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Growing environmental awareness and the need to reduce greenhouse gas create an urgent demand for the utilization of utilize renewable energy sources. In this context, solar energy is becoming an increasingly attractive alternative, but the key challenge remains the efficiency of photoelectrochemical processes. Therefore, focusing on the search for heterostructures with enhanced visible light absorption and improved charge carrier separation becomes crucial for the development of future clean energy technologies. Research on semitransparent titanium nanotubes modified with sulfides1–3, such as WS2, aims at creating heterojunctions capable of efficient sunlight harvesting and providing additional enhancement of electrochemical activity toward the hydrogen evolution reaction (HER). To achieve uniform WS2 distribution within the hierarchical nanotube structure, a facile drop-casting method followed by rapid thermal annealing can be employed. This method is simple, requires no specialized equipment, and enables verification of the impact of various processing conditions, such as the number of precursor drops or post-annealing atmosphere, on heterostructure performance.
In this study, titanium nanotubes formed on ITO glass substrates, ensuring semitransparency, serve as a hierarchical platform for WS2 deposition. Contrary to typical air annealing, the modified titanium oxide was treated by  rapid thermal annealing in a hydrogen atmosphere at 200°C, ensuring improved electronic properties. WS2 deposition was carried out by drop-casting on a hot plate at 100°C. To investigate the influence of processing parameters, the number of drops and annealing conditions were systematically varied.
Characterization by UV-Vis spectroscopy, Raman spectroscopy, synchrotron XPS (PHELIX/SOLARIS), and TEM-EDX confirmed successful WS2 incorporation into the nanotubes. Electrochemical results revealed that WS2 deposition with varying numbers of precursor drops enables control of the material's photoelectrochemical and electrochemical activity in both neutral (0.5 M Na2SO4) and acidic (0.1 M H2SO4) electrolytes. This effect is particularly pronounced for the samples modified with 1 drop of precursor, which exhibited over 20-fold enhancement of photocurrent density compared to pristine nanotubes under visible light and orders-of-magnitude improvement in HER performance. The collected results suggest the importance of not only selecting the optimal WS₂ loading but also ensuring sufficient nanotube accessibility for electrolyte penetration.
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