to obtain the Fourier transform infrared spectroscopy (FT-IR) (PerkinElmer Inc., Wellesley, MA, USA) spectra in the wavenumber range of 4500–650 cm−1.




2.4. Photocatalytic Activity Evaluation


Methylene blue (MB) discoloration kinetics of solutions under UV light were used to calculate the photocatalytic activity (PA) at room temperature (MT). In this manner, a conventional quartz cell was filled with 3 mL of MB solution. Then, a ZrO2 sample was introduced in the cell with a 2 cm2 area. For every thin film under investigation, five of these were made. The irradiation light was produced by a 15 W lamp that had a length of 254 nm (using a G15T8 germicidal lamp as the stimulating source). The quartz cells and the lamp had 5 cm of separation.





3. Results and Discussion


3.1. Texture Coefficient (TC)


Using the intensity data, the ZrO2 thin film texture coefficient (TC) for each crystal plane is determined by applying the following Harris formula [47]:


  T C   h k l   =   I ( h k l ) /   I   0   ( h k l )     1   N     ∑  N    I ( h k l ) /   I   0   ( h k l )      



(1)




where   N   is the number of planes considered,   I ( h k l )   represents the intensity of an individual plane,     I   0   ( h k l )   represents the reference intensity of the JCPDS data file for each plane (011), (110), (020), and (121). It is thought that the films exhibit random orientation crystallites, comparable to the JCPDS reference data, if TC (hkl) = 1. On the other hand, values larger than one (hkl) indicate the crystal plane’s preferred orientation. For the matching plane (hkl), the majority of particles are missing at 0 < TC (hkl) < 1. The preferential development of grains perpendicular to the hkl plane direction becomes increasingly significant when TC (hkl) shows an increasing trend. The ZrO2 film annealing temperature (AT) is plotted versus TC. Every film displays a different set of traits. AT has a significant impact on the film’s orientation, as shown in Figure 1a. At 400 °C, ZrO2 grows more in the (110) plane and less in the other planes when the sample is annealed. Nevertheless, planes (011) and (020) are outstanding at AT of 450 °C and 500 °C. It is usually preferable to be aware of the film’s orientation when dealing with polycrystalline ZrO2 thin films. AT alters the development of the crystal plane. The (121) plane shows a low TC regardless of the AT.




3.2. X-ray Diffraction


In Figure 1b, the ZrO2 thin-film XRD pattern is shown. The 2θ range of 20–80° is where the samples’ XRD patterns are captured. The image shows that planes (011), (110), (020), (121), (202), and (004) correspond to the most notable peaks of the sample, which are detected at diffraction angle 2θ of 30.37°, 35.34°, 50.53°, 60.34°, 63.13°, and 74.55° of the tetragonal structure of ZrO2. In terms of space group P42/nmc, it agrees well with the crystallographic data card (JCPDS 50-1089) [48]. The spectrum unequivocally demonstrates the absence of any further impurity peaks. The thin film’s good crystalline quality is indicated by the strong diffraction peaks. A lost peak is found in the (004) planes when the ZrO2 samples are annealed. The XRD pattern indicates that uploading the AT from 400 °C to 500 °C significantly improves the film’s crystallinity (001) in the plane, at 550 °C decreased. The phenomena of left shift (towards the lower 2θ angle) of XRD spectral peaks (001) caused by an increase in annealing temperature can be observed in Figure 1c.



The lattice (  a   and   c  ) constants of the thin films can be computed using the formula that follows:


  d =   a      h   2   +   k   2   +   l   2       a   2   /   c   2         



(2)




where   d   is the interplanar distance and (  h  ,   k  ,   l  ) are the Miller indexes. The equivalent equation is used when the crystal structure is tetragonal and has axes a and c:


      sin   2    ⁡  θ   =     λ   2     4   a   2         h   2   +   k   2     +     λ   2     4   c   2       l   2    



(3)




where   λ   is wavelength and   θ   is the diffraction angle.




3.3. Calculation of Crystallite Sizes and Microstrain


All the sharp peaks show that each sample is crystalline, as shown in Figure 2a. The films’ crystallite sizes (Equation (4)) are determined using Scherrer’s formula [49]:


  D =   0.9 λ   β   cos  ⁡  θ      



(4)




where   D   is crystallite size,   λ   is wavelength,   β   is half-width full maxima, and   θ   is diffraction angle. According to reports, oxygen vacancies cause the crystalline size to decrease, and these vacancies prevent the nanoparticles from growing any larger because of stress [50,51]. To confirm the lattice strain or micro-strain (  ε  ) in the films, the Stokes–Wilson formula [52] is used:


          ε =   β   4   tan  ⁡  θ      



(5)







Furthermore, the dislocation density (Formula (6)) of various films under various conditions may also be computed using XRD spectra, which can be performed by utilizing the following formula, where δ represents the dislocation density [53]:


  δ =   1     D   2      



(6)







Lattice strain (ε) is the change in crystalline material’s lattice characteristics. On the other hand, dislocation density (  δ  ) is the ratio measuring the number of dislocation lines per unit area of surface and is directly related to crystallite diameter, as shown in Figure 2a. Furthermore, Figure 1c XRD profiles show peak shift and line broadening due to micro-strain in films. On the other hand, using the following formula, as suggested by Williamson and Smallman [54], the dislocation densities   ρ   are determined while accounting for the micro-strain and crystallite size, as shown in Formula (7):


  ρ =   2  3    ε   b   D    



(7)




where   b   is the Burgers vector. Figure 2 indicates that, while the crystallite size (D) exhibits the opposite trend to the micro-strain (  ε  ), dislocation density (  δ  ), and dislocation density (  ρ  ) of ZrO2 thin films, they all follow the same trend as the AT increases.



Williamson–Hall Method (W-Hm)


The W-Hm approach assumes that both the size effect and the strain effects are responsible for the line broadening   β   of the diffraction peaks. Therefore, Formula (8) can be used to express the overall line broadening   β   of the diffraction peaks:


  β =   β   s i z e   +   β   s t r a i n    



(8)







Here, ZrO2 thin-film data are analyzed using W-Hm under the assumption of the uniform deformation model (UDM). According to UDM, the strain is thought to be isotropic in nature or uniform in all crystallographic orientations [55]. The XRD pattern’s peak broadening is influenced by this intrinsic strain, and this strain-induced peak broadening is represented by Formula (5). Combining Formulas (4) and (5) can obtain the total broadening Formula (8), which can be rewritten as Formula (9):


  β =   0.9 λ   D   cos  ⁡  θ     + 4   ε   tan  ⁡  θ    



(9)







After reorganizing Formula (9), we obtain Formula (10):


  β   cos  ⁡  θ   =   0.9 λ   D   + 4   ε   sin  ⁡  θ    



(10)







Formula (10), often known as UDM, is a straight-line equation that plots βcos θ against 4sin θ. The plot of Figure 3 displays this plot. The crystalline size   D   is determined using the slope of the plot and the y-intercept of the linearly fitted data. The UDM plot’s slope is found to be positive, indicating lattice expansion and creating intrinsic strain in the nanocrystals as a result. The slope and y-intercept of the linear profile fit of Figure 3a–d are identified as the values of   ε   and   D  , respectively.





3.4. Raman Spectroscopy


The micro-Raman measurements clearly show one phase of ZrO2 (see Figure 4). The Raman spectra show peaks that correspond to the tetragonal phase in the temperature range of 400 to 550 °C [56]. The spectra of the samples that are heated to 500 °C and above show characteristics of the tetragonal phase; it appears that ZrO2 crystallizes directly to the tetragonal phase. The samples that are annealed at 400 °C and 450 °C only show two peaks at 468 and 640 cm−1. The peaks found at around 266 (Eg1), 326 (B1g), 468 (Eg2), and 640 (Eg3) cm−1 are typical ZrO2 tetragonal phase peaks [57]. The lack of other major peaks of ZrO2 (308 and 539 cm−1) is most likely caused by the tetragonal phase we obtain having more symmetry than other similar works or by overlapping peaks [58]. Ehrhart et al. noted that ZrO2 exhibits a gradual change from a tetragonal to a monoclinic phase, which is typically the stable form at room temperature, between 600 and 1100 °C [56]. At temperatures below 1100 °C, roughly the typical temperature for the transition between monoclinic and tetragonal phases, this tetragonal phase is metastable [59,60].




3.5. FTIR Spectroscopic Analysis


Fourier transform infrared (FTIR) spectra have been obtained to investigate the structural properties and the phonon vibration modes of thin films in the range from 650 to 4000     c m   − 1    . The measured spectra at different ATs (400 °C to 550 °C) are presented in Figure 5. The FTIR spectra of the films show tetragonal phases that can be observed in the region below 1000 cm−1. These spectrums are in accordance with the obtained results from XRD analysis (Figure 1b). The peak speculated at 706     c m   − 1     is connected to the Zr-O bond stretching mode [61,62]. For the peak found at 884     c m   − 1    , we take into account Imanova et al., who indicated the presence of a Zr-O bond supported by the tetragonal form of ZrO2 [63]. The peak around 1022     c m   − 1     belongs to the zirconyl groups [64,65]. The line at 1069     c m   − 1     is due to the zirconyl bonds (Zr=O) [66]. The peak of the 1418     c m   − 1     region corresponds to O–H bonding, and the predominant band at 1525     c m   − 1     might be because of moisture adsorption [67]. The peak of 1621     c m   − 1     corresponds to bonding vibrations of the water adsorbed [68]. The band observed at 2194     c m   − 1     is assigned to the various carbonyl groups present in films [69]. The characteristic peaks at 2300     c m   − 1     and 2372     c m   − 1     are attributed to the trace of CO2 adsorption on the sample [70]. The band at 2841     c m   − 1     indicates the asymmetric stretching vibrations of –CH [69]. The absorption bands at 2927     c m   − 1     and 3439     c m   − 1     are due to the stretching vibrations of the water molecule OH groups [71]. The peak appearing at 3516     c m   − 1     is assigned to the hydroxyl group of alcohol [72]. The elimination of residual organic components from the thin films following thermal processing is the reason for the occurrence of well-resolved peaks in the FTIR samples.




3.6. Scanning Electron Microscopy (SEM)


Surface morphological at macroscopic 10 μm scale (SEM) images of ZrO2 thin films at different ATs of 400 °C to 550 °C are given in Figure 6a, b, c, and d, respectively. The thin films demonstrate a compact adherence to the glass substrate. It can be seen that the grain size of the film is quite small, indicating low crystallization. The results of SEM are consistent with the X-ray results. At low temperatures, no cracks appear; however, as the temperature increases, cracks form (Figure 6c,d). The grains or granules that form on the surface of Figure 6a film are seen to have an abundance of sizes and shapes; however, as the annealing temperature increases, the grains become reduced (Figure 6d). The thickness of all ZrO2 samples is very similar since they have the same number of layers; the thickness average of the films is determined ~181 nm from the cross-section SEM images (Figure 6e).




3.7. UV-Vis Analysis


Analysis using UV-Vis spectroscopy (Figure 7) of thin films of ZrO2 deposited on glass substrates at different ATs, such as 400 °C, 450 °C, 500 °C, and 550 °C, reveals significant variations in the optical properties of the films depending on the deposition temperature. At lower temperatures, such as 400 °C, a gradual transition towards the formation of a crystalline structure is observed, reflected in an increase in absorbance in the UV-visible range. As the annealing temperature increases to 450 °C and 500 °C, there is an increase in the intensity of absorption peaks, indicating a higher densification and crystallization of the ZrO2 films. This phenomenon can be associated with the reduction of structural defects and the improvement in the film’s homogeneity. However, at higher temperatures, such as 550 °C, a decrease in absorbance is observed, suggesting the possible formation of secondary phases or the loss of some optically active components.



The spectral transmittance (T) data are used to calculate the absorption coefficient (α) (Formula (11)) [73]. Subsequently, we calculate the optical band gap.


  α =   1   t     ln  ⁡      1   T        



(11)







The film’s thickness is t. The crystalline nature of the films is indicated by the strong absorption edge seen in the picture. The Formula (12) Tauc relation can be used to predict the band gap and the kind of optical transition from the absorption coefficient [74]:


  α h v = A     h v −   E   g       n    



(12)




where n is an exponent that describes the type of optical transition process, A is the independent energy constant, hυ is the photon energy, and Eg is the band gap energy. The band gap energy of thin films is found to be approximately between 4.018 eV, 4.033 eV, 4.036 eV, and 4.032 eV, depending on the AT. Figure 7b (inset) shows (αhν)2 versus energy plot. In this image, a magnification is made to observe how, at 550 °C, a shift to lower energies is observed, indicating a decrease in its band gap. These results underline the importance of the deposition temperature in the synthesis and annealing temperature of ZrO2 thin films and, therefore, the significant importance for its application.




3.8. Photocatalytic Decolorization of MB


When it comes to eliminating harmful organic pollutants, current wastewater treatment methods, including membrane technology, chemical treatment, and biodegradation, are not always effective. This is due to the fact that they are not made with the intention of eliminating these impurities. On the other hand, photocatalysis has demonstrated significant promise in eliminating harmful contaminants from the environment. The TiO2 catalyst has seen extensive use in water treatment applications throughout the years [75]. MoS2 is a reasonably priced powerful oxidizing agent that is non-toxic and extremely stable. MoS2 can function as a highly effective catalyst for N-TiO2 because of its huge surface area [76]. Given that MoS2 and NT form a heterostructure and this heterostructure has the beneficial effect of enhancing MB adsorption on the catalyst surface, the produced catalyst is a great choice for the effective photocatalysis of toxic pollutants in aqueous solutions.



The degradation of organic contaminants using photocatalysis by a photocatalyst has garnered more interest in recent times [77,78,79,80,81]. One semiconductor material that may be used as a photocatalyst is ZrO2 [82,83]. After the films are calcined at various temperatures, the photocatalytic activity of the ZrO2 thin films is assessed. The degradation of methylene blue (MB), a pollutant model, in the presence of ZrO2 thin films under UV radiation is the subject of this experiment. In a typical procedure, 3 mL of prepared MB solution (10 ppm, pH = 6.7) is exposed to UV light (lamp G15T8) after one sample of ZrO2 is added. A quartz cell serves as the support for the 3 mL of MB and the thin film, and is positioned 5 cm away from the UV lamp. A quartz cell is taken and the absorbance is monitored every two hours. Figure 8 demonstrates the impact of annealing temperature on ZrO2 thin film photocatalyst performance.



It is well known that crystallinity, surface area, and morphology all affect photocatalytic activity. These factors can be enhanced by increasing the quantity of surface-adsorbed reactant species, decreasing the rate at which photogenerated electron–hole pairs recombine, and extending the excitation wavelength to a lower energy range. Generally speaking, photocatalysis starts when photons with a band gap are directly absorbed, creating electron–hole pairs in the semiconductor particles. The next step is the diffusion of the charge carriers to the particle’s surface, where they combine with water molecules to form very reactive species of hydroxyl radical (OH•) and peroxide (O2−), which degrade the organic molecules that have been adsorbed. The following is a description of the photocatalytic degradation of methylene blue (MB) over a ZrO2 catalyst. Figure 8a shows the results of UV light photocatalytic activity of MB tests performed on ZrO2 thin films annealing at 400 °C, 450 °C, 500 °C, and 550 °C. The low photocatalytic performance of the film calcined at 400 °C is probably due to the low crystallinity obtained at a low AT. By increasing the calcination temperature to 450 to 550 °C, one may expect an improvement in photocatalytic activity due to increased crystallinity at these temperatures. It is observed in the fourth hour that the three samples have a similar behavior, possibly due to the similarity of their crystallinity. However, as the time increases, the 550 °C sample reaches the maximum degradation. Based on the experimental data, a dynamic curve is created, as seen in Figure 8b. The main use of the Langmuir–Hinshelwood model is to explain the kinetics of various organic compounds’ photocatalytic breakdown in aqueous solutions [84]. Regardless of the sample type, Figure 8b illustrates that −ln(C/C0) exhibits a linear relationship with the reaction time t, indicating that the degradation of MB essentially follows pseudo first-order kinetics. Following computation, Table 1 displays the apparent reaction rate constants for the photocatalytic degradation of MB.



When compared with other samples that are calcined at 400, 450, and 500 °C, the thin films that are calcined at 550 °C achieve almost 36% after 10 h, indicating the best photocatalytic reaction. These findings might further suggest that, in these ideal circumstances, the photochemical degradation response is essential to the ZrO2 thin film degradation process. The oxides may have different electron or hole energy levels, which could enhance charge separation and raise the rates of photocatalytic reactions. It is determined that additional morphological research is required to precisely identify the degradation rate enhancement mechanism. Muersha and Soylu showed in an experiment that ZrO2 calcined at 500 C for 5 h only obtained 22% degradation in 90 min [85]. Anitha et al. studied the effect of annealing on the photocatalytic activity of TiO2, ZrO2-TiO2, and ZrO2 thin films at (a) 500, (b) 800, and (c) 1200 °C with different irradiation times; they had MB removal efficiency (29%) within 120 min to 500 °C [86]. Other authors have reported similar degradation of methylene blue with ZrO2. Das et al. obtained 10.3% degradation in 90 min [87]. The accompanying paragraphs demonstrate that ZrO2 thin films made under experimental conditions demonstrate good performance in the photodegradation of organic dye pollution, in accordance with all results obtained within the scope of the inquiry. Although very little research has been identified in the literature investigating the photocatalytic activity of a single ZrO2 thin film, the results obtained are quite close to some previously reported results. The majority of research has focused on ZrO2-based nanocomposites (powders) in conjunction with other metal oxides; however, relatively few studies have looked at the photocatalytic activity of single ZrO2 thin films. Based on the photocatalytic experimental technique carried out under similar conditions, it has been reported that the ZrO2 nanoparticle generated by optimizing the synthesis conditions has high photocatalytic performance compared with various ZrO2 nanostructures in the literature. Seyrek et al. reported important research on the degradation of methylene blue, and that it is very important to consider changes in the thickness of thin films, annealing temperature, pH, concentrations, and wavelengths of the ultraviolet lamp [88].





4. Conclusions


In conclusion, we identify the tetragonal phase in ZrO2 thin film at different annealing temperatures from 400 °C to 550 °C. The XRD study indicates that the films are monocrystalline in nature with preferred grain orientation along (011) plane and exhibit a tetragonal crystal structure. The crystallite size of the films increases with increasing annealing temperature. Raman study lends support to our conclusion that all ZrO2 thin films essentially consist of one tetragonal crystalline phase. The sphere-like formation is observed from the SEM with increasing temperatures. FTIR explains the bonding nature and confirms the formation of the composite. UV-Vis shows the optical absorbance is high in the visible region and the optical band gap value increases with annealing temperature. The photocatalytic experimental results reveal that ZrO2 thin films degrade MB by 20%, 24%, 29%, and 36%, with annealing temperatures of 400 °C and 550 °C, respectively. Our results suggest a means to improve the structural and optical properties of highly oriented ZrO2 thin films at various annealing temperatures and their photocatalytic applications. Further studies are currently being carried out in our lab.
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Figure 1. (a) Texture coefficient of ZrO2 thin films as a function of AT, (b) XRD patterns, and (c) magnified image of prepared films. 
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Figure 2. (a) Crystallite size from Scherrer equation and micro-strain from Stokes–Wilson equation, (b–d) dislocation density (  δ  ), and dislocation density (  ρ  ). 
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Figure 3. W-Hm linear fitted plot, (a) 400 °C, (b) 450 °C, (c) 500 °C, and (d) 550 °C. 
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Figure 4. Raman spectra of ZrO2 thin films deposited on glass and annealing at 400 to 550 °C. 
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Figure 5. FTIR spectra of ZrO2 at different annealing temperatures. 
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Figure 6. SEM images of ZrO2 thin films deposited on a glass substrate as a function of AT, (a) 400 °C, (b) 450 °C, (c) 500 °C, (d) 550 °C, and (e) the cross-section of ZrO2 thin films. 
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[image: Coatings 14 00537 g006]







[image: Coatings 14 00537 g007] 





Figure 7. (a) Absorption spectra and (b) Tauc plot of ZrO2 thin films. 
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Figure 8. (a) Decolorization of MB dye of ZrO2 thin film at various ATs. (b) Kinetics of UV photocatalytic degradation MB with different ATs. 
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Table 1. Results of the photodegradation of MB.
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	Sample
	    k   (  h  − 1   )    
	R2
	Degradation (%)





	400 °C
	0.039
	0.883
	20



	450 °C
	0.052
	0.852
	24



	500 °C
	0.051
	0.903
	29



	550 °C
	0.031
	0.948
	36
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