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Abstract
In this work, we show that sulfur treated 1D anodic TiO2 nanotube layers leads to improved photo-electrochemical and catalytic properties compared to the blank nanotube layers. This treatment was performed in the evacuated quartz ampoules in the temperature range from 250 to 450°C. Inspection of the sulfurized nanotube layers via scanning electron microscopy (SEM) and X-ray diffraction (XRD) has disclosed a gradual crystal growth within nanotube walls, represented by TiS2 or TiS3 phases. Optimally sulfurized TiO2 nanotube layers exhibit 3 times enhanced photocurrent in the UV spectral region, compared to the blank counterpart, with a shift of the light absorption up to the wavelength of 550 nm. In addition, the photocatalytic decomposition of a methylene blue aqueous solution using a wavelength of 365 nm is gradually improved with increasing sulfurization temperature. The highest photocatalytic decomposition rate is 2.3 times larger compared to the blank TiO2 nanotube layer. The application of sulfurized TiO2 nanotube layers for the electrocatalytic hydrogen evolution is also discussed.
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1. Introduction
Among metal oxide semiconductors, titanium dioxide (TiO2) has shown to be the one of the most efficient, non-toxic, chemically and photochemically stable material (under long-term exposure to irradiation) for electrochemical applications such as a hydrogen evolution [1,2], photocatalysis [3–5], and dye sensitized and hybrid solar cells [6,7]. In order to enhance the photoactivity, TiO2 has been produced in many forms, namely, nanoparticles, nanowires, nanorods or self-organized nanotube layers with consequence on the total surface area and photogeneration of electron-hole pairs with a sufficiently high concentration [8–10]. Especially, the latter mentioned one-dimensional (1D), ordered nanostructures offer the advantage of directed charge transport as well as a long lifetime of photogenerated charge carriers.  
The major limitation of the outstanding performance of pure TiO2 is its absorption in the UV light spectral region (the band gap of TiO2 in the anatase phase is 3.2 eV) and thus only a small portion of solar spectrum can be efficiently harvested. To overcome this drawback, additional engineering of TiO2 via doping with metals [11–14] or non-metals [15–20], anodic reduction [21,22], creation of black TiO2 [23,24], using of plasmonic Ag nanoparticles [13,25]  and coating of TiO2 by secondary materials with lower bandgap [26] was used to shift the light absorption into the visible spectral region. 
Recently, non-metal doping has been found as one of the consistent ways how to desirably tune the band gap of TiO2. In contrast to metal doping, that typically induces extra recombination centres as well as low thermal stability [20], the incorporation of N, C, chalcogenides or halides circumvents the aforementioned shortcomings and thus essentially improves the solar light conversion efficiency. For instance, sulfur doped (S-doped) TiO2 nanoparticles have shown substantially enhanced photocatalytic performance, when operated in the visible (VIS) spectral region [27–31]. Based on Density Functional Theory (DFT) calculations, the VIS spectral region photoactivity of S-doped TiO2 exclusively originates from the substitution of Ti or O atoms by S atoms, whereas incorporation of S atoms into the interstitial position has been proven to be energetically unfavourable [31]. In addition, in the case of Ti-rich TiO2, S atoms should predominantly enter into the anion sub-lattice, creating new energy levels within the bandgap. However, experimental findings by XPS have disclosed that S atoms in TiO2 mainly prefer the cation substitution S4+/S6+ in the form of SO32-/SO42-, rather than the anion counterpart S2-, probably due to the larger anionic radius of S2- in comparison to that of O2- [32]. Also, the cation substitution generates the red shift of the absorption edge and thus enhances the VIS spectral region photoactivity. It has been reported that the presence of both cationic and anionic S species strongly depends on the preparation conditions. For example, S-doped TiO2 nanoparticles prepared by means of annealing of TiS2 nanoparticles in air showed residual S2- units [33], whereas S4+/S6+ are the characteristic features after the sol-gel synthesis from titanium (IV) isopropoxide and thiourea [33] or H2SO4 [32] precursors or via sulfidation of P25 TiO2 nanoparticles in gaseous H2S  [34]. 
To our knowledge, the research of S-doped TiO2 in terms of increased photoactivity has been mainly performed on nanoparticles, while only a brief report on sulfurized TiO2 nanotube layers via H2S at 380°C or 500°C has been shown [29,35,36].  Recently, TiO2 nanotube layers sulfurized at 450°C for 3h were successfully employed as electrode of lithium–ion microbatteries [37,38]. However, a systematic study on sulfur treated 1D ordered TiO2 nanostructures, such as self-organized TiO2 nanotube layers, has not been conducted yet. To close this gap, we optimized sulfurization conditions in the temperature range from 250 to 450°C at different durations to achieve the maximum photocurrent collection, yet protecting the structural integrity of the nanotubes. We also present potential applications of the sulfurized TiO2 nanotube layers for the photocatalytic decomposition of the methylene blue aqueous solution and for the electrocatalytic hydrogen evolution.

2. Experimental
Prior to anodization, the Ti foils (Sigma-Aldrich, 0.127 mm, 99.7 % purity) were degreased by sonication in isopropanol and acetone, then rinsed with isopropanol and dried in air. The electrochemical setup consisted of a two-electrode configuration using a platinum foil as the counter electrode, while the Ti substrates (working electrodes) were pressed against an O-ring of the electrochemical cell, leaving 1 cm2 opening exposed to the electrolyte. Ti foils of a size of 0.75 x 3 cm2 were used as working electrodes for the production of TiO2 nanotube layers on stripes. Electrochemical experiments were carried out at room temperature employing a high-voltage potentiostat (PGU-200V, IPS Elektroniklabor GmbH). 
The TiO2 nanotube layers, with a thickness of ∼20 μm and a nanotube diameter of ∼110 nm, were prepared by anodization of Ti foils at 60 V (with sweep rate of 1 V/s) for 4 h in an ethylene glycol based electrolyte containing 170 mM NH4F and 1.5 vol.% of deionized H2O. After the anodization, the grown TiO2 nanotube layers were rinsed and sonicated in isopropanol and dried in air. The as-prepared amorphous nanotube layers were further crystallized to the anatase phase by annealing at 400 °C for 1 h in air atmosphere with a heating rate of 2 °C/min and natural cooling carried out in a muffle oven.
The sulfurization of TiO2 nanotube layers was performed as follows: TiO2 nanotube layers along with 0.2 g of pure sulfur were placed into cleaned quartz ampoules which were subsequently evacuated to 10-3 Pa and sealed. In the next step, the evacuated ampoules were exposed to temperatures in the range from 250°C to 400°C (50 °C step) all for 7 min, and 450°C for 7, 30 min and 3 h with a heating rate of 5°C/min and then naturally cooled to the room temperature inside the furnace.
The structure and morphology of the TiO2 nanotube layers were characterized by an X-ray diffractometer (Empyrean, Malvern Panalytical) and field-emission scanning electron microscope (FE-SEM JEOL JSM 7500F).
All photocurrent measurements were carried out in an aqueous electrolyte containing 0.1 M Na2SO4 at a constant potential of 0.4 V vs 3 M Ag/AgCl, employing a photoelectric spectrophotometer (Instytut Fotonowy) connected with the modular electrochemical system AUTOLAB (model “PGSTAT 204”, Metrohm Autolab B.V.) operated with Nova 1.10 software. A three-electrode cell with a flat quartz window was employed with a Ag/AgCl reference electrode, a Pt wire counter electrode and the anodized and annealed Ti substrate as working electrode, pressed against an O-ring of the electrochemical cell leading to an irradiated sample area of 0.28 cm2. The wavelength dependence of photocurrent densities was measured using a monochromatic light source provided by a 150 W Xe lamp and a universal grating monochromator, with a bandwidth of 5 nm. The monochromatic light source employed for excitation was controlled using a shutter between light and dark phases with an interval of 10 s. Further to that, the photocurrent density transients were measured at constant wavelengths of 360 nm and 450 nm (these wavelengths were selected based on the maximum photocurrent density, representing the highest photoresponse in the UV and VIS light spectrum, respectively). Cyclic voltammograms were recorded in the potential range from -0.4 V to 1 V vs. 3 M Ag/AgCl with a sweep rate of 5 mV/s, starting at 0 V towards positive voltages in the dark.
The photocatalytic decomposition of an aqueous methylene blue (MB) solution with an initial concentration of 1 × 10−5 M was performed in a quartz cuvette with irradiation by a LED-based UV lamp with a power output  10 W and a wavelength of 365 ± 5 nm. Prior to the MB photodecomposition, probed samples with an area of 0.75 × 3 cm2 were immersed in a quartz cuvette containing 3.5 ml MB for 1 h with constant stirring to achieve a dye adsorption–desorption equilibrium. The absorbance of the MB solution was periodically measured (10 or 30 min interval) by a UV–VIS spectrometer (S-200, Boeco) at a wavelength of 670 nm to monitor the decomposition rates.

3. Results and discussion
The optimization process was carried out within two complementary steps. First, the time of sulfur treatment was reduced from 3 h to 7 min at a constant temperature of 450°C. In the second step, the sulfur treatment duration was fixed at 7 min while the temperature was gradually decreased from 450°C to 250°C with 50°C step. Figure 1A shows that the incident photon-to-electron conversion efficiency (IPCE) across the spectral range from 310 to 550 nm significantly increases with decreasing the sulfurization time from 3 h to 7 min at a constant temperature of 450°C. Further, decreasing the temperature from 450°C to 400°C results in two changes, namely: ~15% drop in IPCE in the wavelength range from 300 to 340 nm and ~ 12 nm red-shift in the wavelength range from 350 to 370 nm. However, the IPCE does not change with a subsequent decrease of the temperature to 350°C. One can see from Fig. 1B that sulfurization at temperatures lower than 350°C leads to a reduction in photoresponse in both UV and VIS spectral regions, which indicates that the sulfurization at 350 and/or 400°C for 7 min represents the optimal experimental conditions to obtain the most effective photocurrent generation via sulfur treated TiO2 nanotube layer.
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Figure 1. A) and B) Incident photon-to-electron conversion efficiency (IPCE) of sulfurized TiO2 nanotube layers in the temperature ranges from 350 to 450 °C and from 250 to 350 °C, respectively  C) and D) photocurrent transients at 360 nm and 450 nm, respectively, recorded for blank and sulfurized TiO2 nanotube layers at different conditions.
In contrast to the blank TiO2 nanotube layer, sulfurized TiO2 nanotube layers show superior photoresponse, as shown in Fig. 1. More specifically, the IPCE values were about 3 times higher for optimally sulfurized TiO2 nanotube layers (350 oC and 400°C, 7 min) in the UV spectral region, reaching 60% IPCE at 360 nm shown in Fig. 1A, as compared with the blank counterpart. This phenomenon can be ascribed to the annihilation of surface defects in TiO2 [26,31], resulting in significant inhibition of the charge carrier recombination. 
Similar results have been very recently reported on S-TiO2 nanoparticles prepared from DMSO [39] as well as on TiO2 nanotube layers sulfurized by a mixture of H2/H2S at 500°C for 30 min [35]. It is fair to stress that a pure H2S treatment under the same conditions demonstrates lower IPCE in contrast to H2/H2S [29,35]. However, the latter approaches exhibited significantly lower photoresponse in the visible spectral region in comparison with sulfurized TiO2 nanotube layers under optimum conditions presented in this work.
As a consequence, upon irradiation, the photocurrent response of sulfur treated TiO2 nanotube layers rises abruptly in comparison with the sluggish change transfer kinetics observed in the blank nanotube layer in Fig. 1(C). The incorporation of S atoms into the TiO2 nanotube layers broadens the photocurrent generation from the UV spectral region to 550nm, which is in a good agreement with previous studies on S-doped TiO2 nanoparticles [31]. The extension to the VIS light absorption has been described via DFT as substitutional anionic doping of S within TiO2 host matrix, forming S3p orbitals at the top of the valance band maximum and mixing them with O2p orbitals [30], which reduce the band gap. 
The highest photoresponse in the VIS spectral region was observed for nanotube layers sulfurized for 7 min in the temperature range of 350-450°C, as shown in Fig. 1 A and D. In the case of temperatures lower than 350°C, the sulfurization process seems to be insufficient, whereas sulfurization at 450°C induces additional charge traps. Both aspects will be discussed based on the crystallography and the surface morphology of sulfurized TiO2 nanotube layers. Complementary diffuse reflectance spectra were also recorded for the blank and sulfurized TiO2 nanotube layers and are shown in Figure S1. These spectra are in good agreement with the IPCE values.
To unravel the role of the S-based structure on the photocurrent enhancement, we collected the X-ray diffraction patterns of the blank and sulfurized TiO2 nanotube layers. At this point, we only singled out TiO2 nanotube layers for which trends in the IPCE curves showed substantial changes in intensity and the red-shift responses, namely: sulfurized at 250°C, 350°C (optimized condition), 450°C for 7 min and 450°C for 3h and blank (as the reference sample), respectively. Figure 2 displays XRD patterns recorded in the range of 2Θ from 5 to 20°, where the dominant characteristic peaks of Ti-S phases can be found. One can see that the blank TiO2 nanotube layer does not feature any peak in the studied range of 2Θ. Upon sulfurization of TiO2 nanotube layers at 250°C for 7 min, a diffraction peak appears at 2Θ ~16.5° which corresponds to the TiS2-x or Ti-S-O phase with unidentified composition. When the sulfurization was increased to 350°C, a new diffraction peak emerges at 2Θ ~15.4° which can be assigned to the TiS2 phase, adopting the hexagonal structure with space group Pm1 [40], while the former TiS2+x phase disappears. Since the sulfurization process is performed under the atmosphere with significant surplus of sulfur, the sulfur treatment at 450°C leads to the recrystallization of TiS2 into a new phase TiS3, with its characteristic diffraction peak at 2Θ ~10.3°, possessing the monoclinic structure with space group P21/m [41]. Based on the XRD evaluation and in comparison with the IPCE results, one comes to a conclusion that mild sulfurization (350 and 400°C for 7 min), creating TiS2 phase within nanotube walls, is the most efficient in terms of the photocurrent generation among all conditions used in this study.   
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Figure 2. XRD patterns of the blank and sulfurized TiO2 nanotube layers at 250°C, 350°C, 450°C for 7 min and 450°C for 3h. The 2Θ area selection demonstrates the formation of characteristic peaks of different Ti-S phases. 

Nevertheless, the Bragg diffraction analysis is not the surface sensitive method. To illustrate the surface composition we performed XPS analysis of sulfurized sample at 250, 350°C for 7 min (optimum conditions for photocurrent harvesting), 450°C for 30 min (the optimum condition for the photocatalytic decomposition of the MB aqueous solution) and 450°C for 3h (final state) to elucidate the oxidation states of the sulphur upon different sulfurization conditions.  
One can see from Figure 3 that upon analysis of the S2p XPS spectra, it was identified a few different sulphur specimens, namely S2- with the binding energy, EB(2p3/2) = 160.2eV [38,42], S22- with the binding energy, EB(2p3/2) = 161.5eV [38,42], (Sx)2- with EB(2p3/2) = 162-163.8eV assigned to polysulphides with a variable number of sulphur atoms in the chain [43], elemental S with EB(2p3/2) = 163.8eV [43], (SO3)2-  unit with EB(2p3/2) = 166.4eV 166.5 and (SO4)2-  unit with EB(2p3/2) = 168.6eV [32]. It is apparent that (Sx)2- polysulphides gradually transform into S22- and S2- structural units with increasing temperature at which sulfurization proceeds.
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Figure 3. XPS spectra of the blank and sulfurized TiO2 nanotube layers at 250°C, 350°C, 450°C for 30 min and 450°C for 3h. The 2Θ area selection demonstrates the formation of characteristic peaks of different Ti-S phases. 

Upon sulfurization at 450°C for 3h exclusively S22- and S2- ions can be considered as a dominant oxidation states of sulphur species on the surface of the TiO2 nanotube layers.  The results manifest that the surface composition is complex rather than uniform demonstrated by XRD. There are at least two aspects which can describe the distinct structural information obtained from XRD and XPS. First, XPS probes only the surface area while XRD the whole volume of all samples. Second, in this work double wall TiO2 nanotube layers [44,45] were used. The outer shell on nanotubes is formed from a “pure” TiO2 while the inner shell is porous containing some dopants (C, F,..) and thus the inner shell is more  defective. It seems, from Figure S2, that the TiO2 in the inner shell reacts readily with the vapour sulphur in comparison with TiO2 in the outer shell.
Further, the morphology of the blank and sulfurized TiO2 nanotube layers was characterized by SEM. Figure 4 left column shows top-view SEM images of a blank TiO2 annealed at 400°C nanotube layer and sulfurized TiO2 nanotube layers at 350°C, 400°C, 450°C for 7 min, 450°C for 30 min and 450°C for 3h. The corresponding representative cross-sectional SEM images, taken at the bottom part of the nanotube layers, are shown in the right column of Fig. 4. An obvious increase of the wall thicknesses with the increasing sulfurization temperature and time unequivocally confirms the reaction of TiO2 with elemental sulfur in the vapour phase and the growth of new Ti-S or Ti-O-S phases depending on the sulfurization conditions. In order to demonstrate that the TiO2 nanotube layers were homogeneously treated with sulfur throughout the whole thickness of all layers (approx. 20 µm), cross-sectional SEM analyses of the sulfurized TiO2 nanotube layers were carried out.




[image: D:\Data\mikr1066\Dokumenty\manuscripts\TNT-sulfurized\SEM3.tif]Figure 4.  (Left column) top-view and (Right column) cross-section SEM images of a blank self-organized TiO2 nanotube layer and sulfurized TiO2 nanotube layers at 350°C, 400°C, 450°C for 7 min, 450°C for 30 min and 450°C for 3h. 
These analyses verified that the nanotubes were indeed properly sulfurized from the top to the bottom part as well as within the interiors and exteriors for all nanotube layers. The surface of the blank TiO2 nanotubes is covered by typical ripples on the tube walls connecting the nanotubes together without any other obvious features in between these ripples. Upon sulfurization at 350°C, the number of these ripples was dramatically reduced and the tube wall surface was overlaid with flat crystals well adhered to the original TiO2 nanotubes. With increasing sulfurization temperature, the newly formed crystals gradually became more pronounced. For the temperature of 450°C (and with increasing durations), the growing crystals gradually interrupt the original continuous nanotube bodies and form rather large connected crystals. We assume that this phenomenon can be responsible for the dramatic decrease in IPCE, observed in Fig. 1, rather than the change in crystal phase from TiS2 to TiS3, as discussed along the observations in Fig. 2.  
In general, transition metal dichalcogenides (TMDCs), such as TiS2 presented here, have been successfully employed in many applications [46–48]. Among them, the photocatalytic decomposition of organic dyes represents a prototypical model application of removing pollutants from various wastewaters [31]. In this work, we have performed the photocatalytic decomposition of a methylene blue aqueous solution (MB) under UV light irradiation at the wavelength of 365 nm. The results in Fig. 5 manifest that the photocatalytic decomposition of MB accelerates with an increasing degree of sulfurization. In this experimental set, the best conditions of sulfurization were found to be 450°C for 30 min, having the photodecomposition rate constant 0.028 min-1 which is about 2.3 times higher, compared to the rate constant of the blank TiO2 nanotube layer (0.012 min-1). 
While the observed trend is not fully in an agreement with the photocurrent results, the explanation of the phenomenon can be described as follow. When the photocurrent is collected, the photogenerated electrons have to be transported to the positive electrode across the whole thickness of nanotube layer. As aforementioned, sulfurization of TiO2 nanotube layers at 450°C produces more 3D crystals rather than flat crystals formed at lower temperatures and thereby generates more electron traps. Also, an increase number of the S-Ti-S triplet layers connected with Van der Waals bonds within the hexagonal phase could significantly suppress the electron transfer in the direction perpendicular to the basal plane [48]. Both aspects have a detrimental effect on the charge carrier transport. 
Contrary, the photocatalysis proceeds on the solid/liquid interfaces. The low temperature sulfur treatment helps to annihilate surface states by TiS2 flat crystals, which are well connected to the TiO2 nanotube walls. This might explain the enhancement of photocatalytic decomposition of the MB, when sulfurized at 350 and 400°C, in contrast to the blank counterpart, while their photodecomposition rate constants (k = -0.017 min-1) are similar. It is obvious from SEM images that sulfurization at 450°C with increasing time augments the surface roughness of the TiO2 nanotube walls by means of nanotube recrystallization which enlarges the effective surface area. It was described in the literature that in the case of TMDCs, the catalytic active centres are located on the edge sites of individual triplet layer [48]. We believe that the distinct Ti-S crystallites might increase the number of active centres, which accelerates the photocatalytic decomposition of the MB solution with increasing degree of sulfurization.
On the other hand, the SEM top view image of the sulfurized TiO2 nanotube layer at 450°C for 3 h shows a noticeable increase of the nanotube wall thickness resulting in the reduction of tube diameters as well as in a decrease of gaps between nanotubes. These morphological changes markedly reduced the active surface area resulting in a lower photocatalytic activity of the heavily sulfurized nanotube layer. Last but not least, Figure S3 shows the stability of the photocatalytic performance of the sulfurized TiO2 nanotube at 400°C for 7 min recorded for 2 different test with one sample carried out with a 5 day span. 
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Figure 5. Photocatalytic decomposition of an aqueous MB solution using blank TiO2 nanotube layers and layers sulfurized at 350, 400, 450°C for 7 min and 450°C for 30 min and 3 h. Solid lines represent the linear fit of the experimental data and dashed lines are extended fits for the experimental data which are not included in the fit.     
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Figure 6. CV curves showing dark current densities recorded for TiO2 nanotube layers sulfurized at temperatures A) from 250 to 350°C for 7 min, B) from 350 to 450°C for 7 min and 450°C for 30 min and 450°C for 7 and 30 min, and 3h. The dark current density of a blank TiO2 nanotube layer is included in all figures as the reference. 

Next to the utilization as photocatalysts, the family of TMDCs has also attracted significant attention in the electrocatalytic hydrogen evolution due to their high intrinsic activity in this reaction [35,48–53] To exploit sulfurized TiO2 nanotube layers for the electrocatalytic hydrogen evolution, we recorded numerous CV curves in the range of potentials from -0.4 to 1 V vs Ag/AgCl under the dark condition. Results are summarized in Fig. 6 for various sulfur treatments. One can see from Fig. 5A that the current densities at -0.4V vs Ag/AgCl gradually increase with the increasing sulfurization temperature from 250 to 350°C. The highest value of -200 µA/cm2 is obtained for the TiO2 nanotube layer sulfurized at 350°C, while the blank counterpart generates only -100 µA/cm2.
Although sulfurization at temperatures higher than 350°C does not enhance the current density at -0.4 V, the cathodic peak is extended to the more positive potentials, as shown in Fig. 6B. It is noteworthy that the obtained results are comparable with recently published reports on TiS2 nanosheets [51] and about an order of magnitude lower with respect to the hydrogen evolution reaction processed using TiS2 QDs [51] and rather worse than a combination of TiS2 – Pt [54].   
The Tafel slopes demonstrate the benefit of the sulfurization of TiO2 nanotube layers for H2 evolution (Figure S4). Compared with blank TiO2 nanotube layers, a gradual decrease of Tafel values can be observed for sample after sulfurization until 350/400°C for 7 min, namely from 125 mV/dec to 97 mV/dec. Sulfurization at 450°C leads to increase the Tafel values again. While the present results are comparable with TiS2 nanosheets [51,54] but worse in comparison with standard Pt/C 30 mV/dec [54,55] or other recently reported advanced materials [51,54,56] they demonstrate a useful strategy for further optimalization of  low cost electrocatalytic hydrogen evolution catalysts.
On top of that, TiO2 nanotube layers sulfurized at 450°C exhibit also the anodic oxidation peak in the potential range of -0.4 to 1 V. The intensity of this peak dramatically increases with the sulfurization time (see Fig. 6C). For example, TiO2 nanotube layers exposed to the sulfur atmosphere for 3 h acquire a significant current density of 1.2 mA/cm2 at 1 V which is in strong contrast with a few µA/cm2 monitored on the blank and other sulfurized TiO2 nanotube layers treated at milder conditions than 450°C for 3h. In combination with XRD analyses, we believe that the observed anodic peak is directly linked to the presence of the TiS3 phase formed on  the TiO2 nanotube layers, whereas the TiS2 phase does not succumb to the obvious oxidation process until 1 V vs Ag/AgCl.     


4. Conclusions 
In conclusion, we presented a systematic study on sulfur treated 1D anodic TiO2 nanotube layers produced in the evacuated quartz ampoules in the range of temperatures from 250 to 450°C with different durations from 7 min to 3 h. We showed that the highest IPCE and at the same time the maximum red shift in the light absorption was observed for the optimal sulfurization conditions: 350°C for 7 min. Corresponding XRD patterns revealed that the TiO2 nanotubes consist of  the TiS2 phase. In contrast, long-term sulfurization at 450°C (herein shown for 3 hours) leads to the formation of the TiS3 phase within the TiO2 nanotubes, confirmed by XRD. Next, we demonstrated that the sulfurization modifies the morphology and surface area of TiO2 nanotubes by further recrystallization. Although the crystal formation on the surface of TiO2 nanotubes becomes stronger with increasing temperature, nanotube layers maintain their structural integrity and do not collapse in any case. Further, we presented that the photocatalytic decomposition of MB using a wavelength of 365 nm was gradually enhanced with increasing sulfurization temperature until 450°C for 30 min compared to the blank nanotube layers. Nanotube layers sulfurized at 450°C for 3h operated at similar rates as the blank layers. Finally, we demonstrated the potential application of sulfurized TiO2 nanotube layers for the electrocatalytic hydrogen evolution. We showed that the highest current density of -200 µA/cm2 collected at -0.4V vs Ag/AgCl is obtained for the TiO2 nanotube layer sulfurized at 350°C, while the blank counterpart generates only 100 µA/cm2. The sulfurization at temperatures higher than 350°C does not enhance the current density at -0.4 V but the cathodic peak is extended to more positive potentials. Finally, the sulfurized TiO2 nanotube layers at 450°C for 3 h exhibit also an anodic oxidation peak resulting in a significant current density of 1.2 mA/cm2 at 1 V which is in strong contrast with a few µA/cm2 generated by the blank TiO2 nanotube layers.     
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