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Electrochemical fabrication of oriented ZnO nanorods on TiO 2 nanotubes
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We report the ability to use TiO 2 nanotube as a guide layer to achieve the vertical growth of ZnO nanorods, in additive-free bath. First, we focused on the anodisation conditions (cell voltage and anodisation time) to produce TiO 2 nanotube thin films grown from a 1.5 µm thick Ti layer sputtered onto Si. Highly organised titania nanotubes were obtained in glycerol viscous electrolyte. In a second step, the electrochemical growth of ZnO grains has been investigated from a zinc nitrate bath at 70°C on both Ti foil and TiO 2 nanotubes. ZnO deposition mechanism has been highlighted through the electrochemical experiments in conjunction with XRD technique and scanning electron microscopy (SEM) examinations. On Ti foils, we show that addition of additives is required to obtain a highly oriented nanostructured ZnO deposit. On TiO 2 nanotubes, additives are not necessary to obtain such a deposit: Titania nanotubes can be used to guide the vertical growth of hybrid nano-architectured ZnO/TiO 2 electrode.

Introduction

During the last decades, titanium dioxide (TiO 2 ) has become a very promising material because of multiple applications [START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Shankar | Fabrication of nanowires of multicomponent oxides: Review of recent advances[END_REF]. Particularly, the different structures of TiO 2 have been successfully used for photocatalysis, gas sensing, Li batteries, electronic devices and solar cells [START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Armstrong | TiO 2 -B nanowires as negative electrodes for rechargeable lithium batteries[END_REF][START_REF] Berger | High-efficiency conversion of sputtered Ti thin films into TiO 2 nanotubular layers[END_REF][START_REF] Francioso | TiO 2 nanowires array fabrication and gas sensing properties[END_REF][START_REF] Jitputti | Synthesis of TiO 2 nanowires and their photocatalytic activity for hydrogen evolution[END_REF][START_REF] Kitano | Recent developments in titanium oxide-based photocatalysts[END_REF][START_REF] Shiraishi | Selective organic transformations on titanium oxide-based photocatalysts[END_REF][START_REF] Su | Novel low humidity sensor made of TiO 2 nanowires/poly(2-acrylamido-2-methylpropane sulfonate) composite material film combined with quartz crystal microbalance[END_REF]. Although TiO 2 nanoparticles have been used for several applications, the electronic transportation phenomenon limits the efficiency of the material owing to the grain boundaries in the semiconductor. Recently, the use of one-dimensional nanostructures like nanowires and nanotubes has shown a significant improvement of the electronic transport. Moreover, nanotubes offer the option of heterogeneous materials [START_REF] Jiang | Low-temperature hydrothermal synthesis of flower-like ZnO microstructure and nanorod array on nanoporous TiO 2 film[END_REF][START_REF] Wang | Synthesis of ZnO/TiO 2 nanotube composite film by a two-step route[END_REF] opening new perspectives for the development of devices based on photocatalysis and photochemical properties.

With several advantages such as high reproducibility, low temperature operation and the ability to control accurately the size structures on various substrates [START_REF] Bestetti | Structure of nanotubular titanium oxide templates prepared by electrochemical anodization in H 2 SO 4 /HF solutions[END_REF][START_REF] Chen | Fabrication of 10 nm diameter TiO 2 nanotube arrays by titanium anodization[END_REF][START_REF] Choi | Anodization of nanoimprinted titanium: a comparison with formation of porous alumina[END_REF][START_REF] Tang | Preparation of TiO 2 nanotube on glass by anodization of Ti films at room temperature[END_REF][START_REF] Yu | Fabrication of nanostructured TiO 2 by anodization: A comparison between electrolytes and substrates[END_REF], the electrochemical approach is highly appreciated to fabricate 1D nanostructures. The first methods to grow nanostructured TiO 2 and selforganised TiO 2 nanotubes were based on simple anodisation procedures performed in acidic electrolytes containing fluoride ions [START_REF] Gong | Titanium oxide nanotube arrays prepared by anodic oxidation[END_REF][START_REF] Zwilling | Anodic oxidation of titanium and TA6V alloy in chromic media. An electrochemical approach[END_REF]. The nanotubes are formed as a result of a competition between the electrochemical growth and the selective chemical dissolution of the oxide layer [START_REF] Yasuda | Mechanistic aspects of the self-organization process for oxide nanotube formation on valve metals[END_REF]. Further progress was recently achieved on bulk Ti foils by using viscous electrolyte containing fluoride ions for which smoother tubes can be grown compared with viscous electrolyte [START_REF] Macak | Anodic growth of self-organized anodic TiO 2 nanotubes in viscous electrolytes[END_REF]. Very few works about electrochemical oxidation of Ti thin film in viscous electrolyte can be found [START_REF] Leclere | Tracer investigation of pore formation in anodic titania[END_REF].

Because of several remarkable properties [START_REF] Ge | Nanostructured ZnO: from monodisperse nanoparticles to nanorods[END_REF][START_REF] Kao | Low temperature solution-synthesis and photoluminescence properties of ZnO nanowires[END_REF][START_REF] Wang | The influence of orientation on the photoluminescence behavior of ZnO thin films obtained by chemical solution deposition[END_REF], ZnO is a II-VI semiconductor material widely used for many applications and particularly for the fabrication of photovoltaic devices. ZnO can be synthesised not only using template-based processing [START_REF] Wu | Controlled synthesis of ZnO nanowires or nanotubes via sol-gel template process[END_REF][START_REF] Zheng | Fabrication and optical properties of large-scale uniform zinc oxide nanowire arrays by one-step electrochemical deposition technique[END_REF], hydrothermal method [START_REF] Wang | Dye-sensitized solar cells based on oriented ZnO nanowire-covered TiO 2 nanoparticle composite film electrodes[END_REF], wet technique [START_REF] Vayssieres | Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions[END_REF] and metal organic chemical vapour deposition [START_REF] Chen | Electrodeposited nanoporous ZnO films exhibiting enhanced performance in dye-sensitized solar cells[END_REF] but also by electrodeposition process. The one-step electrodeposition of ZnO films was first reported by Izaki and Omi [START_REF] Izaki | Transparent zinc oxide films prepared by electrochemical reaction[END_REF] using nitrate ions as oxygen precursor. More results have been reported by Pauporte and Lincot [START_REF] Pauporte | Heteroepitaxial electrodeposition of zinc oxide films on gallium nitride[END_REF], Peulon and Lincot [START_REF] Peulon | Mechanistic study of cathodic electrodeposition of zinc oxide and zinc hydroxychloride films from oxygenated aqueous zinc chloride solutions[END_REF] and Ramirez et al. [START_REF] Ramirez | Electrochemical growth of ZnO nanowires inside nanoporous alumina templates. A comparison with metallic Zn nanowires growth[END_REF] using dissolved oxygen at 70°C. The synthesis of ZnO nanowires has also been achieved by a template technique [START_REF] Zheng | Fabrication and optical properties of large-scale uniform zinc oxide nanowire arrays by one-step electrochemical deposition technique[END_REF][START_REF] Enculescu | Influence of geometrical properties on light emission of ZnO nanowires[END_REF]. This method consists of filling the pores of a nanoporous insulating membrane (typically anodic alumina or polycarbonate membranes) that can be subsequently removed after the electrodeposition process. Template-free strategies reported also the use of different additives to tailor the size and morphology of the electrodeposited ZnO crystallites [START_REF] Xu | Controllable morphology evolution of electrodeposited ZnO nano/micro-scale structures in aqueous solution[END_REF]. Among them, hexamethylenetetramine (HMT) seems to produce highly oriented ZnO rods. In a recent work of Welling et al. [START_REF] Wellings | Growth and characterisation of electrodepo sited ZnO thin films[END_REF], the influence of deposition potential on the crystallographic structure and transparency of ZnO film deposited on ITO has also been reported.

Both TiO 2 nanotubes and ZnO nanowires have been proposed separately for the fabrication of dye-sensitised solar cell (DSSC) [START_REF] Stergiopoulos | Dye-sensitized solar cells based on thick highly ordered TiO 2 nanotubes produced by controlled anodic oxidation in non-aqueous electrolytic media[END_REF][START_REF] Baxter | Dye-sensitized solar cells based on semiconductor morphologies with ZnO nanowires[END_REF] and photoelectrocatalytic applications. It has also been shown that the combination of TiO 2 and ZnO can improve the efficiency of solar cell [START_REF] Wang | Dye-sensitized solar cells based on oriented ZnO nanowire-covered TiO 2 nanoparticle composite film electrodes[END_REF][START_REF] Lee | TiO 2 nanotubes with a ZnO thin energy barrier for improved current efficiency of CdSe quantumdot-sensitized solar cells[END_REF] or photoelectrocatalytic activity [START_REF] Zhang | Preparation and photoelectrocatalytic activity of ZnO nanorods embedded in highly ordered TiO 2 nanotube arrays electrode for azo dye degradation[END_REF]. In these papers, TiO 2 films were obtained either as slurry spread on glass [START_REF] Wang | Dye-sensitized solar cells based on oriented ZnO nanowire-covered TiO 2 nanoparticle composite film electrodes[END_REF] or by anodisation in acid solutions containing fluoride ions [START_REF] Lee | TiO 2 nanotubes with a ZnO thin energy barrier for improved current efficiency of CdSe quantumdot-sensitized solar cells[END_REF][START_REF] Zhang | Preparation and photoelectrocatalytic activity of ZnO nanorods embedded in highly ordered TiO 2 nanotube arrays electrode for azo dye degradation[END_REF], whereas ZnO layers were deposited using a hydrothermal method with zinc nitrate solution containing HMT at 92°C for 24 h [START_REF] Wang | Dye-sensitized solar cells based on oriented ZnO nanowire-covered TiO 2 nanoparticle composite film electrodes[END_REF] or by successive ionic adsorption and reaction method [START_REF] Lee | TiO 2 nanotubes with a ZnO thin energy barrier for improved current efficiency of CdSe quantumdot-sensitized solar cells[END_REF] or cathodic deposition [START_REF] Zhang | Preparation and photoelectrocatalytic activity of ZnO nanorods embedded in highly ordered TiO 2 nanotube arrays electrode for azo dye degradation[END_REF]. However, the development of low-cost and weak energy consuming approaches has still to be considered to achieve the fabrication of such a tandem material.

In this paper, the fabrication of TiO 2 -ZnO hybrid nanomaterials is achieved by simply using a two-step electrochemical technique. Titania nanotubes were obtained from the anodisation of Ti thin film in a glycerol-containing electrolyte. The effects of applied potential and anodisation time upon the morphology of TiO 2 nanotubes have been analysed. Then, the electrochemical growth of ZnO rods on Ti foils and on TiO 2 nanotubes has been studied. In agreement with previous works recently reported in the case of tin nanowire [START_REF] Ortiz | A novel architectured negative electrode based on titania nanotube and iron oxide nanowire composites for Li-ion microbatteries[END_REF][START_REF] Ortiz | Nanoarchitectured TiO 2 /SnO: a future negative electrode for high power density li-ion microbatteries?[END_REF][START_REF] Ortiz | Nanocomposite electrode for Li-Ion microbatteries based on SnO on nanotubular titania matrix[END_REF][START_REF] Hanzu | Mechanistic study of Sn electrodeposition on TiO 2 nanotube layers: thermodynamics, kinetics, nucleation, and growth modes[END_REF][START_REF] Djenizian | Electrochemical fabrication of tin nanowires: a short review[END_REF], we show that the titania nanotubes could be used as a guide layer to activate the electrochemical growth of vertical ZnO nanomaterials.

Experimental

Titanium thin film on Si

First, Ti thin films were deposited on p-type Si (100) substrates with a resistivity of 1-10 Ω cm (Wafer World, Inc.). Before sputtering, Si samples were sonicated for 20 min alternatively in acetone, isopropanol and methanol, rinsed with deionised water and dried under argon stream. To remove the native oxide layer, the Si substrates were dipped in 1% HF solution during 30 s, then rinsed in deionised water, and dried under argon stream. Ti (99.99% purity) was the sputtering target and the base chamber pressure prior to deposition was kept below 10 -7 Torr. The Si substrates were not heated during the procedure. The high purely argon pressure and the target current during deposition were 6 × 10 -4 Torr and 150 mA, respectively. Under these conditions, the deposition rate was 12.5 nm/min. In this work, Ti layer of approximately 1.5 µm thick with a columnar morphology was obtained after two hours.

Titania nanotubes

Titania nanotubes were obtained from the anodisation of the Ti thin films at room temperature (~25°C) using a two-electrode configuration (Ti thin film as working electrode and a Pt grid as counter electrode). Glycerol (GPR Rectapur 24387.292) +1.3% NH4F (98% Aldrich 12125-01-8) +2% water served as viscous electrolyte. Different potentials were applied during 10 min using a potentiostat Parstat 2273 (EGG). The influence of the anodisation time at a constant applied potential on the growth of titania nanotubes was also checked. After anodisation, the samples were rinsed with deionised water and dried in argon stream.

Zinc oxide deposition

Zinc oxide deposition was first studied using voltammetric experiments in a three-electrode configuration. The equipment consisted in an EGG-PAR model 273 potentiostat-galvanostat. The working electrodes studied were Ti foil. A Pt grid was used as counter electrode and Ag-AgCl KCl saturated as reference electrode. The experiments were done at 70°C in an aqueous solution of Zn(NO 3 ) 2 (98% 10196-18-6 Sigma-Aldrich) 0.005 M with or without additive: HMT (C 6 H 12 N 4 99% 100-97-0 Aldrich) 0.005 M. The pH of the as-prepared solution was almost 5. From voltammetric study, some reduction potentials were chosen to obtain bulk ZnO deposits. The same procedure was carried out on TiO 2 nanotube layers to fabricate ZnO/TiO 2 hybrid nanomaterial.

Characterisations

Atomic Force Microscopy (AFM) measurements in contact mode (CP auto probe provided by Park Scientific Instrument) were performed on Ti thin film and Ti foil to assess the roughness of the surface. SEM images (Philips XL-30 FEG) were used to study the morphology of the titania nanotubes and ZnO deposits. XRD experiments (D5000 diffractometer, with Cu K α radiation) were performed to analyse the ZnO layer electrochemically grown directly onto Ti foil and titania nanotubes.

Results and discussion

Titania nanotubes

The roughness of the Ti layer has a strong influence on the morphology of the titania nanotubes. A decrease in roughness improves the quality of the nanotube arrays. The AFM image of sputtered Ti thin film before anodisation is shown in Figure 1(A). The deposit is homogeneous with a very low roughness (Rms = 2.6 nm) and an average size of Ti grains of around 60 nm. Compared with Ti foil substrate (Figure 1(B)), it is clearly apparent that the roughness is higher (Rms = 41 nm) and the Ti grain size is significantly larger (approximately 160 nm). To understand the influence of the applied potential on the morphology of the nanotubes, Ti thin films were anodised during 10 min in glycerol-containing electrolyte for potential ranging from 40 V to 90 V. From SEM images shown in Figure 2, the diameter of the nanotubes increases with increasing voltage. For an applied potential of 40, 60, 80 and 90 V, the corresponding diameter is around 35, 40, 60-90 and 60-90 nm, respectively. Then, the diameter is more homogeneous at low potential. It can be noted that the layer reveals the presence of cracks when the applied voltage is higher (Figure 2(D)) weakening the mechanical properties of the film. Then, the anodisation voltage has been assessed at 60 V. Cross-sectional SEM images were taken for several anodisation times (Figure 3). The rate of TiO 2 growth and Ti layer consumption was analysed for 0, 10, 20 and 40 min.

From Figure 3(A), the initial Ti layer presents a columnar structure with an initial thickness of 1.5 µm, which is consistent with previous work [START_REF] Premchand | Fabrication of self-organized TiO 2 nanotubes from columnar titanium thin films sputtered on semiconductor surfaces[END_REF]. Figure 3(B)-(D) depicts the cross-sectional views of anodised samples carrying vertical arrays of self-organised TiO 2 nanotubes. In agreement with the literature [START_REF] Macak | Anodic growth of self-organized anodic TiO 2 nanotubes in viscous electrolytes[END_REF], the tubes grown in glycerol-containing electrolyte are smoother with more homogeneous morphological properties than those obtained in very similar conditions by our group in aqueous electrolyte [START_REF] Premchand | Fabrication of self-organized TiO 2 nanotubes from columnar titanium thin films sputtered on semiconductor surfaces[END_REF]. For anodisation time below 10 min, the rate of TiO 2 growth is approximately 150 nm/min. Then, the titania growth rate is found to be 40-50 nm/min after 10 min of anodisation. The rate of Ti consumption was about 40 nm/min and shows also a decrease until 10 nm/min. The dependence of the thickness vs. time (Figure 4) suggests a first-order reaction dependent on the Ti concentration. 

ZnO deposition on Ti foil

The electrochemical formation mechanism of ZnO is known to be initiated by the reduction of nitrate ions that produced hydroxide, followed by the precipitation of Zn(OH) 2 . The conversion of Zn(OH) 2 into ZnO occurs in an ultimate step owing to the temperature effect [START_REF] Izaki | Transparent zinc oxide films prepared by electrochemical reaction[END_REF][START_REF] Enculescu | Influence of geometrical properties on light emission of ZnO nanowires[END_REF]. The sequence of the ZnO deposition can be summarised by the following equations:
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To highlight the deposition mechanism involved, voltammograms were performed on Ti electrode from zinc nitrate containing solution with and without additive (Figure 5). The reduction processes obtained are very different. In the additive-free electrolyte, a single increase in current occurs for a cathodic potential lower than -1 V (zone 2 in Figure 5). In the presence of additive, there are two reduction potential zones: the first (zone 1) shows an increase in current followed by a current plateau between -0.8 V and -1 V that indicates a diffusion control process. The second (zone 2) corresponds to that obtained without additive. The examination of the potential values reveals that only the reduction of nitrate to nitrite ions can occur in zone 1 but this reaction is not favourable in an energetic point of view because of the reduction of anion on a cathodic electrode (negative surface). The two other reactions can take place only in zone 2.

Polarisations of Ti electrode were then performed at -0.9 V (zone 1) and -1.1 V (zone 2), during 3 min from both solutions. The SEM images obtained without additive are shown in Figure 6(A) and (B), whereas Figure 6(C) and (D) are obtained from additive-containing solution. In accordance with the voltammetric study, no deposit can be observed in Figure 6(A) confirming that the reduction of nitrate ions and then the precipitation of ZnO can only arise at a more cathodic applied potential. Actually, in Figure 6(B) spherical grains with a quite homogeneous size of about 300 nm in diameter appear at -1.1 V. The Energy Dispersive X-Ray Spectrum given in Figure 7 shows the presence of Ti, Zn and O elements. When HMT is added to the solution, some sticks lying on the Ti surface appear for a potential value of -0.9 V (Figure 6

(C)).

By increasing the cathodic applied potential (Figure 6(D)), a significant deposit is obtained while the shape of the grains is remained unchanged.

XRD analysis performed on deposits carried out at -1.1 V from both solutions is given in Figure 8. The experimental diffractograms were compared with the powder standard JCPDS (vertical line on the figure) of ZnO hexagonal würtzite phase (JCPDS File No: 00-036-1451) and the hexagonally closed packed structure of α-Ti (JCPDS File No: 44-1294) corresponding to the remaining Ti layer. In both cases, three peaks attributed to the ZnO structure are identified. Without additive (Figure 8(A)), no preferential orientation appears, the relative intensity of the peaks is in the same order than the values corresponding to the ZnO JCPDF files: [101] > [100] > [002]. From crystallites grown in the additive-containing solution, the [002] intensity is slightly higher than the [101] showing a preferential orientation in the c axis direction.

Combining the SEM and XRD analysis carried out on the bulk deposits with the voltammograms obtained in Figure 5, we assume that the current obtained in zone 2 is related to nitrate ions and proton reduction responsible for the ZnO formation. No metallic Zn deposit owing to the Zn 2+ reduction could be obtained in this part of the curve, which is not in agreement with results reported in reference [START_REF] Wellings | Growth and characterisation of electrodepo sited ZnO thin films[END_REF]. From additive-containing solution, the current plateau obtained in zone 1 can be related to the reduction of nitrate ions, which is enhanced by the presence of the additive. Otherwise, HMT is also added to chemical bath as precursor at high temperature (higher than 80°C during several hours) [START_REF] Xu | Controllable morphology evolution of electrodeposited ZnO nano/micro-scale structures in aqueous solution[END_REF][START_REF] Yang | Well-aligned ZnO rod arrays grown on glass substrate from aqueous solution[END_REF]. In this case, the chemical decomposition of HMT into ammonia can also lead to the formation of ZnO crystals according to the following reactions [START_REF] Vernardou | The effect of growth time on the morphology of ZnO structures deposited on Si (100) by the aqueous chemical growth technique[END_REF]:

(CH 2 ) 6 N 4 + 6H 2 O → 6HCHO + 4NH 3 NH 3 + H 2 O → NH 4 + + OH Zn 2+ + 2OH -→ Zn(OH) 2 Zn(OH) 2 → ZnO + H 2 O
However, the decomposition of HMT cannot be responsible for the current recorded on the voltammogram (only chemical reactions are involved), nor to the deposit obtained at -0.9 V in Figure 6(C) (temperature and duration are not sufficiently high). The accelerating effect owing to the HMT observed from both voltammetric study and SEM images can be related to an ion pairing mechanism, which has been already described by Franklin et al. [START_REF] Franklin | Ion-pairing as a mechanism of action of additives in electrodeposition[END_REF]. This kind of ion pairing effect occurring for quaternary ammonium salts is expected to lower the energy barrier for adsorption of negatively charged species ( 3NOin our case) onto the surface of the cathode. 

ZnO deposition on TiO 2 nanotube arrays

The effect of the TiO 2 nanotube arrays on the ZnO deposition mechanism was firstly checked by voltammetry in a 0.005 M zinc nitrate solution (Figure 9). We can note that on TiO 2 , the reduction of nitrate ions gives rise to larger cathodic currents.

In addition, the onset potential reaction on TiO 2 is found at -0.7 V, which is a lower cathodic potential than that obtained for Ti. This result demonstrates that the reduction reaction of nitrate ions on TiO 2 is thermodynamically enhanced. As a consequence, the precipitation of ZnO is enhanced too. The beneficial effect of TiO 2 may be due to the nature of the substrate as the strong increase in the surface owing to nanostructuring.

ZnO grains were deposited directly on both Ti thin film and titania nanotubes described in Figure 2(B). Potentiostatic experiments were carried out at 70ºC in aqueous solution 0.005 M Zn(NO 3 ) 2 , by applying -1.1 V/SCE during 10 min (Figure 10). Clearly, the morphology of ZnO is strongly influenced by the nature of the substrate. The presence of the nanotubes leads to vertically oriented and densely packed grains showing a wire shape with an average diameter size of 250 nm (Figure 10(C) and (D)). For comparison, ZnO grains exhibit a globular structure without any orientation and an average size of 500 nm when deposition on performed on Ti substrate (Figure 10(A) and (B)). The ZnO surface structuration obtained on TiO 2 nanotubes is significantly higher than that obtained from the additive-containing bath on Ti substrate. As it has been found in the previous work [START_REF] Hanzu | Mechanistic study of Sn electrodeposition on TiO 2 nanotube layers: thermodynamics, kinetics, nucleation, and growth modes[END_REF], the presence of nanotubes can modify the morphology of the electrodeposited layer and enhance the formation of vertical grains owing to a preferred orientation growth mechanism. The influence of deposition time on the ZnO structure has also been studied. Figure 12(A) and (B) shows SEM images of ZnO grains grown onto nanotubes for 5 and 15 min. The corresponding cross-sectional images tilted at 30° are given in Figure 12(C) and (D). Clearly, the length of the ZnO grains increases with the deposition time while the diameter size is not modified (around 250 nm). The length of the particles is ranging from 500 nm to 800 nm after 5 min of deposition and from 1.2 µm to 1.9 µm after 15 min. It can be noted that the number of grains increases with increasing deposition time suggesting that a progressive growth mechanism is involved if nucleation occurs at the top surface of the nanotubes.

Conclusions

The electrochemical formation of ZnO crystallites has been studied using voltammetry. The effect of HMT was determined and the growth potential condition was optimised to obtain ZnO-oriented structure on Ti foil. ZnO rods have been also electrochemically deposited onto TiO 2 nanotubes grown from anodisation of Ti thin films. Besides the fact that titania nanotubes can be fabricated from a Ti thin film in a glycerol-containing electrolyte, we demonstrated that the presence of the nanotubes can promote the wire-like shape of the ZnO grains. The simple procedure described in this work to achieve the fabrication of hybrid ZnO rods/titania nanotubes can be of potential interest for sensors, photovoltaics or photoelectrocatalytic applications. 
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 12 Figure 12 ZnO deposited on titania nanotubes by applying -1.1 V/SCE during 5 min (A) and 15 min (B). The corresponding cross sections are shown in (C) and (D), respectively