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Ultrathin molybdenum oxyselenide (MoSexOy) coatings were made first ever by atomic layer deposition (ALD) within anodic 1D TiO2 nanotube layers for photoelectrochemical and photocatalytic applications. The coating thickness was controlled through varying ALD cycles from 5 to 50 cycles (corresponding to ~1 to 10 nm). In the ultraviolet region, the coatings have enhanced up to 4 times the incident photon to current conversion efficiency (IPCE), and the highest IPCE was recorded at 32% at (at λ = 365 nm). The coatings notably extended the photoresponse to the visible spectral region and remarkable improvement of photocurrent densities up to ~40 times was registered at λ = 470 nm. As a result, the MoSexOy coated-TiO2 nanotube layers have shown to be an effective photocatalyst for methylene blue (MB) degradation, and the optimal performance was credited to a coating thickness between 2 to 5 nm (feasible only by ALD). The enhancement in photo-activities of the presented heterojunction is mainly associated with the passivation effect of MoSexOy on the TiO2 nanotube walls and the suitability of bandgap position between MoSexOy and TiO2 interface for an efficient charge transfer. In addition, MoSexOy possesses a narrow bandgap, which favors the photoactivity in the visible spectral region.

1. Introduction

After close to half a century from the pioneering work of Fujishima and Honda dated back in 1972 on the photoelectrochemical (PEC) water splitting to generate H2 with titanium dioxide (TiO2) as anode material,[1] continuously growing efforts have been devoted to obtain highly efficient photocatalysts through various material´s design and modifications in the materials science community.[2] Apart from the generation of H2 and O2 gases, photocatalysis can be extended to other applications. The early works on the irradiation of TiO2 for purification of water via photocatalytic decomposition of pollutants were demonstrated by Frank and Bard in late 1970s.[3–5] These initial works and many reports later have shown that photo-oxidation of inorganic and organic contaminants is a promising route for environmental remediation.[6–12]
In fact, the key factors that determine the efficiencies of a photocatalyst include its light harvesting capability and reduced charge carriers recombination of the photogenerated electron-hole pairs.[3,13] However, TiO2 possesses rather wide bandgap energies between 3.0 – 3.2 eV, with high photoactivity only in the UV region (λ ≤ 390 nm) equivalent to only ~5% of the solar spectrum.[14,15] Nevertheless, owing to its non-toxicity, low cost synthesis, chemical inertness and resistance against photocorrosion, TiO2 has been long studied and recognized as the most promising photocatalyst material.[13,16]
In order to harness more from the abundant renewable energy source, i.e. solar energy, tremendous efforts have been devoted to reduce the bandgap energy of TiO2 and broaden its optical absorption to the visible region.[8,13–15,17,18] Bandgap engineering has been extensively carried out through transition metal (Cu, Fe, Ni, V, Zn)[8,14] and non-metal (N, C, P)[15,17,18] dopings to alter the bandgap of TiO2 material. Another strategy to improve the photocatalytic activity of TiO2 has been focused on the introduction of a secondary material, typically another metal oxide (ZnO,[19–21] WO3,[22,23] Fe2O3,[24,25] MoO3,[26–28] V2O5[29]) to form a composite, or heterostructure with TiO2. The combination of two materials complements their individual properties and presents synergetic effects for different applications.[30] To maximize the positive synergies from two materials, utilization of tailored nanoscale architectures is desirable to increase the surface area for reactions and prolong the photogenerated charge carriers lifetime.[31,32] In this regard, core-shell structure is captivating for its intimate contact between two layers helping to facilitate the charge separation by transferring photoelectrons from the shell to core layer,[30,32] possessing a staggered type energy band alignment between two materials,[33,34] as well as reduced bandgap energy of the entire nanostructure by the narrow bandgap of the shell layer.[34]
More recently, an exciting class of material, two-dimensional (2D) transition metal dichalcogenides (TMDCs) has been integrated with TiO2 structures for photocatalysis applications.[33,35–44] The neighboring layers of TMDCs are bonded together by weak Van der Waals forces, thereby allowing the incorporation of two materials without lattice mismatch constraints.[45] A number of MoS2 or WS2 coupled with TiO2 composites or heterostructures have been reported for enhanced photocurrent conversion efficiency,[35,46] photocatalytic water splitting,[36–38,47] and photo-decomposition of organic pollutants,[39–43] carried out in the UV and visible spectral region. In comparison, limited reports are available on another TMDCs member - MoSe2 - integrated with TiO2,[33,44] although there are a number of studies utilizing MoO3 - TiO2.[26–28] Nevertheless, visible light photocatalytic reduction of Cr(VI) to Cr(III),[33] photodecomposition of Rhodamine B,[22,28] acid orange[27] and methylene blue,[44] indicate that the introduction of MoO3 or MoSe2 within TiO2, or vice versa, can lead to significantly enhanced photodecomposition rates. In addition, different groups of materials for new transition metal compounds, such as molybdenum oxysulfides,[48] oxyselenides[49] and sulfoselenides[50], have been exploited for their perspective and interesting properties.
In this work, we report for the first time the synthesis and combination of thin and uniform atomic layer deposition (ALD) molybdenum oxyselenide (MoSexOy) coatings within self-organized, highly ordered anodic 1D TiO2 nanotube layers for light driven applications, demonstrated by photocurrent generation and photocatalytic degradation of methylene blue in the visible spectral region. Self-organized anodic TiO2 nanotube layers represent highly interesting TiO2 morphology that has been extensively studied over a decade.[51–54] On the other hand, ALD is a very modern deposition technique, where its self-limiting growth characteristic in each partial cycle allows flexible compositional control of the deposited material.[55] In addition, the well-controlled reactions offer homogeneous and conformal deposition within high aspect ratio structures.[56–58] Thus, ALD is an ideal technique to infill secondary coatings within TiO2 nanotube layers.[59–63]
2. Results and Discussion
2.1. Morphology and Structural Properties

The self-organized TiO2 nanotube layers (~5 μm thick) were coated with MoSexOy for 5, 10, 25 and 50 ALD cycles. The scanning electron microscopy (SEM) images of blank (~ 230 nm inner diameter) and 50 ALD MoSexOy cycles coated TiO2 nanotube layers are shown in Figure 1. By comparing these nanotube layers, one can clearly see the thin MoSexOy coating with different mass contrast around the inner and outer walls of the TiO2 nanotube layer, at both surface and bottom (close to Ti substrate) of the tubes. This is a clear sign that continuous and homogeneous ALD MoSexOy coating along the TiO2 nanotube walls was achieved, as verified by the cross-sectional images.
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Figure 1. SEM images of blank (left column) and MoSexOy coated (50 cycles) (right column) TiO2 nanotube layers. (a,b) top-views taken from the surface, (c,d) top-views taken close to Ti substrate, (e,f) cross-section taken form the middle part. The inset in (e) shows cross-section of the whole TiO2 nanotube layer. The coating in (f) is indicated by the dashed lines.
 In order to provide an additional proof of MoSexOy successful coatings, the EDX elemental mapping and line scan of the 50 cycles MoSexOy coated TiO2 nanotube layer taken from the interface of the bottom part of the TiO2 nanotube layer and the underlying Ti substrate is shown in Figure S1-S2 (Supporting information). Similar uniform and ultrathin coatings within TiO2 nanotube layers were also observed in our previous works for various secondary materials, including Al2O3,[64,65] TiO2,[66] ZnO[67] and CdS.[68] By measuring the thickness of the MoSexOy shown in Figure 1a-b, we estimate that the thickness of the 50 cycles MoSexOy coating is ~10 nm. This value was also obtained from ellipsometric measurement of the same coating deposited on the flat glass substrate. Following this thickness, 5, 10 and 25 cycles correspond to ~1, 2 and 5 nm, respectively.
Following the homogeneous deposition of the MoSexOy within the TiO2 nanotube layers, the compositional analyses of the MoSexOy coatings were performed by X-ray photoelectron spectroscopy (XPS), using coatings deposited on sapphire substrates under identical ALD conditions. Figure 2 presents the XPS spectra for Mo 3d and Se 3d. The acquired Mo 3d spectra exhibit spectral components corresponding to Mo4+-Se (dark blue), Mo4+-Se/O (light blue), Se 3s (cyan), and Mo5+/6+-O (green). The spin-orbit split doublets with the binding energy of 3d5/2 peak 229.1 eV and 229.9 eV reflecting the Mo4+ oxidation state are to Mo-Se[69,70] and Mo-Sex-Oy,[49] respectively. Correspondingly, spin-orbit split doublets of Mo-Se and Mo-Sex-Oy depicting the Se2- oxidation state with binding energy 54.7 eV and 55.4 eV, respectively, are identified in the Se 3d in Figure 2b.[49] No traces of Se-(sub)oxide or elemental Se were detected. The formation of MoOx is followed by two spin orbit doublets at 231.6 eV and 233.0 eV corresponding to Mo5+ and Mo6+ oxidation state, respectively (the MoOx components are drawn together for better clarity in Figure 2a.[71–73] The deconvolution of Mo 3d spectra reveals that Mo-Se, MoSexOy, and MoOx spectral components contribute to the total area of Mo 3d spectra from 30%, 20%, and 50%, respectively. Based on the quantitative analysis of Mo 3d, Se 3d, and O 1s (not shown) spectral areas, the elemental ratio of Mo:Se:O corrected on sensitivity factors is found to be 1:0.7:1.7, respectively, indicating the average amount of oxygen is 2.4 times higher than the amount of Se within MoSexOy coating. The quantitative analysis has been performed on the sample coated by 50 ALD cycles, in which the contribution of sapphire substrate could be neglected due to sufficient thickness of the homogeneous coating. All in all, the presented results clearly confirm the MoSexOy coatings. 
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Figure 2. XPS spectra for (a) Mo 3d and (b) Se 3d for 5 and 50 ALD cycles MoSexOy coatings on a sapphire substrate.
2.2 Photoelectrochemical (PEC) activity

Various thicknesses MoSexOy coated TiO2 nanotube layers were investigated for their PEC activity. Figure 3a shows the incident photon-to-electron conversion efficiencies (IPCE) spanning across the UV and visible spectral regions, recorded at 0.4 V against the Ag/AgCl reference electrode. The IPCE for each wavelength was calculated from photocurrent density measurements as reported previously.[74] The presence of MoSexOy coatings within the TiO2 nanotube layers significantly enhanced the IPCE, compared to the blank TiO​2 nanotube layer. In particular, the lowest thickness among all MoSexOy coatings, i.e. 5 cycles, presented a 4-fold IPCE enhancement at λ ~365 nm. Subsequent increment from 10 - 50 cycles contributed to IPCE enhancement in a smaller magnitude. In addition, MoSexOy coatings remarkably extended the photoactivity of the TiO2 nanotube layers to the visible spectral region, compared to the blank TiO​2 nanotube layer, which had a photoresponse only in the region from 300 to 380 nm. In a sequence, the 5 cycles MoSexOy coating extended the photoresponse to 500 nm, whereas 10 – 25 cycles of MoSexOy coating extended the photoresponse further to 600 nm. In contrary, the thickest 50 cycles MoSexOy coating has shown a detrimental effect compared to lower cycle numbers. This behavior is in line with several reports which showed that the strongest photocurrent enhancement in the UV spectral region can be acquired by extremely thin additional coatings on the core TiO2 nanostructures, such as ALD ZnO coatings in the range of 1 - 10 cycles (sub-nm, or ≤ 2 nm thickness). [31,75,76] Correspondingly, at 365 nm, blank TiO2 nanotube layers attained ~8 % IPCE, doubled and quadrupled to ~18 % and ~32 %, for 10 and 5 cycles for MoSexOy coatings, respectively. Figure 3b presents the photocurrent transients recorded upon irradiation (wavelength of 470 nm) for all MoSexOy coated and blank TiO2 nanotube layers. Upon irradiation, the coated nanotube layers responded instantaneously and an abrupt increment of photocurrent densities was recorded. Similarly, when the light was switched off, the photocurrent densities immediately reverted to the dark values. In accordance to IPCE, all 5 – 50 cycles MoSexOy coatings enhanced the photocurrent generation in the visible spectral region, and the 10 cycles coated layer marked the highest photocurrent density, which is of ~40 times higher than the blank layer. Furthermore, the trend of photocurrent densities is in good agreement with the IPCE values recorded at 470 nm, shown in the inset in Figure 3a, where 10 cycles attained the highest value, followed by 25, 10 and 50 cycles. 
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Figure 3. (a) IPCE values and (b) photocurrent transients for blank and 5 - 50 cycles MoSexOy coated TiO2 nanotube layers. Inset in (a) magnifies the IPCE at 470 nm. All measurements were carried out with applied bias 0.4 V against Ag/AgCl.
The conduction and valence band energies with respect to vacuum, for anatase TiO2 are 4.26 and 7.46 eV, respectively[77] The equivalent band positions for MoSe2 based on computation are 3.58 and 5.62 eV, respectively,[78] whereas the corresponding positions for MoOx show a relatively huge span, from 4 to 7 eV (conduction band) and 7 to 9 eV (valence band).[79,80] As mentioned in the introduction, MoSe2 and in particular MoSexOy, are relatively new materials which have not been fully investigated and understood. Despite optical band gaps have been experimentally evaluated and theoretically simulated, there is insufficient literature on the band positions of these materials. Overall, based on the mentioned values above, for MoSexOy, both conduction and valence bands in this work are deduced to be in higher position than that of TiO2, therefore at the TiO2 and MoSexOy heterojunctions interface, the electrons are driven by the applied potential to migrate from conduction band of MoSexOy to the conduction band of TiO2 and the holes in the valence band are transferred in a reverse direction. 

In addition to the MoSexOy-TiO2 heterojunction effect, the pronounced enhancement in PEC activity is credited to the fact that MoSexOy coatings are present on a large geometrical interface of 1D nanotubular TiO2 structure, which has a positive impact on the number of generated charge carriers. Furthermore, the architecture of core TiO2 nanotubes layer completely covered by thin MoSexOy coatings resembles the core-shell nanostructures. The uniform adhesion and close contact between two layers allow smooth electron transfer from MoSexOy layer to TiO2 nanotube walls, which subsequently channel to the base substrate. The TiO2 nanotube walls, in fact, consist of numerous electron traps, associated with under-coordinated Ti4+ sites and oxygen vacancies.[81] Prolonged photo-response time up to tens of seconds by MoSe2/TiO2 heterostructure was seen by Lei et al.[44] However, with the adequate MoSexOy coatings within TiO2 nanotube layers, the fast and reversible responses indicate that the coatings passivate the surface defect states on the TiO2 nanotube walls, hence improve the charge carriers separation and increase the recombination life time for high quantum efficiency, which is in line with our previous reports.[66,68] From the photocurrent transient curves in Figure 3b, the passivation effect can be noticed even for 5 cycles coating (~ 1 nm), which has shown considerable photocurrent enhancement compared to the blank nanotube layer. Further, for 10 cycles coating, a prominent enhancement was recorded, which implies that the coating is now sufficiently thick to provide complete nanotube surface passivation. However, the instant decrease of photocurrent upon light OFF, followed by relaxation suggests that excess electrons were accumulated in the conduction band. A slightly different behavior was observed for 25 cycles MoSexOy coatings. Upon light ON, the initial increase of photocurrent was followed by a rapid decay, and upon light OFF, the current decreased to negative values and increased again. These are typical features of an intense surface recombination process.[82,83] The photogenerated holes are trapped too deep in the surface states for efficient water oxidation process. The accumulated holes captured some of the electrons from conduction band, thereby recombination occurred, hence lower photocurrent density than the 10 cycles coating was registered. With the light OFF, the recombination continued by the remaining holes in the surface states, hence negative current was recorded.[83] 
The absorption coefficient of MoSe2 and MoOx (both ~107 m-1)[84,85] is higher than TiO2 (~106 m-1)[86], especially at region ≥ 400 nm, which suggests that the MoSexOy layers readily absorb more photons upon irradiation. Consequently, more photons are being converted into electrons. All these aspects lead to the fact that significantly improved photocurrent response is obtained for the MoSexOy coated TiO2 nanotube layers. 

Another interesting feature of the 2D TMDCs family, MoSe2, is its sizeable optical bandgap at monolayer dimension. Based on theoretical calculations, bulk TMDCs materials experience a natural transition from indirect to direct bandgap, and increase in bandgap energy, when the thickness is reduced significantly from bulk to few layers.[87,88] Thus, as we increased the number of deposition cycles of MoSexOy, the bandgap of MoSexOy decreased accordingly. The reduced bandgap hence led to an extended photoresponse up to ~600 nm.

2.3 Photocatalytic activity
As mentioned in the introduction, numerous reports of dye decomposition by TiO2 nanostructures have focused in a narrow UV range, typically 360 – 390 nm, due to its limited activity in other spectral regions. We evaluate the photocatalytic degradation of MB for the MoSexOy coated TiO2 nanotube layers, under visible light irradiation, which is of our particular interest to explore MoSexOy coatings in the visible spectral region. Figure 4 presents the photocatalytic degradation of MB for blank and MoSexOy coated TiO2 nanotube layers under monochromatic LED irradiation (λ = 470 nm). Owing to the straight-line plot of logarithm of concentration at a specific time over the initial concentration, ln (C/C0) against time, t, the decomposition follows the pseudo-first order kinetic equation,[10,89] where the decomposition rate constant, k, is obtained from the linear fitting of the decomposition curves in Figure 4. The rate constants, kx (× 10-2 min‑1), where x is the number of ALD cycles, in ascending order are as follow: kblank = 0.030, k5 = 0.476, k50 = 1.016, k25 = 1.700, k10 = 2.259.  It is apparent that the blank TiO2 nanotube layer has performed miniscule decomposition of MB. This result confirms that the blank TiO2 nanotube layer has limited activity in the visible spectral region, which substantiates the IPCE and photocurrent transients in Figure 3. The decomposition rate is improved merely by 5 cycles MoSexOy coating. Subsequent increment to 25 - 50 cycles have demonstrated an increased decomposition rate of MB, but a significant acceleration and the highest decomposition rate was attained for the 10 cycles MoSexOy coating within TiO2 nanotube layers. Similar to the PEC activity shown in Figure 3, overly thick coatings do not further contribute to neither larger photocurrent nor faster photodecomposition. This may be due to the excessive coating that tends to absorb all the incoming photons. A similar effect has been observed by Chu et al. that the highest synergistic effect of MoSe2-TiO2 composite was achieved with an optimum amount of the added TiO2.[33]
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Figure 4. Photocatalytic degradation of MB solutions for all MoSexOy coated TiO2 nanotube layers measured with visible irradiation source (λ = 470 nm). 

 
Based on the low decomposition rate of blank TiO2, MoSexOy coatings act as a co-photocatalyst in the MB decomposition, and TiO2 nanotubes layer mainly serves as charge transport pathway. To substantiate this claim, diffuse reflectance measurement was carried out, to evaluate the optical bandgap from Tauc plot in combination with the Kubelka-Munk function using indirect allowed transition for anatase TiO2 (the details of such evaluation can be found in our previous work[67]). The optical bandgap of blank TiO2 nanotubes layer was 3.07 eV, and with 5, 10 and 25 cycles of MoSexOy coatings, the optical bandgap was gradually reduced to 3.0, 2.86 and 2.0 eV, respectively. The values obtained for MoSexOy coated TiO2 nanotube layers situated well between the optical bandgap of MoOx and MoSe2 reported as ~3.0 [28,80] and ~1 - 2.0 eV,[90,91] respectively, which can be affected by stoichiometry, crystalline structure and layer thickness. 

It is well known that the photocatalytic conversion rates can be further enhanced by an external potential, as shown in the literature.[66,92–94] In these cases, the applied potential contributes to the pronounced separation of photogenerated electrons and holes. However, in this work, efficient photocatalytic decomposition can be achieved without any external potential. The reason for this is the suitable position of bands. In other words, we deduce that both conduction and valence bands of MoSexOy are higher than those of anatase TiO2, due to the fact that the conduction band of individual MoOx[26] is similar to TiO2[77], and the conduction band of MoSe2[33,78] is much higher than TiO2. These facts are corroborated by the measured optical bandgaps of MoSexOy coated TiO2 nanotube layers in this work that are smaller than the blank TiO2 nanotube layer. Upon visible light irradiation, MoSexOy is excited to produce electron-hole pairs (Equation 1). With the difference in energy levels, at the interface between two materials, the electrons are most likely transferred from the conduction band of MoSexOy to the conduction band of TiO2, the holes in the valence band of TiO2 are transferred to the valence band of MoSexOy (Equation 2). As a result of these continuous processes, under the absence of external bias, the migration of electrons is possible and an internal electric field is created thereby. The photocatalytic degradation MB process of the MoSexOy -TiO2 heterostructure then follows Equation 3.[95]
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Equations 2 and 3 show the key reactions during photodegradation process. The photogenerated electrons react with O2 and reduce the O2 to superoxide radical anion O2•- while the photogenerated holes react with OH- or H2O, and oxidize them into OH• radicals.[96] Concurrently, the photogenerated electrons and holes also react with MB to produce reduction and oxidation products, respectively. Finally, the OH• radicals react with MB to yield degradation products.[96] The intermediate products as part of the degradation products in Equation 3 are functional groups such as C-S+=C, C-S(=O)-C, C-H, N-H and some hydroxylated intermediates. Lastly, the complete degradation yields H2O and CO2.[97] For these chemical reactions to occur, when external bias is not applied, an adequate quantity of MoSexOy is needed to initiate the generation of electron-hole pairs, electrons migration and the formation of an internal electric field, for efficient dye decomposition. The optimal MoSexOy coating thickness for the photocurrent generation and photocatalytic decomposition activity in the visible spectral range lies in between 2 - 5 nm (10 - 25 cycles).

3. Conclusion
In summary, thin, homogeneous, and conformal MoSexOy coatings of different thicknesses within 1D TiO2 nanotube layers have been realized by ALD to form a core-shell-like heterostructure. This combination has shown improved photoelectrochemical and photocatalytic decomposition activity compared to the blank TiO2 nanotube layers. The enhanced photoactivity was associated to the MoSexOy coatings passivating TiO2 nanotubes wall and effective geometric construction of 1D nanotubular heterostructure for an efficient light absorption and resulting photogenerated charge transport. Moreover, two features of MoSexOy coatings have imparted added advantages: (i) tunable bandgap with a small variation of thickness and (ii) favorable conduction band level for electrons transfer. This work demonstrated the possibility of incorporating oxyselenide coatings within self-organized TiO2 nanotube layers as a potential photocatalyst for light-driven applications. Such concept can be extended for other oxyselenides and chalcogenides coatings and the achievement of the presented conformal coating is only possible with ALD.

4. Experimental Section 
Preparation of TiO2 nanotube layers: Titanium (Ti) foils were anodized in ethylene glycol based electrolyte containing 10% water and 0.15 M NH4F at 100 V at room temperature using a high-voltage potentiostat (PGU-200V, IPS Elektroniklabor GmbH) to fabricate TiO2 nanotube layers of thicknesses ~5 µm and inner diameters ~230 nm. Subsequently, the TiO2 nanotube layers were annealed at 400 oC, to obtain crystalline nanotube layers in anatase phase which improves their electrical conductivity.[98]
Preparation of MoSexOy coatings: MoSexOy thin films were deposited within TiO2 nanotube layers and on sapphire substrate via atomic layer deposition (ALD, TFS200, Beneq) at a temperature of 167 oC. The molybdenum and selenide precursors used were Mo(CO)6 (Strem) and (Me3Si)2Se (reproduced from the pioneering work by Ritala et al.[99,100]) heated up to 55 oC and 50 oC, respectively. High purity nitrogen (99.9999 %) was the carrier and purging gas at a flow rate of 500 standard cubic centimeters minute (sccm). Under these deposition conditions, one growth ALD cycle was defined by the following sequence: Se pulse (200 ms)-Se exposure (40 s)-N2 purge (120 s)-Mo pulse (1.5 s)-Mo exposure (40 s)-N2 purge (120 s). The TiO2 nanotube layers were coated by applying a different number of ALD cycles, namely 5, 10, 25 and 50. The 50 cycles of MoSexOy coating yields nominal thicknesses of ~10 nm, as examined by ellipsometric measurements carried out on identical MoSexOy thin layers deposited on glass substrate, using variable angle spectroscopic ellipsometry (using VASE® ellipsometer, J.A. Woollam, Co., Inc.).
Material characterizations: The morphology of the blank and MoSexOy deposited TiO2 nanotube layers were characterized by a field-emission scanning electron microscope (FE-SEM JEOL JSM 7500F). The cross-sectional views were obtained from fractured samples subjected to mechanical bending.  Elemental composition of the 50 cycles MoSexOy deposited TiO2 nanotube layers was analyzed by mapping and line scan at the interface of the bottom part of TiO2 nanotube layers and Ti substrate by energy-dispersive X-ray spectroscopy (EDX, AZtec X-Max 20, Oxford Instruments) integrated with SEM at 20 kV. Compositional analyses of the 5 and 50 cycles MoSexOy coatings were carried out by X-ray photoelectron spectroscopy (XPS, PHOIBOS 150, Specs) on sapphire substrates coated under identical deposition condition. The binding energy scale (EB) was referenced to adventitious carbon shifted to 284.8 eV. The spectra were fitted using Shirley-type background and Voight line-shapes.

Measurement of photocurrents: The photocurrent measurements were carried out in an aqueous electrolyte containing 0.1 M Na2SO4 employing a photoelectric spectrophotometer (Instytut Fotonowy) connected with the modular electrochemical system AUTOLAB (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 TiO2 nanotube layers as working electrode, pressed against an O-ring of the electrochemical cell leading to an irradiated sample area of 0.28 cm2. Monochromatic light was provided by a 150 W Xe lamp. The photocurrents were measured with an applied potential 0.4 V vs. Ag/AgCl (3 M KCl) in the spectral region from 330 to 600 nm with 10 nm step. 

Measurement of photocatalytic activities: The photocatalytic activity of the MoSexOy deposited TiO2 nanotube layers was evaluated based on the photocatalytic decomposition of methylene blue (MB) solution with an initial concentration of 1 x 10-5 M. Prior to the MB decomposition, the samples were immersed in a quartz cuvette with 3.5 mL MB in the dark for 1 h with constant agitation to achieve the MB adsorption-desorption equilibrium. The samples were then irradiated by a LED calibrated to a monochromatic blue wavelength (intensity = 0.05 W/cm2, wavelength = 470 nm) for visible light measurement. The absorbance of the MB solution was periodically measured with 10 min interval by a UV-visible spectrometer (S-200, Boeco, Germany) at wavelength 670 nm to monitor the decomposition rates. 
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The table of contents
ALD-synthesized oxyselenide coatings on 1D TiO2 nanotubes layers act as efficient co-photocatalyst. Increased light absorption, reduced optical bandgap and formation of core-shell-like heterojunction due to ultrathin and uniform coatings within TiO2 nanotubes are accounted for enhanced photoelectrochemical activity of the resulting heterojunction and strongly enhanced photocatalytic activity in visible spectral region.
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Figure S1. SEM-EDX elemental mapping (Ti, O, Mo and Se) images for MoSexOy coated (50 cycles) taken from the interface of the bottom part of the TiO2 nanotube layer on Ti substrate.
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Figure S2. SEM-EDX line scan (Ti, O, Mo and Se) profiles for MoSexOy coated (50 cycles) taken from the interface of the bottom part of the TiO2 nanotube layer and the Ti substrate.
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