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Abstract


Increasing environmental pollution has intensified the focus on sustainability, encouraging the development of eco-friendly materials. This study reports the synthesis of binary (ZnO–TiO2) and ternary (SnO2–ZnO–TiO2) compounds and their loading with Au/Ag/Pt/P noble metals (NMs) to enhance photodegradation efficiency under visible light compared to pristine TiO2. The compounds were synthesized in a single step via laser pyrolysis, and then noble metal deposition through chemical impregnation and reduction was performed. Structural and morphological analyses revealed TiO2-based nanoparticles with varied morphologies decorated with noble metal nanoparticles with sizes between 2 and 6 nm (for Pt and Pd). Photocatalytic tests demonstrated a significant improvement in Methyl Orange (MO) degradation under visible light, especially for Ag-loaded samples. The degradation rate increased from 1.03 × 10−3 min−1 (TZ) to 22.65 × 10−3 min−1 (TZS_Ag), while it was 0.09 × 10−3 min−1 for the commercial P25 sample. Biocompatibility assays indicated lower cytotoxicity than Degussa P25, with Au- and Pd-loaded samples showing improved compatibility with HaCaT and HEK293 cells. Overall, these findings demonstrate that the developed TiO2-based nanocomposites, designed through a novel and sustainable strategy combining binary/ternary heterostructures with noble metal loading, are promising candidates for efficient visible light-driven photocatalytic environmental decontamination with enhanced biological compatibility.
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1. Introduction


MO is a dye pollutant frequently found in waters/rivers, especially in areas where the textile industry is developing rapidly [1,2]. The continuous increase in industrial activity and associated wastewater discharge has intensified the urgency for developing advanced and sustainable water purification technologies. Even exposure to small concentrations of MO can cause adverse effects on human health (such as skin irritations and respiratory problems) or disturb aquatic ecosystems [3]. Contamination of natural water sources with MO and other dye pollutants poses a growing environmental concern due to their high chemical stability, resistance to biodegradation, and potential to accumulate in aquatic ecosystems, where they can disrupt photosynthetic activity, reduce dissolved oxygen levels, and ultimately affect aquatic biodiversity and ecosystem functioning. Furthermore, conventional treatment methods often fail to achieve complete mineralization of such persistent organic compounds, highlighting the need for advanced materials capable of efficient pollutant removal under sustainable operating conditions. In addition to efforts to prevent the discharge of hazardous materials into natural waters, the scientific community is also focused on discovering efficient methods for treating wastewater and removing pollutants. In this context, photocatalytic degradation has emerged as a promising and environmentally sustainable approach due to its ability to utilize solar or visible light energy for pollutant removal without secondary contamination. Among the various methods used for MO degradation (biological, chemical, and physical), water treatment using photocatalysts is one of the most widely used techniques reported in the literature [3,4].



TiO2 is recognized as a key photocatalyst, defined as the material that accelerates a chemical reaction through the absorption of light, resulting in the generation of electron–hole pairs. Due to its unique properties such as chemical stability, non-toxicity, and low cost, it is used in photocatalytic processes for cleaning organic pollutants and microbes from water and air [5,6,7]. However, in the photodegradation processes, it shows limitations due to both poor absorption in the visible field (only 3–4%) and the high speed of recombination of electron–hole pairs. To overcome these barriers, there are three solutions: (i) doping with nonmetals or transitional metals, (ii) coupling with another semiconductor, and (iii) decorating with NM nanoparticles. Through the doping process, a reduction of the band gap (from 3.2 eV and 3.0 eV for anatase and rutile, respectively) is achieved, which means better absorption in the visible spectrum [7,8]. By coupling with another metal oxide, semiconductor–semiconductor heterojunctions are created, enhancing charge transfer and the efficient separation of formed electron–hole pairs, which leads to an increase in the lifetime of the photogenerated electrons and holes [9,10]. By loading with NM particles, the charge carrier separation in the photocatalyst is improved, resulting in more effective redox reactions at the surface as well as better absorption in the visible domain as an effect of surface plasmon resonance (SPR) [11,12].



Concerning the mixing of metal oxides, the literature has reported that, in photodegradation experiments, much better results are obtained when a mix of semiconductors is used compared to using each oxide individually. According to the Web of Science Core Collection, in the last 15 years, the number of scientific papers has increased continuously, indicating the growing interest in binary/ternary composites research. ZnO is an n-type metal oxide semiconductor with a wide direct band gap of nearly 3.2 eV. By coupling with TiO2, it becomes a good candidate due to its strong oxidation capability and good photocatalytic properties [13,14]. Yu Wei has shown that ZnTiO3 has a significant role in the formation of the heterojunction with TiO2 and ZnO, to improve the photocatalytic discoloration of MB [15]. SnO2 is an n-type semiconductor metal oxide with a wide direct band gap of approximately 3.6 eV, which, by coupling with TiO2, can enhance its photocatalytic efficiency [16,17]. The anatase phase is targeted in processes using pure TiO2, and coupling with semiconductors usually leads to phase transformations from anatase to rutile, with rutile sometimes becoming dominant.



The effect of loading with NMs on the surface of different types of TiO2-based nanomaterials has been investigated in terms of the photodegradation of various organic molecules [11,12]. Additionally, it has been reported that some oxidized forms such as PdO and Ag2O or AgCl and Ag@AgCl improve the properties of TiO2 in environmental applications due to their non-toxicity and oxidation capacity under visible light [18,19,20]. An evolving challenge is discovering methods based on environmentally friendly/biocompatible oxide composite materials (binary and ternary compounds) that, when exposed to UV light, become effective in depolluting water and the environment.



Thus, in this work, our efforts are focused on obtaining complex binary (ZnO-TiO2) and ternary (SnO2-ZnO-TiO2) composites and loading them with various NM nanoparticles (Au, Ag, Pt, Pd), as well as on revealing their photocatalytic performance in terms of the degradation of the organic pollutant MO. The results obtained from the sample characterizations are summarized to illustrate which properties of the new nanopowders lead to an improvement in the photocatalytic degradation of MO under visible light. The novelty consists of the development of multi-component TiO2-based nanocomposites via a combined strategy of binary/ternary heterostructure formation and noble metal loading. In addition, a comparative analysis with state-of-the-art studies [3,7] emphasizes the superior performance and sustainability-oriented advantages of the proposed materials, particularly in terms of improved efficiency, stability, and resource-efficient design for advanced water treatment applications.




2. Materials and Methods


2.1. Synthesis of the Nanocomposites


2.1.1. Chemicals


The following materials were used for the preparation of nanocomposites: Titanium tetrachloride (Aldrich (St. Louis, MO, USA), 99.9% purity), Diethylzinc (Aldrich, 1.0 M solution in hexanes), Tin tetrachloride (Aldrich, 98% purity), Synthetic air (Siad (Bergamo, Italy), 99.99% purity), Ethylene (Siad, 99.99% purity), Chloroplatinic acid hydrate (Aldrich, 99.995% purity), Potassium tetrachloropalladate (Aldrich, 99.99% purity), Silver nitrate (Aldrich 99.995% purity), Potassium tetrachloroaurate (Aldrich, 99.995% purity), and Sodium borohydride (Aldrich, 98% purity), used as a reducing agent in the loading process with different noble metal particles.




2.1.2. SnO2/ZnO-TiO2 Nanopowders


In the first stage, ZnO-TiO2 and SnO2-ZnO-TiO2 nanopowders (samples named TZ and TZS, respectively) were obtained using a one-step method: laser pyrolysis (see Figure 1). Titanium tetrachloride was used as a precursor for Ti atoms, Diethylzinc was used as a precursor for Zn, and Tin tetrachloride was used as a precursor for Sn atoms. As they are volatile substances at room temperature, the vapors of these precursors were entrained by a carrier gas to the reaction chamber. Synthetic air was used as the oxidizing agent for the formation of the oxide species of the precursors listed above. Ethylene played the role of the heat transfer agent. Both the pressure in the reaction chamber and the gas flow rates were very well monitored using fine-tuned measuring instruments. The laser pyrolysis method is based on the resonant absorption of CO2 laser radiation (10.6 μm) by at least one of the reactants. In the case in which none of the precursors absorbs the laser radiation, it uses a heat transfer agent. The reaction takes place in the laser pyrolysis flame, which takes place in the zone of the interaction of the laser beam with the reactants. Following the dissociation of the reactants at the atomic level, nanoparticles are formed and collected on a ceramic filter during the pyrolysis process. The details regarding the principle of the obtaining method, as well as the wide variety of nanoparticles that can be obtained in this way, have been presented in previous studies [21,22,23,24].




2.1.3. SnO2/ZnO-TiO2@NMs Nanopowders


The second stage is the decoration of the nanopowders with noble metals (Ag, Au, Pd, and Pt) using chemical impregnation and the reduction method (Figure 1). Before this stage, the obtained nanopowders were calcined in air at 450 °C for 3 h. This is done to evaporate unwanted impurities from precursors or to oxidize carbon from the heat transfer agent. The temperature was selected to be as high as possible and to maintain the crystal structure of the TiO2. After that, the synthesized nanopowders (~500 mg) were mixed in the distilled water (90 mL) and agitated in the ultrasound bath for 30 min. At the same time, the salt (KAuCl4, AgNO3, H2PtCl6 · 6 H2O, Na2PdCl4) that contained the desired noble metal atoms was also mixed in the distilled water (90 mL) and dissolved during the powder agitation. Theoretically, the salt mass was calculated and was equal to 3 wt.% of the noble metals atoms decorated on the sample surface. The aqueous solutions were mixed and agitated with the foaming device. After that, the aqueous solution of the NaBH4 was injected for the reduction. The solutions were left for several hours for deposition and drying at 60–80 °C. Following this last process, the SnO2/ZnO-TiO2@NMs nanopowders were obtained and their properties characterized and tested. We note that, based on the results obtained for the binary composites (TZ@NMs samples), only Ag was selected for loading the ternary composite nanoparticles (TZS).





2.2. Characterization of Prepared Samples


Energy-dispersive X-ray spectroscopy (EDX) analysis of the TiO2-based samples was performed by an FEI Co. model Quanta Inspect S at 15 kV in high vacuum. The composite samples’ crystallinity was analyzed by X-ray diffraction (XRD) technique using a Bruker D8 diffractometer (Bruker, Billerica, MA, USA) with Bragg–Brentano symmetry (Theta–Theta) and the copper anode. Highscore software was used to handle data and calculate the powders’ parameters. The structural investigations were carried out by transmission electron microscopy (TEM) analysis using the analytical electron microscope model JEOL JEM ARM200F (JEOL, Akishima, Japan) with an acceleration voltage of 200 kV equipped with an EDX spectroscope model JEOL JED-2300T (JEOL, Akishima, Japan). The specific surface area was measured by the Brunauer–Emmett–Teller (BET) technique using BET Flowing Gas Surface Area Analyzers, model Horiba SA-9600 (Horiba, Kyoto, Japan), with a 30% N2 + 70% He gas mixture. The elemental composition, chemical state, and electronic state of all samples were analyzed by X-ray photoelectron spectroscopy (XPS) analysis using an ESCALAB Xi+ (Thermo Scientific Surface Analysis, Thermo Fisher Scientific, Waltham, MA, USA), and Avantage software (version 5.978) was utilized. The UV-VIS diffuse reflectance spectroscopy (UV-Vis-DRS) analysis of the synthesized samples and the photodegradation investigations of MO were carried out using a JASCO-V650 UV-Vis spectrophotometer (JASCO, Tokyo, Japan) with an integration sphere (ILV-724). The spectra recordings were conducted in the range λ = 250–800 nm with a scanning speed of 100 nm/min. DRS was used to determine the influence of metals (Ag, Au, Pt, Pd) on the band gap energy values of support material. The direct band gap energy values of the materials were estimated by using the Tauc plot [25], while the first derivative spectrum (dR/dλ) was also obtained and investigated. In the presence of metal nanoparticles, the DRS was used for the detection of the plasmonic band specific for all nanoparticles [26].




2.3. Photocatalytic Tests


The photocatalytic activities study was performed in a double-walled photoreactor device with 6 × 6 W fluorescent lamps (λmax = 365 nm, irradiation time ~3 h). A flow of water surrounded the photoreactor to assure a constant temperature of 25 °C. The nanocomposite photocatalyst activity was estimated in a suspension (Cphotocatalyst = 1.0 g/L) prepared in the organic dye solution (initial concentration of MO C0, MO = 125 μM). During the measurements, the suspension was continuously stirred, and the dissolved oxygen amount was assured by an air pump. The same system was furthermore used to study the photocatalyst efficiencies under visible light irradiation. In this case, the photoreactor was irradiated by 4 × 24 W lamps (λmax = 545 nm). The sampling was performed every 15 min, and samples were filtered with Whatman® GD/X syringe filters (0.02 μm pore diameter) (Whatman, Kent, UK) to eliminate the photocatalyst particles. The concentration of MO was evaluated using a JASCO V-650 spectrophotometer at 513 nm (JASCO, Tokyo, Japan). The ln(C/C0) vs. irradiation time curve was plotted, supposing first-order kinetics, where C is MO concentration: C0—at the beginning of the experiment and C—during the experiment. From the slope of the obtained linear regression, the photocatalytic rate constants were valued. The estimated error of the photoactivity investigations took into consideration the reproducibility measurements and was estimated in the range 2–5%. At the used MO concentration, for all photocatalysts, the adsorption process was insignificant (below 5%).




2.4. Biocompatibility Tests


2.4.1. Cell Culture


Human embryonic kidney cells (HEK293 cell line) and human keratinocytes (HaCaT cell line) were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin and maintained at 37 °C in a humidified atmosphere containing 5% CO2. Cells were passaged at 70–80% confluence using 0.25% trypsin–EDTA and seeded at a density of 4 × 104 cells/cm2 in 96-well plates for viability and toxicity assays or T25 flasks for oxidative stress analysis.




2.4.2. MTT Assay


Cell viability was assessed using the MTT assay after 24 h of incubation with nanoparticles at various concentrations. MTT solution (1 mg/mL) was added to each well and incubated for 3 h at 37 °C. Formazan crystals were dissolved in 2-propanol, and absorbance was measured at 595 nm using a microplate reader.




2.4.3. Lactate Dehydrogenase (LDH) Release Assay


LDH level in the culture medium was measured using a commercial cytotoxicity detection kit (Roche Applied Science, Penzberg, Germany) according to the manufacturer’s instructions. Briefly, after 24 h of exposure to nanoparticles, 50 µL of supernatant was transferred to a new plate, and the reaction mix was added. After 30 min of incubation in the dark, absorbance was read at 490 nm.




2.4.4. Nitric Oxide (NO) Quantification


NO levels in the culture medium were estimated by using the Griess reagent. After 24 h of incubation with nanoparticles, 50 µL of culture supernatant was mixed with an equal volume of Griess reagent (1% sulfanilamide, 0.1% NED in 2.5% phosphoric acid) and incubated at room temperature for 10 min. Absorbance was measured at 540 nm, and nitrite concentration was calculated using a sodium nitrite standard curve.




2.4.5. Reactive Oxygen Species (ROS) Generation Assay


Intracellular ROS production was evaluated using 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA). Cells were incubated with 10 µM H2DCFDA for 30 min at 37 °C in the dark and then washed with PBS. After nanoparticle exposure, fluorescence intensity was measured using a microplate reader (excitation/emission: 485/528 nm).




2.4.6. Preparation of Cell Lysates


After 24 h of treatment with nanoparticles, cells cultured in flasks were washed twice with PBS, detached with trypsin solution, washed again with PBS, and lysed by ultrasonication on ice. Lysates were centrifuged at 12,000× g for 10 min at 4 °C, and the supernatants were collected and stored at −80 °C for further analysis.




2.4.7. Reduced Glutathione (GSH) Determination


GSH content in the cell lysates was determined using the DTNB (5,5′-dithiobis-(2-nitrobenzoic acid)) method. Briefly, 100 µL of lysate was mixed with 100 µL of 5% sulfosalicylic acid, incubated on ice for 10 min, and centrifuged. The supernatant was reacted with DTNB in phosphate buffer (pH 7.4), and absorbance was read at 412 nm. GSH concentration was calculated from a standard curve using known concentrations of GSH.




2.4.8. MDA Measurement


Malondialdehyde (MDA) levels were assessed using the thiobarbituric acid. MDA concentration was determined using a standard curve prepared with 1,1,3,3-tetramethoxypropane. The relative fluorescence intensity of MDA-TBA adducts was read at a 520/549 nm wavelength of excitation/emission.




2.4.9. Statistical Analysis


All experiments were performed in triplicate and repeated at least three times independently. Data were calculated as mean ± standard deviation (SD) and expressed relative to the control group. Statistical analysis was performed using GraphPad Prism 9.0 software. Differences between groups were analyzed using one-way ANOVA followed by Tukey’s post hoc test. A p-value < 0.05 was considered statistically significant.






3. Results and Discussion


3.1. EDX Analysis


EDX spectroscopy was used to identify the elemental composition of the samples, and the results are presented in Table 1. In the case of the TZS_Ag sample, the EDX spectrum confirms the elemental composition of the nanoparticles. It can be seen that Ti is the dominant element in the sample, followed by Sn and Zn, and Ag is also present (Figure 2). The chemical compositions of the samples are in good correlation with the gas flows precursors used in the synthesis. All the samples show traces of Cl and C impurities resulting from the decomposition in the laser pyrolysis process of TiCl4 and C2H4, respectively. The EDX results confirm the presence of Ti, Zn, Sn, O, Au, Ag, Pt, and Pd elements in the synthesized nanoparticles, in good correlation with XPS analyses which also identified the chemical bonds between them (see below).




3.2. XRD Analysis


Crystal structures of the synthesized powders were investigated by X-ray diffraction at room temperature. The obtained diffractograms were analyzed using HighScore Plus 4.8 software with the ICDD 2025 database. The XRD patterns are presented in Figure 3a,b, while the identified phases and crystallite sizes are summarized in Table 1.



The diffraction patterns reveal the presence of the anatase (ICDD #01-070-7348) and rutile (ICDD #01-084-1283) phases of the TiO2. The ratio between these two phases was calculated with the Spurr and Myers equation [27], and the characteristic intense peaks at 25.32° (anatase) and 27.44° (rutile) were used. The variation in the anatase/rutile phase was minor for the TiO2/ZnO powders, whereas the introduction of the SnO2 significantly modified it. The crystallite sizes were calculated using the Scherrer equation [28] and are also presented in Table 1. Additional peaks in the range between 32° and 40° were observed. Some of these peaks correspond to the hexagonal ZnO phase (ICDD #04-015-4060). The peaks located at the angles 32.79°, 35.30°, and 40.45° were assigned to the unexpected ZnTiO3 phase (ICDD #00-026-1500) and its crystallite size was estimated to be 41.4 nm. The formation of the ZnTiO3 compound could be attributed to the heat treatment of the synthesized TiO2-ZnO powders at 450 °C that promoted the diffusion of the Zn2+ ions into the TiO2 lattice [29] and led to the formation of the ternary oxide phase.



The additional SnO2 phase (ICDD #01-071-5323) in the TZS and TZS-Ag powders was identified. At the same time, the intensity of the ZnO diffraction peaks decreased compared with the TZ samples (Figure 3b). Since the Zn concentration was almost identical (from EDX analysis) in both TZ and TZS powders, the intensity of the ZnO diffraction peaks in the TZS samples was decreased due to (i) insufficient oxygen atoms during the synthesis process of the powders; (ii) overlapping or low intensity of the ZnO diffraction peaks.



The NMs crystallize in the cubic structure, space group     F   m   3  ¯  m    . Their most intense diffraction peaks, corresponding to the plane (111), are located between 38° and 46° (Figure 3). The intensities of the recorded diffraction peaks are close to the background level, due to their low quantities in the samples (0.2–0.6 at%, according to the EDX results). The identified phases correspond to the Pt (ICDD #01-085-5682), Pd (ICDD #01-087-0639), and Au (ICDD #03-065-2870). The crystallite sizes of the Pt and Pd nanoparticles could not be accurately calculated, because of the low intensity of the diffraction peaks and large uncertainty in the half-maximum and full-width peak intensity values. Unlike ZnO, the NM nanoparticles do not create any complex compounds with other phases. An exception is the Ag element. The intense peaks of the AgCl phase (ICDD #04-012-6380) were observed in the XRD pattern in both TZ and TZS samples. That phase was probably created during the chemical reduction process. The presence of AgCl is additionally confirmed by XPS measurements and TEM observations. Previous studies have shown that Ag/AgCl/TiO2 systems exhibit enhanced photocatalytic activity compared to pure Ag/TiO2 systems [19].



In conclusion, the results reveal the specific phases of TiO2, ZnO, and SnO2 as well as those of the NM nanoparticles, with the anatase phase being predominant in the case of binary compounds and minor in the case of ternary compounds and the size of the TiO2 nanocrystals being in the range of (19.5–31.6) nm.




3.3. TEM Analysis


The high-resolution TEM images (HRTEM) presented in Figure 4 were used to investigate the size and morphology of binary (Figure 4a,d) and ternary nanoparticles (Figure 4e,f), and the corresponding EDS spectra are shown in Figure 4g and h, respectively. Anatase TiO2 particles with diameters in the range of 20–40 nm loaded with small noble metal nanoparticles were observed. In the HRTEM images (Figure 4a), Au nanoparticles with dimensions ranging from 5 to 30 nm or even slightly larger can be observed, with the particles being non-uniformly distributed on the TiO2 surface. In contrast, Ag appears to be dispersed atomically or in clusters of a few atoms, while the samples seem to be slightly non-uniform. The EDX results show more Ag in areas with more zinc, and its presence on the surface of anatase TiO2 crystallites, oriented in the zone axis, produces local defects in the high-resolution image (indicated by arrows in Figure 4b,f). In the case of loading TiO2 spheres with Pt and Pd nanoparticles, small crystallites were observed with dimensions ranging from 2–6 nm and 3–5 nm, respectively (see Figure 4c,d). They are heterogeneously distributed among the TiO2-based nanoparticles.



Basically, the morphology of TZ and TZS nanoparticles is relatively similar, with anatase crystallites observed to have dimensions between 20 and 40 nm and coated in an amorphous shell with a thickness of 1–3 nm (Figure 4e). In the TZS_Ag sample, no silver metallic particles were observed. Silver is dispersed atomically or in small clusters, similar to the tin-free sample (TZ_Ag), but it is visible in the EDX spectrum (Figure 4h). On the surface of the TiO2 nanoparticles, some amorphous bubbles of a few nanometers in size could be observed which contained Ag, most likely in the form of AgCl.




3.4. BET Analysis


The variation of specific surfaces was determined through nitrogen adsorption/desorption measurements using the BET technique, and the obtained values for the TZ, TZ_Au, TZ_Ag, TZ_Pt, TZ_Pd, TZS, and TZS_Ag samples are 33.11 m2g−1, 39.46 m2g−1, 40.41 m2g−1, 29.03 m2g−1, 39.13 m2g−1, 43.39 m2g−1, and 35.64 m2g−1, respectively. First, an increase in the specific surface area of nanoparticles was noted through the addition of Sn to the TZ sample, increasing from 33.11 m2g−1 to 43.39 m2g−1 (TZS sample). Secondly, it was observed that the specific surface area of samples loaded with NMs was modified compared to undecorated samples, with slight increases and decreases in their values being noted. These changes are in slight correlation with the photodegradation rate values only in UV, where they can act as electron receptors that reduce the recombination rate of electron–hole pairs. Noble metal nanoparticles, being very small and highly dispersed (Figure 4), can lead to greater coverage and a reduction in specific surface area compared to support nanoparticles (TZ and TZS samples), but they can essentially contribute during the photodegradation process in visible light by providing electrons to the conduction band and causing the generation of superoxide anion radicals [30,31].




3.5. XPS Analysis


XPS is a surface-sensitive analytical technique used to study the elemental composition, chemical state, and electronic structure of materials. To further explore the impact of noble metal decoration and to acquire detailed insights into the chemical states of ions, XPS spectra were obtained, as illustrated in Figure 5. The binding energy was calibrated using the C 1s peak at 284.8 eV as a reference point.



Figure 5a displays the general survey spectra of the material before and after decoration, revealing the presence of Ti, Zn, O, C, Au, Ag, Pt, and Pd on the surfaces. The photoelectron peak corresponding to C 1s suggests the existence of a minor amount of carbon, which might be attributed to potential contamination from specimen handling or the pumping oil used in the XPS instrument itself. Figure 5b–h display characteristic high-resolution scans of O1s, Ti2p, Zn2p, Au 4f, Ag3d, Pt4f, and Pd3d, each in its own right. The O 1s spectrum scan is depicted in Figure 5b. The asymmetrical peak in the TZ sample reveals two distinct regions with maxima at 530.3 eV and 531.7 eV, which can be associated with the creation of Ti/Zn-O and Ti/Zn-OH (TiO0.73) bonds, respectively [32]. The OH bond can be linked to the presence of loosely bound oxygen on the surface, which includes adsorbed oxygen and OH groups. Following the decoration of the nanoparticle with noble NMs, a noticeable shift of the peaks towards lower binding energy (BE) values was observed (Figure S1a). Furthermore, it is evident that the intensity of the shoulder peak at a higher BE increased significantly after decoration, suggesting an increase in OH groups. The formation of the Ti/Zn-O bond was attributed to the presence of O2 ions within the TiO2 and/or ZnO lattice. The Ti 2p spectrum (see Figure 5c) displays the spin–orbit doublet Ti2p3/2 and Ti2p1/2 at 458.9 eV and 464.6 eV in the TZ sample [33], revealing that titanium atoms exist as Ti4+ in the lattice of TiO2+. No significant variation was observed between the Ti 2p line shape of the TZ sample and the TZ@NMs samples, indicating that the NMs had been deposited on the TiO2-SnO surface rather than incorporated into the TiO2 or SnO lattice. However, the previously mentioned samples loaded with NMs exhibited shifts in BE and subtle changes in FWHM for Ti2p3/2 (Figure S1b,c). Consequently, when compared to the TZ sample (458.9), the samples displayed smaller BE shifts as follows: 0.3 eV (for the TZ_Au, TZ_Pt, and TZ_Pd samples) and 0.5 eV (for the TZ_Ag sample). Regarding FWHM, the values were 0.98 eV (for the TZ sample), 1 eV (for the 0.13 at% Pt-TZ_Pt sample), 1.04 eV (for the 0.57 at% Au-TZ_Au sample), 1.14 eV (for the 0.69 at% Ag-sample TZ_Ag), and 1.33 eV (for the 2.08 at% Pd sample TZ_Pd). The migration of the Ti2p3/2 peak toward lower binding energy indicates the transition of titanium from the Ti4+ state to Ti3+, likely due to the presence of the noble metal species bound to titanium and an increased concentration of oxygen vacancies (the formation and increasing concentration of oxygen vacancies on the surface of the powder due to the presence of the NMs) [34].



In the Zn region, as depicted in Figure 5d, the binding energies of the Zn2p3/2 and Zn2p1/2 peaks for the TZ sample were centered at 1022.2 eV and 1045.3 eV, indicating the presence of Zn2+ atoms (Zn-O) in the ZnO lattice [32]. The separation between these peaks is approximately 23.1 eV, which closely matches the well-known value of spin–orbit splitting for Zn2p in ZnO. Following the decoration process, shifts towards lower BEs were observed for the Zn2p3/2 peaks (Figure S1d), with changes of 0.1 eV (TZ_Pt), 0.2 eV (TZ_Au), and 0.4 eV (TZ_Ag and TZ_Pd). This shift of Zn2p3/2 BE can be attributed to a loss of oxygen in ZnO [35]. Additionally, the FWHM values were 1.65 eV for the TZ sample (Figure S1e), 1.91 eV for the TZ_Pt and TZ_Pd samples (group VIII-B elements), and 2.1 eV for the TZ_Au and TZ_Ag samples (group I-B elements). The metals Au and Pt were found in their elemental form. Distinctive peaks corresponding to gold were observed at 83.2 eV (4f7/2) and 87 eV (4f5/2) [36] (see Figure 5e), while silver exhibited characteristic peaks at 367.7 eV (3d5/2) and 373.3 eV (3d3/2), which could be assigned to AgCl [37] (see Figure 5f). Platinum exhibited distinguishable peaks at 70.7 eV (4f7/2) and 74.1 eV (4f5/2) [38], as depicted in Figure 5g. It is worth noting that, as per the literature, Pt2+ peaks are typically situated at slightly higher binding energies (approximately 72 and 75 eV [39]). The Pd 3d spectrum of the TZ_Pd sample from Figure 5h displays two Pd 3d5/2 peaks at 335.8 eV and 337.6 (∆E = 1.9 eV), characteristic of metallic Pd and PdO [40,41].




3.6. UV-Vis-DRS Analysis


The synthesized nanocomposites’ optical properties were compared with the commercial Degussa P25 sample by using UV–Vis DRS (Figure 6). The recorded spectra of TZ_M (Au, Ag, Pt, Pd) and TZS_Ag samples show significant improved absorption in the visible range (450–600 nm) (Figure 6), which is a consequence of the surface plasmon resonance effect induced by metal nanoparticles from the composite matrix [11,42,43].



Therefore, lower energy transitions are feasible in the presence of metal nanoparticles on the support matrix. The band gap Eg values were determined from reflectance [F(R)] spectra and by applying the Kubelka–Munk (K-M) formalism and the Tauc plot (Figure S2) [25,44]. Thus, the investigation reveals that Eg varies in this order: EgP25 > EgTZ ~ EgTZS > EgTZ_Pd > EgTZS_Ag > EgTZ_Pt > EgTZ_Au > EgTZ_Ag (Table 1). In comparison with the bare semiconductors (2.84 eV, 2.85 eV, and 3.2 eV for TZS, TZ, and Degussa P25, respectively), the deposition of noble metal nanoparticles (Au, Ag, Pt, or Pd) on the surface of TZ nanoparticles led to a decrease in the band gap energy values. The nanocomposite samples’ band gap reduction could be the effect of the specific mixture of phases (anatase and rutile) combined with the presence of metal nanoparticles. Usually, the effect of a decreased band gap leads to improvement in the photocatalytic activity [7,8].




3.7. Photocatalytic Properties


The results regarding the photocatalytic properties of all samples in the degradation of the MO pollutant are presented in Figure 7a–d. Compared with the commercial Degussa P25, which is not active in Vis light, all synthesized nanocomposite samples show enhanced ultraviolet and visible photoactivity for the photodegradation of MO, an azobenzene derivative used as a standard dye [1,2,3,4,5,24,42,43] which is soluble in water (Figure 7c). The variation of the recorded maximum of the MO absorption spectra, for both UV and Vis irradiation, in time, in the presence of P25, TZ, TZ_M (M = Au, Ag, Pt, Pd), TZS, and TZS_Ag samples, was recorded (Figure 7a,c). Thus, under UV irradiation, all samples achieved the maximum adsorption after a few minutes. It is well known that the adsorption efficiency on the photocatalyst nanocomposite matrix can be influenced by both the synthesis method and the experimental conditions (stirring, time, temperature, concentration, etc.) [24,42,43,45].



The developed nanocomposites’ photocatalyst activity (TZ, TZ_M (M = Au, Ag, Pt, Pd), TZS, and TZS_Ag) for the MO photodegradation process is evidenced (Figure 7a,c). Under UV irradiation, the photocatalysts’ activities are comparable, and the MO photodegradation achieved is above 90% for all developed photocatalysts after 120 min. Distinctly, the Degussa P25 is the exception. Also, the Au, Ag, Pt, and Pd nanoparticles reduce the recombination of charge carriers which increase the formation of free radicals, developing the photooxidation performances [11,12,43]. The obtained values of the rate constant are presented in Table 1. It is important to mention that, when comparing the rate constant of TZS, TZS_Ag, and TZ_Ag under UV irradiation, approximately the same value was obtained. This means that, for measurements under UV irradiation, the TZS photocatalyst is economically recommended.



Completely different behavior for the MO photodegradation process on TZ, TZ_M (M = Au, Ag, Pt, Pd), TZS, and TZS_Ag was recorded under Vis irradiation (Figure 7c). The recorded spectra for 120 min present points which are more scattered in comparison with those acquired under UV radiation. Accordingly, the dependence of the developed nanocomposite samples on MO photodegradation efficiency and on irradiation time succeeds the identical tendency (Figure 7b,d). The obtained values of the rate constants for the synthesized photocatalysts are considerably higher in comparison to Degussa P25 (Table 1). Therefore, the metal nanoparticle type loaded on the surface of the nanoparticle (TZ) considerably influences photocatalytic activity. Accordingly, the Ag nanoparticles’ presence significantly reduced the MO concentration, followed by Au, Pd, and Pt. Interestingly, similar behavior was obtained when metal nanoparticles were used to decorate commercial TiO2 or TiO2 obtained by laser pyrolysis [43]. All TZ nanoparticles loaded with noble metal nanoparticles presented higher performances (i.e., higher photocatalytic activity, removal rate, and efficiency) for MO photocatalytic oxidation under both UV and Vis irradiation compared with unmodified commercial P25 or TZ (Table 1). It is noteworthy that the MO degradation rate under UV irradiation on the TZ_Ag photocatalyst is ˃6 times higher than that obtained on P25, and ˃3 times higher than that obtained on TZ. Under Vis irradiation, on TZ_Ag, more significant differences in the MO degradation rate constant value were evidenced: it was ˃500 times higher than that obtained on P25, ˃18 times higher than that obtained on TZ, and <1.24 times lower than that obtained on TZS_Ag. It is important to mention that, under Vis light, TZS_Ag presents the higher rate constant.



A possible explanation for the nanocomposite materials’ photocatalytic performances under Vis light irradiation could be the surface plasmon resonance (SPR) effect of metal nanoparticles (Au, Ag, Pt, or Pd) located on the TZ or TZS surface. Thus, under Vis irradiation, from the metal NPs’ surface, the electron is transferred to the conduction band of the supporting matrix. The found series for MO photodegradation performances under visible light for the TZ or TZS-based synthesized nanocomposite photocatalysts was TZS_Ag ˃ TZ_Ag ˃ TZ_Au ˃ TZ_Pd ˃ TZ_Pt ˃ TZS ˃ TZ. This behavior could be the result of the synergistic effects between the morphostructural parameters of the TZ/TZS nanoparticles (Table 1) and the metal nanoparticles’ properties. Therefore, interactions rely on the size and shape of the metal nanoparticles, and on the nature and composition of the nanoparticles’ support [43,45], and a high exciton lifetime can appear [46]. This means that the NMs’ presence leads to the creation of extremely reactive superoxide and hydroxyl radicals, which, in turn, lead to the improvement of the photocatalyst performances. An explanation for the extended exciton lifetime in semiconductor surfaces decorated with M (Ag, Au, Pd, and Pt) could be the proximity of the Fermi level to that of the conduction band of the support material, which consequently permits the fast transmission of electrons between the metal nanoparticle (Ag, Au, Pd, and Pt) and the TZ/TZS nanoparticles. Moreover, the extended exciton lifetime in NM-decorated semiconductors decreased in the recombination of charge carriers [47].



There have been many works on ZnO-TiO2 nanocomposite materials where the researchers tried to develop new photocatalyst materials or to use these materials in other applications [48]. A comparison between the morphostructural properties and the photocatalytic performances induced by the presence of metal nanoparticles (Ag, Au, Pt, or Pd) on TZ surface nanoparticles, obtained by laser pyrolysis, was not made elsewhere.



Interestingly, the higher value of rate constant for the Ag-modified TZ or TZS matrix is in accordance with other already published work [43]. Other works involved nanocomposite-based metal nanoparticles, but an effective comparison was not possible due to the differences in the support material matrix, studied pollutant, experimental parameters (pollutant concentration, photocatalyst concentration, photoreactor arrangements, wavelength, and intensity of used radiation), and surface exposure degree of the photocatalyst (suspension or films) [49]. Even so, the improved photocatalytic properties in the metal nanoparticles’ presence was obvious. Moreover, the synthesis procedure and the morphostructural properties of the nanocomposite material (porosity, specific surface area, size nanoparticles, distribution of nanoparticles, crystalline phases, concentration of nanoparticles) together led to the final behavior.



To highlight the reason for the enhanced photocatalytic activity of binary/ternary nanocomposites loaded with noble metal particles, a possible mechanism regarding the charge transfer of the photocatalyst and based on the presented results is schematically proposed in Figure 8.



Under visible light irradiation, noble metal nanoparticles will act as light collectors, leading to the production of electrons and holes on the surface of the nanoparticles due to their strong localized surface plasmon resonance effect [50,51,52]. Because the energy level of the conduction band of TiO2 is lower than that of the electrons, photogenerated electrons will rapidly migrate from Au/Ag/Pt/Pd to the surface of the TiO2-based composite. Moreover, the special structure of the bands of the ZnO-TiO2/SnO2-ZnO-TiO2 heterojunctions plays a vital role in increasing the efficiency of MO photodegradation. By coupling in both the binary (Figure 8a) and ternary (Figure 8b) configurations, these three semiconductors form a type II heterojunction in which the conduction band edge of ZnO is located above that of TiO2 and that of TiO2 is located above that of SnO2 [53]. Thus, under visible light irradiation, when electron–hole pairs are generated in noble metal nanoparticles and ZnO, electrons can be separated from holes by migrating to TiO2 and then SnO2 due to the potential gradient. After the charge transfer, electrons are finally localized in the conduction band of TiO2 (for binary composites) and SnO2 (for ternary composites), in holes in noble metal nanoparticles, and in the valence band of ZnO. Following the reaction with O2 and H2O in the pollutant solution, these lead to the formation of highly reactive radicals *O2 and *OH, respectively, for the photocatalytic degradation of MO to H2O and CO2 [54,55]. In conclusion, by inhibiting the recombination of charge carriers, ternary catalysts (TZS samples) have a better photocatalytic activity compared to binary ones (TZ samples), and, by loading them with noble metal particles, the photodegradation efficiency increases significantly in the visible range.



In addition, to further demonstrate the stability, robustness, and practical applicability of our photocatalyst, we evaluated its reusability over consecutive photodegradation cycles, showing that the material retains a high level of photocatalytic activity with minimal loss in efficiency; in particular, two successive measurements yielded degradation efficiencies differing by less than 5%, fully meeting the required reproducibility criteria and confirming the long-term reliability of the catalyst. Moreover, these measurements were realized after more than two years, thus proving the long-term stability of the photocatalyst.




3.8. Biocompatibility Properties


Finding the best photocatalysts for water purification is also accompanied by the need for them to be biocompatible materials, eliminating the risks of human exposure to toxic substances. For this reason, the biocompatibility properties of the obtained samples were tested on dermal and renal cells in comparison with the commercial sample. The viability analysis of HEK293 cells (Figure 9a) showed a maximum decrease of approximately 20% compared to the control after 24 h of incubation with the highest concentration (100 µg/mL) of synthesized nanoparticles. However, the most pronounced decrease was observed in the case of the P25 sample (an almost 40% reduction compared to the control). Similarly, the highest increase in LDH release into the medium (Figure 9b) was recorded in the case of cells incubated with the highest concentration of P25 particles, followed by TZS-Ag, TZ-Ag, and TZ-Pd. For the other types, the values remained close to control levels. These results suggest a slight cytotoxicity at 100 µg/mL nanoparticles, which is also supported by the increased levels of ROS detected for this dose (Figure 9c). However, NO levels remained comparable to those of the control, indicating that the particles did not induce an inflammatory response in these cells, except for TZS-Ag, which led to a more pronounced NO release at the highest concentration tested (Figure 9d).



Regarding the effects on HaCaT cells, a milder cytotoxic response was observed compared to in the HEK293 cell line (Figure 10a). This was also supported by LDH values that remained close to control levels, with notable increases only in the case of P25 particles (Figure 10b). Additionally, ROS production was lower than that observed in kidney cells, with the highest levels recorded for P25 particles, followed by TZ and TZ-Pt (Figure 10c). The NO release profile was similar to that observed in HEK293 cells, highlighting pro-inflammatory potential only for high concentrations of TZS-Ag (Figure 10d).



Oxidative stress analysis after 24 h of incubation with different types of nanoparticles revealed increased levels of GSH in HEK293 kidney cells exposed to P25, TZ-Ag, and TZS-Ag. However, these changes were not accompanied by a corresponding increase in malondialdehyde (MDA) concentrations, which remained near control levels for all tested samples except for P25, which induced lipid peroxidation (Figure 11a). In human keratinocytes (HaCaT), a simultaneous increase in both GSH and MDA levels was observed after 24 h of incubation with TZ-Ag and TZS-Ag (Figure 11b). However, these results indicate very mild toxicity (values not exceeding 120% of the control) for Ag-containing nanoparticles. A possible explanation is that the presence of AgCl in the case of binary/ternary Ag-loaded photocatalysts may lead to the induction of oxidative stress in skin and kidney cells [56]. Additionally, a similar significant increase (p > 0.05) in GSH levels was observed in HaCaT cells exposed to P25 as seen in kidney cells.



Our data show that new synthesized nanoparticles, especially those loaded with Au or Pd, exhibit lower cytotoxicity and oxidative stress in skin and kidney cells compared to Degussa P25, suggesting improved biocompatibility and their potential use in eco-friendly applications, such as environmental remediation, where safety for humans is essential.





4. Conclusions


In this work, binary (ZnO-TiO2) and ternary (SnO2-ZnO-TiO2) nanocomposites were obtained using the laser pyrolysis method and then loaded with noble metal nanoparticles through chemical impregnation and the reduction method. This was followed by evaluation of their photocatalytic performance. The novelty of this study lies in the combined design of binary and ternary TiO2-based heterostructures integrated with controlled noble metal nanoparticle functionalization for enhanced photocatalytic activity. To enhance the efficiency of the MO photodegradation process, the TiO2-based nanoparticles containing ZnO (2.6–3 at% in binary composites) and SnO2 (~4.7 at% in ternary composites) were loaded with Ag/AgCl measuring a few nanometers, with small nanoparticles of Pt (2–6 nm) and Pd (3–5 nm), and with large nanoparticles of Au (5–30 nm). The obtained samples were successfully tested and compared to P25 Degussa (both in UV light and under Vis irradiation), and the two main results were presented: on the one hand, ternary composite synthesis (TZS sample) is a cheap and efficient photocatalyst without using NMs, and, on the other hand, Ag-containing binary and ternary nanoparticles exhibit extraordinary photocatalytic activity for degradation of Methyl Orange (under visible light, up to efficiencies of 90%). These results confirm the strong synergistic effect between heterostructure formation and noble metal decoration in enhancing photocatalytic performance. Moreover, biocompatibility properties of these photocatalysts have been revealed using HaCaT keratinocytes and HEK293 kidney cells: the samples loaded with Au or Pd exhibited a lower cytotoxicity as compared to the commercial sample Degussa P25. These results demonstrate that the synthesized nanoparticles have excellent applicability in the photocatalytic degradation of organic pollutants, with the present study offering new perspectives on the development of sustainable materials with high MO degradation efficiency.
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Figure 1. Experimental setup used for the synthesis of TiO2-based nanoparticles via laser pyrolysis, as well as for the chemical impregnation and reduction processes. 
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Figure 2. EDX spectrum corresponding to the TZS_Ag sample. 






Figure 2. EDX spectrum corresponding to the TZS_Ag sample.



[image: Sustainability 18 05461 g002]







[image: Sustainability 18 05461 g003] 





Figure 3. XRD diffractograms of the TZ (a) and TZS (b) nanopowders loaded with noble metals. 
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Figure 4. The HRTEM images of the TiO2-ZnO grain decorated with Au (a), Ag (b), Pt (c), and Pd (d) NPs and the TiO2-ZnO-SnO2 grain (e) loaded with Ag NPs (f). The EDX spectra (g,h) were collected on particle aggregate like that exposed in (e,f), respectively. 
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Figure 5. XPS survey spectrum (a) and XPS spectra of O 1s (b), Ti 2p (c), Zn 2p (d), Au 4f (e), Ag 3d (f), Pt 4f (g), and Pd 3d (h) of the TZ@Au/Ag/Pt/Pd nanoparticles. 
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Figure 6. UV–Vis absorption spectra for all the samples. 
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Figure 7. Methyl Orange concentration during UV (a) and Vis (c) irradiation in the photocatalysts’ presence. The corresponding MO photofading efficiency (b,d). 
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Figure 8. Schematic diagram of the possible process for binary (a) and ternary (b) composites’ photocatalytic degradation of MO under visible light irradiation. 
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Figure 9. Levels of cell viability (a), lactate dehydrogenase (LDH) released into the medium (b), reactive oxygen species (ROS) (c), and nitric oxide (NO) (d) after 24 h incubation of HEK293 cells with nanoparticles. Results are expressed as the mean of three independent experiments ± standard deviation and presented relative to the control. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the control. 
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Figure 10. Levels of cell viability (a), lactate dehydrogenase (LDH) released into the medium (b), reactive oxygen species (ROS) (c), and nitric oxide (NO) (d) after 24 h incubation of HaCaT cells with nanoparticles. Results are expressed as the mean of three independent experiments ± standard deviation and presented relative to the control. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the control. 
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Figure 11. Levels of reduced glutathione (GSH) and malondialdehyde (MDA) after 24 h incubation of HEK293 (a) and HaCaT (b) cells with 100 µg/mL nanoparticles. Results are expressed as the mean of three independent replicates ± standard deviation and presented relative to the control. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the control. 
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Table 1. EDX measurements, crystallographic parameters, band gap energy values, and photodegradation efficiency for the SnO2/ZnO-TiO2@NMs nanocomposite.
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Sample

	

	
TZ

	
TZ_Au

	
TZ_Ag

	
TZ_Pt

	
TZ_Pd

	
TZS

	
TZS_Ag

	
P 25






	
EDX

Results

	
Chemical composition [at. %]

	
Zn/Ti

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	




	
Zn

	
3.0

	
2.6

	
2.8

	
2.4

	
2.6

	
2.2

	
1.8

	




	
Ti

	
29.6

	
21.1

	
25.2

	
22.0

	
20.7

	
28.9

	
25.3

	




	
O

	
66.0

	
75.4

	
71.0

	
72.3

	
76.1

	
61.0

	
66.5

	




	
Sn

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
7.2

	
5.5

	




	
NM

	
0.0

	
0.2

	
0.5

	
0.2

	
0.3

	
0.0

	
0.6

	




	
Impurities

	
1.4

	
0.7

	
0.5

	
3.1

	
0.3

	
0.7

	
0.3

	




	
XRD

Results

	
Phase proportion [%]

	
TiO2(A)/TiO2(R)

	
3.1

	
3.1

	
3.6

	
3.3

	
3.3

	
0.8

	
0.8

	




	
Mean crystallite size [nm]

	
TiO2(A)

	
29.5

	
28.6

	
29.5

	
29.0

	
22.9

	
19.5

	
19.8

	




	
TiO2(R)

	
27.5

	
27.9

	
28.1

	
31.6

	
25.6

	
22.4

	
20.1

	




	
SnO2

	

	

	

	

	

	
4.8

	
4.6

	




	
ZnO

	
29.5

	
63.1

	
63.1

	
57.6

	
95.5

	

	

	




	
Photodegradation

Results

	
Band gap energy [eV]

	

	
2.85

	
2.70

	
2.30

	
2.76

	
2.82

	
2.84

	
2.88

	
3.2




	
Rate constant

[10−3 min−1]

	
UV

	
22.27

	
27.33

	
36.82

	
22.72

	
30.72

	
36.33

	
34.41

	
6.52




	
Vis

	
1.03

	
9.60

	
18.13

	
4.57

	
8.17

	
8.00

	
22.65

	
0.09
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