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Abstract  

The influence of three annealing atmospheres (air, nitrogen and argon) and the use of 

controlled hydrodynamic conditions (from 0 to 5000 rpm) on morphological, structural, 

chemical and photoelectrochemical properties of TiO2 nanotubes have been evaluated. 

For this purpose, different characterization techniques have been used: Field Emission 

Scanning Electron Microscopy, Raman Confocal Laser Spectroscopy, Grazing Incidence 

X-Ray Diffraction Spectroscopy, X-Ray Photoelectron Spectroscopy, Incident Photon-

to-electron Conversion Efficiency measurements, ultraviolet-visible absorption spectra, 

Mott-Schottky analysis and photoelectrochemical water splitting tests. According to the 

results, it can be concluded that both hydrodynamic conditions and annealing in non-

oxidizing atmospheres improve the photoelectrochemical response of the TiO2 nanotubes. 

This fact has been attributed to the oxygen vacancies formed after annealing in argon and 

nitrogen atmospheres and also to the presence of nitrogen into the TiO2 lattice due to the 

thermal treatment in the nitrogen atmosphere. 

Keywords: annealing atmosphere; anodization; hydrodynamic conditions; 

photoelectrochemical water splitting, TiO2 nanotubes. 
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1. Introduction 

Nowadays, there is a massive use of natural resources as energy sources. This fact is 

mainly due to the population growth and the energy dependence, especially in developed 

countries, and it causes serious problems. The majority of the energy produced in the 

world is based on fossil fuels as oil, coal and natural gas, all of them exhaustible natural 

resources which are responsible for environmental impacts such as climate change and 

resource limitations [1-3]. Therefore, there is a need in the modern world to produce a 

clean and economical fuel. This is the reason why most of the current research is devoted 

to the study of renewable energies as alternative sources of energy [3,4]. 

 

Hydrogen is the only alternative energy vector to fossil fuels that is found in abundance 

(not in its elemental state) in nature. Moreover, it is a non-toxic gas and it contains a 

higher specific energy (120 KJ g-1) compared to conventional fuels, such as natural gas 

(50 KJ g-1), or coal (29 KJ · g-1). In addition, it is a clean energy since its combustion 

produces water [3,5,6]. Hydrogen cannot be found in its elemental form in nature but it 

can be produced by different methods, such as reforming of hydrocarbons and methanol, 

electrolysis of water, thermal processes or photoelectrochemical processes, among others. 

This study is focused on the photoelectrochemical water splitting using sunlight for 

hydrogen production. In this process, TiO2 nanotubes will be used as photoanode of the 

process.  

 

TiO2 is widely used as an advanced material for applications such as solar cells, sensors, 

biomedicine and photocatalytic reactions [7-15]. Its good properties such as non-toxicity, 

chemical stability, low cost, resistance to corrosion and photocorrosion and 
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environmental compatibility [7, 16-22] make TiO2 useful for these applications. In 

addition, TiO2 has a band-gap position appropriate for water splitting [23]. There are 

several morphologies of TiO2 nanostructures reported in the literature, such as 

nanoparticles, nanotubes, nanosponges, nanowires and nanorods [23]. Nanotubes were 

chosen for this study since this type of nanostructure presents a higher specific surface 

area compared to others [24] and it also presents less electron-hole pairs recombination, 

due to the unidirectional path to the flow of electrons. These characteristics make 

nanotubes suitable for several applications where nano-sizing is crucial for instance: 

photoelectrochemical applications such as water splitting for hydrogen production or 

organic pollutants removal (where nanotubes favour electron-hole separation and make a 

pathway to conduct electrons to the cathode) [25, 26], photoanodes in dye sensitized solar 

cells  (to improve dye loading ability) [27] and Li-ion battery anodes (increasing the 

energy storage capacity of the battery) [28]. There are different methods to synthesize 

TiO2 nanotubes as sol-gel methods [29, 30], hydrothermal [31], magnetron sputtering [32] 

or anodization [29, 33], among others. Anodization is an effective, low-cost and easy 

method to synthesize TiO2 nanostructures with a high control of the physical and 

electrochemical properties [7, 17, 21, 23, 34-41].  

 

The main drawback of TiO2 is its somewhat high band gap value (~3.2 eV for anatase 

and ~3.0 eV for rutile), which limits its light absorption in the UV region of the solar 

spectrum (wavelengths smaller than 380 nm) [42, 43], which represents roughly the 5% 

of the solar radiation [44]. Several efforts have been made to approach the absorption of 

TiO2 to the visible region to improve its photocatalytic activity, such as doping or 

synthesizing hybrid nanostructures [37-39, 41].  
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It must be taken into consideration that amorphous TiO2 does not present photocatalytic 

activity. Therefore, an annealing step is necessary to transform the amorphous 

nanostructure into a crystalline one. This heat treatment can be carried out at different 

temperatures depending on the desired crystalline phase. It is well known that anatase is 

formed at 400 ºC and rutile appears from 500 ºC on, obtaining 100% rutile TiO2 phase at 

700ºC [45-48]. In this work, amorphous TiO2 nanotubes will be transformed into anatase 

phase due to its high efficiency as a photocatalyst [35-41]. Besides, the heat treatment can 

be carried out using different atmospheres such as air, argon, nitrogen, oxygen or NH3 

[46, 49-54]. Thus, some works have reported the synthesis of doped TiO2 with nitrogen 

using various strategies, such as the use of urea or ammonia during the sol-gel preparation 

[55, 56]. A different approach consists of annealing the nanostructures in a nitrogen 

containing atmosphere. The use of a pure nitrogen atmosphere during the heat treatment 

has not been widely employed as a doping method [51]. Instead, a NH3 atmosphere is 

often used [57-59]. The use of N2 instead of NH3 to dope TiO2 nanostructures with 

nitrogen presents an environmental benefit to the process. In the present study three 

atmospheres will be used during annealing: air, argon or nitrogen, with the novelty of 

combining this study with the synthesis of TiO2 nanotubes by electrochemical 

anodization using controlled hydrodynamic conditions.  

 

In this work, TiO2 nanotubes obtained using hydrodynamic conditions during anodization 

annealed in different atmospheres will be studied. From our knowledge, this is the first 

time that the effect of rotation speed of the electrode during anodization together with the 

influence of annealing atmosphere have been studied for TiO2 nanotubes. Additionally, 

studies found in the literature of TiO2 nanostructures annealed in different atmospheres 
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that evaluate the photocatalytic performance of the nanostructures for 

photoelectrochemical water splitting are scarce.  

 

Hence, the aim of this work is to study the photoeletrochemical properties of TiO2 

nanotubes synthesized by means of anodization using hydrodynamic conditions and 

annealed in different atmospheres: air, nitrogen and argon. In particular, the influence of 

both hydrodynamic conditions and annealing atmosphere have been evaluated for 

photoelectrochemical water splitting. The morphological and structural characterization 

of TiO2 nanostructures have been carried out by Field Emission Scanning Electron 

Microscope, Raman Confocal Laser Spectroscopy, Grazing Incidence X-Ray Diffraction 

Spectroscopy (GIXRD) and X-Ray Photoelectron Spectroscopy (XPS). Incident Photon-

to-electron Conversion Efficiency (IPCE) and diffuse reflectance measurements have 

been also performed to obtain information about the photoelectrochemical response of 

the nanotubes. From these techniques band gap values have been calculated. Mott-

Schottky analysis, Photoelectrochemical water splitting tests and stability measurements 

to photocorrosion have been also carried out for the photoelectrochemical evaluation of 

the photocatalysts.  

 

 

2. Experimental procedure  

 

2.1. Preparation of the photocatalysts 

First, 8 mm in diameter titanium rods were wet abraded with 220, 500 and 4000 silicon 

carbide papers. After this, each titanium sample was sonicated in ethanol for 2 minutes, 

cleaned with water and dried in air. Once the sample surface was clean, the Ti rod was 
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covered with Teflon in order to expose a surface area to the electrolyte during anodization 

of 0.5 cm2. 

 

Anodization of titanium was carried out at room temperature. For anodization, the 

titanium sample was the anode and a platinum foil was used as the cathode of the process. 

The anodization electrolyte was an ethylene glycol based solution with 0.05 M of NH4F 

and 1M of H2O. The titanium sample was connected to a Rotating Disk Electrode (RDE) 

to control the hydrodynamic conditions during anodization. Different rotation speeds 

were applied: 0 (stagnant), 2500 and 5000 rpm. A multimeter in series was also connected 

to register the anodization current density during the process. A potential of 55 V was 

applied for 30 minutes. After anodization, the titanium sample was rinsed with distilled 

water and ethanol and then dried with air. Finally, samples were cut in a slice of 

approximately 0.5 cm. 

 

In order to transform the amorphous TiO2 anodized nanostructures, a heat treatment was 

carried out. In this way, samples were annealed at 450 ºC for 1 hour to obtain anatase 

crystalline TiO2 nanostructures. Different atmospheres were used (air, argon and 

nitrogen) to evaluate the influence of the atmosphere during the heat treatment. For 

annealing in argon and nitrogen atmospheres, samples were introduced in a tubular oven 

and the gas was bubbled for 30 minutes prior the heat treatment, in order to remove the 

air contained in the tube. 

 

2.2. Morphological, structural and chemical characterization of the photocatalysts 

2.2.1. Field- Emission Scanning Electron Microscopy  
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Field- Emission Scanning Electron Microscopy (FE-SEM) was used for the 

morphological characterization of the nanostructures. The microscope was an ULTRA 55 

(ZEISS). 

 

2.2.2. Raman Confocal Laser Spectroscopy 

Raman Spectroscopy measurements were carried out with a Confocal Laser microscope 

with Raman spectroscopy (WITec). In order to determine the crystalline structure of the 

samples they were illuminated with a 633 nm (red laser) using 420 µW. 

  

2.2.3. X-Ray Diffraction  

X-Ray Diffraction spectra (XRD) were obtained with a Bruker D8AVANCE 

diffractometer with a monochromatic Cu Kα1 source. 

2.2.4. X-Ray Photoelectron Spectroscopy  

X-Ray Photoelectron Spectroscopy spectra were collected using Al-K monochromatized 

radiation (1486.6 eV) at 3 mA x 12 kV. The scanning step energies were 200 eV to 

measure the whole energy band and 50 eV to selectively measure elements. 

 

2.3. Photoelectrochemical characterization of the photocatalysts 

 

2.3.1. Mott-Schottky analysis 

Mott-Schottky plots under dark conditions (in the absence of illumination) for the samples 

anodized under hydrodynamic conditions (at 5000 rpm) and annealed in air, argon and 

nitrogen atmospheres were obtained applying an initial potential of 0.5 VAg/AgCl and 
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sweeping the potential from that value to -0.4 VAg/AgCl at a frequency of 5 kHz. The 

amplitude of the signal was 10 mV. 

 

2.3.2. Water splitting and stability measurements 

Water splitting measurements were performed to evaluate which of the TiO2 

nanostructures (obtained under different hydrodynamic conditions and annealing 

atmospheres) presented the best photocurrent response. For this purpose, TiO2 

nanostructures were used as photoanodes in the photoelectrochemical water splitting with 

sunlight. Photoelectrochemical water splitting tests were carried out in a three electrode 

electrochemical cell connected to a potentiostat, with a 1 M KOH solution as electrolyte. 

The working electrode was the TiO2 nanostructure with an exposed area of 0.26 cm2, an 

Ag/AgCl (3M KCl) was the reference electrode and a platinum foil was the counter 

electrode. A potential scan from −0.8 VAg/AgCl to 0.5 VAg/AgCl with a scan rate of 2 mV s−1 

was performed and the photocurrent density values generated were recorded by chopped 

light irradiation (60 s in the dark and 20 s in the light).  

 

Stability measurements were used to evaluate the resistance of TiO2 nanostructures to 

photocorrosion. In these tests, a potential of 0.5 VAg/AgCl was applied under light 

irradiation for one hour. 

 

2.3.3. Incident Photon-to-electron Conversion Efficiency measurements 

Incident Photon-to-electron Conversion Efficiency measurements (IPCE) were used to 

evaluate the ratio of the number of photons incident on the nanostructures to the number 

of generated charge carriers. With this technique the solar spectrum range in which the 
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nanostructure presents the better photoelectrochemical response as photocatalyst was 

stablished.  

 

The IPCE measurements were carried out using the same cell configuration as the one 

used in the water splitting tests in a 0.1 M Na2SO4 solution. During the tests, a constant 

potential of 0.5 VAg/AgCl was applied in a wavelength range between 300 and 500 nm.  The 

current density was registered during the IPCE measurements. 

 

The IPCE values were calculated according to Eq. 1 [60-62]: 

                                       ·100
P·λ

1240·iIPCE =                                                               (1) 

where i is the photocurrent density (A·cm-2), P is the light power density (W·cm-2) and λ 

is the wavelength (nm).  

The band gap of the nanostructures was calculated according to Eq. 2 (Tauc’s equation) 

[63-65]:  

                                         ( )ngEhAh −= ννα                                                            (2)                               

where α is the absorption coefficient and for band gap measurements it is proportional to 

photocurrent density i (A cm-2) [66, 67], h·ν is the phonon energy (eV), A is a constant of 

the material, n is a constant depending on the electronic transition and Eg is the bang gap.  

For comparison, selected samples were studied by UV-VIS spectroscopy in a Cary 5000 

spectrophotometer, in the 200-800 nm wavelength range, in order to estimate the band 

gap using the Tauc plot. 

 

3. Results and discussion  

3.1. Anodization process 
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The current density values vs time recorded during anodization are shown in Figure S1. 

Three different stages during the anodization process can be elucidated [68]. The current 

density initially decreases with time (Stage I) in all cases, since a compact TiO2 layer was 

formed, which blocked the circulation of electrons. A minimum was reached and then the 

current density increased (Stage II) due to the formation of irregular nanopores because 

of the penetration of fluorides through the TiO2 layer, which leads to the decrease of the 

current flow resistance. Finally (Stage III), the current density stabilizes due to the 

formation of regular nanopores or nanotubes. 

 

Figure S1 shows that Stage II shortens as hydrodynamic conditions increase, indicating 

that the formation of nanotubes occurs faster under these conditions. That is, 

hydrodynamic conditions favour fluoride diffusion through the electrolyte, producing the 

faster arrival of these ions to the surface of titanium and favouring the nanopores 

formation [37]. An increase in the current density registered during anodization under 

hydrodynamic conditions in comparison to stagnant conditions is also observed in Figure 

S1. This increase has been attributed to the faster fluoride diffusion through the electrolyte 

and the subsequent increase in the oxidation reaction velocity. 

 

3.2. Field- Emission Scanning Electron Microscopy measurements 

 

Figure 1 shows Field- Emission Scanning Electron Microscopy (FE-SEM) images of the 

nanostructures obtained under different hydrodynamic conditions during anodization and 

annealing atmospheres (air, argon and nitrogen). The images of the nanostructures 

obtained under stagnant conditions (0 rpm) show an initiation layer which partially covers 

the top of the nanotubes. This initiation layer is related to the organic electrolyte used 
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during anodization [69-71] and it can cause a decrease in the absorption of solar radiation 

by the nanotubes, since their entrances are partially blocked. Thus, photoelectrochemical 

response is worsen owing to the initiation layer. Figure 1 also shows that the initiation 

layer was removed as the rotation speed of the electrode during anodization increases. 

This behavior is observed regardless of the annealing atmosphere. Besides, the diameter 

of the pores of the initiation layer increased due to the flowing conditions. For instance, 

for nanotubes annealed in air, the average diameter of the pores increased from 50±14 nm 

at 0 rpm to 95±10 nm at 5000 rpm, which will result in an improvement of the 

photoelectrochemical response for the nanostructures anodized under hydrodynamic 

conditions.   

 

Figure 2 (a) shows, as an example, images of the cross section of the TiO2 nanotubes 

anodized at 5000 rpm under the different annealing atmospheres (air, argon and nitrogen). 

An ordered nanotubular structure can be observed owing to the control of hydrodynamic 

conditions by stirring the Ti electrode during anodization. The vertical arrangement of 

nanotubes makes possible a direct path of the incident photons and allows a higher 

sunlight absorption [72], which improves the TiO2 nanotubes behavior as a photocatalyst. 

 

Figure 2 (b) shows the nanotubes length as a function of the rotation speed (rpm) for the 

nanostructures obtained under the different annealing atmospheres. Note that the length 

of the nanotubes increases for the samples anodized under hydrodynamic conditions 

regardless of the annealing atmosphere. The highest lengths of the nanotubes were 

obtained when annealing was carried out in a nitrogen atmosphere, followed by argon 

atmosphere and, finally, the lowest lengths were obtained when annealing was conducted 

in air. It is known that as the length of the nanostructures increases, there is more surface 
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to absorb solar radiation [21], which improves the efficiency of the nanostructure as a 

photocatalyst. According to this fact, the best nanostructures for photocatalytic 

applications were those obtained rotating the Ti electrode during anodization at 5000 rpm 

and annealing the nanostructures in a nitrogen atmosphere. However, it is important to 

point out that with higher nanotubes length, the probability of recombination of electron-

hole (e- - h+) pairs increases, since the path that the photon must follow until the metal 

surface is reached increases. Therefore, the photoelectrochemical behavior of these 

nanostructures should be analyzed in detail. 

 

3.3. Raman Confocal Laser Spectroscopy measurements 

Laser Confocal Microscopy with Raman spectroscopy was used to evaluate the structure 

of the samples. 

 

The Raman spectra of the nanostructures was not modified by hydrodynamic conditions 

during anodization (see supporting information, Figure S2). Therefore, Figure 3 shows, 

as an example, the Raman confocal laser spectra of the TiO2 nanostructures anodized at 

5000 rpm and annealed in air, nitrogen and argon. The Raman spectra of all the 

nanostructures present the characteristic bands of the crystalline anatase TiO2 phase, with 

four peaks at around ~142, ~396, ~515 and ~640 cm-1 [38, 54, 55, 73-77]. These peaks 

confirm the transformation of amorphous TiO2 into anatase phase after annealing.  

 

The Raman spectra of the TiO2 nanotubes annealed in both argon and nitrogen 

atmospheres present a high degree of photoluminescence. Photoluminescence was 

attributed to the presence of oxygen vacancies generated in the nanostructures annealed 

in argon and nitrogen atmospheres [41, 49, 78-80]. Annealing in the absence of oxygen 

(argon and nitrogen atmospheres) generates a great number of oxygen vacancies in the 
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nanostructures. These oxygen vacancies are the responsible for creating an excitation 

energy level near the bottom of the conduction band of the Ti2O3 lattice, where electrons 

can easily access [81]. This fact could explain the photoluminescence phenomena. Note 

that photoluminescence is greater in the nanostructures annealed in nitrogen atmosphere 

(Figure 3), since the presence of nitrogen in the TiO2 matrix also is associated to 

fluorescence effect [55]. 

 

Additionally, Figure 3 also shows that the characteristic peaks of the anatase phase 

appears slightly displaced to higher Raman Shifts in samples annealed in argon and 

nitrogen atmospheres, which is also related to the presence of oxygen vacancies generated 

during annealing [49, 56]. Besides, comparing the first peak characteristic of the anatase 

phase (~142 cm-1) in all the Raman spectra, it could be observed that its width was 

broadened for nanotubes annealed in argon and nitrogen atmospheres with respect to the 

nanostructures annealed in air. This effect was related to an enhancement of crystallinity 

and to a smaller particle size [52, 54, 73]. The improvement in crystallinity is beneficial 

for photoelectrocatalytic applications [82]. 

 

Both the presence of photoluminescence in the Raman spectra and the widening of the 

main characteristic peak of the anatase phase for the nanostructures annealed in nitrogen 

also suggest the presence of nitrogen atoms in the matrix of the crystalline oxide [55, 82]. 

XPS measurements were carried out (and presented below) to clarify this. 

 

In order to evaluate in detail the crystalline and the chemical structure of the 

nanostructures annealed in the different atmospheres, grazing incidence X-ray diffraction 

and X-ray photoelectron spectrometry measurements were carried out for the 
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nanostructures anodized at 5000 rpm, since no significant differences were detected for 

the Raman spectra of the samples anodized at the different rotation speeds. 

 
 
 
3.4. X-Ray Diffraction measurements 
 
Figure S3 shows the XRD patterns of the TiO2 samples anodized at 5000 rpm and 

annealed in the three different atmospheres. In this figure, apart from the diffractions of 

metallic titanium, typical peaks of the TiO2 anatase phase have been identified. In 

particular, peaks appeared at 2θ = ~25.5, ~38.2, ~48.2, ~53.1 and ~54.2 °, corresponding 

to the (101), (004), (200), (105) and (211) planes of the anatase phase [83]. The preferred 

orientation for all the samples is that related to the (101) plane and the high intensity of 

this peak shows enhanced crystallinity for the TiO2 nanotubes annealed in both nitrogen 

and argon atmospheres. These results are in agreement with those obtained by Raman 

spectroscopy. This higher intensity of the TiO2 reflections in O-free conditions can be 

related to the higher length of the nanotubes as observed by microscopy (Figure 2). 

Therefore, it is likely that an increase in crystallinity might be beneficial for the 

photoelectrocatalytic activity improvement.  

Crystallite size was calculated according to Scherrer’s equation [84, 85] using the main 

anatase X-ray diffraction peak (101) and it was ca. 23 nm regardless the annealing 

atmosphere used. 

 
3.5. X-Ray Photoelectron Spectroscopy measurements  

The near surface of selected synthesized samples has been studied by XPS. The XPS 

spectra of Ti 2p (Figure 4), O 1s (Figure 5) and N 1s (Figure 6) for TiO2 nanotubes 

anodized at 5000 rpm and annealed in air (a), nitrogen (b) and argon atmospheres (c) have 

been represented. After deconvolution and fitting operations of the Ti 2p XPS spectrum 
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(Figure 4), four peaks were obtained at around 457.1, 458.3, 462.9 and 464.1 eV. The 

peaks at 458.3 eV and 464.1 eV correspond to the spin-orbital splitting photoelectrons of 

Ti4+ in Ti 2p1/2 (titanium oxide), while the peaks at 457.1eV and 462.9 eV correspond to 

Ti3+ in Ti 2p3/2 (titanium suboxide) [86, 87]. Considering the area under the curve of each 

of these deconvoluted peaks, the amount of Ti3+ and Ti4+ has been estimated (Table 1). 

The amount of the non-stoichiometric titanium (Ti3+) is higher in the samples annealed in 

nitrogen and argon atmospheres compared to that annealed in air atmosphere. This fact 

must be associated with the absence of oxygen during the heat treatment in those 

atmospheres, which produces oxygen vacancies. 

 

Figure 5 shows the XPS spectra of O 1s for TiO2 nanotubes anodized at 5000 rpm and 

annealed in air (a), nitrogen (b) and argon atmosphere (c) respectively. Three peaks were 

obtained after deconvolution at around 529.7, 531.4 and 532.7 eV. The peak located at 

529.7 corresponds to lattice oxygen (LO), which is associated to O2- atoms fully 

coordinated with Ti4+.  The oxygen vacancies (VO) have been obtained after the de-

convolution of the O 1s narrow scan at 531.4 eV. The peak located at 532.7 corresponds 

to chemisorbed oxygen (CO), which is associated to dissociating oxygen of OH from H2O, 

surface oxygen species from carbonates or O2 on TiO2 surface [86, 88-90]. Table 2 shows 

the relative amount of each O species after the deconvolution of the XPS O1s peaks. The 

peak associated with lattice oxygen (around 529.7 eV) is higher when the TiO2 is annealed 

in an atmosphere with oxygen (air atmosphere). The highest area related to oxygen 

vacancies (531.4 eV) was obtained annealing in argon and, especially, in nitrogen 

atmospheres. The increase of oxygen vacancies is in agreement to the increment of the 

concentration of non-stoichiometric titanium (Ti3+) observed in Table 1.  The presence 

of a more intense peak corresponding to dissociating oxygen or OH species from H2O or 
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-O2 (peak around of 532.7 eV) observed when the TiO2 nanotubes were annealed in the 

absence of oxygen (nitrogen and argon atmospheres), could be also related to a higher 

amount of surface defects, since they are associated to OH species on the surface [86, 88-

90]. 

 

Figure 6 shows the spectra of N 1s for the TiO2 nanotubes anodized at 5000 rpm and 

annealed in air (a), nitrogen (b) and argon atmosphere (c) respectively. First of all, it must 

be noted that the assignment of the XPS peaks to the different N-species is highly 

controversial in the literature [91-95]. However, in our work some clear trends that allow 

us to draw important conclusions can be observed. Peaks around 398.2 eV and 399.2 eV 

have been obtained after deconvolution in the samples treated in air or argon. It can be 

observed that the energy of these peaks is higher in the case of the sample treated in a 

nitrogen atmosphere, shifting to values around 399.0 eV and 400.2 eV. Several authors 

attribute this displacement to the change in the nitrogen electronegativity when it is 

present in the lattice. In this case, nitrogen becomes an electron donor instead of an 

electron acceptor. Therefore, nitrogen becomes positively charged. Nitrogen ions at high 

energy (400.2 eV) transfer electrons to adjacent oxygen atoms more easily due to their 

low electronegativity compared to those oxygen atoms. The positively charged nitrogen 

ions correspond to the following bonds: N-Ti-O and Ti-O-N-O [91-95]. This effect is 

observed when the sample is annealed in a nitrogen atmosphere. Overall, the amount of 

nitrogen in the surface detected by XPS increases by a factor of ca. 2 in the sample 

annealed in N2 compared to the others.  Moreover, the areas under the curves of the 

deconvoluted peaks of N 1s for the TiO2 nanotubes annealed in the different atmospheres, 

have been calculated (Table 3), showing that the presence of nitrogen in the structure 
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clearly increases when the sample is annealed in nitrogen atmosphere, obtaining the 

largest area in the peak with less energy in that case.  

 

3.6. Mott-Schottky analysis 

 

The total capacitance of a semiconductor/electrolyte interface can be described by the 

Mott-Schottky equation, which for an n-type semiconductor such as TiO2, is: 

                                                  

1
𝐶𝐶2

=
1
𝐶𝐶𝐻𝐻2

+
2

𝜀𝜀𝜀𝜀0𝑒𝑒𝑁𝑁𝐷𝐷
�𝐸𝐸 − 𝐸𝐸𝐹𝐹𝐹𝐹 −

𝑘𝑘𝑘𝑘
𝑒𝑒 �

                                                        (3) 

 

where CH is the capacitance of the Helmholtz layer, ε is the dielectric constant of TiO2 (a 

value of 100 has been used for TiO2 nanostructures [96, 97]), ε is vacuum permittivity 

(8.85 · 10‒14 F cm‒1), e is electron charge (1.60 · 10‒19 C), ND is the density of donor 

species within the semiconductor, EFB is the flat-band potential, k is the Boltzmann 

constant (1.38 · 10‒23 J/K) and T is absolute temperature. 

 

Figure 7 shows the Mott-Schottky plots (C‒2 vs. E diagrams) of the three TiO2 samples 

anodized at 5000 rpm and annealed in different atmospheres (air, argon and nitrogen). 

The three plots show a linear region with positive slope, which indicates n-type 

semiconductivity, as expected. Nevertheless, there are important differences between 

these curves. The linear region slope for the sample annealed in an air atmosphere is 

notably higher than those for the other two samples. According to Eq. 3, the slope of the 

C‒2 vs. E representation is inversely proportional to the donor density, ND. Therefore, the 

sample annealed in air has a lower concentration of electron donor species than the 

samples annealed in argon and nitrogen. Values of ND for the three samples are the 
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following: 1.47 · 1019 cm‒3 for the sample annealed in air, 3.45 · 1019 cm‒3 for the sample 

annealed in argon and 4.98 · 1019 cm‒3 for the sample annealed in nitrogen. ND values are 

in good agreement with the ones obtained for TiO2 nanotubes in other studies [98, 99]. 

Oxygen vacancies have usually been reported as the major donor species in TiO2 [97, 

100-102]. The values of ND obtained for the three samples imply, consequently, that 

samples annealed in argon and nitrogen atmospheres (especially the last one) have more 

oxygen vacancies within their structure than the sample annealed in air. This result is 

consistent with XPS data, thus confirming the increment in oxygen vacancies in the 

samples thermally treated in oxygen-free atmospheres. The implications of these 

conclusions will be studied in the following sections, which deal with the 

photoelectrochemical characterization of the samples. 

 

3.7. Water splitting and stability measurements 

 

The synthetized TiO2 nanotubes have been used as photoanodes for photoelectrochemical 

water splitting. Figure 8 shows the photoelectrochemical response for the nanostructures 

anodized at different rotation speeds (0, 2500 and 5000 rpm) and annealed under different 

atmospheres (air, nitrogen and argon). A peak in the photocurrent density values 

registered at the beginning of each pulse was observed in most of the samples mainly 

between -0.8 VAg/AgCl and -0.4 VAg/AgCl. This peak is associated with the recombination 

process of the generated electron and holes. This peak disappears at higher applied 

potentials (~ - 0.2 VAg/AgCl) when constant photocurrent density values are reached [103]. 

In general, the photocurrent density values stabilize as the potential shifts towards more 

positive values. This fact allows to carry out the photoelectrochemical water splitting 

applying low polarizations. Besides, Figure 8 shows that photocurrent densities under 
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dark conditions are on the order of 0 μA/cm2, which indicates that nanostructures are 

stable after light application (there is no electrochemical oxidation). When the light is 

switched on again, the photocurrent densities increase quickly, which may be related to a 

rapid transport of the charges inside the photocatalyst [104].  

 

Figure 8 also shows that for the nanotubes annealed under the different atmospheres, 

photocurrent densities increase as the rotation speed of the Ti electrode during 

anodization increased. This fact reveals that the use of hydrodynamic conditions during 

anodization improves the photoelectrochemical behavior of the obtained nanotubes. This 

might be attributed to different causes: on the one hand, FE-SEM images (Figure 1) 

showed that hydrodynamic conditions used during anodization partially removed the 

initiation layer formed on the top of the nanotubes, allowing a higher absorption of solar 

radiation which resulted in an increase in the photocurrent densities. On the other hand, 

Figure 2b shows an increase in the length of the nanotubes as the rotation speed during 

the anodization increases, which leads to an increase in the solar radiation absorption 

surface [21] and therefore an increase in the photocurrent densities.  

 

Regarding the atmosphere used during annealing, Figure 8 shows that the highest 

photocurrents were registered for nanostructures treated in argon and nitrogen. Moreover, 

the highest photocurrent densities are obtained for the nanostructures anodized under 

hydrodynamic conditions. The photocurrent values are directly related to the amount of 

oxygen produced in the photoanode and according to the Faraday’s Law with the 

hydrogen generated in the cathode. Therefore, high photocurrents are associated with 

high hydrogen production in order to use these nanostructures in the 

photoelectrochemical water splitting process. The presence of a high number of oxygen 
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vacancies in the nanostructures annealed in nitrogen and argon atmospheres may increase 

the conductivity of the samples resulting in a better photoelectrochemical performance. 

Additionally, for a better photoelectrochemical characterization of the nanostructures 

annealed at the different atmospheres, IPCE and Ultraviolet-Visible absorption 

measurements are presented in the next sections.   

 

The photostability of the nanostructures under a constant applied potential of 0.5 VAg/AgCl 

under light conditions for one hour was evaluated. Figure S4 shows stable photocurrent 

transients with time for all the samples, which means that the nanostructures are stable to 

photocorrosion. Additionally, samples were observed by FE-SEM before and after the 

photoelectrochemical tests and no appreciable differences were observed. Figure S4 also 

shows the increase in the photocurrent densities for nanostructures anodized under 

hydrodynamic conditions.  

 

According to all these facts, nanotubes anodized at 5000 rpm and annealed in nitrogen 

and argon atmosphere are the most suitable for being used as photoanodes in 

photoelectrochemical water splitting applications.  

 

3.8. Incident Photon-to-electron Conversion Efficiency measurements 

 
To fully characterize the photoelectrochemical properties of the synthesized 

nanostructures and relate them to their photocatalytic performance, incident Photon-to-

electron Conversion Efficiency (IPCE) measurements have been carried out. 

 

The IPCE measurements were calculated according to Eq.1 and they allow establishing 

the number of electrons generated as a result of the flow of photons that impinges on the 
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nanostructures, for each wavelength. Figure 9 (a) shows, as an example, the IPCE values 

of the nanotubes anodized at 5000 rpm and annealed under the different atmospheres. 

This figure shows that nanostructures annealed in nitrogen atmosphere achieve the 

highest IPCE values followed by those annealed in argon atmosphere. The lowest IPCE 

values were obtained annealing in air atmosphere. This behavior was also observed under 

stagnant conditions and for the nanotubes anodized at 2500 rpm (Figure S5). 

 

Figure 9 (a) also shows that the nanotubes annealed in air atmosphere do not present 

photocatalytic response at wavelengths higher than 380 nm, that is, these photocatalysts 

can only absorb wavelengths from the UV region of the solar spectrum. However, 

nanotubes annealed in argon atmosphere can absorb some radiation of slightly higher 

wavelengths (up to 390 nm), approaching the visible region. This improvement in the 

absorption range of the photocatalyst annealed in argon (non-oxidizing atmospheres) may 

be due to the higher amount of oxygen vacancies. XPS measurements (Table 1 and Table 

2) confirmed that the density of the oxygen vacancies in the TiO2 samples increased with 

the decrease in oxygen content during the heat treatment [54, 73], that is, they increased 

when heat treatment was carried out in argon compared to air atmosphere. Indeed, the 

increase in oxygen vacancies corresponds to a higher density of electron donors, which 

facilitates the process of separation and transport of charges and improves the efficiency 

of the electron-hole pairs [49, 51]. Therefore, a higher oxygen vacancy density in the 

nanostructure could contribute not only to improve the electron conductivity and to 

facilitate the charge transfer, but also to achieve a slight absorption of visible light [49]. 

In the case of the nanotubes annealed in nitrogen atmosphere, Figure 9 (a) shows that 

these nanostructures can absorb a small amount of light in the visible region of the solar 

spectrum, since low photocurrents are registered for wavelengths up to 400 nm. XPS 
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measurements (Table 1 and Table 2) and Mott-Schottky analysis (Figure 7) 

demonstrated that oxygen vacancies also increased by the thermal treatment in a nitrogen 

atmosphere (absence of oxygen) compared to those generated in air atmosphere. Besides, 

for nanostructures annealed in nitrogen, both the analysis of the crystalline phase using 

confocal Raman microscopy (Figure 3) and the XPS measurements (Table 3), showed 

the presence of nitrogen atoms into the structure of TiO2. Therefore, the increase in the 

photo-activity of TiO2 annealed in nitrogen atmosphere under simulated solar radiation 

could be attributed to both the increase of oxygen vacancies and the presence of nitrogen 

in the structure of TiO2, which may cause greater crystallization or a decrease in the band 

gap of the semiconductor [82].  

 

The modification of the band gap value due to the annealing atmosphere will be discussed 

in detail below.  

 

The IPCE results are in agreement with the water splitting measurements since the highest 

photoresponses were achieved for the nanostructures annealed in argon and nitrogen 

atmospheres (Figure 8). Other authors [105] observed that the presence of N into the 

TiO2 matrix can also stress the nanostructure, resulting in lower photocurrents for samples 

annealed in nitrogen in comparison to the ones annealed in argon. This might be the 

reason why photocurrents are slightly higher for samples annealed in argon atmosphere.   

 

Band gap energy values were also obtained from the Incident Photon-to-electron 

Conversion Efficiency measurements according to Eq. 2 (Tauc’s equation) and following 

the procedure explained by the authors in a previous works [38]. In Eq.2 the value of n is 

considered 2 since literature indicates that anatase TiO2 has only an indirect band gap 
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[106], being 2 the n value for an indirect allowed transition in this case. According to this, 

the indirect band gap can be calculated from the intercept of the two linear regions of the 

representation of (α·h·ν)1/2 vs. photon energy. Figure 9 (b) shows, as an example, the plot 

for the band gap calculation for the nanostructures anodized at 5000 rpm at the different 

atmospheres. The band gap values of the different nanostructures have been calculated 

from this figure and they are shown in Table 4. All of them were lower than the band gap 

of anatase crystalline TiO2 (~3.2 eV according to literature [37, 106, 107]), and they were 

similar independently of the rpm used during the anodization process. In relation to the 

annealing, the highest band gap values were obtained annealing with air (in fact these 

values are close to the ones of anatase) and the lowest ones were obtained annealing with 

nitrogen. This fact suggests that the presence of nitrogen in the oxide matrix may reduce 

the band gap of the photocatalyst, leading to a better absorption in the visible region of 

the solar spectrum, and therefore to an increase in the photo-activity of the nanostructures. 

Consequently, a decrease in the band gap is expected in photocatalysts that include 

nitrogen in their matrix [55,56]. These facts are in good agreement with the IPCE (Figure 

9 (a)) and water splitting (Figure 8) results, respectively. It must be noted that band gaps 

estimated by UV-Vis. spectroscopy on the samples annealed in different atmospheres and 

using 5000 rpm corroborate the values obtained by IPCE, resulting in 3.10, 3.03 and 2.93 

eV for samples treated in air, argon and nitrogen, respectively. 

 

The worst photocatalytic responses (Figure 8) were obtained for the nanostructures 

annealed in air atmosphere (~ 21% oxygen and 79 % nitrogen) probably due to the fact 

that the amount of nitrogen present in their matrix is low (Figure 3 and Table 3), and, 

therefore, the band gap is higher than that observed in nanostructures annealed in nitrogen 

atmosphere. Moreover, the amount of oxygen vacancies is the lowest in comparison to 
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the nanostructures annealed in both nitrogen and argon atmospheres, (Table 1, Table 2 

and Figure 7). 

 

4. Conclusions 

Current density measurements during anodization revealed that the formation of 

nanotubes occurred faster under hydrodynamic conditions regardless of the atmosphere 

used during the heat treatment (air, argon or nitrogen). 

 

FE-SEM images showed that the initiation layer formed on the top of the nanotubes was 

removed as the rotation speed during anodization increases. This behaviour was observed 

independently of the annealing atmosphere.  

 

The highest length of the nanotubes was obtained when annealing was carried out in a 

nitrogen atmosphere, while the lowest were obtained in air.  

 

The Raman spectra of all the nanostructures were characteristic of the anatase phase of 

crystalline TiO2 and it was not modified due to hydrodynamic conditions. However, 

differences in the concentration of oxygen vacancies were observed depending on the 

annealing atmosphere used. Then, TiO2 nanotubes annealed in both argon and nitrogen 

atmospheres confirm the increase in the formation of oxygen vacancies compared to the 

nanotubes formed in air. Interestingly, the presence of nitrogen atoms in the matrix of the 

crystalline oxide can also be proposed in the sample annealed in nitrogen. Both XRD and 

Raman data suggest an enhancement of crystallinity in the nanostructures when annealing 

was performed in non-oxidizing atmospheres.  
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XPS measurements indicated a high concentration of oxygen vacancies and a higher 

amount of surface defects when the TiO2 nanotubes were annealed in absence of oxygen 

(nitrogen and argon atmospheres). Additionally, the presence of surface nitrogen in the 

structure was the highest when the sample was annealed in nitrogen atmosphere. The 

increase in oxygen vacancies within the structure of samples annealed in argon and 

nitrogen atmospheres, compared with TiO2 nanotubes annealed in air, was also 

corroborated by Mott-Schottky analysis, which allowed calculating the donor density, ND. 

 

Nanotubes annealed in air atmosphere do not present photocatalytic response at 

wavelengths greater than 380 nm. However, nanotubes annealed in argon atmosphere 

absorb some radiation up to 390 nm. This improvement in the absorption ranges of the 

photocatalyst was attributed to the oxygen vacancies generated by annealing in argon. 

Nanotubes annealed in nitrogen atmosphere absorbed a small amount of light in the 

visible region of the solar spectrum, since low photocurrents are registered for 

wavelengths up to 400 nm. This fact could be attributed to both the increase of oxygen 

vacancies and the incorporation of nitrogen into the structure of TiO2, which leads to a 

decrease in the band gap of these nanostructures and consequently to an increase in their 

photo-activity. 

 

These results confirm that the use of a nitrogen or argon atmospheres during the heat 

treatment increases the photocatalytic activity of the nanotubes for the 

photoelectrochemical water splitting. Furthermore, if these conditions are combined with 

nanotubes anodized under controlled hydrodynamic conditions, a greater improvement is 

obtained in the photocatalytic response of the nanostructures.  
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Tables caption 

Table 1. Ti4+ and Ti3+ at.% obtained from the XPS areas of the nanostructures anodized 

at 5000 rpm and annealed in air, nitrogen and argon atmospheres.a  

Table 2. Relative amount of the different surface oxygen species (area %) obtained from 

the XPS areas of the nanostructures anodized at 5000 rpm and annealed in air, nitrogen 

and argon atmospheres. 

Table 3. N 1s peak areas obtained from XPS measurements of the nanostructures 

anodized at 5000 rpm and annealed in air, nitrogen and argon atmospheres. 

Table 4. Band gap values of the nanostructures obtained under different hydrodynamic 

conditions during anodization and annealed in air, nitrogen and argon atmospheres. 

 

Figures caption 

Figure 1. FE-SEM images of the nanostructures obtained under different hydrodynamic 

conditions during anodization and annealing atmospheres (air, nitrogen and argon). 

Figure 2.  (a) FE-SEM images of the cross section of the TiO2 nanotubes anodized at 

5000 rpm under the different heat treatments (air, nitrogen and argon). (b) Nanotubes 

length as a function of the rotation speed (rpm) for the nanostructures obtained under the 

different heat treatments (air, nitrogen and argon). 

Figure 3. Raman confocal laser spectra of TiO2 nanostructures anodized at 5000 rpm and 

annealed in different atmospheres (air, nitrogen and argon). 

Figure 4. XPS spectra of Ti 2p for the TiO2 nanostructures anodized at 5000 rpm and 

annealed in air atmosphere (a), nitrogen atmosphere (b) and argon atmosphere (c). 

Figure 5. XPS spectra of O 1s for the TiO2 nanostructures anodized at 5000 rpm and 

annealed in air atmosphere (a), nitrogen atmosphere (b) and argon atmosphere (c). 
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Figure 6. XPS spectra of N 1s for the TiO2 nanostructures anodized at 5000 rpm and 

annealed in air atmosphere (a), nitrogen atmosphere (b) and argon atmosphere (c). 

Figure 7. Mott-Schottky plots for the nanostructures anodized at a rotation speed of 5000 

rpm and annealed in air, argon and nitrogen. 

Figure 8. Water splitting measurements for the nanostructures anodized at different 

rotation speeds (0, 2500 and 5000 rpm) and annealed under different atmospheres (Air, 

Nitrogen and Argon). 

Figure 9. (a) Incident photon-to-electron conversion efficiency and (b) band gap 

measurements obtained from IPCE tests of the nanostructures anodized at 5000 rpm and 

annealed under different atmospheres (Air, Nitrogen and Argon). 
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Figure 1. FE-SEM images of the nanostructures obtained under different hydrodynamic 
conditions during anodization and annealing atmospheres (air, nitrogen and argon). 
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Figure 2.  (a) FE-SEM images of the cross section of the TiO2 nanotubes anodized at 
5000 rpm under the different heat treatments (air, nitrogen and argon). (b) Nanotubes 
length as a function of the rotation speed (rpm) for the nanostructures obtained under the 
different heat treatments (air, nitrogen and argon). 
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Figure 3. Raman confocal laser spectra of TiO2 nanostructures anodized at 5000 rpm and 
annealed in different atmospheres (air, nitrogen and argon). 
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(a) 
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(c) 

Figure 4. XPS spectra of Ti 2p for the TiO2 nanostructures anodized at 5000 rpm and 
annealed in air atmosphere (a), nitrogen atmosphere (b) and argon atmosphere (c). 
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Figure 5. XPS spectra of O 1s for the TiO2 nanostructures anodized at 5000 rpm and 
annealed in air atmosphere (a), nitrogen atmosphere (b) and argon atmosphere (c). 
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Figure 6. XPS spectra of N 1s for the TiO2 nanostructures anodized at 5000 rpm and 
annealed in air atmosphere (a), nitrogen atmosphere (b) and argon atmosphere (c). 
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Figure 7. Mott-Schottky plots for the nanostructures anodized at a rotation speed of 
5000 rpm and annealed in air, argon and nitrogen. 
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Figure 8. Water splitting measurements for the nanostructures anodized at different 
rotation speeds (0, 2500 and 5000 rpm) and annealed under different atmospheres (air, 
nitrogen and argon). 
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Figure 9. (a) Incident photon-to-electron conversion efficiency and (b) band gap 
measurements obtained from IPCE tests of the nanostructures anodized at 5000 
rpm and annealed under different atmospheres (Air, Nitrogen and Argon). 
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Table 1. Ti4+ and Ti3+ at.% obtained from the XPS areas of the nanostructures anodized 
at 5000 rpm and annealed in air, nitrogen and argon atmospheres.a  
 

 Ti3+  
(area %) 

Ti4+ 
(area %) 

Air 4.85 95.15 
Nitrogen 8.70 91.30 

Argon 7.95 92.05 
a Both 2p3/2  (Ti3+ at 457.1 - 457.3 eV or Ti4+ at 458.3 – 458.5 eV) and 2p1/2  (Ti3+ at 
462.9 - 463 eV or Ti4+ at 464.1 – 464.2 eV) have been considered for the calculation 
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Table 2. Relative amount of the different surface oxygen species (area %) obtained from 
the XPS areas of the nanostructures anodized at 5000 rpm and annealed in air, nitrogen 
and argon atmospheres.  
 

 O 1s  
529.7 eV 
(area %) 

O 1s  
531.4 – 531.7 eV 

(area %) 

O 1s  
532.7 – 533 eV 

(area %) 
Air 88.70 10.26 1.04 

Nitrogen 78.05 19.09 2.86 
Argon 83.90 14.03 2.07 
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Table 3. N 1s peak areas obtained from XPS measurements of the nanostructures 
anodized at 5000 rpm and annealed in air, nitrogen and argon atmospheres.  

 N 1s  
(398.2 -399.0 eV) 

N 1s  
(399.2- 400.2 eV) 

Low BE/High BE 
ratio 

Air 168 286 0.59 
Nitrogen 557 289 1.93 

Argon 108 284 0.38 
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Table 4. Band gap values (in eV) of the nanostructures obtained under different 
hydrodynamic conditions during anodization and annealed in air, nitrogen and argon 
atmospheres. 
 

 Air Nitrogen Argon 
0 rpm 3.14 2.97 3.08 

2500 rpm 3.16 2.99 3.04 
5000 rpm 3.10 2.96 3.02 

 
 

 

 

 

 

 

 

 

 



 

 

Figure S1. Current densities vs time obtained during anodization of titanium under 
stagnant (0 rpm) and hydrodynamic conditions (2500 rpm and 5000 rpm). 
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Figure S2. Raman confocal laser spectra of TiO2 nanostructures anodized at 0 rpm (a) 
and 2500 rpm (b) and annealed in different atmospheres (air, nitrogen and argon). 
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Figure S3. XRD patterns for TiO2 nanotubes anodized at 5000 rpm after annealing 
treatment in air, argon and nitrogen atmospheres. Crystalline phases: A: anatase TiO2, Ti: 
metallic titanium. 
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Figure S4. Photostability measurements obtained under a constant potential of 0.5 
VAg/AgCl  for the nanostructures anodized at different rotation speeds (0, 2500 and 5000 
rpm) and annealed under different atmospheres (Air, Nitrogen and Argon). 
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Figure S5. Incident photon-to-electron conversion efficiency measurements of 
samples anodized at 0 rpm (a) and 2500 rpm (b) and annealed under different 
atmospheres (Air, Nitrogen and Argon). 
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