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Introduction

Quantum-dots (QDs) are inorganic semiconducting nanoparticles with unique optoelectronic properties [START_REF] Mansoori | Principles of Nanotechnology (Molecular-Based Study of Condensed Matter in Small Systems)[END_REF]. The most popular QDs class associates group II with group VI elements [START_REF] Hommel | [END_REF]: they 2 can be engineered to cover a wide absorption wavelength range by cladding with higher band-gap passive materials or by particle size tuning, since they are easily prepared by soft-chemistry. Due to their often conveniently placed band-gap and band-edge energies [3,4], they can be coupled to photoactive materials like titania and improve their photoelectrochemical (PEC) properties through increasing visible light absorption and limiting charge carriers' recombination [5]. This synergetic feature can be mediated by scavengers if the II-VI QD band-edge energies are not exactly well-adjusted. CdSe's high visible light luminescence efficiency (quantum yield ~50%) [6] and single photon emission wavelength tunability from red (640nm) to blue (480nm) by size decreasing [6] deem it auspicious as an efficient UV-to-visible titania photosensitizer. Herein, we deposited monomodal-sized CdSe QDs produced by the polyol process [7,8] on TiO2 nanofibers (NFs) on a Ti substrate, and investigated the PEC properties of the hetero-nanostructures towards light assisted water splitting applications.

Experiments

Electrode fabrication.

QDs were synthesized using the polyol process: 0.8mmol of selenium and 0.8mmol of trioctylphosphine were dissolved in 90mL of tetraethyleneglycol. 5mmol of cadmium acetate dehydrate and 0.8mmol of trioctylphosphine oxide were added and the mixture was heated up to 190°C for 15min and cooled down in an ice bath. The reddish powder was recovered by centrifugation, washed with ethanol and dried at 50°C. CdSe-TiO2/Ti samples were produced by controlled hydrothermal corrosion of Ti sheets (0.5×20×10mm 3 ) [9], subsequently immersed into a previously prepared impregnation solution (3mg of the produced QDs dispersed in 4mL ethanol), maintained under vigorous sonication for 30min and left to rest overnight. They were washed in ethanol and dried at 80°C.

Electrode characterization.

Crystalline structures were determined by X-ray diffraction (XRD) using a Panalytical XpertPro (λCo=1.7889Å) (CdSe powder) or a Panalytical Empyrean (λCu=1.5418Å) (TiO2/Ti and CdSe-TiO2/Ti sheets) diffractometer using Rietveld refinements [10]. Morphologies were observed using a Supra40 ZEISS scanning electron microscope (SEM) at 2.5kV and a JEOL JEM-100CX-II transmission electron microscope (TEM) at 100kV. Optical absorption was evaluated using a CARY-56 E spectrophotometer, in transmission mode, for CdSe colloids and a Perkin-Elmer Lambda-1050 spectrophotometer, in reflectance mode, for TiO2/Ti and CdSe-TiO2/Ti sheets. X-ray photoelectron spectroscopy (XPS) was performed using a Thermo-VG ESCALAB250 instrument with an Al-Kα X-ray source (1486.6eV) and magnetic lens (Energy calibration based on adventitious C(1s) peak at 285eV).

PEC assays.

PEC data were acquired using a BioLogic VSP potentiostat/galvanostat and EC-Lab® software, in Na2S-Na2SO3 (0.25M) electrolyte (pH=7.0) purged with argon, in a threeelectrode single-compartment cell, with a platinum wire cathode and Ag/AgCl (KCl 1M) reference. Photoanodes were illuminated (1.0cm 2 area) using a 450W Xenon lamp (Newport with an AM1.5G, 100mW.cm -2 ). Electrochemical impedance spectroscopy (EIS) was performed, applying a sinusoidal voltage (200kHz-100MHz frequency range, 10mV amplitude). Data were treated (Zview software) through well-defined fitting processes (χ 2 ~10 -4 ).

Results and Discussion

XRD indicates wurtzite structure for the CdSe (ICDD n°98-004-1825) (Figure 1c), with cell parameters of 4.30(2) and 7.00(2)Å (similar to bulk CdSe) and average crystallite size of 2.5nm, consistent with TEM observations (Figure 1d and Figure S1). XRD of TiO2/Ti and CdSe-TiO2/Ti match with Ti (ICDD n°98-004-3416) and anatase-TiO2 (ICDD n°98-002-4276) as major and minor phases, respectively (Figure 1a,b). CdSe phase in the impregnated sample was only identified by TEM due to its low concentration and small crystal size. Micrographs of peeled-off CdSe-TiO2 fibers suggest their presence through 2-3nm (expected CdSe particle size) dark dots randomly distributed on 1D-titania surface (Figure 1f and Figure S2).

Survey XPS spectra corroborates these findings: while TiO2/Ti exhibits mainly the signatures of Ti(2p) and O(1s), at 458 and 530eV, respectively (Figure 2a), CdSe-TiO2/Ti shows additional signatures, those of Cd(3d) and Se(3d), at 405 and 54eV, respectively (Figure 2b). Furthermore, high-resolution XPS spectra, regarding the Cd(3d) and Se(4d) signals, exhibits a double peak only for CdSe-TiO2/Ti, centered at 405 and 412eV, attributed to Cd 2+ (3d5/2) and Cd 2+ (3d3/2) species and a broadened peak, with two contributions at 52.7 and 53.6eV, for the Se 2- (3d5/2) and Se 2-(3d3/2) species, respectively (Figure 2), which are characteristic of wurtzite CdSe [11]. Through XPS quantification, the surface atomic Se/Ti ratio was 0.09, a value that is not absolute, but indicative of the amount of QDs loading.

In Figure 3a the absorption spectra of TiO2/Ti and CdSe-TiO2/Ti exhibit the characteristic band-to-band titania signature at ~300nm and that of titania carbon doping at ~438nm [12]. This band is significantly broadened (till ~700nm) for the impregnated sample. The inset presents the optical absorption spectrum for a CdSe colloid with two clear bands in the visible light range at 485nm (2.50eV) (band-to-band transition, higher than that of bulk CdSe due to quantum confinement effect) and 586nm (2.17eV) (surface defect transitions) [13,14], contributing to the wide visible light absorption capability of the impregnated sample. and Se(3d5/2) (magenta and green, respectively) and their theoretical sum (black). (f) Cd(3d) and (g) Ti(2p) high-resolution spectra of TiO2/Ti, CdSe-TiO2/Ti and CdSe.

Despite tuning the valence band (VB) energy position of CdSe (compared to bulk [15]) by decreasing crystal size, it remains above TiO2's VB edge, higher than the 1.23eV required for water oxidation [16]. This means that our system requires electron scavenging species, such as sulfide and sulfite ions, as sacrificial electrolyte. They ensure the transfer of the excited photoelectrons from CdSe conduction band (CB) to the TiO2 CB by abstracting holes from CdSe VB while producing S2O3 2-(Eq.1). While thermodynamically Eq.1 can also occur over TiO2's VB, it seems that kinetics do not allow it to happen with TiO2's holes as easily as expected [17] (Figure S3). The in-situ produced S2O3 2-limits the electron-hole recombination in TiO2 by abstracting holes from its VB while reacting with hydroxyl ions to regenerate SO3 2-(Eq.2). The S 2-concentration decrease can be eventually compensated by a continuous addition of Na2S for longer operation times. Herein, each measurement was performed using a fresh electrolyte.

2h + (VBCdSe) + S 2-+ SO3 2-→ S2O3 2- (Eq.1) 2h + (VBTiO2) + S2O3 2-+ 3OH -→ SO3 2-+ H2O (Eq.2)
Figure 3b shows photocurrent versus bias under continuous illumination for bare and impregnated photoanodes. As expected, the photocurrent density (J) is always much higher for EIS analysis further validates our systems' behavior: Figure 3c shows Nyquist plots for the two anodes and Figure 3d shows the equivalent circuit (EQC) designed to model the raw data. EQC consists of the electrolyte resistance (Rs), the Helmholtz double layer resistance (Rdl) with its in parallel capacitance as a constant phase element (CPEdl), and the space charge layer resistance of the semiconductor (Rsc) with its in parallel CPEsc [21,22]. The J improvement for the impregnated anode (Figure 3b) agrees with a lower charge transfer resistance (Rdl+Rsc) and smaller RctCdl product, indicator of higher intrinsic catalytic activity (ICA) [21] (Table 1).

Conclusion

CdSe-TiO2/Ti photoanodes were synthesized via a three-step method: controlled hydrothermal corrosion of Ti sheets, polyol synthesis of CdSe QDs and impregnation of TiO2/Ti in the QDs 
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 1 Figure 1. XRD patterns of (a) TiO2/Ti, (b) CdSe-TiO2/Ti and (c) CdSe. Micrographs of (d) CdSe QDs, (e) CdSe-TiO2/Ti sheet and CdSe-TiO2/Ti and (f) their detached fibers.

Figure 2 .

 2 Figure 2. XPS spectra of (a) TiO2/Ti, (b) CdSe-TiO2/Ti and (c) CdSe. Se(3d) high-resolution spectra of CdSe-TiO2/Ti (d) and CdSe (e), presented with deconvoluted contributions of Se(3d3/2) and Se(3d5/2) (magenta and green, respectively) and their theoretical sum (black). (f) Cd(3d) and (g) Ti(2p) high-resolution spectra of TiO2/Ti, CdSe-TiO2/Ti and CdSe.
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 3 Figure 3. (a) UV-Visible absorption spectra of TiO2/Ti (black), CdSe-TiO2/Ti (red) and CdSe (blue). (b) J-V voltammograms recorded at 10 mV s -1 . (c) Impedance spectra and modelled data for TiO2/Ti and CdSe-TiO2/Ti. Inset: high frequency magnification. (d) EQC used to fit EIS data.

  suspension. A net photocurrent enhancement was observed on CdSe-TiO2/Ti in pH-neutral electrolyte at zero-bias (vs. Ag/AgCl) due to increased visible-range light absorption and effective charge carrier separation (hole harvesting electrolyte contribution). EIS confirms its ICA increase due to the sensitization. Credit authorship contribution statement S.C. and S.C.: Data curation, Formal analysis, Writing -original draft, Visualization, Project administration. N.S., H.B. and L.C.: Data curation, Formal analysis, Writing -review. A.C., S.A., F.M. and S.A.M.: Supervision, Project administration Writing -review.
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 1 Electrochemical parameters for TiO2/Ti and CdSe-TiO2/Ti in Na2S-Na2SO3 electrolyte.
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