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Abstract 

This work studies the influence of using hydrodynamic conditions (Reynolds number, 

Re = 0 to Re = 600) during Ti anodization and Li
+
 intercalation on anatase TiO2 

nanotubes. The synthesized photocatalysts were characterized by using Field Emission 

Scanning Electron Microscope (FE-SEM), Raman Confocal Laser Microscopy, 

Electrochemical Impedance Spectroscopy (EIS), Mott-Schottky analysis (M-S), 

photoelectrochemical hydrogen production and resistance to photocorrosion tests. The 

obtained results showed that the conductivity of the NTs increases with Li
+
 intercalation 

and Re. The latter is due to the fact that the hydrodynamic conditions eliminate part of 

the initiation layer formed over the tube-tops, which is related to an increase of the 

photocurrent in the photoelectrochemical water splitting. Besides, the photogenerated 

electron-hole pairs are facilitated by Li
+
 intercalation. Finally, this work confirms that 

there is a synergistic effect between Re and Li
+
 intercalation. 

 

Keywords: TiO2 nanotubes; hydrodynamic conditions; water splitting; electrochemical 

impedance spectroscopy (EIS); Mott-Schottky analysis. 
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1. Introduction 

 

In recent years, nanotube (NT) arrays based on transition-metal oxides are gaining 

interest in a wide field of applications, such as in dye-sensitized solar cells [1, 2], 

photocatalysis [3-7] and biomedicine [8]. Among all transition-metal oxides, TiO2 is the 

most extensively studied material due to its unique properties. Especially, in 

photocatalytic reactions, TiO2 is used as a photocatalyst due to its high stability and 

semiconductor abilities capable of generating charge by absorbing energy [9-13]. 

Besides, its suitable band-edge positions make possible the photoelectrochemical water 

splitting [14] (using solar energy) into H2 and O2 to generate hydrogen, the potential 

fuel of the future. 

 

In order to achieve a high surface area and consequently, to enhance the photocatalytic 

activity, TiO2 is synthesized in the form of nanotube arrays [15]. Nowadays, TiO2 

nanotubes are synthesized by several methods, including sol-gel transcription [16, 17], 

hydrothermal processes [18, 19] and anodization of titanium in fluoride-based 

electrolytes [20, 21]. The latter is the most promising because it allows obtaining highly 

ordered nanotube arrays, and their dimensions (length, diameter, and tube wall) can be 

precisely controlled [22].  

 

In order to carry out the anodization two types of electrolytes can be used: aqueous-

based or organic-based. Organic electrolytes are the most used because these 

electrolytes result in highly ordered longer tubes [23, 24]. Nevertheless, the nanotubes 

formed in organic electrolytes show an “initiation layer” over the tube tops, which 

blocks the nanotube arrays and therefore the solar energy absorption is reduced [22, 25]. 
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Nowadays, several methods are investigated to remove this “initiation layer”, such as 

mild sonication [23] and hydrodynamic conditions applied during anodization with a 

rotating electrode configuration [22]. The latter has the advantage of removing the 

“initiation layer” in the same process of anodization and, therefore, other independent 

processes in order to remove this layer are not needed. Moreover, the use of 

hydrodynamic conditions can significantly affect on the final TiO2 nanotube geometry 

[22, 26, 27]. After anodization, an amorphous structure is obtained which implies the 

presence of a high number of defects. These defects act as recombination centers and a 

thermal treatment is required in order to convert the amorphous structure into a 

crystalline one [28].  

 

On the other hand, the efficiency of TiO2 nanotubes is limited by its wide intrinsic band 

gap of ≈ 3.2 eV for TiO2 in anatase phase [29, 30]. Thus, the usable fraction of the solar 

spectrum which can be exploited is only 5% [31]. In this way, the process of inserting 

impurities in the TiO2 NTs is widely used for the purpose of modulating their electrical 

properties (doping), thus, the efficiency of TiO2 NTs might be increased. Recently, 

several works [28, 32, 33] studied the Li
+
 cation insertion into TiO2 lattice and they 

obtained a drastic change in electronic properties, such as a highly increase in the 

conductivity of TiO2 [32, 33]. However, these studies were made in static electrolyte 

and the influence of hydrodynamic conditions during the anodization process was not 

evaluated.  

 

In this work, we investigate the synergistic effect between Reynolds number (Re) and 

Li
+
 cation insertion in the TiO2 lattice in order to optimize the photoelectrochemical 

water splitting for hydrogen production. To characterize the nanostructures, different 
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microscopy techniques have been used:  Field Emission Scanning Electron Microscope 

(FE-SEM) and Raman Confocal Laser Microscopy. Additionally electrochemical 

techniques: Electrochemical Impedance Spectroscopy (EIS) and Mott-Schottky 

technique (M-S), as well as photoelectrochemical techniques have been also used. 

 

2. Experimental procedure 

 

Anodization was carried out using Teflon coated titanium rod (8 mm in diameter, 99.3 

% purity) as the working electrode, i.e. 0.5 cm
2
 were exposed to the electrolyte. On the 

other hand, a platinum mesh was used as the counter electrode. Prior to anodization, 

titanium surface was abraded with 220 to 4000 silicon carbide (SiC) papers and 

degreased by sonication in ethanol for 2 minutes. The samples were then mounted in a 

rotating electrode to perform the anodization under hydrodynamic conditions using a 

voltage source. Different Reynolds numbers were used: 0, 200, 400 and 600, which 

correspond to 0, 1728, 3456 and 5185 rpm. Anodization was performed in ethylene 

glycol, 1M H2O and 0.05M NH4F electrolytes at 55 V during 30 minutes. Current 

density during anodization was measured versus time. After each test, the titanium rod 

was sliced to characterize the morphology of the obtained nanostructures by using Field 

Emission Scanning Electron Microscopy (FE-SEM). In order to transform amorphous 

TiO2 to an anatase phase structure, the anodized samples were annealed at 450 ºC for 1 

hour. The crystalline microstructure of TiO2 was examined by means of a Raman 

Confocal Laser microscopy. For these measurements, a 632 nm neon laser with 420 W 

was used. 
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In order to add Li
+
 to the obtained nanostructures (doped-nanostructures), samples were 

immersed in an 1M LiClO4 solution, applying -1.5 VAg/AgCl during 3 seconds. In this 

way, Ti
+4

 was reduced to Ti
+3

 and, at the same time, Li 
+
 was intercalated into the TiO2 

lattice. In order to perform the Li
+
 intercalation, a three electrode electrochemical cell 

was used. The TiO2 NTs after annealing served as the working electrode, while a 

Ag/AgCl (3 M KCl) electrode was the reference electrode, and a platinum tip was the 

counter electrode.  

 

For the electrochemical and photoelectrochemical water splitting tests, an 

electrochemical cell with the same electrodes and electrode configuration than the used 

for doping the samples, was employed. The area of the TiO2 nanostructures (working 

electrode) exposed to the test solution was 0.13 cm
2
. The electrochemical measurements 

were conducted in a 0.1 M Na2SO4 solution using an Autolab PGSTAT302N 

potentiostat under dark conditions (without irradiation). EIS experiments were 

conducted at the open circuit potential (OCP) over a frequency range from 100 kHz to 

10 mHz with a 10 mV (peak to peak) signal amplitude. Mott–Schottky plots were 

subsequently obtained by sweeping the potential from the OCP in the negative direction 

at 10 mV s
-1

 with an amplitude signal of 10 mV at a frequency value of 10 kHz. 

 

The photoelectrochemical experiments were carried out under simulated sunlight 

condition AM 1.5 (100 mW cm
2
) in a 1M KOH solution. Photocurrent vs. voltage 

characteristics were recorded by scanning the potential from −0.8 VAg/AgCl to  

+0.55 VAg/AgCl with a scan rate of 2 mV s
-1

. Photocurrent transients as a function of the 

applied potential were recorded by chopped light irradiation (60 s in the dark and 20 s in 
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the light). Samples were left at +0.55 VAg/AgCl in the light for one hour, in order to 

evaluate their stability against photocorrosion.  

 

3. Results and discussion 

3.1. Current density transients during anodization 

 

The growth of the TiO2 nanotubes was monitored by recording the current density 

during anodization. Figure 1 shows that all the samples present three stages. Firstly, in 

stage I, current density decreases because a compact oxide layer (TiO2) is formed on 

titanium [25, 34]. Then, in the second stage (stage II), current density increases due to 

the fact that fluoride ions present in the electrolyte attack the formed TiO2 layer, which 

results in water-soluble [TiF6]
2-

 species. Thus, the current density increases as the 

reactive area also increases [25, 35]. Finally, in the third stage (stage III), current 

density remains almost constant due to the formation and growth of regular nanotubes 

[25, 26]. 

 

The slope corresponding to stage II is different depending on the Reynolds number. 

Figure 1 shows that the curves of anodization under hydrodynamic conditions show a 

higher positive slope in stage II compared to the one obtained at Re = 0. This confirms 

that diffusion process is favoured due to hydrodynamic conditions. Moreover, since the 

slope corresponding to stage II increases until Re 400 and it remains almost constant for 

Re 600, it can be said that hydrodynamic conditions favour the fluoride ions diffusion 

until Re 400 (the highest increase being obtained between Re 0 and Re 200).  
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3.2. Field Emission Scanning Electron Microscopy (FE-SEM) 

 

Figures 2, 3 and 4 show the morphology of the samples obtained by electrochemical 

anodization of TiO2 under static and hydrodynamic conditions by using a FE-SEM 

microscope. A porous TiO2 layer can be observed over the nanotubes, i.e. an initiation 

layer (Figures 2a and 2b). This initiation layer blocks the nanotubes preventing part of 

the solar radiation from being absorbed at the photoelectrode. Figure 2b clearly shows 

the top of the tubes in delimited areas since parts of the initiation layer was removed. 

Besides, hydrodynamic conditions applied during anodization mainly affect on three 

parameters related to the morphology of the nanostructures: the length of the nanotubes, 

the initiation layer and the thickness of the nanotubes. Figure 2c shows that self-

organized TiO2 nanotubes were formed. On the other hand, variations on the 

morphology after Li
+
 intercalation were not observed (not shown in Figure 2).  

 

Figure 2d shows the influence of Reynolds number on the length of the nanotubes. The 

length is higher as the Reynolds number increases. This effect involves an increase of 

the surface area available for the photocatalytic reactions. 

Figure 3 shows the top view of the nanostructures using FE-SEM. It is important to 

point out that in Figure 3a (Re=0) there is a continuous initiation layer, however, this 

layer begins to detach in certain delimitated areas as hydrodynamic conditions increase 

(Figure 3b, 3c and 3d, corresponding to Re from 200 to 600). 

On the other hand, Figure 4 shows that in those areas where the initiation layer is still 

attached, an increase in the average diameter of the porous presented in the initiation 

layer is observed when hydrodynamic conditions are applied in relation to static 
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conditions (Figure 4a, 4b and 4c). Therefore, the entrances of the real tubes become 

more accessible. Finally, Figure 4d shows a decrease of the thickness of TiO2 

nanotubes as hydrodynamic conditions increase, which might reduce the electron-hole 

recombination process. 

 

3.3. Raman Confocal Laser Microscopy 

 

Evaluation of the crystallinity of the as-prepared and annealed (doped and undoped) 

TiO2 nanotubes was carried out by means of Raman Confocal Laser Microscopy. 

Figure 5 shows, as an example, the Raman Spectra of the as prepared, undoped and 

doped nanotubes anodized at Re 600, since no differences were found in the Raman 

Spectra regardless of the Re used during anodization. 

 

The crystallinity of the TiO2 nanotubes is evaluated according to the peaks presented in 

the Raman spectra. Anatase phase shows four peaks in the spectra at roughly 141.7, 

396.2, 515.1 and 639.3 cm
-1

 [36-38]. In Figure 5 it can be observed that the as-prepared 

TiO2 nanotubes are characterized by a spectra without peaks, which is in agreement 

with an amorphous phase. However, annealed (doped and undoped) TiO2 nanotubes 

present four characteristics peaks, which correspond to the peaks of the anatase phase. 

This confirms that annealing at 450 ºC for 1 hour, generates TiO2 nanotubes with 

anatase phase. Moreover, the peaks obtained for the annealed, both undoped and doped 

NTs, are almost the same. Therefore, it can be concluded that there are no significant 

variations on the crystalline structure after Li
+
 intercalation. 
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3.4. EIS measurements  

 

EIS measurements were performed at open circuit potential (OCP) in order to study the 

changes caused by the hydrodynamic conditions applied during anodization and the Li
+
 

cation intercalation. Figure 6 shows the Nyquist (Figure 6a), Bode-phase (Figure 6b) 

and Bode-modulus (Figure 6c) plots.  

 

From Figure 6a, it is possible to discern that undoped TiO2 NTs have higher impedance 

values than the doped TiO2 NTs. Besides, among the undoped samples, TiO2 NTs 

synthesized at Re 0 possess the highest impedance. Bode-phase plots, (Figure 6b), 

show two unfinished semicircles for the samples anodized at Re 0, Re 200 and Re 400 

without Li
+
 intercalation, which correspond to the presence of two time constants. 

However, for the nanotubes synthesized at Re 600 without Li
+
 and for all the doped 

samples, the Bode-phase plots show only one semicircle due to the superposition of the 

two time constants. The two time constants can be attributed to the formation of the 

nanotubular layer on top of the compact TiO2 layer [39, 40]. On the other hand, Bode-

modulus plots in Figure 6c show a decrease of impedance modulus as hydrodynamic 

conditions increase at low and intermediate frequencies. Moreover, Li
+
 insertion also 

involves a decrease in the impedance modulus for the same frequency range. 

Additionally, the impedance at high frequencies in Bode plots corresponds to the 

resistance of the electrolyte which possesses similar values regardless the Reynolds 

number and the doping conditions.  

 

EIS experimental data were fitted to an electrical equivalent circuit. The electrical 

equivalent circuit proposed is shown in Figure 6d and it is formed by a resistive 
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element (Rs), corresponding to the electrolyte resistance, and two groups of resistances 

and constant phase elements (R-CPE), corresponding to the nanotubular layer (R1-

CPE1) and the compact TiO2 layer (R2-CPE2) [15, 40]. This electrical equivalent circuit 

has been already used by other authors. Constant phase elements (CPEs) have been used 

instead of pure capacitors to account for frequency dispersion and non-ideality. Then, 

CPEs have been converted into pure capacitances (C) by using the following equation 

[41, 42]: 

                                                         
 

R

Q·R
C

α
1

                                                          (1) 

where Q is the impedance of the CPE and R corresponds to R2 when eq 1 is used to 

calculate C2. However, in order to determine C1, R is calculated according to eq 2. 

                                                         
1S R

1

R

1

R

1
                                                         (2) 

Table 1 shows the values of the different parameters which characterize the electrical 

equivalent circuit. Rs has similar values for all the studied conditions (between 32-42 

Ω), since the resistance of the electrolyte remains almost constant. Besides, R2 is higher 

than R1 regardless of the hydrodynamic and doping conditions because the nanotubular 

layer has higher surface area than the compact TiO2 layer, i.e., the nanotubes possess a 

higher conductivity.  On the other hand, the CPE constant, α, lies between -1 (pure 

inductance) and +1 (pure capacitor) [43]. In this work the α values are between 0.5 and 

1 which are in agreement with a non-ideal capacitive behavior.  Table 1 shows that α1 

takes values lower than α2 for all the nanostructures. This confirms that the TiO2 

nanotubes layer is more heterogeneous in comparison to the compact TiO2 layer, the 

latter having a behavior similar to an ideal capacitor. 
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Table 1 also shows that R1 decreases as Reynolds number increases for the undoped 

and doped nanotubes, indicating that TiO2 NTs formed at higher hydrodynamic 

conditions possess higher conductivities than nanotubes formed at Re = 0. Moreover, C2 

values increase as the Reynolds number increases (regardless the doping conditions), 

indicating that the thickness of the compact TiO2 layer decreases, which can be 

interpreted as a transition from a mostly compact layer to a nanotubular one [40]. 

Concerning the influence of Li
+
 insertion, it can be observed that R1 decreases 

significantly when the TiO2 nanotubes are doped. This fact can be explained by a higher 

number of controlled defects due to Li
+
 intercalation and, therefore, the conductivity is 

favored.  

 

3.5 Mott-Schottky analysis 

 

The Mott-Schottky analysis is a common tool used for the characterization of the 

electrochemical capacitance of the semiconductor/electrolyte interface as a function of 

the applied potential [44]. The Mott-Scottky equation predicts a linear relationship of 

2

SCC  with the applied potential (U), as described by the following equation for an n-

type semiconductor [40, 45-47]:  

                                     




















e

T·k
UU-·

N··e
FB

Dr 0

2

SC
 ·

2

C

1
                                     (3) 

where DN is the donor density, 0 (8.85·10
-14

 F/cm) the vacuum permittivity, 
r the 

dielectric constant, e  the electron charge (1.60·10
-19

 C), FBU  the flatband potential, k  

the Boltzmann constant (1.38·10
-23

 J/K) and T is the absolute temperature. The 

dielectric constant varies depending on the Li
+
 intercalation, this parameter takes values 

of 100 for the undoped TiO2 NTs [48, 49] and a value of 500 is assumed for doped TiO2 
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NTs [31]. In fact, Van de Krol claimed that the increase in the dielectric constant may 

be originated by an increase in the polarizability of the TiO2 from the intercalated Li
+
 

cations [45]. 

 

Figure 7 shows the Mott-Schottky plots for the undoped and doped TiO2 nanotubes 

anodized from Re 0 to Re 600. The results given in Figure 7 were obtained at the 

frequency of 10 kHz in dark conditions, since at this high frequency value the 

capacitances do not depend on the frequency [50, 51]. Figure 7 shows that the 

capacitance values are higher for the doped TiO2 NTs (lower values of
2

SCC


). In this 

way, a magnification of the Mott-shottky doped plots have been performed as an inset 

in Figure 7, in order to show the straight lines presented in the doped samples. 

 

Table 2 shows the donor densities determined from the positive slopes of the straight 

lines in the Mott-Schottky plots using eq 3. It can be observed that the donor density 

notably increases for the doped samples (two orders of magnitude) compared to the 

undoped ones. The increase in the donor density might be associated with an increase in 

the number of defects present in the TiO2 nanotubes due to the Li
+
 intercalation. Thus, 

these defects improve the charge transfer along the nanotubes (this is in agreement with 

the results obtained by means of EIS, Table 1). Concerning to the influence of 

hydrodynamic conditions, it is possible to observe that the donor density increases, to 

some extent, as Reynolds number also increases for the undoped samples. This fact 

indicates that, although the morphology of the TiO2 nanostructures did not change with 

Re (i.e, nanotubes were formed in all cases), a higher number of oxygen vacancies 

and/or Ti
3+

 interstitials were introduced within the TiO2 NTs structure when anodizing 

under hydrodynamic conditions. On the other hand, the influence of hydrodynamic 
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conditions in the donor density for the doped samples is not clear (
DN  varies between 1 

and 4 x 10
21

 ·cm
-3

). This might be due to the high influence of the Li
+
 insertion that 

hinders the influence of hydrodynamic conditions. 

 

On the other hand, Table 2 also shows the 
FBU  values obtained from the intercept of 

the straight line with the potential axis. The flatband potential is the potential that needs 

to be applied to the semiconductor to reduce the band bending to zero. Additionally, this 

electrochemical parameter is related to the potential drop at the depletion space charge 

layer (USC) and the applied external potential (U) [15], according to eq 4. 

                                                        FBSC UUU                                                          (4) 

where SCU  is the driving force to separate the photogenerated electron-hole pairs 

(charge separation). Thus, according to eq 4, in order to favor the charge separation, the 

flatband potential should be high and negative. Table 2 shows that flatband potential is 

more negative for the doped TiO2 NTs than for the undoped ones, which indicates that 

the charge separation is favored by Li
+
 intercalation.  

 

3.6. Photocurrent measurements 

 

Figure 8a shows the photoelectrochemical water splitting tests carried out under 

simulated sunlight AM 1.5 conditions for the different samples. Regardless of the 

doping condition, photocurrent densities increase with Reynolds number. This is in 

agreement with the EIS and M-S measurements (lower R1 values and higher ND for 

higher Re) and FE-SEM images. The high photocurrent densities obtained for the 

nanostructures anodized at higher Reynolds numbers are related to an increase in the 

conductivity of the NTs, due to a higher density of defects within their structure, which 
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favors the current flow [15, 52]. These high photocurrent densities obtained for samples 

anodized under hydrodynamic conditions are also directly related to an increase in the 

active area of the nanotubes exposed to the electrolyte with increasing Re. As shown in 

the FESEM images (Figures 2, 3 and 4), hydrodynamic conditions during anodization 

resulted in longer nanotubes lengths and larger diameters of the nanoporous initiation 

layer, as well as in a partial removal of the nanoporous initiation layer. It is important to 

point out that the partial removal of the initiation layer at higher Re contributes to an 

increase in the photocurrent densities in the water splitting tests. This fact is observed in 

Figure 8b, where the photoresponse of TiO2 NTs of the same length (~ 6.2 μm), but 

anodized at different Re, are compared. The only difference between both samples is 

that the initiation layer of the sample synthesized at Re = 600 was partially removed 

during the anodization process. Therefore, photocurrent densities increased with 

increasing Re due to the higher active area of the nanotubes in contact with the 

electrolyte and due to a slightly increase in the number of defects (Table 2). On the 

other hand, photocurrent densities for Li
+
 doped nanotubes are significantly higher than 

the values obtained for the undoped samples, which can be ascribed to their higher 

number of defects and flatband potentials (in absolute value) (Table 2). Therefore, there 

is a better charge transfer and transport in the doped nanotubes. 

 

Additionally, Figure 8a shows that the photocurrents under illumination increase with 

the applied potential. According to eq 4, the potential drop at the depletion space charge 

layer increases when the potential applied is higher, thus, the charge separation is 

favored. Moreover, the photocurrent density increases with the applied potential until a 

potential value of -0.3 V for the undoped TiO2 NTs, whereas the photocurrent increases 

in the entire range of potential, for the doped TiO2 NTs. This means that the undoped 
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TiO2 NTs are saturated more easily by means of the potential applied in comparison to 

the doped TiO2 NTs. 

 

On the other hand, in order to evaluate the stability of the NTs against photocorrosion 

they were tested under AM 1.5 illumination at 0.55 VAg/AgCl during 1 hour. Figure 8c 

shows that the formed NTs were stable since the photocurrents generated in the process 

of water splitting were constant during the tests. 

 

The synergistic effect between hydrodynamic conditions and Li
+
 intercalation was 

studied using the photocurrent densities. Figure 8d shows that the combined effect (Re 

+ Doping) is higher than the sum of the individual effects obtained at 0.55 VAg/AgCl. This 

synergistic effect between the hydrodynamic conditions and the Li
+
 doping arises from 

the higher active areas of the samples anodized at Re > 0 (as shown in Figures 2, 3 and 

4), thus enhancing the intercalation of Li
+ 

into the TiO2 nanotubes structure. 

 

4. Conclusions 

 

This work studied the influence of hydrodynamic conditions applied during anodization, 

as well as the Li
+
 intercalation into TiO2 lattice in order to increase the photocurrent 

response in the photoelectrochemical water splitting. 

 

The FE-SEM images show that the influence of hydrodynamic conditions results in an 

elimination of part of the initiation layer and in an increase of the length of the NTs. 

These facts involve a higher photocurrent density as Reynolds number increases. 
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On the other hand, Raman Confocal Laser Microscopy revealed that TiO2 nanotubes in 

anatase phase were obtained after annealing at 450ºC during 1 hour. Besides, the Li
+
 

intercalation does not lead to significant variations on the crystalline structure. 

 

EIS measurements showed that the resistance of the undoped NTs decreases with Re. 

On the other hand, concerning the Li
+
 insertion, the resistance of the doped TiO2 

nanotubes decreases due to a higher number of defects, which was confirmed in the M-

S analysis. Besides, M-S analysis showed an increase in the flatband potential (in 

absolute value) for the doped samples, therefore the photogenerated electron-hole pairs 

are favored. These results explain the higher photocurrent obtained for the doped 

samples in the photoelectrochemical water splitting.  

 

The synthesized TiO2 nanotubes were stable in the test electrolyte under illumination. 

 

A synergistic effect between the hydrodynamic conditions and Li
+
 was found to arise 

from the higher active areas of the samples anodized at Re > 0, thus enhancing the 

intercalation of Li
+
 into the TiO2 nanotubes structure.  
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 Tables captions 
 

 

Table 1. Values of the equivalent circuit parameters for the different samples anodized 

at Re = 0, Re = 200, Re = 400 and Re = 600, without and with Li
+
-doping (D). 
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Table 2. Values of the donor density (
DN ) and flatband potential (

FBU ) for the 

different samples anodized at Re = 0, Re = 200, Re = 400 and Re = 600, without and 

with Li
+
-doping (D). 

 

 

 

Figures captions 

 

 

Figure 1. Current density transients obtained during the potentiostatic anodization of Ti 

at 55 V at different Reynolds number (Re = 0, Re = 200, Re = 400 and Re = 600). 

 

Figure 2. (a, b) FE-SEM images of the top-view of the TiO2 NTs anodized at Re = 600 

and the initiation layer; (c) the cross sectional view of the NTs anodized at Re = 600; (d) 

length of the nanotubes vs. Reynolds number. 

 

Figure 3.  FE-SEM images of the initiation layer at (a) Re = 0, (b) Re = 200, (c) Re = 

400 and (d) Re = 600. 

 

Figure 4. FE-SEM images of the pores of the initiation layer for the samples anodized 

at (a) Re = 0 and (b) Re = 200; (c) pore size of the initiation layer vs. Reynolds number; 

(d) wall thickness of the nanotubes vs. Reynolds number. 

 

Figure 5. Raman confocal laser spectra of the as-prepared and annealed at 450 ºC 

during 1 h (undoped and doped) TiO2 NTs anodized at 55 V, during 30 min at Re = 600. 
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Figure 6. Experimental Nyquist (a), Bode-phase (b) and Bode-modulus (c) plots for the 

samples anodized at Re = 0, Re = 200, Re = 400 and Re = 600, with and without Li
+
-

doping; (d) electrical equivalent circuit used to simulate experimental EIS data. 

 

Figure 7. Mott Schottky plots, obtained at a frequency of 10 kHz, of the undoped and 

doped nanotubes anodized at 55 V, during 30 min at Re = 0, Re = 200, Re = 400 and Re 

= 600. 

 

Figure 8. (a) Photocurrent transient vs. potential curves of the samples anodized at Re = 

0, Re = 200, Re = 400 and Re = 600 with and without Li
+
-doping under AM 1.5 

illumination; (b) photocurrent densities vs potential registers carried out under AM 1.5 

for two TiO2 nanotubes of the same length (~6.2 microns) anodized in ethylene 

glycol/water/NH4F electrolytes at Re = 0 and Re = 600; (c) photostability experiments 

carried out under AM 1.5 illumination at 0.55 VAg/AgCl of the samples anodized at Re = 

0, Re = 200, Re = 400 and Re = 600 with and without Li
+
-doping; (c) synergistic effect 

between the influence of hydrodynamic condition and Li
+
 intercalation for different 

hydrodynamic conditions.  

 

 

 

 



    

 

 

There is a synergistic effect between Reynolds number and Li+ intercalation on TiO2 nanotubes 

for hydrogen production by means of photoelectrochemical water splitting. 
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Hydrodynamic conditions during anodization remove part of the initiation layer 

 

Hydrodynamic conditions during anodization led to higher photocurrent densities  

 

The conductivity of the NTs increases with Li
+
 intercalation  

 

There is a synergistic effect among the hydrodynamic conditions and Li+ intercalation  

 

Doped nanotubes were stable in the test electrolyte under illumination 

 

 

 

Research Highlights



Re RS/Ω cm2 C1/µF cm-2  R1/kΩ cm2 C2/µF cm-2  R2/kΩ cm2 x10-3) 

0 38 ± 4 106 ± 14 0.68 ± 0.03 5.7 ± 1.8 1690 ± 78 0.98 ± 0.02 78.3 ± 21 5.3 

200 39 ± 3 279 ± 11 0.63 ± 0.04 5.1 ± 1.3 1903 ± 84 0.95 ± 0.01 39.4 ± 23 9.6 

400 42 ± 5 475 ± 17 0.56 ± 0.08 4.4 ± 1.5 1942 ± 101 0.95 ± 0.03 24.8 ± 12 8.5 

600 34 ± 7 132 ± 18 0.74 ± 0.07 2.5 ± 1.0 2399 ± 97 0.97 ± 0.04 38.4 ± 11 8.0 

         

0 - D 32 ± 3 12413 ± 52 0.91 ± 0.03 1.9 ± 0.7 3360 ± 132 0.98 ± 0.02 18.3 ± 8 7.4 

200 - D 32 ± 4 4560 ± 97 0.88 ± 0.05 1.7 ± 0.4 3394 ± 112 0.95 ± 0.02 36.2 ± 12 2.3 

400 - D 36 ± 5 5865 ± 63 0.87 ± 0.06 1.4 ± 0.5 3900 ± 168 0.95 ± 0.04 31.9 ± 13 3.2 

600 - D 27 ± 8 6655 ± 75 0.86 ± 0.04 1.0 ± 0.4 4942 ± 150 0.89 ± 0.03 28.0 ± 9 3.1 

 

Table 1



Re ND (× 10
19 

cm
-3

) FBU /V vs (Ag/AgCl) 

0 1.8 ± 0.3 -0.19 ± 0.05 

200 2.1 ± 0.3 -0.10 ± 0.03 

400 3.9 ± 0.5 -0.09 ± 0.05 

600 3.6 ± 0.4 -0.09 ± 0.02 

   

0 - Doped 390 ± 10 -1.58 ± 0.09 

200 - Doped 107 ± 9 -0.70 ± 0.08 

400 - Doped 192 ± 12 -1.08 ± 0.03 

600 - Doped 278 ± 11 -1.06 ± 0.09 

 

Table 2
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