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Abstract

:

TiO2/CuxOy nanotube (NT) arrays were synthesized using the anodization method in the presence of ethylene glycol and different parameters applied. The presence, morphology, and chemical character of the obtained structures was characterized using a variety of methods—SEM (scanning electron microscopy), XPS (X-ray photoelectron spectroscopy), XRD (X-ray crystallography), PL (photoluminescence), and EDX (energy-dispersive X-ray spectroscopy). A p-n mixed oxide heterojunction of Ti-Cu was created with a proved response to the visible light range and the stable form that were in contact with Ti. TiO2/CuxOy NTs presented the appearance of both Cu2O (mainly) and CuO components influencing the dimensions of the NTs (1.1–1.3 µm). Additionally, changes in voltage have been proven to affect the NTs’ length, which reached a value of 3.5 µm for Ti90Cu10_50V. Degradation of phenol in the aqueous phase was observed in 16% of Ti85Cu15_30V after 1 h of visible light irradiation (λ > 420 nm). Scavenger tests for phenol degradation process in presence of NT samples exposed the responsibility of superoxide radicals for degradation of organic compounds in Vis light region. Inactivation of bacteria strains Escherichia coli (E. coli), Bacillus subtilis (B. subtilis), and Clostridium sp. in presence of obtained TiO2/CuxOy NT photocatalysts, and Vis light has been studied showing a great improvement in inactivation efficiency with a response rate of 97% inactivation for E. coli and 98% for Clostridium sp. in 60 min. Evidently, TEM (transmission electron microscopy) images confirmed the bacteria cells’ damage.
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1. Introduction


Processes connected with the photocatalysis phenomenon are in area that is receiving great attention nowadays. Once we add nanomaterials to this combination, we will produce an interesting mix that not only scientists but also industry have been paying attention to lately. The main reason for this interest is the scope of application—i.e., the healthy nature of the environmental engineering and car industries.



Intensive studies on nanomaterials—research on properties, attempts to reduce their size or modifications—lead to the extension of the application possibilities. In recent years, more attention has been directed towards transformation processes that involve a light source—i.e., solve energy and pollution problems in the presence of semiconductors (photocatalysts). One of the semiconductors, considered as the most attractive photocatalyst in previous research, is TiO2, which is characterized by a wide range of advantages, i.e., high chemical stability and relatively low price, and it is not toxic. It has been confirmed that it is applicable to the degradation of pollutants in both the gaseous and liquid phases [1,2], as well as in many different areas such as CO2 reduction [3], water splitting [4], or antibacterial activity [5]. There is also one main disadvantage of TiO2 photocatalysts, which is their minimal energy value (Eg, c.a 3.2 eV), which is necessary for the electron excitation that needed to generate holes in the valence band and carry on photocatalytic reactions. This value corresponds to 388 nm, so it can be activated in the UV irradiation range (300–380 nm), which really limits its applications [6].



The limitations have led to worldwide research focusing on TiO2 modifications to extend its activity to the range of light irradiation of the Vis, such as sensitization with a semiconductor with a narrow band gap, metal ion doping, or nonmetal doping or dye sensitization [7]. These processes not only increase the activity but also modify the active surface area. There are two approaches in terms of the nanofabrication process: “top-down” and “bottom-up.” The first represents the idea of using larger structures, which can be further controlled in the nanoscale, whereas the second includes the miniaturization of components with the self-assembly process. There are a variety of forms of modified nanostructures—nanoparticles, nanotubes (NTs), nanosheets, or nanocubes obtained using many methods such as electrodeposition [6], self-assembly examples, atomic layer deposition, or anodization [8,9,10].



Anodization of titanium and its alloys was performed in many environments [3,11], but modification of Ti alloys with this method was not so common. During the oxidation process, a big influence on the results of the experiment had some parameters such as applied voltage, the composition of the electrolyte, or the time of the process [12]. The anodic growth of compact oxides in metal surfaces and the formation of tubes are governed by a competition between anodic oxide formation and chemical dissolution of the oxide as a soluble fluoride complex. In 2001, Grimes et al. first reported the influence of hydrofluoric (HF) acid in the anodic oxidation process on the porosity of the titanium NT arrays [13]. It is proved that longer NTs are formed in electrolytes based on organic compounds like ethylene glycol or glycerol. Studies on literature show that usage of viscous solvents for anodization results in smooth wall structures of the NTs [14,15].



One promising aspect of TiO2 modification is its ability to combine with Cu, including Cu2O and CuO species, which can function as an electron mediator to widen the wavelength region for absorption [16]; however, Cu is not stable in terms of nano-scale size [17]. Furthermore, Cu2O is also promising with regard to the formation of p-n heterojunctions with TiO2 [18], which can lead to the improvement of the modified photocatalysts features. It was already reported that photocatalysts containing titanium and copper have the ability to cause pollutant degradation [19,20]; what is more, there is great potential in these materials in terms of inactivation of bacteria that has studied since 1985. Metsunga et al. were among the pioneers who studied the application of titanium dioxide (TiO2) as a promising photocatalyst in terms of antimicrobial reactions [21]. Copper possesses high antimicrobial features [22] with the potential for drug degradation [23] and, due to lower toxicity, price, and increased cytocompatibility [24], it is more favorable than silver or gold. This is the reason why it has been more intensively studied among other catalysts nowadays. Cu and TiO2 combinations were studied in different modifications including photodeposition of copper [25], microwave co-precipitation technique [26], layer films [27], alloy rods [28], nanocrystals [19], composite coating on wooden substrate [29], copper decorated TiO2 nanorods [30], combination of magnetron sputtering and annealing treatment [31], doped nanoparticles [32] or radiolytic deposition of copper species at the surface of TiO2 nanotubes [33]. However, properties of nanostructures containing copper obtained via anodic oxidation using alloys are still rather unknown, and very little research has been undertaken to understand the quantity influence of copper in the Cu-TiO2 nanostructured composite regarding the photocatalytic activities of Cu-doped TiO2. Furthermore, the influence of different parameters on oxidation processes such as voltage, time, and electrolyte composition has not been fully studied yet. In view of this, in this work, it was decided to extend knowledge about the anodized Ti-Cu alloys while considering different parameters of the process. Moreover, the impact of anodized Ti-Cu alloys on bacteria inactivation (E. coli, B. subtilis, Clostridium sp.) in Vis light was investigated for the first time. The expected outcomes are as follows: (a) the anodic oxidation of Ti-Cu alloys will form TiO2 NT arrays in various production conditions, (b) TiO2/CuxOy will show increased activity under Vis light, and (c) TiO2/CuxOy will present intense bacteria inactivation features.




2. Results and Discussion


2.1. Morphology and Formation of TiO2/CuxOy NTs


The surface morphology of obtained TiO2/CuxOy NTs was determined by SEM (scanning electron microscopy) and is presented in Figure 1a–e, while SEM images of references samples, namely, pristine TiO2, are displayed in Figure S1 (Supplementary Materials). The upper layer of NTs remains unveiled, and only a small amount of initial barrier layer is visible, which suggests that cleaning the surface of samples after anodization in an ultrasonic bath was effective. Characteristic dimensions of NTs such as length, diameter, and wall thickness were calculated based on SEM images and are gathered in Table 1. Among the TiO2/CuxOy NTs, the length of tubes and external diameter varied from 1.1 to 3.5 µm and 83–98 nm, respectively, indicating that the shape of NTs strictly depends on applied voltage during anodization process and amount of Cu in the Ti-Cu alloys. In general, the length of all TiO2/CuxOy NTs is shorter than pristine TiO2 NTs prepared from Ti foil under the same anodization conditions. Additionally, the length TiO2/CuxOy NTs decreased with the increase of Cu content in the Ti-Cu alloy. These phenomena have already been observed for the anodization of titanium alloys [34,35] and can be ascribed to the accelerated dissolution of TiO2/CuxOy NTs [28,34].



As will be described later (in XPS (X-ray photoelectron spectroscopy) part) by anodizing Ti-Cu alloys, we obtained p-n heterojunction consisting of TiO2 NTs and CuxOy species, in which Cu species appear in the form of Cu2O (mostly) and CuO. Based on TEM image depicted in Figure 1f, we can conclude that CuxOy species are evenly spaced along the NTs, and no nanoparticles formation was observed. On the other hand, the formation of copper oxides inside TiO2 NTs at various oxidation states (Cu1+ and Cu2+) can be represented by the following reactions [36,37]:


Cu − e− → Cu+, 2Cu+ + 2OH− → Cu2O + H2O



(1)






Cu − 2e− → Cu2+, Cu2+ + 2OH− → CuO + H2O



(2)







These reactions occur simultaneously with the formation of TiO2, which can be represented as


Ti + 2H2O → TiO2 + 4H+ + 4e−



(3)






TiO2 + 4H+ + 6F− → TiF62− + 2H2O



(4)







Reaction (4) affects the anodization process and is responsible for the growth of TiO2 in the form of NTs [38,39].




2.2. XRD Analysis


Phase composition of the tested samples was checked by using powder X-ray diffractometer (X’Pert Pro MPD, PANalytical, Almelo, The Netherlands). Figure 2 details diffraction patterns for Ti-Cu alloys after the anodic oxidation process. The patterns for Ti anodized samples are in Table S1 and Figure S2 (supplementary materials). The experimental data and refined model (LeBail) are represented by circles and a solid red line, respectively. The sets of vertical bars show expected positions for TiO2—anatase (black), Ti (red), and CuTi2 alloy (olive). The Miller indices for the anatase are shown in panel (d). The strongest reflection (101) is observed at around 25.3 deg. Ti foil is always observed with the strongest reflection at 40.3 deg. Foils with Cu concentration 10% and 15% reveal presence of CuTi2 alloy—clearly seen by growing reflection near 16.6 deg. (Figure 2a,b). Interestingly, a relative signal of CuTi2 is weaker for Ti90Cu10 samples anodized in 40V and 50V, compared to the one anodized in 30 V (Ti90Cu10_30V). It is likely caused by thicker film of anatase on the surface for Ti90Cu10_40V and Ti90Cu10_50V. We do not observe neither Cu metal, nor Cu oxides.



More qualitative results were obtained by using LeBail refinement. Table S1 contains obtained lattice parameters for TiO2—anatase (tetragonal I41/amd, ICSD code: 063711), Ti—metal (hexagonal P63/mmc, ICSD code: 076265), and CuTi2 (tetragonal I4/mmm, ICSD code: 015807) compounds. A corrected full width at half maximum (FWHM) of the strongest (101) anatase reflection was used for calculations of the average crystallite size using the Scherrer equation. The estimated size is between 250 Å and 460 Å for Ti95Cu5_30V and Ti90Cu10_50V, respectively. However, because of complexity of studied photocatalysts, presence of three oxides (TiO2, Cu2O, CuO), and different wall thickness of NTs, it is hard to obtain more information about the crystallite size. There is no obvious change of the anatase lattice parameters with the increasing voltage. The a and c parameters for Ti_30V, Ti_40V, and Ti_50V, as well as for Ti90Cu10_30V, Ti90Cu10_40V, and Ti90Cu10_50V series, remain almost the same. However, for the samples anodized in 30V, with different Cu content, there is increase in both a and c values. It is reflected also by increase in unit cell volume from 136.0 Å3 (Ti95Cu5_30V) to 136.6 Å3 (Ti90Cu10_30V) and 136.0 Å3 (Ti85Cu15_30V). Higher Cu concentration is likely responsible for larger crystallite size: 250 Å, 360 Å, and 390 Å for 5%, 10%, and 15% Cu, respectively.




2.3. XPS Analysis


Elemental composition (in at.%) in the surface layer of Cu-modified TiO2 NTs was evaluated by XPS analysis and reported in Table 2 and Table S2. Detection of Cu in addition to Ti and O confirm the effective modification of this element in all TiO2 NTs. Carbon, nitrogen, and fluorine species were also detected. Results obtained in different studies by our group and also knowledge gathered from literature confirm that source of fluoride, carbon, and nitrogen species lies in electrolyte used in NTs preparation. Level of contamination depends on porosity and thickness of the films used in experiment, as well as composition of electrolyte and time of the anodization. However, it was confirmed by D. Regonini et al. that these species do not influence the degradation process [40,41]. They are common contaminants of TiO2 nanotubes obtained by anodic oxidation, and all derive from the electrolyte [40,42].



The chemical character of Ti originating from pristine TiO2 and Cu from the Cu-modified TiO2 NTs were identified from the Ti 2p and Cu 2p HR XPS spectra, respectively. The selected spectra for 30 V are summarized in Table 2 and shown in Figure 3. The Ti 2p spectrum is resolved into two doublet-components at BE of Ti 2p3/2 signal at 458.7 and 457.3 eV and are assigned to Ti4+ and Ti3+, respectively (Figure 3a). The Ti4+ is the dominant surface state and relative contribution of the Ti3+ species is similar for all NTs (Table 2). Following the curve-fitting procedure of Cu 2p3/2 spectra (Figure 3b), we separated the XPS peaks at the BE of 932.1 and 933.8 eV, which are characteristic of Cu(I) and Cu(II) oxide species, respectively [27,40,43,44,45]. The Cu(I) composites are the dominant Cu fraction for all samples, and their relative contribution depends on applied voltage during anodization process and amount of Cu in the Ti-Cu alloys (Table 2).



Inspection of the data presented in Table 2 reveal the relative contribution of Cu(I) fraction to be systematically increased as the Cu amount in the Ti-Cu alloys increased (see the XPS data for TiCu alloys anodized at 30 V).




2.4. UV-Vis Spectra and Photoluminescence Properties


Figure 4a demonstrates UV-Vis spectra that were prepared for all investigated samples, not only alloys but also pristine NTs. The analysis results indicate clearly UV signals at the region 300–390 nm, which are strictly connected with the excitation state of the electrons and the movement from valence to conduction band [17]. Ti95Cu5_30V reflects high absorbance of UV light (λ < 380 nm) in comparison to pristine NTs. All modified NTs generally present more intensive absorbance in Vis irradiation range than pristine NTs, which can lead to intensified response during experiments in visible light. Maximum absorbance was observed at 600 nm with Ti90Cu10_30V, Ti95Cu5_30V, and Ti85Cu15_30V, and stands for red shift compared to pristine NTs. For Ti90Cu10_40V alloy, the absorbance maximum was not registered. Increased absorption values in Vis range in comparison to pristine NTs is a result of CuxOy appearance in the system and their narrower band gap (Cu2O = 2.1 eV; CuO = 1.7 eV), which work as a photo sensitizer that broadens the photo response of TiO2 NTs to the visible region. The wide absorption band could have occurred because of inter-band transition in the TixCuy alloys. Figure 4a reveals a slight shift in band-gap transition of modified NTs to longer wavelengths. This effect can be assigned to stronger stabilization of the conduction band of TiO2, Cu2O, and CuO than their valence band [17].



The photoluminescence (PL) is a nondestructive spectroscopic technique often applied in study of intrinsic and extrinsic properties of both bulk semiconductors and nanostructures [46]. Mainly, the analysis of spectra of nanostructures can help in the characterization of the structure, providing information on the interface morphology and the quality of the materials. Photoluminescence (PL) signals and their intensity are closely related to photocatalytic activity. Possibly, the lower the PL intensity, the higher the separation rate of photo-induced charges, and, possibly, the higher the photocatalytic activity [47]. There are three intensive bands presented in Figure 4b, which can be distinguished. Two of them lie in the range between 400 and 440 nm and originate from charge recombination in the surface state defects [48]. The bands at 445–500 nm are attributed to different intrinsic defects in the TiO2 lattice such as oxygen vacancies, titanium vacancies, and interstitial defects [49]. Because of different thicknesses of obtained NTs, the recombination rate intensity may be highly influenced. Figure 4b reveals TiO2-CuxOy NTs and pristine TiO2 NTs response on PL, showing that TiO2-CuxOy NTs were more efficient than pristine TiO2 NTs because of better charge carriers separation ability, which leads to improved photocatalytic properties.




2.5. Photodegradation Ability in Aqueous Phase


Photodegradation ability of obtained NTs was studied in phenol degradation process proceed in two different light sources: UV-Vis (λ > 350 nm) and Vis (λ > 420 nm) conditions. At the beginning, a direct photolysis was performed to confirm the necessity of photocatalyst appearance. In case of UV-Vis irradiation, 3% of phenol was degraded, and in Vis light no action was observed. The significant results for UV-Vis were presented by samples with applied voltage above 30 V. Ti90Cu10_50V and Ti90Cu10_40V have degradation efficiencies close to 85% and 45%, respectively, while pristine NTs showed efficiency between 35–40% (Figure 5a). NTs obtained with voltage equal to 30 V revealed the efficiency lower than pristine NTs under UV-Vis light. The reason of obtained results is strictly connected with length of the NTs, as pristine NTs are longer (1.5–6 µm) than NTs from copper alloys anodized in 30 V, while in terms of Ti90Cu10_40V and Ti90Cu10_50V, NTs are just a little shorter (2.5–3.5 µm) than pristine NTs but sufficient for conducting the degradation process. Combination of length and Cu2O and CuO species in total gives higher activity compering to pristine NTs. In terms of Vis light irradiation (Figure 5b), whose results were the main area of interest, the outcome appears to be different. The efficiency increased in the following order: Ti_30V < Ti_40V < Ti_50V < Ti90Cu10_50V < Ti90Cu10_40V < Ti95Cu5_30V < Ti90Cu10_30V < Ti85Cu15_30V showing that NTs obtained with 30 V presents the best results, reaching a value of 16% for the Ti85Cu15_30V sample. Obtained result can relate to the correlance of penetration depth of visible light and thickness of the NTs, in which only small amounts of photons can reach lower parts of the NTs. The level of influence on phenol degradation in terms of Vis light can lay also in amount of Cu in the sample. EDX results presented in Table 1 show that in Ti85Cu15_30V the highest amount of Cu was measured with the value of 9.45 (wt.%). The same results were obtained by XPS measurements (Table 2). Similar effect was observed during our previous work with the NTs obtained by anodic oxidation of Ti-Ag alloys [50].




2.6. The Excitation Mechanism of TiO2-CuxOy NTs


For better understanding of the visible light excitation mechanism of TiO2, NTs modified with Cu species additional experiments were performed. First of all, to confirm phenol degradation mechanism, reactions with different scavengers-benzoquinone (for O2•− radicals), silver nitrate (for e−), ammonium oxalate (for h+), and tert-butanol (for hydroxyl radicals) were performed for the most active sample Ti85Cu15_30V, as shown in Figure 5c. The photocatalytic efficiency of phenol degradation for benzoquinone was 13% and for silver nitrate 6%. In terms of other scavengers, the degradation was negligible in comparison with the reaction without scavengers what can lead to conclusions that O2•− radicals are the main initiator of photocatalytic degradation under visible light irradiation. Secondly, to confirm above results, the •OH radical generation tests were taken (see Figure 5d), confirming that larger amounts of •OH radicals were produced in case of pristine NTs than in presence of TiO2-CuxOy NTs. It can incline that other forms of reactive oxygen species are the source of phenol degradation under Vis light (as demonstrated in Figure 6a).



As the results of XPS showed division of the TiO2-CuxOy NTs in terms of Cu type, the Vis light photocatalytic mechanism (Figure 6a) and the stability of heterojunctions should be considered for both types Cu+ and Cu2+. As the TiO2 NTs band gap (3.2 eV) is too wide to absorb Vis light, TiO2-Cu2O were investigated for band gaps much narrower 2.1 eV and 1.7 eV, respectively, to confirm the application of materials in Vis light. TiO2-Cu2O and TiO2-CuO NTs with the Vis light conditions can activate electrons and create the pair electron-hole [51]. In terms of TiO2-Cu2O NTs, electron from CB Cu2O is transferred to the conduction band of TiO2 NTs, whereas holes from valence band of Cu2O remain immobile and are unable to generate •OH radicals, because the band edge potential is lower than edge for •OH radical generation with potential of 2.53 eV. The electron path from CB of TiO2 NTs transfers further to the environment reacting with the oxygen and creating superoxide anion radicals O2•− and then H2O2 and HO2•. When analyzing the reaction with TiO2-CuO NTs, the situation is very much different. As the band gap of CuO (1.7 eV) enables electrons to move conduction band of CuO, the electrons react with oxygen forming superoxide anion radicals O2•− and then H2O2 and HO2•. Furthermore, the reaction with pollutant (phenol) after several processes led to formation of intermediates and finally H2O and CO2 (as shown in Figure 6b).



Moreover, it is confirmed that redox potentials for the reduction of Cu2O to Cu and for oxidation Cu2O to CuO occur and should be taken into consideration. However, Weng et al reported that in presence of even small amount of CuO, which works as a protection shield, the possibility of Cu2O photocorrosion is less probable [52]. XPS analysis showed (Table 2) that there are trace amounts of CuO in tested NTs alloys that can lead to the conclusion that Cu2O is resistant to photocorrosion process. All results above and analysis presented by Luna et al. [53] can lead to proposed Cu2O-CuO-TiO2 complex mechanism (Figure 6a).




2.7. Assessment of Antibacterial Properties of TiO2/CuxOy NTs


Microbial contamination of the environment can be a critical issue for many aspects of our lives. That is why the modification of surface with different additives, which can foster the process of bacterial inactivation, is important [54]. The assessment of the antibacterial properties of photocatalytic layer—TiO2/CuxOy NTs obtained from Ti95Cu5 alloy in Vis light—was investigated in three different configurations in presence of microorganisms, Ti-Cu NTs, Vis light, microorganisms and Vis light only, and microorganisms and Ti-Cu NTs in the dark. Three different bacterial strain were used: E. coli, B. subtilis, and Clostridium sp. The amount of bacteria after the process was measured quantitatively (CFU/mL (colony-forming unit)) and with usage of TEM (Table 3 and Figure 7, respectively).



The quantitative analysis shows that correlation between efficiency of the process and experimental conditions are clearly noticeable. The significant results were obtained for measurements in presence of Vis light source and photocatalytic layers in case of two strains: E. coli (97% damage in 60 min) and Clostridium sp. (98% damage in 60 min). What is more, in example of B. subtilis there was no response of bacteria and it never grew (all results presented in Table S3). The lack of B. subtilis growth can be related to conditions of the experiment or the influence of Cu2+ ions leached from surface of nanotubes.



B. subtilis can form endospores which are small, metabolically dormant cells remarkably resistant to heat, desiccation, radiation, and chemical insult. Sporulation is the last response to nutrient starvation or other stressful conditions. Alternative condition to forming the spores is high cell density favors sporulation. The process of endospore formation has profound morphological and physiological consequences [55,56]. Endospores are produced in a process called sporulation, which is reversible, because the vegetative cell can be regenerated again when only in the environment there will be favorable conditions. This reverse process to sporulation is called germination of spores. This process requires a number of spore specific proteins. Most proteins are associated with the inner spore membrane [57]. Germination of spores depends on many conditions present in bacterial growth and formulation way of spores. Stress conditions for bacteria (irradiation of the catalytic layer connected radiation) led to the formation of spores, which under normal conditions of Bacillus sp. growth were unable to undergo germination.



However, there are also differences between germination of Bacillus spores and Clostridium spores. First, while germinant receptor (GR) function in germination Bacillus sp. requires all three GR subunits. It appears that only a GRc subunit alone can facilitate Clostridia spore germination. Second, spores of some Clostridia lack GRs with any similarity to those in spores of bacilli, likely a reflection of the great diversity in the Clostridia. However, C. difficile spores do germinate well with specific bile salts and also respond to various amino acids [57]. In the case of E. coli, these types of processes are not observed because they do not sporulate.



For confirmation of previous analysis, the effect of Cu2+ on the growth of E. coli and B. subtilis was investigated (Figure S3 and Table S4). The growth of bacterial cultures (with the addition of Cu2+ ions) was controlled by measuring the optical density at 600 nm. Growth inhibition was found for both strains in the first two dilutions. The minimal inhibitory concentration (MIC) is 0.1 mM of Cu2+ ions. A similar effect was observed by Zong et al. [34]. After obtaining above results, only E. coli and B. subtilis were sent for TEM analysis to confirm the transformation of bacteria. Images revealed changes in bacteria shape in every tested configuration with the biggest influence of photocatalytic layer on B. subtilis (clear damage of the inside structure) and light source on E. coli (whole deformation of bacteria). Deformed bacterial cell cannot grow and is no longer a serious environmental problem. Finally, it is likely that the cell membrane will undergo complete mineralization [58]. In summary, the as-prepared photocatalyst irradiated with Vis light has very high, indisputable bactericidal effects (in both cases, efficiency of bacteria inactivation reached 97%). E. coli, Clostridium sp., and B. subtilis are removed from water and the surface of the photocatalysts within 60 min. of irradiation.




2.8. Suggested Mechanism of Bacteria Inactivation


A full knowledge about the mechanism of bacteria inactivation is essential for further development of nanocomposites involved in disinfection processes. Matsunga et al. were the pioneers with hypothesis in which Coenzyme A is degraded by ROS in the presence of light [21]. The enzyme cut off can cause respiration problems, possibly leading to death. However further research performed by Saito et al. confirmed that main reason for cell death is the burst of the cell wall membrane leading to leakages [59]. Obtained TEM images (Figure 7) for experiment with Ti95Cu5_30V confirmed the destruction of bacteria cell structure and wall membrane in presence of photocatalyst and light, which led to conclusion that copper as a component photocatalyst influenced the process. Moreover, based on analysis made by Kikuchi et al., who confirmed the role of the ROS by addition of hydroxyl scavengers to the reaction system [60], it can be concluded that for TiO2-CuXOy, another source of bacteria inactivation lies in oxygen radicals. The suggested scheme presenting damage of bacteria cell during the inactivation process is presented in Figure 6c.





3. Materials and Methods


3.1. Materials


The titanium foils and alloys were purchased from HMW Hauner (Röttenbach, Germany). Isopropanol, acetone, and methanol (p.a., POCh S.A., Gliwice, Poland) were used for cleaning Ti foil and alloys surface. NH4F (p.a.) and ethylene glycol (99.0%, p.a.) purchased from POCh S.A. were the components of the electrolyte, which were used for preparation of the TiO2 nanotubes. Deionized water used during experiments had conductivity of 0.05 µS.



The following bacterial strains were used in this work: E. coli DSMZ collection no 1116, B. subtilis DSMZ collection no 347, and Clostridium sp. DSMZ collection no 2634. E. coli is a Gram-negative, facultatively anaerobic, rod-shaped bacteria. E. coli is found in the gut of animals, including human gut, as well as commonly in soil and water. Bacteria does not create endospores. B. subtilis is Gram-positive, facultative anaerobe, and rod-shaped found in soil and the gastrointestinal tract of ruminants and humans. It can form a tough, protective endospore, allowing it to tolerate extreme environmental conditions. Clostridium sp. is Gram-positive, obligate anaerobes, rod-shaped bacteria. They are producing endospores commonly found mainly in the soil and digestive tract of animals, including humans, female reproductive organs, as well as in water and sewage. These bacteria are characterized by the possibility of binding atmospheric nitrogen and reduction of sulphites [61].



To measure the copper influence on growth of bacteria cultures, the bacterial cultures mentioned above were conducted in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0), supplemented with 98% copper acetate (C4H6CuO4 × H2O) from Avantor Performance Materials S.A. (Gliwice, Poland).




3.2. Preparation of NTs


Ti and Ti-Cu alloys containing different amounts of copper (5, 10, 15 wt.%) in the form of sheets were cut into pieces of size 2 × 3 cm. In the first step, experiment samples were cleaned with usage of acetone, isopropanol, methanol, and deionized water separately, one by one, in ultrasonic bath for 10 min. Cleaning process was finalized with drying alloys in the air steam. In the second step, the set up for anodization process was established with two electrodes-platinum mesh as the cathode and Ti/Ti-Cu alloy as a working electrode. Moreover, the Ag/AgCl reference electrode was incorporated into the system to gather information about the definite potential of the electrode. The anodic oxidation process was performed in the presence of electrolyte solution (98 vol % ethylene glycol, 2 vol % water and 0.09 M NH4F) for 60 min with applied voltage in a range between 30 and 50 V. The anodization was monitored with DC power supply (MANSON SDP 2603, Hong Kong, China). After all, in third step, samples were sonicated in deionized water for 5 min, dried in air stream at 80 °C for 24 h, and calcinated at 450 °C (heating rate of 2 °C/min) for 1 h.




3.3. Characterization Systems


To understand the morphology of NTs obtained by electrochemical method, scanning electron microscopy was performed (SEM-FEI Quanta 250 FEG FEI Company, Brno, Czech Republic). To locate the anomalies, structure high-resolution transmission electron microscopy (HRTEM Jeol ARM 200F, Akishama, Tokio, Japan)) was carried out. The X-Ray photoelectron spectroscopy (XPS) measurements were completed at PHI 5000 VersaProbeTM (ULVAC-PHI, Chigasaki, Japan) spectrometer with monochromatic Al Kλ radiation (hν = 1486.6 eV). Phase composition on the surface was checked using a room temperature powder X-ray X’Pert Pro MPD diffractometer (PANalytical, Almelo, The Netherlands)(CuKαλ 1.5406 Å). A LeBail refinement was performed using the HighScore software (Ver. 3.0d, PANanalytical, Almelo, The Netherlands). The binding energy (BE) scale of all detected high resolution (HR) spectra was referenced by setting the BE of the aliphatic carbon peak (C-C) signal to 284.6 eV. The photoluminescence (PL) measurements were taken at room temperature with LS-50B Luminescence Spectrophotometer with Xenon discharge lamp as an excitation source and special detector—a R928 photomultiplier (HAMAMATSU, Hamamatsu, Japan). The excitation radiation (360 nm) was directed on the sample’s surface at an angle of 90°. The UV-Vis reflectance and absorbance spectra of pure and copper doped NTs were obtained with usage of Shimadzu UV-Vis. Spectrophotometer (UV 2600) (SHIMADZU, Kioto, Japan), with reference samples of barium sulphate. The range for the spectra registration was between 300 and 800 nm in room temperature and set scanning speed of 250 nm/min.




3.4. Photocatalytic Activity


The equipment used for all photocatalytic activity measurements was as follows: a quartz reactor with the capacity of 10 mL, 1000 W Xenon Lamp (Oriel 66021 Stratford, CT, USA), and cut off filters. Light intensity was measured for both filters with value of 40 mW/cm2 for UV-Vis and 2 mW/cm2 for Vis range.



3.4.1. Phenol Degradation Process


The process of photocatalytic degradation in model reaction with usage of phenol for two light sources was performed. The irradiation was controlled by two cut off filters GG350 (UV-Vis λ > 350 nm) and GG 420 (Vis λ > 420 nm). To perform the experiment, prepared phenol solution (20 mg/L) in amount of 8 mL was applied to the reactor, followed by immersing the examined alloy. Prepared sample was placed on a stirrer (500 rpm) and irradiated with preferable light for 60 min. Not only reference phenol solution (0.5 mL) was taken before the beginning of procedure, but also samples (0.5 mL) after each 20 min of the irradiated process were collected. We chose colorimetric method in the presence of p-nitroaniline and with usage of UV-Vis spectrophotometer (λmax = 480 nm) to investigate the phenol concentration.




3.4.2. Microorganisms Inactivation Process


The experiment connected with bacteria inactivation process was performed with application of three microorganisms species—E. coli, B. subtilis, and Clostridium sp. All vessels and media used in bacterial experiments were pre-sterilized by steam. The preparation of bacteria were harvested in LB medium by shaken in air shaker at 37 °C for 16 h. The bacteria pellet was isolated from medium by centrifugation at 2739 × g for 10 min. The resulting pellet was resuspended in sterile water to final concentration E. coli 3.3 × 102, B. subtilis 2.5 × 102, Clostridium sp. 3.8 × 102 (OD600nm = 0.1). As it is proven that microorganisms die in UV irradiation range, the Vis range with the cut off filter GG420 was used. As a photocatalyst, Ti95Cu5 alloy was applied.



The idea of the experiment was to check the inactivation process in three control tests—in presence of microorganisms, Ti-Cu NTs, and Vis light; in presence of microorganisms and Vis light only; and in the presence of microorganisms and Ti-Cu NTs in the dark. To perform the experiment, the suspension of bacteria (8 mL) was applied in the same reactor as in phenol degradation process. Depending on the configuration, Ti-Cu NTs were immersed in bacteria suspension or not. Prepared set up (with or without NTs) was placed on a stirrer (500 rpm) and irradiated with preferable light or kept in the dark for 60 min. Reference samples (1 mL) were collected just before each experiment, and consecutive samples (1 mL) were taken every 20 min. After the complete process there were two procedures of measurements. First, the collected samples were prepared by serial dilution (100 µL of sample in 900 µL of sterile 1 × PBS (phosphate-buffered saline)) and subsequent 10 µL of each were seeded on agar plate PCA (Plate Count Agar). The plates were incubated at 37 °C in an incubator for 16 h. Grown bacteria were counted, along with the amount of microorganisms in 1 mL of the dilution with the formula CFU = number of colonies × dilution/volume of inoculum. Second time, more diluted consecutive samples (1 mL taken every 20 min) were put in the ice and sent to resolution transmission electron microscopy.




3.4.3. Measurement of Copper Cu2+ Influence on Growth of Bacterial Cultures


The aim of the measurement was to check the influence of Cu2+ on the growth of bacterial cultures. This method was chosen to identify if the copper alone influenced the bacteria. The diluted solution of copper actetite was used to perform this measurement. The bacteria were harvested in LB medium by shaken in air shaker at 37 °C for 16 h. B. subtilis was added to LB medium to OD600nm = 0.13 and E. coli to OD600nm = 0.1 and were harvested in air shaker at 37 °C for 30 min. In the test tube, serial dilution of Cu2+ ions were prepared from 1–1 × 10−9 mM. Then, OD600nm was measured; the negative control was LB medium, and the positive control was LB medium with bacteria with appropriate OD600nm.



To determine the influence of Cu2+ ions on B. subtilis culture, the 2-fold serial dilution test of ions was tested. The B. subtilis was culture in LB medium by shaken in air shaker at 37 °C for 16 h. B. subtilis was added to LB medium to OD600nm = 0.1 and harvested in air shaker at 37 °C for 1.5 h. In the test tube 2-fold serial dilution of Cu2+, ions were prepared from 10–1.9 × 10−2. The OD600nm was measured every 30 min; the negative control was LB medium, and the positive control was LB medium with bacteria with appropriate OD600nm.




3.4.4. Measurement of Hydroxyl Radicals


As •OH radicals are considered the most powerful in the oxidation process of many organic compounds [62], the role and amount was determined to understand the photocatalytic properties. A terephthalic acid, as a substance which effectively captures •OH radicals and generates highly fluorescent product, was used and investigated for photoluminescence intensity. The tests were performed in the same laboratorium set up as in the phenol degradation process with the initial concentration of terephthalic acid equal Co. = 0.5 mM. The reactor was irradiated for 60 min, with 20 min intervals for sample collection. The photoluminescence spectra of all collected samples were measured at LS–50 B luminescence spectrophotometer (HAMAMATSU, Hamamatsu, Japan) with lamp with excitation wavelength at 315 nm and photomultiplier detector.




3.4.5. Investigation of Photodegradation Mechanism


In order to understand the mechanism of photodegradation of phenol solution silver nitrate, ammonium oxalate, tert-buthyl alcohol, and benzoquinone were applied, which are scavengers for e−, h+, •OH, and O2•− radicals, respectively. The photodegradation experiment conditions were the same as in phenol degradation process.






4. Conclusions


The analysis of new spectra of nanostructures developed by electrochemical method TiO2/CuxOy NT arrays due to their unique features can be used not only in the photodegradation process but also in bacteria inactivation. In this study, the influence of copper amount and applied voltage in NTs formation was investigated, as well as the correlation of NTs composition with the efficiency of the photodegradation of pollutants in the aqueous phase. All prepared TixCuy foils after the anodization process have proved to be self-organized nanotubes arrays with external diameter of 85–97 nm and length 1.1–3.5 µm. The dimensions were directly induced by applied voltage, as the NTs were usually shorter and thicker than pristine TiO2 NTs. Furthermore, photodegradation of phenol in the aqueous phase with the presence of NT photocatalysts was performed under Vis light irradiation (λ > 420 nm). The best performance was marked in the case of TiO2/CuxOy NTs arrays with a Cu content of 15 wt.%. Additionally, PL analysis and absorbance measurements were performed that revealed promising results in terms of NTs application in Vis light region. It was proved that oxygen vacancies activated by Cu dopant in the NTs could be the main factor in the phase stabilization of the anataze phase.



Moreover, the assessment of the antibacterial properties of new NTs was performed with very promising results regarding the efficiency of bacteria degradation in terms of E. coli (97% degradation in 60 min) and Clostridium sp. (98% degradation in 60 min) under visible light irradiation (using low CFU/mL of bacteria).



The anodization method with Cu-Ti alloys developed in this study is a simple and effective method that can be implemented on a larger scale, not only in environmental applications but also in medical industry. Our results are encouraging and should be continued in the study of complexes with more than two components during anodization. Further work needs to be carried out in direction of creating nanomaterials with cascade heterojunctions possessing accurate photoelectrochemical characterization, which can be cheaper and more controlled in comparison to two composite photocatalysts. Research in this area was already undertaken by analyzing Cu-Ag-Ti alloys. It is also a challenge to consider the antibiotic resistant strains of mutant microbs, which are a growing problem nowadays. Finally, what seems to be an important matter is the variety of standards used by research group to measure the efficiency of the photocatalysts and their influence on microorganisms.
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Figure 1. Top-view and cross-sectional SEM images of Ti95Cu5_30V (a), Ti90Cu10_30V (b), Ti85Cu15_30V (c), Ti90Cu10_40V (d), Ti90Cu10_50V (e) samples, and TEM image of Ti95Cu5_30V (f). 
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Figure 2. X-ray diffraction patterns for Ti-Cu alloys. A red solid line is a LeBail fit to the experimental data (open circles). Vertical bars represent positions of expected Bragg peaks for (from top): TiO2—anatase (black), Ti (red), and CuTi2 alloy (olive), respectively. 
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Figure 3. (a) Ti 2p XPS spectrum from the surface of pristine TiO2 NTs (Ti_30V) and (b) Cu 2p3/2 XPS spectra of selected TiO2/CuxOy NTs (Ti90Cu10 alloys anodized at 30–50 V). 
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Figure 4. Absorbance (a) and photoluminescence (b) spectra of pristine TiO2 and TiO2/CuxOy NTs. 
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Figure 5. Kinetics of photocatalytic degradation of phenol under UV-Vis (a) and Vis (b) irradiation, photocatalytic decomposition of phenol under visible light irradiation in the presence of scavengers, and Ti95Cu15_30V sample (c) and •OH radical generation efficiency under Vis irradiation (d) in the presence of selected samples. 
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Figure 6. A suggested scheme of (a) visible light excitation mechanism in presence of TiO2-Cu2O and CuO NTs, (b) phenol degradation pathway under Vis light, and (c) inactivation of bacterial cell by O2•− radicals. 
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Figure 7. TEM images of bacteria after 60 min of various processes: (a,e) reference bacteria (b,f) light switched off, bacteria present, photocatalyst present, (c,g) light switched on, bacteria present, photocatalyst absent and (d,h) light switched on, bacteria present, photocatalyst present. 
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Table 1. Sample labels, preparation conditions, NTs dimensions (based on SEM measurements), and Cu content (based on EDX (Energy-dispersive X-ray spectroscopy)).
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Sample Label

	
Material of Working Electrode

	
Anodization Voltage (V)

	
External Diameter (nm)

	
Tubes Length (μm)

	
Wall Thickness (nm)

	
Cu Content (wt.%)






	
Ti_30V

	
Ti foil

	
30

	
80

	
1.5

	
10

	
-




	
Ti_40V

	
40

	
100

	
3.0

	
13

	
-




	
Ti_50V

	
50

	
120

	
6.0

	
18

	
-




	
Ti95Cu5_30V

	
Ti(95%)/Cu(5%) alloy

	
30

	
85

	
1.3

	
12

	
3.57




	
Ti90Cu10_30V

	
Ti(90%)/Cu(10%) alloy

	
30

	
88

	
1.2

	
11

	
6.20




	
Ti85Cu15_30V

	
Ti(85%)/Cu(15%) alloy

	
30

	
83

	
1.1

	
15

	
9.45




	
Ti90Cu10_40V

	
Ti(90%)/Cu(10%) alloy

	
40

	
98

	
2.5

	
14

	
6.25




	
Ti90Cu10_50V

	
Ti(90%)/Cu(10%) alloy

	
50

	
97

	
3.5

	
14

	
3.44
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Table 2. Surface properties and photoactivity of TiO2/CuxOy NTs and reference samples (pristine TiO2 NTs).
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Sample Label

	
Average Crystallite Size (nm)

	
XPS Analysis

	
Photocatalytic Reaction Rate, r (μmol·dm−3·min−1)




	
∑ Ti (at.%)

	
Ti4+ 458.7 eV (%)

	
Ti3+ 457.3 eV (%)

	
Cu (at.%)

	
Cu1+ 932.2 eV (%)

	
Cu2+ 933.8 eV (%)

	
UV-Vis Light (λ > 350 nm)

	
Vis Light (λ > 420 nm)






	
Ti_30V

	
33

	
16.20

	
98.42

	
1.58

	
0

	
-

	
-

	
1.25

	
0.04




	
Ti_40V

	
27

	
24.79

	
97.38

	
2.62

	
0

	
-

	
-

	
1.35

	
0.13




	
Ti_50V

	
36

	
26.29

	
97.38

	
2.62

	
0

	
-

	
-

	
1.44

	
0.15




	
Ti95Cu5_30V

	
25

	
21.79

	
95.89

	
4.11

	
0.13

	
81.27

	
18.73

	
1.02

	
0.41




	
Ti90Cu10_30V

	
36

	
25.32

	
97.49

	
2.51

	
0.11

	
88.38

	
11.62

	
1.16

	
0.51




	
Ti85Cu15_30V

	
39

	
23.99

	
97.30

	
2.70

	
0.14

	
93.28

	
6.72

	
0.81

	
0.55




	
Ti90Cu10_40V

	
46

	
25.41

	
98.07

	
1.93

	
0.11

	
76.61

	
23.39

	
1.62

	
0.37




	
Ti90Cu10_50V

	
46

	
25.06

	
97.16

	
2.84

	
0.08

	
95.78

	
4.22

	
3.31

	
0.32
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Table 3. Efficiency of bacteria inactivation in aqueous phase in the presence of the Ti95Cu5_30V sample and visible light (λ > 420 nm).
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Bacterial Strain

	
Experimental Conditions

	
Efficiency after 60 min






	
E. coli − OD = 0.09 STARTING CFU/mL: 3.3 × 102

	
Light source: switched on

	
97%




	
Bacteria: present




	
Photocatalytic layer: present




	
Light source: switched off

	
12%




	
Bacteria: present




	
Photocatalytic layer: present




	
Light source: switched on

	
3%




	
Bacteria: present




	
Photocatalytic layer: absent




	
B. subtilis − OD = 0.09 STARTING CFU/mL: 2.5 × 102

	
Light source: switched on

	
Did not grow




	
Bacteria: present




	
Photocatalytic layer: present

	
Did not grow




	
Light source: switched off




	
Bacteria: present




	
Photocatalytic layer: present




	
Light source: switched on

	
16%




	
Bacteria: present




	
Photocatalytic layer: absent




	
Clostridium sp. − OD = 0.1 STARTING CFU/mL: 3.8 × 102

	
Light source: switched on

	
98%




	
Bacteria: present




	
Photocatalytic layer: present




	
Light source: switched off

	
0%




	
Bacteria: present




	
Photocatalytic layer: present




	
Light source: switched on

	
5%




	
Bacteria: present




	
Photocatalytic layer: absent
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