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Abstract 

Here we report on structural properties and the photo-electrochemical response of annealed 

TiO2 nanotube layers, grown on four different Ti substrates by an identical anodization 

process. TiO2 nanotube layers were grown on Ti substrates by anodization in glycerol 

containing NH4F and water. The layers were then annealed at 400 °C for 1 hour in air. 

Photocurrent densities of annealed nanotubes were recorded upon irradiation with ultraviolet 

(UV) light at a constant potential of 0.4 V, in a 0.1 M Na2SO4 aqueous solution.  

Approximately, a 280 % difference in the photocurrent densities was recorded from TiO2 

nanotubes fabricated from different Ti substrates. To elucidate the origin of this difference, 

the nanotube layers were scrutinized by Mott-Schottky measurements, X-ray diffraction 

(XRD) and Electron Energy Loss Spectroscopy (EELS). Inspection of the XRD patterns 

revealed preferential crystallographic orientations in various Ti substrates from which TiO2 

nanotube layers were produced. Subsequent EELS analyses of the annealed nanotube layers 

disclosed significant differences in the Ti:O stoichiometry, in accordance with XRD 

evaluation of preferential orientation differences among used Ti substrates.  

 

Keywords: TiO2 nanotubes, Anodization, Anatase, Photo-current, Stoichiometry 

mailto:jan.macak@upce.cz


2 
 

1. Introduction 

Titanium dioxide (TiO2) is one of the most promising semiconductors for photo-

electrochemical applications, particularly due to its non-toxicity, low cost and stability 

against photo-corrosion. Self-organized TiO2 nanotubes represent a very promising 

architecture for the fabrication of highly efficient TiO2 electrodes. This is because the 

nanotubes not only present a large surface area for enhanced light absorption in their one-

dimensional ordered structure, but their straight walls might also offer a direct path for photo-

generated electrons towards the underlying Ti metal back contact. Stimulated by initial 

reports of Assefpour-Dezfuly et al. in 1984 [1] and of Zwilling et al. in 1999 [2], the 

formation of TiO2 nanotubes by anodization of Ti has gained a lot of attention within past 12 

years, owing to their wide range of applications [3-7]. Since then, parameters influencing the 

nanotube growth and dimensions, such as different electrolytes [8-11], anodization potential 

and time [12-14], and the electrolyte aging process were studied in great detail [15]. 

Comprehensive reviews are available that summarize these important aspects [16-18]. Until 

now, the majority of reports published on the applications of TiO2 nanotubes is related to 

their photo-electrochemical properties, utilized in photo-catalysis [19], dye-sensitized solar 

cells [20], and water splitting [21].  

Different studies have been carried out to understand the relationship between the 

photo-electrochemical performance of the nanotube layers and (i) nanotube dimensions [22-

24], (ii) the annealing process [25-27], (iii) doping [24, 28-30], (iv) water content in the 

electrolyte [31,32], and (v) alteration of the tube geometry [33-35]. For example, Liu et al. 

[26] has shown that between different annealing processes, such as thermal annealing, water 

annealing and hydrothermal annealing, the thermal annealing process is the most favourable 

approach for optimum performance of the nanotubes in applications utilizing the UV as well 

as the VIS light illumination. On the other hand, Schmuki et al. [24, 29] and Regonini et al. 

[30] utilized Nb doping of the TiO2 nanotubes to further improve photo-electrochemical 

response of their nanotube layers. However, no study until now has been conducted that 

would investigate the photo-electrochemical response of self-organized TiO2 nanotubes 

grown on different Ti substrates obtained from different suppliers with different purity and 

texture. It can be expected that the structural and compositional variations in the different Ti 

substrates will be reflected in the structural as well as photo-electrochemical response of the 

TiO2 nanotube layers grown from them. Recently, we reported on different nanotube 

dimensions and ordering of the nanotube layers grown on different Ti substrates used for 

anodization [36], taking into account the roughness of different substrates, the microstructure 
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and different impurities of the Ti thin foils (revealed by GD-OES). Especially, these metallic 

impurities could be potentially embedded in various forms in the TiO2 nanotube layer grown 

by anodization and thus they could influence subsequent properties of these nanotube layers. 

In the literature, however, no clear answer or at least relevant discussion on the metallic 

impurities and their influence on the nanotube growth has been provided until now, 

potentially also due to a limited number of techniques able to reveal extremely small 

differences in the stoichiometry of TiO2 nanotubes.    

In order to address this point, we prepared anodic TiO2 nanotube layers on different 

Ti substrates under as identical conditions as possible to yield nanotube layers with as similar 

dimensions as possible. In the next step, we carried out photo-electrochemical analyses of 

TiO2 nanotube layers under ultraviolet (UV) light illumination. To elucidate the differences 

in the photo-electrochemical performance, we analysed structural differences in the TiO2 

nanotube layers by a range of techniques: Energy-dispersive X-ray spectroscopy (EDX), 

Transmission Electron Microscopy (TEM), X-ray diffraction (XRD) and Energy electron loss 

spectroscopy (EELS).  

 

2. Experimental 

Four types of Ti substrates (foils) of different purity, commonly used for the TiO2 

nanotube growth by researchers worldwide, were purchased from three established suppliers 

for comparison; Sigma-Aldrich (0.127 mm, 99.7 % purity, marked as SiAl), Advent 

Materials (0.125 mm, 99.6+% purity, marked as AM), Goodfellow (0.125 mm, 99.6+% 

purity, marked as GoFe99.6) and Goodfellow (0.125 mm, 99.99% purity, marked as 

GoFe99.99). Detailed information about impurities and surface roughness of used Ti 

substrates can be found in the work [36].   

Prior to anodization the Ti substrates were degreased by sonication in isopropanol and 

acetone. Subsequently, the substrates were rinsed in isopropanol and dried in air. A two-

electrode setup was employed for anodization, consisting of a Pt sheet as the counter 

electrode and the Ti substrate, pressed against an O-ring of the electrochemical cell leaving 

exactly 1 cm2 open to the electrolyte, as working electrode. The electrochemical experiments 

were carried out at room temperature using a high-voltage potentiostat (PGU-200V, IPS 

Elektroniklabor GmbH). A glycerol based electrolyte containing 0.27 M NH4F and 50 vol.% 

H2O was used for anodization of Ti foils at 20 V (achieved with a sweep rate of 1 V/s) for 

100 min. The temperature of the bath was kept at constant value of 22°C without stirring of 

the electrolyte during anodizations. In the final step, the anodized samples were sonicated in 
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isopropanol and dried in air. In order to convert amorphous nanotubes to nanotubes with a 

defined anatase structure, all samples were annealed in a muffle oven at 400 °C for 1 h in air 

with a heating and cooling rate of 2 °C/min. These annealing conditions were chosen based 

on our previous optimization [37]. We have produced 2 sets of TiO2 nanotube layers from 

each type of Ti sheets to verify the reproducibility of both their structures and properties.  

The structure and morphology of the TiO2 nanotube layers was characterized by a 

field-emission electron microscope (FE-SEM JEOL JSM 7500F). Dimensions of the 

nanotubes were measured and statistically evaluated using proprietary Nanomeasure 

software. For each condition used in this work, we calculated average values and standard 

deviations from at least 3 different locations on 2 samples of each condition, with a high 

number of measurements (n ≥ 100). 

Chemical composition of the TiO2 nanotube layers was analysed using an EDX 

system (Inca, Oxford Instruments) equipped with silicon crystal X-ray detector suitable for 

detection of light elements from carbon, embedded within a high resolution TEM (HR-TEM) 

microscope JEM 3010 (JEOL Ltd., a thermo-emission LaB6 cathode, operated at 300 kV). 

All photocurrent measurements were carried out in an aqueous electrolyte containing 

0.1 M Na2SO4 at a constant potential of 0.4 V vs 3M 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 with a 150 W Xe lamp and a 

universal grating monochromator, with a bandwidth of 5 nm. Monochromatic light employed 

for excitation was chopped with a shutter between light and dark phases with the interval of 

10 s. Further to that, the photocurrent density transients were measured at a constant 

wavelength of 340 nm (which is the wavelength showing maximum photocurrent) with a 

light intensity of 1.8 µW/cm2. For this particular experiment, the monochromator shutter was 

opened for 1000 s to obtain a stable plateau of the photocurrent values. Cyclic 

voltammograms were recorded in the range of potentials from -0.4 V to 1 V vs. 3 M Ag/AgCl 

with a sweep rate of 5 mV/s, started at 0 V towards positive voltages in the dark and under 

UV exposure (340 nm), respectively. Mott–Schottky plots were collected at an AC frequency 

of 1.0 kHz in the dark. 



5 
 

The crystallinity of TiO2 nanotube layers was measured using the D8 Advance Bruker 

X-ray diffractometer set to Cu-K line. Structural and local chemical characterization was 

conducted on an aberration-corrected high resolution transmission electron microscopy (FEI 

Titan3 80-300) operated at 300 kV (equipped with a field emission gun, CEOS CetCor image 

CS-corrector, FEI DCOR probe CS-corrector, high angle annular dark field (HAADF) 

detector and GatanTridiem 863ER for electron energy loss spectroscopy (EELS). The 

convergence semi-angle of the probe forming system was set to 30 mrad. The EEL spectra 

are measured with a collection semi-angle of the spectrometer of 28 mrad. 

 

3. Results and discussion 

For the purpose of comparison of the TiO2 nanotube layers (grown on different substrates) by 

means of photo-electrochemical experiments, it was necessary to employ highly uniform and 

crack-free nanotube layers. Fig. 1a shows an example of a very uniform, crystalline TiO2 

nanotube layer grown on the GoFe99.99 substrates after anodization, in the cross-sectional 

view. Fig. 1b provides an overview of dimensions of the TiO2 nanotube layers grown on all 

utilized Ti substrates. Although identical anodization conditions were employed for all 4 

substrates, the average nanotube layer thickness varied between ~1.09 µm for SiAl, ~1.14 µm 

for AM, ~1.15 for GoFe99.6 and ~1.18 µm for GoFe99.99 substrate while the nanotube 

diameter was nearly the same ~78±1 nm. The origin for these variations was already 

discussed in detail in our recent work [36]. Briefly, differences in the nanotube dimensions 

were shown to be caused by the different roughness, microstructure, and the purity of the Ti 

substrates. However, the means of thickness and diameter values of all tube layers were 

within standard deviation values of all tube layers  

(represented by error bars in Fig. 1B). No significant differences were observed in the shape 

and thickness of the tube walls among the different nanotube layers. All tubes had regular 

ripples on their walls, which is a very typical feature for the anodic TiO2 nanotubes [16-18]. 

All nanotube layers were investigated very thoroughly by EDX mapping and a 

through a high-resolution TEM analyses and no metal-based impurities within nanotubes 

(that would stem from impurities of substrates) were found. 

Fig. 2A, B shows the photocurrent densities and the incidence of photon conversion 

efficiency (IPCE) recorded in the range of wavelengths from 300 to 400 nm with a step of 5 

nm for the TiO2 nanotube layers grown on all different substrates. Fig. 2 C and D show in 

detail transients of photocurrent densities recorded during the ON/OFF photocurrent 

measurement as well as upon long illumination (at λ = 340 nm, light was ON for 1000 s), 
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respectively. Ideally, TiO2 nanotube layers grown under the same conditions should express 

similar photocurrent densities. However, significant differences among the obtained 

photocurrent densities were observed. One can see from Fig. 2 that photocurrent density at λ 

= 340 nm increases from 39.5 µA/cm2 for SiAl, 45 µA/cm2 for GoFe99.6, 68 µA/cm2 for AM 

to 112 µA/cm2 for GoFe99.99 which is ~ 280 % difference between the best and the worst 

values. Interestingly, IPCE for GoFe99.99 reaches nearly 100% in the measured UV spectral 

region (300-330 nm). Since nanotube dimensions are very similar, it can be assumed that 

essentially the same portion of the UV light photons is absorbed within the nanotube layers 

resulting in the charge carrier generation [28]. Thus, the photocurrent should be governed by 

the number of electrons arriving at the collecting electrode, in this case at the Ti substrates. 

Therefore, the main reasons for the photocurrent variations seem to be related to the character 

and number of recombination sites - traps in the nanotube layers. Obviously, the saturation of 

these unwanted traps requires some time - on the scale from seconds (GoFe99.99 and AM) to 

minutes (SiAl and GoFe99.6). Therefore, in general after approximately 150 seconds of 

continuous irradiation, the photocurrent densities shown in Fig. 2D become stable. 

To further provide a deeper electrochemical understanding of all nanotube layers 

cyclic voltammograms were recorded in the range of -0.4 V and +1 Vvs. Ag/AgCl. Fig. 3A 

displays CV curves obtained in the dark (solid lines) and under the UV light illumination (λ = 

340 nm, dashed lines), respectively. It was found that the dark currents were nearly identical 

for all TiO2 nanotube layers, whereas the photocurrent densities increased until a potential of 

≈ 0.4 V. For potentials higher than 0.4 V a photocurrent saturation was observed which 

indicated that the nanotube wall thickness became equal to the space charge layer [22]. It 

should be pointed that except of the maximum values of photocurrent densities the 

electrochemical behaviour of all studied samples upon UV light exposure was similar. 

Additionally, we explored electronic properties of all prepared TiO2 nanotube layers 

by means of the Mott-Schottky theory [27] to obtain information about the flatband potential 

- Ufb and majority carrier densities - ND. Under assumption that the Helmholtz layer can be 

omitted, data can be plotted following Eq. (1): 
1
𝐶2

=
2

𝜀𝜀0𝑞𝑁𝐷𝐴2
(𝑈 − 𝑈𝑓𝑓 −

𝑘𝑘
𝑞

) 

where C is the space charge capacitance, ε dielectric constant, ε0 the vacuum 

permittivity, q the charge of the electron, ND the donor concentration, A the area, U the 
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applied potential, Ufb the flatband potential and the expression –kT/q is equal to 25 mV at 

room temperature.  

Figure 3B exhibits the Mott-Schottky plots for TiO2 nanotube layers grown on different Ti 

substrates. The slope of all Mott-Schottky curves is positive which is characteristic for n-type 

semiconductors. The Ufb can be determined by extrapolation of linear part 1/C2 to 0. From 

Fig. 3B one can see that the value of the Ufb for the GoFe99.99 is ≈ 0.02 V whereas Ufb for 

the other samples reaches ≈ 0.18 V vs. Ag/AgCl. The more negative Ufb value of the GoFe 

99.99 sample indicates a shift of the conduction band to more positive potentials [38]. We 

also evaluated from the Mott-Schottky plots majority carrier densities (ND) to assess the level 

of oxygen vacancies (that are typically considered as major defects in the TiO2 lattice) and 

other defects in general. The ND values were 3.8x1018, 6.1x1018, 6.3x1018 and 7.8x1018 cm-3 

for GoFe99.6, AM, GoFe 99.99 and SiAl substrates, respectively. The trends in photocurrent 

densities follow trends in ND, except the SiAl sample, which has the lowest photocurrent and 

the highest ND. This means that the differences in photocurrents among all samples cannot be 

explained straight away by differences in their ND values.  

To obtain a deeper insight about the photocurrent differences, it is necessary to 

consider also the space charge region and the bend bending of the various nanotube layers. It 

can be seen that AM and GoFe99.99 layers possess a similar slope of the linear region of the 

Mott-Schottky plots. However, the GoFe99.99 has more pronounced band bending, derived 

from the more cathodic flat band potential, which is translated into wider space charge 

region. This yields the highest photocurrent for GoFe99.99 sample and the second highest 

photocurrent for AM samples. On the other hand, SiAl has the lowest slope and considering 

its Ufb it has comparably smaller space charge region than other samples. This yields the 

lowest photocurrent for SiAl samples. The remaining sample – GoFe99.6 – is in between 

with the photocurrent yield, even though it possesses a comparably wider space charge region 

at a constant bend bending than other samples. This wider region, however, itself cannot 

justify substantially higher photocurrents. This sample possesses also the highest slope from 

the Mott-Schottky plots (i.e. it is the most insulating in terms of ND). Thus the average 

electric field in the GoFe99.6 sample is lower than in other samples, and as a matter of fact a 

larger amount of photogenerated carriers recombines under this lower electric field.  

In addition, the more negative Ufb for the GoFe99.99 is a sign of better electronic 

conductivity of nanotubes, as recently reported on Ti3+ self-doped TiO2 nanotube layers [39, 

40]. However, one has to take in account also that the difference in the observed Ufb can also 
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particularly stem to the distinct surface chemistry of TiO2 nanotube walls since the value of 

Ufb strongly depends on the concentration of surface hydroxyl groups [41]. 

In order to gain more insight into this fundamentally interesting issue, XRD and 

EELS investigations were performed to reveal further differences among the tube layers. Fig. 

4 shows XRD patterns recorded under the same conditions for all four nanotube layers 

annealed at 400 °C for 1 hour. All TiO2 nanotube layers crystallize in the anatase 

modification belonging to the space group I41/amd [42] with the most intensive peak at 2θ ≈ 

25.4o which corresponds to the <101> diffraction line. Upon a detailed analysis of the peak 

position, no shift in position between the different nanotube layers from the nominal value 

was observed. Titanium substrates can be found in the P63/mmc space group [43]. Strikingly, 

one can see from Fig. 4 that GoFe99.99 and AM metallic titanium sheets possessed 

preferential orientations while XRD spectra for GoFe99.6 and SiAl substrates were mainly 

identical. The maximum peak intensity for GoFe99.99 was located at 2θ ≈ 63.1o and AM 

peaks at 2θ ≈ 70.6o which corresponds to the <110> and <103> diffraction lines, respectively.  

The maximum intensity of XRD patterns for GoFe99.6 and SiAl substrates was found at 2θ ≈ 

38.5o which was assigned to the <002> diffraction line of Ti.  

These results evoke one to suppose that anodic growth of TiO2 nanotube layers from 

differently oriented Ti metallic substrates could generate various numbers of electron traps as 

well as Ti ions in different oxidation states which might significantly influence the charge 

transport. Hence, to study the Ti:O stoichiometry in all TiO2 nanotube layers, we collected 

EELS spectra from the Ti L2,3 edge which are shown in Fig. 5. A cross-sectional scanning-

TEM image of a typical area of EELS data acquisition of TiO2 nanotube layers is depicted in 

Fig.4 A. Fig. 4 B and C demonstrate Ti L2,3 edge with characteristic spin–orbit splitting into 

2p3/2 (L3) and 2p1/2 (L2) levels and the peak separation of 5.4 eV [44]. Further band splitting 

of Ti 3d states into the t2g (3dπ) and eg (3dσ) symmetries corresponds to the octahedrally 

coordinated Ti atoms with O atoms [44]. Similarly, the peak splitting observed in O K edge 

(Fig. 4D) is attributed to O 2p-Ti 3d hybridized states of t2g and eg symmetry. EELS spectra 

of metallic Ti substrates (Fig. 5B) appear very similar, however, detailed analyses of 

normalized spectra disclosed that the band corresponding to Ti L3 edge for the GoFe99.99 

sample has a lower intensity in parallel with GoFe 99.6 and SiAl substrates. The same holds 

true for the AM substrate in a lesser extent. Since there is no evidence of the oxygen atoms at 

530 eV one may assume that this difference is related to the preferential orientation observed 

in used metallic Ti substrates. In contrast, all TiO2 nanotube layers were found to be in the 

same crystallographic orientation (see Fig 4.) which implies that the aspect of the different 
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preferential orientation does not have to be considered for the further evaluation of the Ti L2,3 

edge EELS spectra. In the view of the shape of EELS spectra in Fig. 4C, SiAl curve shows 

the most pronounced t2g and eg splitting, which nearly perfectly corresponds to the anatase 

modification. It is followed by the GoFe99.66 curve with a bit smeared out spectrum. It is 

followed by the AM curve with even less evolved splitting. Finally the spectrum of the 

GoFe99.99 sample consists of broad L2 and L3 bands. The latter spectrum resembles well the 

recently published spectrum of amorphous TiO2 [45]. However, amorphous TiO2 does not 

generate strong photocurrent and also the XRD pattern revealed that the studied nanotube 

layer of GoFe99.99 is well crystalline. Thus the origin of the broad peak should be a sign of 

distinct Ti:O ratio in the nanotube layer. As it is evident from the investigation of Ti L2,3 edge 

EELS spectra of TixOy [46], peaks become broader and their maxima are shifted to the lower 

loss energy from TiO2 (anatase) to TiO (cubic) structures. Based on these reported results, 

the Ti L2,3 edge EELS of GoFe99.99 could be assigned to the Ti3O5 compound, AM is 

similar to the Ti4O7 structure, GoFe99.6 resembles the Ti5O9 structure and SiAl is nearly 

close to the TiO2 anatase phase. Significant oxygen deficiency of the nonstochiometric TiO2 

nanotube layer grown on GoFe99.99 is corroborated by O K edge where characteristic t2g 

(530 eV) and eg (533 eV) splitting existing in the anatase modification is merged in one band 

with its maximum peaking at 532.5 eV which is in line with recently published data [47]. 

Therefore, while from the crystallographic point of view, the nanotube layers grown on 

different substrates seem to be similar, the EELS data showed that TiO2 nanotube layers 

grown on GoFe99.99 were the most oxygen deficient. Since dimensions for all nanotube 

layers were basically the same (within the standard deviation represented by error bars in Fig. 

1B) and material properties were in general linked to the structure (including defects), one 

can induce that the greatest photocurrent observed for GoFe99.99 results from the highest 

concentration of Ti3+ or oxygen vacancies, which is in line with the recent report on reduced 

TiO2 nanotube layers [40].  

However, as derived from the photocurrent measurements, the ND for GoFe99.99 is 

lower than for the SiAl sample with the lowest photocurrent. In fact, this clearly shows that 

the differences among the nanotube layers are of more complex nature and involve an 

interplay between the oxygen vacancies, presence of Ti3+ interstitials within TiO2 nanotubes, 

widths of the space charge regions, the electronic conductivity of the nanotubes, grain 

boundaries and also the presence of other dopants. It can be expected, based on impurities 

present in substrates (such as Fe,V or Al, according to GDOES, as shown in Ref. 36) that 

there are likely some dopants present in a certain amount within nanotubes based on these 
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impurities. However, their amount is so low that it is not traceable by EDX or XPS or any 

other reasonably accessible or available surface analytical tool and therefore it cannot be 

properly quantified.   

All in all, from the presented results it is clear that the choice of the Ti substrate for 

the tube growth has an impact on the UV light driven photo-electrochemical response of the 

tubes grown on the substrates. More efforts have to be carried out to understand the role of 

preferential crystallographic orientation in Ti substrates on the growth of TiO2 nanotube 

layers and resulting Ti:O stoichiometry, which have implication on the conversion of the 

amorphous tube walls into the anatase structure when annealed.  

 

 

 

4. Conclusions 

In conclusion, self-organized TiO2 nanotube layers grown on different Ti substrates from 

different suppliers showed large variations in the photo-electrochemical response upon UV 

illumination (approximately 280 % difference between lowest and highest photocurrent 

densities). Investigations by XRD showed that Ti substrates differ from each other in 

preferential crystallographic orientations and also that the originally amorphous nanotubes 

were converted into crystalline anatase nanotubes. Further, detailed EELS analyses revealed 

significant differences in the Ti:O stoichiometry and that all TiO2 nanotubes were oxygen 

deficient. It was found that the highest photocurrent density generate TiO2 nanotube layers 

with the highest content of Ti3+ ions. These results clearly demonstrate that for an efficient 

utilization of the TiO2 nanotube layers, a proper selection of the Ti substrate might be very 

important to carry out subsequent photo-electrochemical studies on the nanotube layers.  
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Figure captions 

 

Figure 1. (A) SEM cross-sectional image of the annealed TiO2 nanotube layer grown on the 

GoFe99.99 Ti substrate; (B) average inner tube diameter and thickness of the TiO2 nanotube 

layers grown on all 4 substrates.  

 

Figure 2. (A) Photocurrent densities and (B) IPCE recorded upon illumination of the annealed 

(400 °C for 1 hour) nanotube layers shown in Fig. 1 by monochromatic light, in the range of 

wavelengths from 300 to 400 nm (step 5 nm); (C and D) photocurrent density transients 

recorded for 10 and 1000 s under illumination by monochromatic UV light (λ = 340 nm, 

intensity of 0.18 mW/cm2). All values were recorded at 0.4 V vs. Ag/AgCl in 0.1 M Na2SO4 

and electrolyte. 

  

Figure 3. (A) CV curves recorded for TiO2 nanotube layers grown on different Ti substrates 

in the dark (solid lines) and under UV light illumination (λ = 340 nm, dashed lines); (B) 

Mott–Schottky plots of TiO2 nanotube layers grown on different Ti substrates collected at a 

frequency of 1 kHz  in the range of voltages  from 1 to -0.4 V in the dark. 

 

Figure 4. XRD patterns of the nanotube layers grown on different substrates shows peak 

positions of A = TiO2 anatase, Ti = metallic titanium.   

 

Figure 5. (A) HAADF STEM image of a typical area of EELS data collection, (B) EELS Ti: 

L2,3-edge of Ti sheets, (C)  EELS Ti: L2,3-edge of TiO2 nanotube layers grown from different 

substrates and (D) EELS O: K-edge of TiO2 nanotube layers grown from different substrates.  
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