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Figure S1. X-ray diffraction (XRD) patterns of undoped and metal-doped  thin films, displaying the full composition range (, and 0.12) for (a) the Zn-doped series, (b) the Cu-doped series, and (c) the Mg-doped series. The patterns are vertically offset for clarity, with the undoped  reference () included in each panel for direct comparison. Experimental conditions: The thin films were synthesized on glass substrates via ultrasonic spray pyrolysis at a constant substrate temperature of  using  precursor solutions. Deposition parameters included 8 spray cycles ( spray duration,  pause), an aerosol flow rate of , a compressed air carrier gas flow of , and a nozzle-to-substrate distance of . XRD measurements were conducted using  radiation () over a  range of . The main diffraction peaks correspond to the anatase phase of , while the evolution of peak positions, intensities, and broadening with increasing dopant concentration reflects structural modifications such as lattice distortion and crystallite size variation, confirming the successful incorporation of dopant species into the host lattice. 






























Figure S2. Raman spectra of pure TiO₂ and doped TiO₂ samples with different dopant concentrations: (a) Zn-doped TiO₂, (b) Cu-doped TiO₂, and (c) Mg-doped TiO₂. The spectra show the characteristic Raman active modes of anatase TiO₂, including Eᵍ, B₁g, and A₁g + B₁g modes. The persistence of these peaks confirms the formation of the anatase phase in all samples. The slight shifts and intensity variations after doping indicate lattice distortion and structural disorder caused by the substitution of Ti⁴⁺ ions by Zn, Cu, or Mg ions. Additional bands observed in the Cu- and Zn-doped samples are attributed to dopant-related metal–oxygen vibrations, such as Cu–O/CuO and Zn–O/E₂(high), confirming the effect of dopant incorporation on the TiO₂ lattice.
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Figure S3. EDX spectra of metal-doped TiO₂ samples showing the characteristic elemental peaks of Ti, O, and the dopant elements at different doping concentrations: (a) Zn-doped TiO₂, (b) Cu-doped TiO₂, and (c) Mg-doped TiO₂.
Energy Dispersive X-ray spectroscopy, EDX, was used to study the elemental.

[image: ]



Figure S4. SEM micrographs of ZnᵧTi₁₋ᵧO₂ thin films deposited at different zinc concentrations (y=0.03,0.06,0.09, and 0.12), illustrating the effect of Zn incorporation on grain distribution, surface roughness, and particle agglomeration.
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Figure S5. SEM micrographs of CuᵧTi₁₋ᵧO₂ thin films deposited at different copper concentrations (y=0.03,0.06,0.09, and 0.12), showing the evolution of surface texture, grain coalescence, and morphological heterogeneity with increasing Cu content.


[image: ]




Figure S6. SEM images of MgᵧTi₁₋ᵧO₂ thin films with different Mg contents (y=0.03,0.06,0.09, and 0.12), indicating the effect of magnesium incorporation on the granular morphology, surface compactness, and development of heterogeneous surface features.
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Figure S7. UV–visible optical transmittance spectra (a) and corresponding Tauc plots (αhν)2 versus photon energy (hν) (b) of undoped and Zn-doped TiO2 thin films deposited by ultrasonic spray pyrolysis. The spectra reveal high transparency in the visible region and a progressive blue shift of the absorption edge with increasing Zn concentration y=0 to 12%. The Tauc plots indicate a systematic increase in the optical band gap energy (Eg) as a function of zinc doping.





a
b









Figure S8: UV–visible optical transmittance spectra (a) and corresponding Tauc plots (αhν)2 versus photon energy (hν) (b) of undoped and Cu-doped TiO2​ (CuyTi1−yO2)  thin films deposited by ultrasonic spray pyrolysis at 450 °C. The spectra reveal a decrease in optical transmittance and a progressive red shift of the absorption edge toward longer wavelengths with increasing Cu concentration y=0 to 12% The Tauc analysis indicates a systematic reduction in the optical band gap energy (Eg) as a function of copper doping, confirming the modification of the electronic structure of TiO2.
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Figure S9. UV–visible optical transmittance spectra (a) and corresponding Tauc plots (αhν)2 versus photon energy (hν) (b) of undoped and Mg-doped TiO2 thin films deposited by ultrasonic spray pyrolysis at 450 °C. The spectra reveal high optical transparency in the visible region and a progressive blue shift of the absorption edge toward shorter wavelengths with increasing Mg concentration y=0 to 0.12. The Tauc analysis indicates a systematic increase in the optical band gap energy (Eg) as a function of magnesium doping, confirming the modification of the electronic structure of TiO2​.
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Figure S10. Evolution of the UV–visible absorption spectra of methylene blue recorded at different irradiation times in the presence of undoped and Zn-doped TiO₂ thin films with various zinc concentrations, illustrating the progressive decrease in absorbance intensity and the enhancement of photocatalytic degradation with increasing Zn content.
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Figure S11. Variation of the photocatalytic degradation efficiency (%) of methylene blue as a function of irradiation time over undoped and Zn-doped  (, , , and ) thin films. The plot highlights the enhancement of photocatalytic performance upon dopant incorporation, reaching an optimum degradation efficiency for the sample with . 
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Figure S12. Time-dependent UV–visible absorption spectra of methylene blue solution in the presence of undoped and Cu-doped TiO₂ thin films with different copper concentrations, showing the gradual decrease in the characteristic absorption peak and the influence of Cu incorporation on photocatalytic degradation behavior.
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Figure S13. Variation of the photocatalytic degradation efficiency (%) of methylene blue as a function of irradiation time over Cu-doped  (, , , and ) thin films. The plot highlights the effect of copper concentration on the overall photocatalytic performance.
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Figure S14. Time-dependent UV–visible absorption spectra of methylene blue recorded during photocatalytic degradation over undoped and Mg-doped TiO₂ thin films with different magnesium concentrations, showing the gradual decrease of the characteristic dye absorption band with irradiation time and illustrating the influence of Mg incorporation on the photocatalytic degradation behavior.
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Figure S15. Variation of the photocatalytic degradation efficiency (%) of methylene blue as a function of irradiation time over Mg-doped  (, , , and ) thin films. The plot highlights the effect of magnesium concentration on the overall photocatalytic performance.
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