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Abstract

:

Titanium dioxide (TiO2) nanotubes obtained by the anodic oxidation of titanium metal foils can be used for the photocatalytic degradation of organic pollutants. The aim of our study was to determine the influence of the titanium foil’s surface treatment on the final morphology of the TiO2 nanotubes and their photocatalytic activity. In our experiments, we used two different titanium foils that were electropolished or untreated prior to the anodic oxidation. The morphologies of the starting titanium foils and the resulting TiO2 nanotube layers were investigated and the photocatalytic activities measured by the decomposition of caffeine under UV irradiation. Our results showed that electropolishing of the starting foils produced a more uniform and smoother TiO2 nanotubes surface. In contrast, the TiO2 nanotube surfaces from untreated titanium foils mimic the initial surface roughness of the titanium foil. A comparison of the photocatalytic properties of the TiO2 nanotube layers obtained from the untreated and electropolished titanium foils showed that electropolishing does not necessarily improve the photocatalytic properties of the resulting TiO2 nanotube layer. It was found that the determining factors influencing the photocatalytic activity are the chemical impurities (Ti-nitride) on the surface of the titanium foils and the surface roughness of the TiO2 nanotube layer. The highest photocatalytic activity was achieved with the anodized untreated foil with the minimal presence of Ti-nitride and a relatively high roughness of the TiO2 nanotubes.






Keywords:


electropolishing; anodic oxidation; TiO2 nanotubes; photocatalysis; metal titanium foil












1. Introduction


TiO2 is a versatile, chemically inert, and low-cost photocatalyst that can decompose various organic pollutants with reactive oxygen species. The photocatalytic decomposition of the organic compounds starts with the absorption of photons with a suitable energy. It takes place in the presence of oxygen and consists of different chemical reactions, such as bond breakage and electron transfer/substitution. As a consequence, reactive oxygen species (ROS) are created [1,2]. The photocatalysis process takes place primarily at structural defect sites [3] or on the facets of the TiO2 crystal with the highest surface energies [4,5,6].



TiO2 anatase can be synthesized with a variety of approaches [7,8,9,10,11]. However, the anodic oxidation process is the most straightforward method for synthesizing TiO2 nanotube arrays [12] due to the high degree of control over the nanotubes’ morphology [7]. The driving force for the self-organized growth mechanism of the electrochemical oxidation process is the tendency to balance the formation of the oxide film and its dissolution in order to achieve the maximum nanotube density on the titanium substrate [13]. The nanotubes formed during the anodization process are most often amorphous. In order to transform them into polycrystalline nanotubes, subsequent heat treatment at elevated temperatures is needed [14]. The obtained polycrystalline TiO2 nanotubes are inherently intergrown into the metal substrate and thus represent a TiO2 photocatalyst that can be directly used as a photocatalyst in immobilized photocatalytic or photoelectrocatalytic reactors [12,15]. Furthermore, an ingrown TiO2 nanotube layer can provide a higher mechanical strength than a nanoparticulate film [16].



The formation and morphology of TiO2 nanotubes are to some extent controlled by the titanium’s surface topology, in particular by the surface roughness and the dislocation density [17,18]. These initial titanium surface artefacts influence the top surfaces of the TiO2 nanotubes [19,20]. Additionally, a few-nm-thick oxide film forms spontaneously when the titanium foil is exposed to the air. The film is approximately 10 nm thick, amorphous, compact, chemically stable, and firmly adhered to the titanium foil [21]. It acts as a barrier and protects the titanium surface from corrosion.



The nanotubes’ uniformity can be improved by (i) repeated anodization of the same substrate, after removing the anodized layer grown in the previous anodization [19] or (ii) with the polishing of the titanium surface, with mechanical, chemical or electropolishing techniques [17]. The process of electropolishing consists of three synergistic reactions: anodic dissolution, oxygen evolution, and the formation of a passive oxide film [22]. After applying a voltage between the titanium anode and the cathode,    T  i  4 +      cations diffuse into the electrolyte. Active dissolution results in direct electropolishing of the titanium surface. Lee et al. [23] reported that the formation of electropolishing residues on the titanium surface have the ability to act as additional nucleation sites and at the same time lead to poor arrangements of the nanotubes due to the simultaneous activation.



In the present work, we studied the influence of the preparation of the titanium metal surface on the growth of TiO2 nanotubes and their photocatalytic properties. Anodic oxidation of untreated and electropolished titanium foils from two different suppliers was performed to prepare photocatalytically active TiO2 layers. The paper presents novel insights into the ‘synthesis–properties–photocatalytic performance’ relationships and reveals the main reason for the improvement or deterioration of TiO2 photocatalytic properties with the titanium electropolishing procedure.




2. Results and Discussion


2.1. Characterization of the Titanium Metal Foils


Characterization of the titanium metal foils started with the grain size distribution analysis which influences the growth of TiO2 nanotubes. In order to determine the grain size distribution of the starting titanium foils the electropolished foils were first chemically etched using hydrochloric acid and examined with optical microscope (see Supplementary Figure S1). Quantitative analysis of the grain size area revealed that the largest number of grains for the foil of Supplier 1 ranged between 10 and 30 µm2, while for the foil of Supplier 2, the average grain area was around 100 µm2. Smaller grains have a greater surface-to-volume ratio, which means more grain boundaries. Therefore, the titanium surface with a smaller grain size has a higher number of nucleation sites for the nanotube growth to occur [24]. The grain size analysis of untreated substrates could not be reliably conducted due to large surface roughness and present surface preferential deformations from cold rolling production. This is why the samples were electropolished and etched in order to reveal grain boundaries between different grains.



Observation of the titanium metal surfaces under field-emission gun scanning electron microscope (FSEM) revealed very different rolling patterns between the two suppliers: Supplier 1 showed straight and parallel lines, while the titanium foil of Supplier 2 exhibited random irregularities over the surface. In two studies, Zou and Wang [25,26] reported that the internal stress of a titanium foil influences the activity of local nucleation sites and therefore the nanotube growth. Baek et al. [27] additionally reported that deep valleys cause inhomogeneous deformation of the surface. These later lead to various irregularities on top of nanotube oxide layer. The roughness factors, Ra (average arithmetical roughness), Rq (root-mean-square roughness), and Rt (peak-to-valley roughness), were measured on electropolished (190-µm-thick) and untreated (200-µm-thick) foils from both suppliers (see results in Supplementary Figure S2). Line scanning over an evaluation length of 4 mm of the sample was performed four times to determine the average value. Both untreated samples (Figure 1a,c) have a rough surface with cracks, pores, and scratches. Measurements showed that the average roughness is 0.161±0.02 µm for the sample of Supplier 1 and 0.168±0.02 µm for the sample of Supplier 2. Figure 1b,d shows the reduced surface roughnesses after the electropolishing, where the grain boundaries are also visible. The average arithmetical roughness decreased to 0.116±0.01 µm for the sample of Supplier 1 and to 0.123±0.02 µm for the sample of Supplier 2. It is interesting that the factor Rt is more prominent for the untreated sample from Supplier 2, which suggests that the specific analyzed surface area is larger than the untreated sample of Supplier 1. A closer look at the surface roughness of all the samples reveals that the specific surface area of the untreated titanium foils was higher than for the electropolished foils [24]. We also observed that electropolishing exposes the grain boundaries and causes the formation of pitting spots. They both influence the number of nucleation sites for nanotube formation, which affect the available active surface area for the photocatalytic reactions.



Additionally, profilometry 3D mapping of a sample area of 1 × 1 mm2 was recorded. Statistical analyses with a Gaussian regression filter with standard values for both short (λs) and long (λc) cutoffs were calculated according to ISO 4287. Figure 2a,d presents the selective topographic results from the 3D surface roughness mapping. Although the difference in the z-axis was much smaller on the electropolished samples, the surface defects and shaping from the factory rolling remained visible. We also noticed some residues and undulations in the foil surface after the electropolishing, observed also by Jarosc et al. [28]. While the untreated titanium foil of Supplier 1 had an even distribution of peaks and valleys, different phenomena were observed on the untreated titanium foil from Supplier 2 (marked area in Figure 2c). Pits up to 5 µm deep surrounded with a series of peaks with a height of 4 µm were found on the foil. In detail, they are presented in Figure 2e (top and cross-section view).



As can be seen from the titanium foil’s X-ray diffraction (XRD) patterns from both suppliers (see Supplementary Figure S3), the peak locations of both titanium foils overlap, however their relative intensities differ. The XRD peaks correspond to the hexagonal titanium crystal planes (100), (002), (101), (102), (110), (103), (112), (201), (004), (202), and (104). The diffractograms of our samples show the strongest peak intensities for the (103) crystal plane for Supplier 1 and (002) crystal plane for Supplier 2. Davepon et al. [29] reported that the crystallographic orientation of the titanium foil can be correlated to the electrochemical behavior. However, a recent study performed by Macak et al. [24] showed that grain orientation of the titanium foil does not play a significant role in promoting or retarding the growth of TiO2 nanotubes in ethylene glycol electrolytes.



The surface chemistry was investigated using the X-ray photoelectron spectroscopy (XPS) method. The presence of Ti and O was revealed on the surfaces by the Ti 2p3/2 peak at 458.6 eV and the O 1s peak at 530.0 eV, indicating the TiO2-like surface oxide layer on all the samples [30]. In addition, surface contamination with carbon species (C 1s at 284.8 eV) was found. The subsurface region between 0 and 10 nm in depth on all the samples was analyzed by XPS depth profiling. The obtained XPS depth profiles are shown in Figure 3. The thickness of the oxide layer was estimated from the XPS depth profiles as a depth at which the concentration curve for oxygen dropped to the half of its maximum value. This is a rough estimation of the oxide thickness due to the limited depth resolution during XPS depth profiling related to not flat surface. They show that the untreated Ti foils were covered by a thin Ti-oxide film with a thickness of about 6 nm, while after electropolishing the oxide film was slightly thicker (7–8 nm). The main difference between the untreated metallic foils and the polished foils was in the presence of Ti-nitrides and Ti-carbides in the subsurface region. They were identified by the XPS spectra of N 1s at 397.0 eV and C 1s spectra at 282.0 eV, related to the nitrides and carbides [30]. As can be seen from Figure 3a,c, Ti-carbide and Ti-nitrides are present in the subsurface of the untreated sample of Supplier 1 (about 15 at.% of carbon and 2 at.% of nitrogen at a depth of 5 nm). In the subsurface region of the untreated sample of Supplier 2 a lower Ti-carbide concentration was found (about 12 at.% of C), but more Ti-nitride was present (about 10 at. %).




2.2. Anodic Oxidation of the Titanium Foils


The current-time characteristics measured during the anodic oxidation of the differently treated titanium foils are presented in Figure 4. The magnified part shows the beginning of the anodization process, where the most significant differences appear. The current-time characteristics influences the morphological properties of grown TiO2 nanotubes which are presented in Figure 5. For the purpose of clear presentation, all the observations from Figure 4 and Figure 5 together with the reasons for the observed behaviours are described in Table 1.



Observed behaviours are in accordance with results from the literature [22,31]. Different surface treatments of the starting titanium foils influence the amount of chemical impurities on the titanium surface and lead to a distinct electrochemical behaviour. Perillo and Rodriguez [32] performed experiments with air bubbling during the anodization process where the anodized nanotube layer showed a sponge-like porous structure with local areas of a dense, partially closed, top surface and an open tubular structure. Similar morphological characteristics were also achieved for the anodized, untreated sample from Supplier 2, as can be seen in Supplementary Figure S5. The nanotubes resulted in a dense and porous layer rather than a nanotubular layer which reduced the available active surface area for photocatalytic reaction.



Nanotubes grown on the untreated titanium foils exhibit a hexagonal shape and ripples along the nanotube wall. These are shown in Figure 5. The mentioned effect is more noticeable for the nanotubes grown by anodization of titanium from Supplier 2. In contrast, the nanotubes that are grown on the electropolished titanium foil are round with smooth and thinner nanotube walls (additional micrographs are shown in Supplementary Figure S4).




2.3. Morphology of the TiO2 Nanotube Arrays


Supplementary Figure S5 shows the anodized titanium foils after annealing. Considerable differences in the surface morphology can be observed between the untreated and the electropolished samples. It can be observed that the top surface of the TiO2 nanotube layer mimics the initial surface roughness of the titanium foil and that more ordered and defect-free nanotube arrays are grown if the titanium foil is electropolished prior to the anodization. The imprints of the initial surface structural defects are more pronounced on the surface of the TiO2 nanotube arrays of both untreated samples, where multiple steps and terraces can be seen. Supplementary Figure S8 shows topography results from 3D surface roughness mapping whereas the calculated values are shown in Table 2. Significant differences can be observed. The untreated sample from Supplier 2 exhibits the highest surface roughness of 0.632 µm, followed by the untreated sample from Supplier 1 with 0.187 µm, electropolished sample from Supplier 2 with 0.136 µm, and electropolished sample from Supplier 1 with 0.108 µm. On top of the nanotubes grown on the electropolished foils, a thinner and flatter top-oxide layer was formed. Its characteristics correspond to the appearance of the electropolished titanium foils including a thin oxide layer before anodization. Apart from that, the samples prepared with untreated foils have a higher fraction of closed nanotube tops. Cracks in the nanotube arrays can be observed for all the TiO2 nanotube layers as a result of the annealing process in which the crystallization of the amorphous TiO2 to the denser anatase phase occurs. The results are shown in Table 2 and the results of the nanotubular layer thicknesses and the nanotube wall thicknesses are presented in Figure 6. Those calculations were made by analyzing micrographs taken with the scanning electron microscope. Annealing of TiO2 nanotube layers grown on the foil from Supplier 1 resulted in more dense and broader cracks in comparison to the small and curved cracks observed in the layers grown on the foil from Supplier 2. Campanelli et al. [33] attributed the cracking pattern to the existence of residual stresses during annealing. Hence, it can be assumed that the cracks appear at the locations of the grain boundaries in the titanium metal. This is also in agreement with the observations of Macak et al. [24], who observed that cracks are positioned over the grain boundaries in the titanium foil. If the cracks are wide enough for the organic molecules to traverse between them, then an additional catalytic surface area is available for the degradation reactions to occur. In our study, we noticed minor differences in the number and surface areas of the cracks between the nanotubular layers grown on the untreated and electropolished titanium foils.



However, cross-sectioning of the nanotube layers showed that the nanotubes grown on the electropolished foil are more ordered, uniform, and two times longer (average length of 8 μm) than those grown on the untreated titanium foil (average length of approximately 4 μm). The nanotube arrays grown on the untreated foils show a waviness and should therefore exhibit a larger specific surface area when compared with the electropolished samples.



The nanotubes grown with anodic oxidation are amorphous and can be transformed into polycrystalline anatase nanotubes after annealing at 450 °C for 1 h. In all the samples, the characteristic peaks of tetragonal TiO2 were detected, which correspond to the (101), (103), (004), (200), (105), (211), (204), (116), (220), and (215) anatase crystal planes (see Supplementary Figure S6). In the untreated foils, the signal from the titanium relative to the TiO2 was higher due to the thinner TiO2 nanotube layer. From the relative peak-intensity values, the (101) peak appeared to be the preferred anatase crystal plane in all the samples.



The TiO2 surface composition was determined by the XPS, taking into account the relative sensitivity factors provided by the instrument manufacturer [30]. During data processing, the XPS spectra were aligned by setting the C 1s peak at 284.8 eV, characteristic for C-C/C-H bonds. On every sample, a survey spectrum over a wide energy range was acquired, as shown in Figure 7.



In order to get an insight into the chemical bonding of the surface atoms, we measured high-energy resolution XPS spectra on every sample. The elements C, Ti, and O were identified on the surfaces of all the samples, together with some traces of nitrogen. The carbon atoms probably originated from the surface contamination. The spectra are very similar and contain the O 1s, Ti 2p, Ti 3p, O KLL, and C 1s peaks. From the intensities of the O 1s, Ti 2p, and C 1s peaks, the surface concentrations were calculated. On all the samples, the chemical composition was 25–29 at. % of C, 50–52 at. % of O, and 21–23 at. % of Ti.



The Ti 2p spectrum is presented in Supplementary Figure S7a. It is composed of a doublet consisting of a Ti 2p3/2 peak at 458.6 eV and a Ti 2p1/2 peak at 464.4 eV. All the Ti 2p3/2 peaks are very narrow, having a full width at half maximum (FWHM) of 1.1 eV, indicating a very ordered and defect-free TiO2 nanotube phase. The binding energy of the Ti 2p3/2 peak at 458.6 eV means that the Ti atoms are in the Ti4+ oxidation state in the TiO2 nanotube. The Ti3+ states that should appear as a peak at about 457.5 eV were not detected in the XPS spectra. The O 1s spectrum in all the samples is relatively similar, having the main peak at 529.8 eV (Figure S7b). This peak is usually assigned to O2− ions in the TiO2 oxide matrix. All the O 1s spectra also contain a small peak at 532.0 eV. This small peak may be related either to oxygen vacancies (defects) in the TiO2 matrix or to adsorbed OH, H2O, C-O groups at the surface. The untreated sample from Supplier 2 has the most substantial portion of O 1s sub-peak, relatively, at 532.0 eV, and the electropolished sample from Supplier 1 has, relatively, the smallest portion of O 1s sub-peak at 532.0 eV. This sub-peak in the O 1s spectra is often correlated with the photocatalytic activity of TiO2 nanotubes. The carbon C 1s spectra were measured, and they are presented in Supplementary Figure S7c. The main peak is at 284.8 eV, representing C-C/C-H bonded carbon atoms, probably originating from surface contamination. There is also a peak at 286.2 eV in the C 1s spectra, probably related to the C−O/C−OH bonds and the peak at 288.9 eV related either to the O−C=O groups or the CO3 species.




2.4. Photocatalytic Degradation of the Caffeine


The photocatalytic activities of TiO2 nanotube layers grown on four distinct titanium foil surfaces were determined with the photocatalytic degradation of caffeine as a model degradation compound. Due to the hydrophobicity of the caffeine molecule, oxidation reactions with oxygen radicals are necessary for its degradation during photocatalytic reactions [34]. Under UV illumination, OH− radicals are formed at the TiO2 nanotube surface, which attack the C4=C8 double bond of the caffeine. After a series of hydroxylations and oxidations, caffeine degrades into 1,3,7-trimethyluric acid [35,36]. In the experiment, each anodized titanium foil was placed in a petri dish with 5 mL of the initial caffeine solution of 10 mg/L and illuminated with UV light intensity of 3.89 mW/cm2 in a sterilizer (Kambič I-265 CK UV). The total reaction time was 350 min and the degradation was determined with a UV-Vis-IR spectrometer several times throughout the entire illumination period. The caffeine degradation results are shown in Figure 8.



The degradation performance of the anodized foils decreases in the order untreated foil from Supplier 1 (100% degradation in 5.5 h), electropolished foil of Supplier 1 (99 % degradation in 5.5 h), electropolished foil of Supplier 2 (91% degradation in 5.5 h), and untreated foil of Supplier 2 (83% degradation in 5.5 h). The best photocatalytic activity achieved with the anodized untreated foil from Supplier 1 corresponds to a photonic efficiency (ξ) of 0.9% and an initial reaction rate (Ri) of 0.005 (mol L-1s-1) x 106. The values were calculated using the equations described by Krivec et al. [37]. Whereas the results reported in the literature by different authors are difficult to compare, the comparison of the four samples tested in our study is straightforward. The differences observed can be explained with the results of the foils and the photocatalytic nanotube layers’ characterization with X-ray diffraction, electron microscopy and X-ray photoelectron spectroscopy. The most noticeable difference is between the foils of different manufacturers. In the case of the foil from Supplier 1, electropolishing of the foil surface impairs the photocatalytic properties of the TiO2 nanotube layer. The opposite is observed for the foil from Supplier 2, in which electropolishing greatly enhances the photocatalytic properties of the TiO2 nanotube layer grown during anodic oxidation. The reason is the difference in the chemical composition of the starting titanium foils. The foil from Supplier 2 contains a higher concentration of nitrogen present in the form of titanium nitride. The content of nitride is greatly reduced during electropolishing, which causes the growth of a higher-quality TiO2 nanotubular layer during the anodic oxidation. Electropolishing the foil from Supplier 2 also greatly reduces the surface roughness and removes large peaks and valleys that affect the electrical current during anodization and result in the formation of a less photocatalytically active, uneven TiO2 nanotube layer with areas of sponge-like structure. The deep valleys observed on the titanium foil of Supplier 2 impair the accessibility of these regions to fluoride ions during the anodization process, which further affects the slower dissolution of the initial oxide film present before the anodization of the foil and therefore the smaller surface area of the photocatalytically active top surface of the nanotubes. The foil from Supplier 1 contains much less nitride, and its percentage also decreases after electropolishing. In this case, it does not improve the photocatalytic properties of the grown TiO2 nanotubular layer, since the surface roughness of the untreated foil from Supplier 1 was more suitable than that obtained after electropolishing. In addition to the roughness of the foil prior to anodizing, the photocatalytic activity of the TiO2 nanotube layer is also affected by the nanotube wall’s morphology, which is smooth in the case of the electropolished sample and bamboo-like in the case of the untreated sample. The latter has the effect of increasing the photocatalytic surface and thus the activity of the photocatalyst. In addition, the thickness of the TiO2 nanotube layer and the smoothness of its top surface do not significantly affect its photocatalytic properties, as is often described in the literature. The TiO2 nanotube layers that were grown on the electropolished foils are about twice as thick and have a much smoother surface, which does not necessarily mean better photocatalytic activity.





3. Materials and Methods


The study was divided into two parts. In the first part, we identified the optimum electropolishing conditions that would give a mirror-like finish on the titanium foil. In the second part, the untreated and electropolished titanium foils were anodized and their photocatalytic activity was determined. The most photocatalytically active TiO2 nanotube arrays were then studied in detail to determine the morphological and structural differences among them and the factors that contribute to the differences in their photocatalytic activity



3.1. Electropolishing of Titanium Foils


Titanium foils from two different suppliers, 200 µm thick, 99.9%, Baoji Lyne Metals Co., Ltd., Baoji, China (designated as Supplier 1) and 200 µm thick, 99.7%, Advent Research Materials Ltd., Oxford, UK (designated as Supplier 2) were cut into 15 × 15 mm2 samples and ultrasonically cleaned to remove impurities. Table 3 shows the chemical composition of both titanium foils as received from the manufacturers. There are different amounts of impurities present in both titanium foils. The biggest difference is the iron content. There is 0.15% Fe in the foil from Supplier 2 and only 0.05% Fe in the foil from Supplier 1. This is followed by the nitrogen content, with 0.012% in the foil from Supplier 2 and 0.005% in the foil from Supplier 1. Before anodization, some titanium foils were electropolished and some were left untreated. Electropolishing was carried out on an electrolytic polishing machine (LectroPol-5, Struers, Cleveland, OH, USA) under various conditions: temperature (10, 15, and 20 °C), applied voltage (10, 30, 35, 40, and 45 V) and time of electropolishing (5, 10, 20, 30, and 60 s), using Struers A3 electrolyte (methanol, 2-butoxyethanol, and 60% perchloric acid). The same side of titanium foil was always electropolished.




3.2. Microstructure and Chemical Composition of the Metal Surfaces


Chemical and microstructure characterization of titanium foils was performed to determine their surface roughness, grain size distribution, crystal structure, and the surface and subsurface chemical composition. Altogether, 27 different polishing conditions were used to polish the titanium foils from each supplier. However, only the best five polishing conditions were used for the subsequent detailed investigations. These were selected according to the appearance of the polished foils under optical stereomicroscope (Discovery V8, Carl Zeiss Microscopy GmbH, Jena, Germany). The selected foils had no visible scratches or otherwise damaged surfaces. Polished and raw titanium foils were further characterized in a field-emission gun scanning electron microscope (FSEM JSM-7600F, JEOL Ltd., Tokyo, Japan). Additionally, the topography and the surface roughness of the electropolished and untreated titanium foils were determined with a stylus profiler with a 2-µm tip (DektakXT, Bruker, Billerica, MA, USA). For the determination of the grain size distribution, electropolished samples were etched for approximately 10 min with concentrated hydrochloric acid (37%, Carlo Erba Reagents SAS, Val de Reuil, France) and thoroughly rinsed with deionized water and ethanol. After that they were observed under an optical microscope (Axio Imager Z1-m, Carl Zeiss Microscopy GmbH, Jena, Germany). Electropolished samples were etched to expose grain boundaries and to improve their visibility under an optical microscope. Etched samples had clearly visible grains on which we were able to perform statistical analysis. A complete statistical analysis of the grain size distribution was performed with the Axio Vision program (AxioVs40 V 4.8.2.0, Carl Zeiss MicroImaging GmbH, Germany, 2006–2010). Diffraction patterns of both titanium foils were investigated by XRD (X'Pert PRO, Malvern Panalytical Ltd., Malvern, UK) analysis using a Cu-Kα source. The diffractograms were measured between 2° and 100° (X’Celerator detector) with a step of 0.034° 2θ over the area of 10 mm in diameter for 100 s. The phase identification was performed with the X’Pert HighScore Plus program (3.0e (3.0.5), PANalytical B.V., Almelo, The Netherlands, 30 January 2012) using the International Centre for Diffraction Data (ICDD) PDF-4+ 2019 database. X-ray photoelectron spectroscopy (XPS) was used to characterize the surface and subsurface chemistry of the untreated and polished samples. The XPS analyses were performed on a PHI–TFA XPS spectrometer (Physical Electronics Inc., Eden Prairie, MN, USA) with an Al monochromatic X-ray source on a surface area of 0.4 mm in diameter. The analyzed depth of the XPS method is about 3–5 nm. The surface composition and the chemical bonding of the detected elements was deduced from the XPS spectra. In order to analyze the subsurface region, XPS depth profiling was performed, combining ion sputtering with Ar+ ions with 4-keV energy and XPS spectra acquisition. The sputtering rate was estimated to be 1.5 nm/min and a subsurface region to a depth of 10 nm was analyzed.




3.3. Anodic Oxidation of Titanium Foils


Prior to anodization, the foils were cleaned ultrasonically in acetone for 10 min, rinsed in ethanol and dried under a nitrogen stream. Electrolyte for the anodization was prepared with a mixture of 0.3 wt. % ammonium fluoride (Sigma-Aldrich, St. Louis, MO, USA) and 2 vol. % deionized water in ethylene glycol (99.99%, Sigma-Aldrich, St. Louis, MO, USA). All the experiments were carried out in a specially designed electrochemical cell (Figure 9), which was connected to a DC power supply.



Electropolished and untreated titanium foils were anodized under a constant voltage of 60 V for 3 h using a DC power supply (TOELLNER Electronic Instrumente GmbH, Herdecke, Germany). The electrical current was monitored with a data acquisition/data logger (Agilent, Santa Clara, CA, USA). After the anodization, the titanium foils were rinsed with ethanol, dried under a nitrogen stream and annealed in air at 450 °C for 1 h (heating and cooling rates of 5 °C/min).




3.4. Characterization of the TiO2 Nanotube Array


The morphology of the TiO2 nanotubes was observed in a field-emission gun scanning electron microscope (FSEM JSM-7600F, JEOL Ltd., Tokyo, Japan). For the determination of the nanotubes’ length, the samples were prepared by separating and crushing the nanotube layer from the titanium substrate. After placing these crushed particles on the carbon tape many situations revealed the slabs of TiO2 nanotubes in cross-section view. The porosity and the area of the cracks in the TiO2 nanotube array were estimated from plan-view images of the surface using the ImageJ program (ImageJ 1.52a, National Institutes of Health, United States, the program is in the public domain). Average roughness of the TiO2 nanotube surface layers was measured with optical profiler (ZeGage™ Pro HR, Zygo Corporation, Middlefield, CT, USA) and evaluated over the complete 3D surface (MxTM Software, Zygo Corporation, Middlefield, CT, USA). The nanotube crystallinity was investigated by XRD analysis of the immobilized annealed TiO2 nanotube arrays, using an X’Pert PRO diffractometer (X'Pert PRO, Malvern Panalytical Ltd., Malvern, UK) with a Cu-Kα source. The 2θ angular regions between 20° and 80° were explored for 100 s (X’Celerator detector) with a step of 0.034° over an area of 5 mm in diameter on annealed TiO2 nanotube samples. The phase identification was performed with the X’Pert HighScore Plus program (3.0e (3.0.5), PANalytical B.V., Almelo, The Netherlands, 30 January 2012) using the International Centre for Diffraction Data (ICDD) PDF-4+ 2019 database. XPS was used to characterize the stoichiometry and oxidation states of the elements on the surfaces of the anodized TiO2 nanotube arrays. The survey wide-energy spectrum was taken with the pass energy of the analyzer equal to 187 eV in order to identify and quantify the elements on the surface. The high-energy resolution spectrum was acquired with the energy analyzer operating at a resolution of about 0.6 eV and a pass energy of 29 eV.




3.5. Photocatalytic Degradation of the Caffeine


The photocatalytic degradation of the caffeine was measured on annealed anodized samples to determine their photocatalytic properties. Only the untreated and the most photocatalytically active electropolished (achieved with electropolishing conditions: 35 V, 30 s, 10 °C) samples from both suppliers were chosen for further testing. Titanium foils with an approximate anodized area of 0.79 ± 0.03 cm2 were placed in a petri dish with 5 mL of the initial 10 ppm caffeine solution. The solution was stirred at 250 rpm and the samples were placed in a sterilizer (I-265 CK UV, Kambič d.o.o., Semič, Slovenia) and illuminated with UV light (Ultra-Vitalux, E27, 300W, OSRAM GmbH, Munich, Germany) with intensity of 3.89 mW/cm2. The chosen lamp has two regions of illumination, namely UVA, from 315 to 400 nm, and UVB, from 280 to 315 nm (as provided by the supplier). After 30 min in the dark, 200 µL of caffeine solution was withdrawn and analyzed in a high-precision UV-Vis-IR spectrophotometer (Lambda 950, PerkinElmer Inc., Waltham, MA, USA). The next sample was withdrawn after the TiO2 nanotube layer illumination for 30 min. Additional samples were later withdrawn periodically, six times over a 350-min time frame.





4. Conclusions


In summary, the anodic oxidation process was used to synthesize immobilized TiO2 photocatalysts on untreated and electropolished titanium foils from two different suppliers. The as-purchased titanium foils varied in their chemical composition, surface roughness, and grain size distribution. These properties influenced the anodic oxidation process in which TiO2 nanotubes with different morphology were grown. The annealed nanotube layers were characterized using FSEM, profilometry, XRD, and XPS and the photocatalytic activities for the degradation of caffeine were measured. The results presented in this paper show that the most important factor determining the photocatalytic activity is not surface morphology but, in our case, the presence of nitrides in one foil and the absence of nitrides in the other. That resulted in a significant difference because untreated titanium foil from one supplier and electropolished foil from the other supplier resulted in the best photocatalytically active samples.
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Figure 1. SEM images of metal titanium foil before and after electropolishing. (a) Untreated; (b) electropolished titanium foil from Supplier 1; (c) untreated and (d) electropolished titanium foil from Supplier 2. 
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Figure 2. Profilometry 3D mapping of (a) untreated and (b) electropolished titanium metal foil from Supplier 1 and (c) untreated and (d) electropolished titanium metal foil from Supplier 2. The 3D mapping was measured on 1 × 1 mm2 surface. Each inset is showing a cross-section of the roughness profile. (e) Deep pit in the surface of titanium foil from Supplier 2, (e1) magnified area and (e2) cross-section image of the pit with z-axis legend. 
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Figure 3. XPS depth profiling spectra for (a) untreated and (b) electropolished anodized samples from Supplier 1 and (c) untreated and (d) electropolished samples from Supplier 2. O 1s, Ti 2p, C 1s and N 1s peaks are marked. 
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Figure 4. Current-time characteristics recorded during the anodic oxidation of the electropolished (EP) and untreated (UT) titanium foils from both suppliers. The inset shows the current at the beginning of the anodization process. Grey areas mark 3 stages of anodization curve for EP samples. 
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Figure 5. SEM micrographs of the anodized and annealed TiO2 nanotubes: (a) anodized electropolished titanium with smooth nanotube wall, (b) anodized untreated titanium with ripples along the nanotube wall, (c) round-like shape grown on electropolished titanium foil and (d) hexagonal shape of TiO2 nanotubes grown on untreated titanium foil. The same trend was observed for both suppliers. 
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Figure 6. TiO2 nanotube layer thickness, wall thickness and standard deviation of the results for the anodized untreated and electropolished titanium foils from both suppliers. 
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Figure 7. XPS survey spectra for (a) untreated and (b) electropolished anodized samples from Supplier 2 and (c) untreated and (d) electropolished samples from Supplier 1. The O 1s, Ti 2p3, C 1s and Ti 3p peaks are marked. 
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Figure 8. Photocatalytic degradation of caffeine by anodized untreated and electropolished titanium foils from both suppliers under UV irradiation. The degradation of the caffeine solution (10 ppm) was measured over a time period of 350 min. Samples were taken periodically, and the degradation was evaluated with a UV-Vis-IR spectrophotometer. 
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Figure 9. Electrochemical cell for anodic oxidation. 
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Table 1. Observed behaviour during anodic oxidation for untreated and electropolished samples.
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Untreated Samples

	
Electropolished Samples






	
Shape of the anodization curve

	

	
Flat current-time curves after the steady state was reached.



	
A small periodic current oscillation with more intensive bubble formation (the largest impact is seen for Supplier 2).



	
Foil from Supplier 2 needs longer time to reach the steady-state electrical current which delayed pore formation before the nanotube growth occurs.






	
A typical 3-step anodization curve corresponding to the 3 phases of the nanotube’s formation process: compact oxide formation, initial porous structure formation, and nanotube growth.




	
Explanation: electropolishing decreased the thickness of the starting compact oxide layer, which resulted in the faster formation of etching pits and nanotubes and an increase of current for EP samples can be seen. In case of the untreated titanium foil from Supplier 2 larger undulations and the deep pits present on the titanium foil’s surface caused prolonged generation of the passive oxide layer and the formation of bubbles during the anodization which influenced the appearance of the anodized surface. The current oscillations are due to the repeated dissolution—formation of oxide layer. In contrast, the nanotubes that are grown on the electropolished titanium foil are round with smooth and thinner nanotube walls (Figure 5, Figures S4 and S5).




	
Steady-state current

	
Less than 1 mA.

	
More than 1 mA.




	
Explanation: a thicker oxide layer is formed at the beginning of the anodization of untreated samples with present impurities and surface defects. This thick oxide layer slows down the migration of the fluoride ions from the electrolyte, resulting in lower currents during the anodic oxidation. The smaller thickness of the compact oxide layer in EP samples caused a higher current density which promoted the growth of longer nanotubes.




	
Nanotubes’ shape

	
A hexagonal shape and ripples along the nanotube wall (Figure 5 and Figure S4).

	
Round with smooth and thinner nanotube walls (see Figure 5 and Figure S4).




	
Explanation: ripples across the nanotube wall are due to the small periodic current oscillations during anodization.




	
Nanotubes’ length

	
Shorter (4 μm).

	
Longer (8 μm).




	
Explanation: the growth of longer nanotubes was promoted by higher current density in case of electropolished samples. In case of untreated samples, a thinner layer of nanotubes formed under the thicker layer of the upper oxide.
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Table 2. Measured and calculated pore density, cracked area and average surface roughness evaluated over the complete 3D surface of anodized untreated (UT) and electropolished (EP) titanium foils from both suppliers.
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	Supplier 1—UT
	Supplier 1—EP
	Supplier 2—UT
	Supplier 2—EP





	Pore Density [%]
	9.7 ± 0.6
	12.7 ± 3.7
	5.8 ± 2.9
	10.9 ± 0.8



	Cracked Area [%]
	1.8 ± 0.2
	4.6 ± 1.6
	1.0 ± 0.3
	2.5 ± 0.5



	Average roughness [µm]
	0.187
	0.108
	0.632
	0.136
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Table 3. Declared chemical composition of starting titanium foils 1.
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	[wt %]
	Ti
	Fe
	C
	N
	H
	O





	Supplier 1
	99.850
	0.05
	0.012
	0.005
	0.003
	0.08



	Supplier 2
	99.663
	0.15
	0.02
	0.012
	0.005
	0.15







1 EDS analysis did not show any significant differences between both suppliers and is therefore not presented.
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