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Abstract

:

Two forms of flower-like ZnO nanostructures were synthesized using hydrothermal methods at various growth times/temperatures and zinc precursors. The morphology, structure, chemical composition, and optical properties of these ZnO nanoflowers were studied using a scanning electron microscope (SEM), X-ray diffraction spectroscopy (XRD), X-ray photoelectrons spectroscopy (XPS), Raman spectroscopy, and UV–Vis spectroscopy. The SEM images revealed two forms of flower-like nanostructures, namely lotus- and tulip-like flower ZnO nanostructures. The XPS analysis revealed the oxidation state of the Zn and O elements, as well as the presence of OH groups on the surface of the lotus-like flower ZnO nanostructure. The XRD results revealed less crystallinity of the lotus-like ZnO nanoflowers (NFs) compared with the tulip-like ZnO NFs. The XRD results revealed the presence of Zn (OH)2 in the ZnO NFs. The Raman results confirmed less crystallinity of the lotus-like ZnO NFs. The estimated optical bandgap was 2.92 and 3.0 eV for the tulip- and lotus-like ZnO NFs, respectively. The tulip-like ZnO NFs showed superior photocatalytic degradation of methylene blue dye, verified via UV–Vis radiation, compared with the lotus-like ZnO NFs, which show the impact of the structure defects and OH- impurities on the photocatalytic performance of ZnO nanoflowers.
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1. Introduction


Transition metal oxide semiconductors, including both II–VI and other groups, are widely recognized for their high chemical and mechanical stability, biocompatibility, and non-toxicity [1,2,3,4]. They are attractive candidates for numerous technological applications, including biomedical devices, solar cells, gas sensors, piezoelectric devices, ceramics, drug-delivery systems, and photocatalysts [5,6,7,8,9]. Among these, the photocatalytic degradation of organic pollutants has garnered significant attention as a simple, eco-friendly, and highly effective method for the complete breakdown of organic dyes. ZnO nanostructures have been extensively studied for photocatalysis due to their abundance, low cost, high photosensitivity, and long-term stability [1]. ZnO nanostructures have been synthesized using various methods, including wet chemical approaches, hydrothermal techniques, sol–gel processes, microwave-assisted synthesis, biological methods, mechanical milling, and laser ablation [10,11,12,13,14,15]. Notably, the hydrothermal method has attracted attention for its energy efficiency and environmental friendliness, as it operates under closed-system conditions [10].



For photocatalyst applications, a ZnO nanoparticle (NP) has a bandgap energy of 3.1–3.3 eV that allows good absorption of UV light. Furthermore, the abundant existence of free electrons in the conduction band and the low number of holes in the valence band [16] favor the use of ZnO nanostructures as a photocatalyst for organic dyes pollution. One strategy to improve the photocatalytic performance of ZnO nanoparticles is the rational design and controllable synthesis of ZnO with specific morphological configurations [17]. Zinc oxide (ZnO) nanostructures exhibit a wide range of morphologies, including nanorods, nanowires, nanoflowers, nanosheets, nanospheres, and hierarchical assemblies, each of which significantly influences their physicochemical properties and, consequently, their photocatalytic performance [1]. The morphology of ZnO affects key parameters such as the surface area, porosity, crystallographic orientation, defect density, and bandgap energy [18]. For instance, one-dimensional structures like nanorods and nanowires facilitate charge separation and transport due to their high aspect ratio, reducing the electron–hole recombination and enhancing the photocatalytic efficiency. Two-dimensional structures like nanosheets, on the other hand, offer a large surface area and abundant active sites, which are advantageous for pollutant adsorption and light absorption. Hierarchical structures, such as nanoflowers, combine the benefits of both 1D and 2D morphologies, providing increased surface area and efficient charge transport pathways [19]. To date, various forms of 3D ZnO have been synthesized, such as fluffy-like 3D ZnO nanoflowers [20,21,22], nanorods assembled into 3D microflowers [23], flower-like ZnO microspheres [24], and hollow nanorods assembled into ZnO microflowers [25]. The optimal form of a ZnO microflower for a given application depends on the specific requirements of that application.



Despite significant advances in the synthesis and application of ZnO nanostructures, the relationship between morphology, surface chemistry, and photocatalytic performance is not yet fully understood. Factors such as the role of surface defects, the influence of different crystallographic facets, and the impact of morphology on the generation and migration of charge carriers require further investigation. Addressing these challenges is crucial for optimizing ZnO nanostructures for applications in environmental remediation and pollutant degradation. Continued research is essential for gaining a deeper understanding of the physicochemical interactions and to design ZnO nanostructures with tailored properties that maximize the photocatalytic efficiency while minimizing the drawbacks like photocorrosion and recombination losses.



In the current work, we present a simple route for synthesizing a new submicron 3D ZnO flower-like structure assembled by nanoparticles and nanoplates using a hydrothermal technique. The synthesized parameters such as the growth time, temperature, Zn precursor, and capping agent were controlled and adjusted for a perfect 3D ZnO morphology. The structure, morphology, chemical composition, and spectroscopic characteristics of the synthesis of submicron ZnO flower structures were characterized by different techniques, and their photocatalytic activity of methylene blue (MB) dye degradation under visible light was evaluated.




2. Materials and Methods


2.1. Materials and Synthesis Processes


All the chemicals used in this work were of analytical grade and were used without further purification. The hydrothermal synthesis method enables the fabrication of nanostructures from low-temperature aqueous solutions under high vapor pressure. For the synthesis of lotus-flower-like ZnO nanostructures, a 0.05 M solution of zinc nitrate (Zn(NO3)2) was prepared by dissolving the appropriate amount in 100 mL of deionized water under continuous stirring. Then, a 0.075 M solution of NaOH was added to adjust the pH to 11. The solution was transferred into a sealed Teflon-lined autoclave (Zhengzhou, China) 50 mL in size) and kept in an electric furnace at 160 °C for 8 h.



For the synthesis of tulip-flower-like ZnO nanostructures, a 0.05 M solution of zinc chloride (ZnCl2) was prepared by dissolving the appropriate amount in 100 mL of deionized water. This solution was then mixed with a 0.0028 M solution of cetyltrimethylammonium bromide (CTAB) under stirring. The pH of the resulting mixture was adjusted to 10 by adding a 0.075 M solution of NaOH. The solution was transferred into a sealed Teflon-lined autoclave and kept in an electric furnace at 120 °C for 4 h. After the synthesis, the autoclave was allowed to cool naturally to room temperature. The product was harvested by filtration, washed several times with deionized water to remove any residual ions, and then dried at 60 °C for 24 h. The final product was collected for further use.



The chemical reactions involved in the synthesis of ZnO nanostructures, which resemble lotus and tulip flowers, are as follows


  Z n       N O   3       2   + 2 N a O H ⇌ Z n     O H     2   + 2 N a C l  










  Z n   C l   2   + 2 N a O H ⇌ Z n   ( O H )   2   + 2 N a C l  










    Z n ( O H )   2   → Z n O +   H   2   O  












2.2. Characterization and Photocatalytic Measurements


The ZnO flower-like nanostructures were characterized using various techniques: scanning electron microscopy (SEM) (Thermo Fisher Quanta FEG250 SEM, Hillsboro, OR, USA) was used for morphology; an X-ray diffractometer (XRD) (Rigaku International Corp., Tokyo, Japan) with Cu Ka radiation of λ = 1.543 A in the 2 θ range from 10° to 80° was used for the microstructure; micro Raman (SENTERRA II-BRUKER, Carteret, NJ, USA) spectrometry, at a wavelength of 532 nm, a spectral resolution of 5 cm−1, with a specified laser spot size of 2 μm, and a power of 6.25 mw, was used for the vibrational characteristics; the chemical composition of syntheses samples was examined by X-ray photoelectron spectroscopy (XPS), Thermo K Alpha spectrometer (XPS Thermo Scientific, Waltham, MA, USA), with a spot size of 400 microns and charge correction employing Al K alpha X-rays; a UV-5200 spectrophotometer (Shenzhen, China) was used to determine the optical properties of the ZnO flower-like nanostructures; the photocatalytic activity of ZnO was evaluated by the degradation of methylene blue dye; the fluorescence spectra were recorded using a laser wavelength of 350 nm using a fluorescence spectrophotometer (LS-55, Perkin Elmer, Waltham, MA, USA); the texture properties of the ZnO NFs were recorded using Quantachrome Autosorb iQ3 (Anton Paar, Graz, Austria).



All photocatalytic experiments were performed in a batch photoreactor using a UV–Vis light source (248–579 nm) with an 80 W high-pressure mercury lamp (HPML) from LD DIDACTIC (Huerth, Germany). The lamp was positioned perpendicularly to the reaction beaker. In each experiment, 0.2 g/L of ZnO nanoflowers (NFs) were suspended in 60 mL of a methyl blue dye solution (10 mg/L). The solution was stirred in the dark for 30 min to reach adsorption–desorption equilibrium. Afterwards, the suspension was directly exposed to the mercury lamp while being continuously stirred. After a specific interval, 5 mL of the reaction suspension was withdrawn using a 3 µm needle. Measurements were taken every 20 min, starting with the dark sample (0 min). The absorbance of the MB solutions was measured using a UV–Visible absorption spectrophotometer (UV5200).





3. Results


3.1. Morphology and Structure Properties


Figure 1 shows an SEM image of the as-synthesized flower-like ZnO nanostructures. The image was analyzed using ImageJ software (version 1.54j) to estimate the size of the nanoflowers (NFs), as well as the sizes of the nanopetals and nanoparticles, as shown in the inset of Figure 1. The zinc precursor and reaction temperature play a crucial role in determining the morphology of the synthesized ZnO samples. Figure 1a reveals highly uniform lotus-like ZnO nanostructures. Each nanoflower has an average size of approximately 1–1.5 μm, resembling a fully bloomed flower composed of leaf-like petals (350–400 nm in length) radiating from a central hexagonal cluster (Figure 1b). These nanopetals are made up of fine nanoparticles, approximately 20–40 nm in size, which aggregate electrostatically to form a petal-like arrangement (inset Figure 1b). Figure 1c illustrates a different morphology, resembling tulip-like ZnO nanostructures, characterized by the irregularly shaped nanosheets agglomerated in a flower-like arrangement. The average size of the tulip-like ZnO nanoflowers is 1.5–2 μm, as shown in the inset of Figure 1c. The nanosheets are approximately 20 nm thick, with lengths ranging from 200 to 400 nm, as shown in the inset of Figure 1d. The ZnO nanosheets possess a high surface area and active edge sites that facilitate the mobility of charge carriers [26], which is an important criterion for sunlight-driven photocatalyst materials.



Figure 2a presents the XRD patterns of the lotus- and tulip-flower-like ZnO nanostructures. The XRD pattern of the tulip nanoflower reveals a well-defined crystalline structure, with several sharp peaks of varying intensities centered at 2 θ~31.7°, 34.4°, 36.2°, 46.87°, 56.0°, 62.2°, and 67.3°. These correspond to the hexagonal wurtzite ZnO structure with the space group P63mc (card number 96-900-8878). These peaks are attributed to the (100), (002), (101), (102), (110), (103), and (112) planes, respectively. In contrast, the XRD peaks of the lotus-flower-like ZnO nanostructure display lower intensities and are shifted towards smaller diffraction angles compared to those of the tulip f-like ZnO, suggesting an increase in lattice parameters and/or structural defects. Additionally, the XRD peaks of the lotus-flower-like ZnO at 2 θ~30.9° and 33.6° correspond to zinc hydroxide, Zn(OH)2 (card number 96-451-7838), indicating that the lotus-flower-like ZnO consists of both zincite and zinc hydroxide. The lotus-flower-like ZnO nanostructure exhibits a crystalline structure with trigonal symmetry and hexagonal axes (card number 96-152-8231), which explains the shift towards lower 2θ values.



Both samples exhibit a preferential growth orientation along the (101) plane. However, the moderate intensity of (002) peak suggests that the ZnO nanopetals/nanosheets also grow along the c-axis. The crystalline size, D, was determined using the Scherer formula, D  =    0.9 · λ   β ·   cos  ⁡  θ       , where λ is the X-ray wavelength (λ = 1.543 Å), and β is the full width at half maximum (FWHM) of the (002) peak at angle θ. The lattice parameter a and c were calculated using the relations   a =    λ   1.73 ·   sin  ⁡    θ   100          and   c =    λ     sin  ⁡    θ   200         , respectively [15]. The calculated crystalline size and lattice parameters are summarized in Table 1.



The calculated lattice parameter c is slightly higher than that of bulk ZnO (c = 5.205 Å). This indicates that the ZnO flower-like nanostructures are under tensile strain, particularly along the c-axis, with the lotus-flower-like ZnO nanostructure showing pronounced strain in this direction.



Figure 2b displays the N2 adsorption–desorption isotherms of the ZnO nanoflowers (NFs) examined at room temperature. The ZnO NF samples exhibit a typical type IV isotherm hysteresis loop, according to the IUPAC classification. The isotherms span a wide p/p0 range (0.2–0.90), indicating a mesoporous structure. The isotherm of the tulip ZnO NFs demonstrates a higher N2 uptake compared to that of the lotus ZnO NFs, suggesting a greater surface area and porosity. Specifically, the BET surface area of the tulip ZnO NFs is 13.43 m2/g, while that of the lotus ZnO NFs is 8.0 m2/g.




3.2. Chemical Composition and Vibrational Analysis


Figure 3a shows the survey XP spectra of as-synthesized lotus- and tulip-shaped ZnO nanoflowers. The prominent Zn 2p3/2, Zn 2p1/2, and O 1s peaks confirm that both ZnO nanoflowers (NFs) are primarily composed of zinc and oxygen. The relative intensities of the Zn 2p and O 1s peaks correspond to the concentrations of Zn and O, respectively. Additional XPS spectral lines, such as Zn 3d, Zn 3s, and Zn LMM (Auger) peaks, were also detected [27]. The absence of any other elemental peaks in the XP spectra indicates the purity of the ZnO NFs, in agreement with the XRD results.



To identify the oxidation state of the ZnO nanoflowers, high-resolution spectra of O 1s and Zn 2p were obtained, as shown in Figure 3b,c. The O 1s spectrum of both samples is asymmetric, with a shoulder at higher binding energy (B.E.). For the lotus-like ZnO nanostructure, the O 1s spectrum decomposes into three sub-peaks: 529.8 eV, assigned to hexagonal Zn2+ ions bonded to O2− in the wurtzite ZnO crystal structure (Zn–O); 531.3 eV, attributed to defects or the presence of oxygen vacancies [28]; and 532.3 eV, associated with adsorbed OH− species on the surface [29]. A similar deconvolution is observed for the O 1s spectrum of the tulip-like ZnO nanostructure, yet without the peak at 532.3 eV, which is assigned to Zn–OH. The XRD results (Figure 2) further confirm the presence of OH− species in the lotus-like ZnO nanoflowers. The high-resolution Zn 2p spectrum of (Figure 3c) reveals strong spin–orbit coupling, with Zn 2p3/2 and Zn 2p1/2 peaks, corresponding to Zn atoms at the regular lattice sites in ZnO [30]. For the tulip-like ZnO nanostructure, the Zn 2p3/2 and Zn 2p1/2 peaks are located at 1020.9 eV and 1044.0 eV, respectively. In contrast, for the lotus-like structure, these peaks shift slightly to lower B.E. values of 1020.8 eV and 1043.9 eV, respectively. The binding energy, separation, and ΔE (Zn 2p), are 23.1 eV, which is characteristic of ZnO [31]. The observed peak shift in the Zn 2p spectrum of the lotus-flower-like structure compared to that of the tulip-flower-like structure could be related to the variations in morphology, as observed in the SEM images. A similar observation was reported in [32].



The vibrational properties of the synthesized ZnO nanoflower-like structures were investigated using a green laser with a wavelength of λ = 532 nm at room temperature, with the results shown in Figure 4. Raman modes characteristic of ZnO are present in both samples at 98.5, 334, 390, 438.5, 538, and 577.5 cm−1. These peaks correspond to Raman modes of ZnO in the hexagonal wurtzite structure: E2 (Low), E2 (High)–E2 (Low), A1 (TO), E2 (High), A1 (LO), and E1 (LO) modes, respectively [15]. The slight shift in the Raman mode positions of the lotus flower sample, compared with the tulip-flower-like sample, is attributed to tensile stress on the lattice structure, as inferred from the XRD analysis. Additionally, the small humps observed in the Raman spectra of the lotus flower sample at ~260, 380, and 700 cm−1 are attributed to Zn(OH)2 modes [33].



The E2 (low) peak is ascribed to vibrations of the zinc sublattice in ZnO [34], while the most intense and asymmetric E2 (high) mode is linked oxygen vibrations and serves as an indicator of the crystallinity of the wurtzite ZnO nanostructure [34]. The intensities of the E2 (high) mode in both samples correspond well with the XRD results, suggesting that the lotus flowers-like ZnO nanostructure (Figure 4b) exhibits lower crystallinity than the tulip-flower-like ZnO sample. Additionally, the small peaks labeled E2 (high)–E2 (low), A1 (TO), and A1 (LO) represent vibration modes resulting from a multiple-phonon scattering process [35]. The E1 (LO) mode indicates the presence of oxygen-deficient intrinsic defects [36]. These findings align well with the XRD measurements, as the strong E2 (high) mode and the weak E1 (LO) peak demonstrate that the tulip-flower-like ZnO nanostructures has a higher crystallinity compared to the lotus-flowers-like ZnO nanostructure.




3.3. Optical and Photoluminescent Properties


Figure 5 shows the absorption spectra of the as-synthesized flower-like ZnO nanostructures. Both types of flower-like ZnO nanostructures demonstrate strong absorption in the UV region (<<400 nm). The UV absorption peaks are observed at 373 nm and 374 nm for the tulip and lotus-flower-like ZnO nanostructures, respectively. These values are lower than the 380 nm absorption peak of bulk ZnO, suggesting the presence of a quantum size effect [37].



Furthermore, the enhanced absorption in the UV range is attributed to the intrinsic bandgap absorption of ZnO [38]. Additionally, the tulip-like ZnO nanostructures demonstrate higher absorption in the near visible range compared to their lotus-like counterparts. This broad absorption spectrum is likely due to the complex 3D nanoflower shape, which consists of assembled nanoparticles (ranging from 23 nm to 73 nm) and nanosheets (~20 nm thick and 100 nm long) that form agglomerated flower-like structures. As a result, the diverse sizes and shapes of these nanostructures contribute to their wide absorption spectrum.



The optical bandgap energy (Eg) of the synthesized ZnO nanoflowers was estimated using Tauc’s law [15].


hν·α = A·(hν − Eg)n



(1)




where α is the absorption coefficient, hν is the photon energy, A is a constant, and n = 2 is the direct bandgap. The value of Eg is obtained by extrapolating the linear extension of (hν.α)2 versus hν to hν = 0. The α was taken from the absorption spectrum. From the inset of Figure 5, the Eg values were found to be 2.92 and 3.0 eV for the tulip- and lotus-like ZnO nanostructures, respectively. The estimated Eg values indicate that the required photon wavelength for photocatalytic processes is ~>>413~424 nm, which aligns with the lower edge of the visible region. The Eg values for the tulip- and lotus-flower-like ZnO nanostructures are lower than that of bulk ZnO (Eg = 3.37 eV) [39]. The reduction in Eg values for the ZnO nanoflowers compared to bulk ZnO can likely be attributed to the presence of structure defects and/or oxygen vacancies, as observed in the XPS and Raman results [40]. This suggests the potential for solar driven photocatalysis of the 3D-ZnO nanoflowers, particularly the tulip-like ZnO nanostructures.



Figure 5c presents the photoluminescence (PL) spectra of ZnO NFs at room temperature, using an excitation wavelength of 350 nm. Irrespective of the type of ZnO NFs, the PL spectra display two prominent emission bands. The first band, located in the UV region at 390 nm, arises from the recombination of exciton [41]. The second band, which is broad and found in the green visible region at 558 nm, is attributed to the presence of point defects, such as interstitial oxygen and oxygen vacancies [42]. Further, the lotus ZnO NFs exhibit additional peaks in the violet region at 402 and 430 nm, which originate from zinc interstitial [43]. The tulip ZnO NFs show a stronger green emission compared to the lotus ZnO NFs, suggesting a higher concentration of oxygen vacancies in the tulip ZnO NFs.




3.4. Photocatalytic Activity


Figure 6a presents the photolysis of MB, while Figure 6b,c show the photocatalytic degradation of MB dyes under UV–Vis light irradiation using ZnO nanoflower solutions. As observed, MB exhibits characteristic absorption bands at 667 nm and 608 nm, corresponding to the MB monomer and dimer, respectively. Upon exposure to UV–Vis light, a significant reduction in the intensity of these absorption bands is seen, indicating effective degradation of MB. Since the intensity of the absorbance peak is proportional to the concentration of MB molecules, the decline in band intensity suggests the degradation of MB molecules. The absorption bands of MB completely disappear after 80 min of irradiation with the tulip-like ZnO nanoflower (NF) catalyst. In contrast, both photolysis and lotus-like ZnO NF catalyst shows a much slower reduction in MB intensity, which remains clearly visible even after 100 min of irradiation. The UV–Vis absorption spectra reveals that the tulip-like ZnO NF has a broader absorption range compared to the lotus-like ZnO NF, which likely contributes to its superior photocatalytic performance in MB degradation. Furthermore, the sharp edges of the nanosheets in the tulip-like ZnO NF enhance charge carrier mobility [28], further boosting its catalytic efficiency.



Moreover, the MB monomer peak at 667 cm−1 shifts towards lower wavelengths (a blue shift) as exposure time increases, particularly with the tulip-like ZnO NF, as shown in Figure 6a. This blue shift in the MB peak indicates the breakdown of the conjugated system, resulting in the formation of safer byproducts [44]. Figure 6d shows the normalized absorbance   (      A   t       A   o      )   of ZnO NFs as a function of the exposure time, where Ao is the initial MB absorption and At is the MB absorption after exposure with light at a specified time. The tulip-like ZnO NFs clearly demonstrate a higher photodegradation rate over the entire reaction time. The degradation efficiency calculated as % Degradation   =      A   o   −   A   t       A   o      × 100   was found to be 7.8% after 100 min of UV–Vis irradiation without ZnO NFs. In the presence of lotus-like and tulip-like ZnO NFs, the degradation efficiency increased to 40% and 90%, respectively. The degradation efficiency reported for the tulip-like ZnO NF is higher than previously reported values for ZnO-nanoflowers in MB degradation [23,26].



The mechanism of degradation MB using ZnO NF-like structures under UV–Vis radiation is depicted in Figure 7 and summarized by Equations (2)–(6). The empirical formulas     E   V B   = χ −   E   c   + 0.5     E   g     and     E   C B   =   E   V B   −     E   g    , are employed to determine the positions of the valence band (VB) and conduction band (CB) based on the optical bandgap energy     E   g     values [45]. Here, χ = 5.89 eV represents the electronegativity of ZnO, and Ec = 4.5 eV is the energy of free electrons on the hydrogen scale. The estimated positions of the CB and VB for tulip-like and lotus-like ZnO NFs are depicted in the energy diagram in Figure 7a. Regardless of the NF type, holes in the VB with a potential greater than 2.32 can generate hydroxyl radicals   O H  . Similarly, the CB position is more negative than the O2/O2− redox potential, i.e., allowing electrons to readily interact with O2.


  Z n O + h ν   ⟶   Z n O         e   C B     −   +     h   V B     +      



(2)






      e   C B     −   +   O   2     ⟶     O   2   −    



(3)






      h   V B     +   +   O H   −     ⟶   O H  



(4)






     O   2   −   + 2   H   +     ⟶   2   · O H   



(5)






  O H + M B   ⟶   d e c o m p o s e d   m a t e r i a l  



(6)







Briefly, when the ZnO nanoflowers (NFs) are exposed to light with photons energy hν ≥ Eg, the adsorbed photons generate electron (e−)–hole (h+) pairs. The electrons in the conduction band (CB) and the holes in the valence band (VB) migrate to the surface of ZnO NFs. The electrons reduce molecular oxygen O2 on the ZnO NFs surfaces, forming super-oxide anions (    O   2   −    ). Simultaneously, the holes oxidize water (H2O) or hydroxide ions     O H   −     adsorbed on ZnO NFs, producing hydroxyl radicals   O H   [46]. The     O   2   −     can further react with protons   (   H   +    ), generating additional hydroxyl radicals These hydroxyl radicals then interact with the adsorbed methylene blue (MB) molecules, causing decolorization of MB and possible degrading it into harmless components. In this experiment, the tulip-like ZnO NFs morphology, along with their optical and structure properties, contribute to their superior photocatalytic performance in the possible degradation of MB compared to the lotus-like ZnO NFs.




3.5. Photo-Degradation Kinetic


The mechanisms governing the degradation kinetics of methylene blue (MB) dye in the presence of ZnO nanoflowers (NFs) catalysts were analyzed using zero-order, pseudo-first-order, and pseudo-second-order kinetic models. The integrated forms of these kinetic models are as follows [47]:



Zero-order, At = Ao − kot



1st-order,     A   t   =   A   o     e   −   k   1   t    



2nd-order,      1     A   t      =    1     A   o      +   k   2    



In these equations, Ao and At represent the absorbance of MB at the initial time and at time t, respectively. ko, k1, and k2 are the rate constants for zero-order, first-order, and second-order reactions, respectively. The absorbance values of MB at various time intervals (Figure 6b,c) were used to calculate these constants.



To identify the most suitable kinetic model, plots of At, Ln (Ao/At), and 1/At versus time were graphed (see Figure 8a–c). The correlation coefficient (R2) of the linear fit for each model was evaluated, and the slope of the linear fit provides the rate constants. The kinetic parameters for all three models are summarized in Table 2.



As shown in Table 2 and illustrated in Figure 7, both the zero-order and pseudo-first-order models exhibit the highest R2 values compared to the pseudo-second-order model. Therefore, we conclude that these two models are the most suitable for representing the photocatalytic degradation of methylene blue (MB).



Furthermore, the estimated rate constants, ko, k1, and k2, for the degradation process using ZnO tulip NFs demonstrate superior reactivity as photocatalyst compared to ZnO-lotus-like NFs.





4. Conclusions


In summary, two forms of ZnO flower-like nanostructures were synthesized through a hydrothermal method under different conditions: lotus- and tulip-like ZnO nanostructures. The lotus-like ZnO (NF) resembles a fully bloomed flower, with nanopetals radiating from a central core. In contrast, the tulip-like ZnO (NF) consists of irregular nanosheets forming a flower-like agglomeration. XRD analysis revealed that the tulip-like ZnO (NF) has a wurtzite hexagonal structure, while the lotus-like ZnO (NF) exhibits a trigonal crystalline structure with hexagonal axes. XPS data confirmed the oxidation state of Zn2+ and suggested the possible presence of oxygen vacancies. Both ZnO (NFs) samples appear to be a mixture of oxide and hydroxide ZnO form, as indicated by the XRD results. The tulip-like ZnO showed a broader absorption range compared to the lotus-like ZnO, which correlates on their enhanced performance in MB degradation under UV–Vis light.
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Figure 1. FE-SEM images of the synthesized ZnO (a,b) lotus- and (c,d) tulip-like ZnO nanoflowers at different magnifications. 
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Figure 2. (a) XRD patterns and (b) of the synthesized tulip- and lotus-flower-like ZnO nanostructures. 
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Figure 3. (a) Survey spectra and high-resolution spectra for (b) oxygen O 1s and (c) Zn 2p of lotus- and tulip-like ZnO nanoflowers. 
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Figure 4. Raman spectra of the synthesized (a) tulip- and (b) lotus-flower-like ZnO nanostructures. 






Figure 4. Raman spectra of the synthesized (a) tulip- and (b) lotus-flower-like ZnO nanostructures.



[image: Crystals 14 00892 g004]







[image: Crystals 14 00892 g005] 





Figure 5. UV–Visible optical absorption and plots of (hν.α)2 versus hν of the synthesized (a) tulip- and (b) lotus-flower-like ZnO nanostructures. (c) PL spectra of ZnO NFs. 
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Figure 6. Absorption spectra of MB dye mixture with (a) photolysis of MB, (b) tulip-like ZnO NFs, (c) lotus-like ZnO NFs as function of exposure time, and (d) normalized absorbance (At/Ao) of ZnO nanoflowers in MB solution as a function of exposure time. 
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Figure 7. (a) Schematic band diagrams of ZnO NFs display the charge transportation processes leading to photocatalytic degradation of MB dyes; (b) MB degradation mechanism in the presence of ZnO NFs. 
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Figure 8. The plots of (a) At, (b) ln (Ao/At), and (c) (1/At) versus time along with their linear fits for MB dye in presence of ZnO NFs as photocatalysts. 
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Table 1. XRD pattern analysis of lotus- and tulip-flower-like nanostructures.
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	Sample
	Crystal Size (nm)
	a (Å)
	c (Å)





	Lotus-flower-like Nanostructures
	15.92
	3.322
	5.3190



	Tulip-flower-like Nanostructures
	28.72
	3.2495
	5.2069










 





Table 2. Kinetic rate constants and correlation coefficients of MB dye degradation in the presence of ZnO NFs.
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Scheme

	
Kinetic Model Parameters




	

	
Zeroth Order

	
Pseudo-First Order

	
Pseudo-Second Order






	
ZnO-lotus NFs

	
Ko = 0.00782

	
K1 = 0.00633

	
K2 = 0.0538




	

	
R2 = 0.9788

	
R2 = 0.929

	
R2 = 0.8470




	
ZnO-tulip NFs

	
Ko = 0.01589

	
K1 = 0.0238

	
K2 = 0.05561




	

	
R2 = 0.9399

	
R2 = 0.9469

	
R2 = 0.8558
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