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Abstract:



In this investigation, a new, facile, low cost and environmental-friendly method was introduced to fabricate N- and C-modified TiO2 nanotube arrays by immersing the as-anodized TiO2 nanotube arrays (TNTAs) in a urea aqueous solution with mechanical agitation for a short time and keeping the TNTAs immersed in the solution for 6 h at room temperature. Then, the TNTAs were annealed at different temperatures. The produced N-, C-modified TNTAs were characterized using FESEM, EDX, XRD, XPS, UV-Vis diffuse reflectance spectra. Modified optical properties with narrow band gap energy, Eg, of 2.65 eV was obtained after annealing the modified TNTAs at 550 °C. Modified TNTAs showed enhanced photoelectochemical performance. Photoconversion efficiency (PCE) was increased from 4.35% for pristine (unmodified) TNTAs to 5.18% for modified TNTAs, an increase of 19%. Effect of nanotubes length of modified TNTAs on photoelectrochemical performance was also studied. Photocurrent density and PCE were increased by increasing nanotube length with a maximum PCE of 6.38% for nanotube length of 55 µm. This high PCE value was attributed to: band gap reduction due to C- and N-modification of TNTAs surface, increased surface area of long TNTAs compared with short TNTAs, investigated in previous studies.
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1. Introduction


During the last fifteen years, and after the first work of Zwilling et al. [1], titania nanotube arrays (TNTAs) fabricated by electrochemical anodization method have attracted a great deal of attention of scientists, engineers and technologists all over the world due to their outstanding properties such as high specific surface area [2], high charge transport and separation rates [3], light absorption and propagation properties [4,5,6], biocompatibility and chemical stability [7]. Furthermore, the integrated, vertically oriented, highly ordered nanotubular structure strongly adhered to Ti parent metal substrate imparts a very important practical advantage by eliminating the costly solid/liquid separation step which is necessary when using the nanoparticles counterpart. Due to these properties, TNTAs have proved to be a promising candidate in many advanced applications including dye-sensitized solar cells [8,9,10,11,12], sensors development [13,14], hydrogen generation from water by photoelectrolysis [15,16,17,18,19], photocatalysis [20,21,22,23], self-cleaning [24], bone and medicinal implants [25], drug delivery and biomaterials applications [26], and molecular filtration [27]. In the last few years, many interesting advanced applications of TNTAs have been reported. For instance, Bella et al. employed self-standing TNTAs grown on Ti- mesh as a photoanode and photoinduced polymerized polymer electrolyte to fabricate a quasi-solid flexible dye-sensitized solar cell for portable devices. The photopolymerization resulted in a crosslinked polymer electrolyte membrane as the photoanode and the separating electrolyte to prevent the short cut of the solar cell [28]. Marien et al. investigated the influence of TNTAs length on the photodegradation of paraquat. The photocatalytic activity of TNTAs was increased by increasing the nanotube length and reached the optimal value at 7 µm nanotube length and began to decrease by further increasing of nanotube length [29]. Kang and co-workers investigated the photoelectrochemical production of H2 from water splitting using CdS-sensitized Li-inserted TNTAs photoanode. H2 was generated at a faradaic efficiency of about 100% under irradiation with AM 1.5 light spectra. This superior performance was attributed to the effect of CdS sensitization and Li-ion insertion into TNTAs [30]. Zhang and co-workers successfully employed polylysine-modified TNTAs and Cu to design a pH-responsive drug release system which exhibited an enhanced control of the drug release rate at pH of 7.4 [31]. Free-standing TNTAs films were used to fabricate a fast-response and recovery H2S gas sensor [32]. Moreover, Gold nanoparticles-functionalized TNTAs, which exhibit localized surface plasmon resonance (LSPR) effect, were investigated in organic biomarker vapor sensing at room temperature and showed excellent photoelectrochemical amperometric detection capacity of volatile organic compounds associated with the disease, tuberculosis [33]. On the other hand, in spite of the above mentioned outstanding properties and many potential advanced applications of TNTAs, the widespread solar applications of TNTAs are hindered by the relatively wide energy band gap (Eg) of TiO2 (3.2 eV for anatase and 3.0 for rutile) which is photoresponsive only to UV illumination. The visible light portion of the solar spectra is about 45% which is 9 times bigger than the UV portion (only 5%). Therefore, any enhancement in the photoactivity of TNTAs in the visible light region increases the harvesting power of solar energy and therefore has a positive impact on the diverse applications of this nanomaterial [34,35,36,37]. In order to achieve this objective and modify the properties of TiO2 to narrow its band gap and enhance the visible light responsiveness, metal ions such as Fe [38,39], Zr [40], Cr [41], and Zn [42] have been doped to TiO2 nanotube arrays using different doping techniques. Ag nanoparticles-sensitized TNTAs were recently prepared by Kong and co-workers. Ag nanoparticles could act as an electron-trap to minimize the recombination rate of photo-generated electron/hole pairs. Consequently, the photoelectrochemical and photocatalytic properties could be enhanced [43]. Recently, non-metals such as carbon [44], nitrogen [45,46,47], phosphorous-fluorine [48] and nitrogen-fluorine-iodine [49,50] have been doped into TiO2 nanotube arrays and proved significant enhancements in the visible light photoactivity. It is worth mentioning that doping of TNTAs is more difficult than TiO2 nanoparticles doping and presents a challenge as one should carefully choose the doping method that saves the nanotubular structure undamaged during the doping process. Particularly, carbon dopant has been introduced to TNTAs either by flame annealing [51], annealing under carbonaceous gas stream at elevated temperature [19] or hydrothermal treatment of TNTAs in an aqueous solution of glucose followed by annealing in Ar gas at 450 °C [52]. But these techniques either result in huge damage to the nanoarchitecture and crystal structure of the nanotube arrays [51] or involve complicated elevated temperature multistage processes [52,53,54].



Ordinary phases of the titania include amorphous, anatase and rutile. The crystal phase and nano-architecture of titania manipulate its properties and potential applications. For example, the anatase phase of titania is favored in catalysis and dye-sensitized solar cells applications, whereas rutile is preferred in the area of dielectrics and high-temperature oxygen gas sensors due to its excellent elevated temperature stability [24]. Moreover, the performance of TNTAs in different applications is highly dependent on the nanostructure parameters such as nanotube length, diameter and wall thickness. These parameters are mostly determined by adjusting the anodization conditions such as anodization potential, pH, anodization time and anodization electrolyte composition. Although a remarkable success has recently been achieved in fabrication of high-aspect-ratio TNTAs with nanotube length up to hundreds of micrometers, very little attention has been paid to study the effect of nanotube length on TNTAs performance, in particular, in the third generation of TNTAs with nanotube length longer than 20 µm [29,55].



In this study, we investigated a new facile and low-cost method to fabricate N- and C-modified TNTAs of length up to 55 µm by treating the as-anodized TNTAs in urea aqueous solution at room temperature for several hours. This method is also safe on the morphology and nanoarchitecture of TNTAs. The modified TNTAs were characterized by FESEM, X-ray diffraction, XPS, EDX and UV-Vis. diffuse reflectance spectra. Photoelectrochemical performance of modified and non-modified TNTAs was investigated. Moreover, we studied the effect of nanotube length on the photo-electrochemical performance.




2. Experimental Setup and Methods


2.1. Preparation of Modified TiO2 Nanotube Arrays (TNTAs)


The Ti foil (0.89 mm thickness, 99.6% purity) and all chemicals were purchased from Alfa-Aesar (Ward Hill, MA, USA). To prepare TNTAs, we used the same setup as in our previous work [56] and a modified procedure proposed by Prakasam and co-workers [3]. The Ti foil was cut into 1.5 cm diameter discs. Prior to anodization, the titanium foil was cleaned by using distilled water, acetone and distilled water, respectively, in ultrasonic bath for five minutes each. It was then dried off in air, etched in (3.3 M HF and 5.6 M HNO3) solution for 10 s and immediately rinsed with deionized water, dried with air and mounted into a Teflon electrode holder which allowed only 1 cm2 of one side of the disc to be exposed to the electrolyte while the whole backside area was isolated, then used in anodization process immediately. Ti foil was first anodized in ethylene glycol solution containing NH4F (0.4 wt %) and H2O (1 wt %) for 2 h at 60 V at room temperature using Keithley Source Meter Unit Model SMU 2602 (Keithley Instruments Inc., Cleveland, OH, USA). Ti foil was used as anode and a platinum foil was used as a cathode.



The produced nanotubes were removed by sonication in ethanol for 30 min to obtain textured fresh Ti surface. Subsequently, the second anodization was performed in the same electrolyte and the same anodization potential of 60 V. The second anodization time was changed to obtain different nanotube lengths. The anodization current was monitored with a computer. After the second anodization step, the samples were washed with distilled water and sonicated in water for 5 min to clean the surface and remove debris, then dried with air. The TNTAs samples were immersed in a 10 wt % urea solution and mechanically mixed for 30 min and kept immersed in urea solution for 6 h at room temperature to allow urea molecules to be adsorbed on TNTAs inner surface. Then annealed at temperature ranging from 350 to 650 °C for 3 h in air with a heating and cooling rate of 5 °C/min to promote crystallinity.




2.2. Characterization of Modified TNTAs


Titania nanotube arrays morphology was investigated with a field emission scanning electron microscope (FESEM, Hitachi S-5000, Tokyo, Japan) equipped with an energy dispersive X-ray analyzer unit (EDXA). The elemental compositions were determined by EDX analysis. The crystal structures were examined by X-ray diffraction using a powder X-ray diffractometer (Rigaku RINT 2500, Tokyo, Japan) with Cu Kα radiation (λ = 1.54 Å) at 40 kV and 50 mA with a scan rate of 0.02° per s over a 2θ range from 15° to 80°. The elemental chemical states were determined by X-ray photoelectron spectroscopy (XPS, Perkin Elmer, Waltham, MA, USA). The XPS analyses were carried out with a Kratos Axis Ultra spectrometer using a monochromatic Al Kα source (15 mA, 14 kV). The instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. The Kratos charge neutralizer system was used on all specimens. Survey scan analyses were carried out with an analysis area of 300 μm × 700 μm and a pass energy of 160 eV. High-resolution analyses were carried out with an analysis area of 300 μm × 700 μm and a pass energy of 20 eV. Spectra charge was corrected to the main line of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. CasaXPS software (version 2.3.14) was used to analyze the results. A Cary 100 UV-Vis-NIR spectrophotometer was used to measure the UV-Vis diffuse reflectance spectra.




2.3. Photoelectrochemical Properties


The photocurrent spectra were recorded by a home-made photoelectrochemical measurement system using an LPX150 Xe lamp solar simulator with a light intensity of 100 mW/cm2. The TNTAs sample served as the working electrode and a Pt sheet was used as the counter electrode. The testing electrolyte was 1 M KOH solution with 0.05 vol % ethylene glycol. A computer-controlled power supply (Keithley SMU 2602, Keithley Instruments Inc., Cleveland, OH, USA) was employed to control the potential and record the photocurrent generated. The light intensity at the quartz window of the electrochemical cell was fixed at 100 mW/cm2. The external potential was applied at a scan rate of 20 mV s−1 under illumination and the photocurrent was recorded. The potential of the open circuit was measured by a digital multimeter during the illumination.





3. Results and Discussion


3.1. FESEM and XRD Studies


Figure 1 shows the FESEM images of TNTAs fabricated in ethylene glycol electrolyte containing 1 vol % H2O and 0.4 wt % NH4F at 60 V. Figure 1a,b show the top view and the cross-sectional view of TNTAs anodized at room temperature for 6 h at room temperature, while Figure 1c,d represents top and cross-sectional views of TNTAs anodized in the same conditions for 10 h. The as-anodized TNTAs were sonicated in water for 5 min to clean surface and remove debris Figure 1e shows high magnification of top view and Figure 1f represents high magnification of cross sectional view near the TNTAs bottom showing the test-tube-like closed round bottom of the nanotubes. Clearly the smoothness of nanotube walls and the absence of ripples associated with the aqueous electrolytes anodization as in our previous work [56] are discernible. From the FESEM images, we conclude that TNTAs fabricated with this process are of high quality, well-organized, vertically oriented and homogeneous. The TNTAs are also reproducible as it can be seen by comparing the nano-architectures in the two samples shown in Figure 1a,c. The only difference is TNTAs length which increases by increasing the anodization time. The average inner diameter and wall thickness for TNTAs fabricated at 60 V in ethylene glycol are 173 ± 16 nm and 13 ± 1, respectively. The length of nanotube depends on the anodization time and is found to be 36 and 55 µm for 6 and 10 h anodization times, respectively (Figure 1b,d).


Figure 1. FESEM images for TNTAs synthesized in ethylene glycol electrolyte containing 1 wt % H2O and 0.4 wt % NH4F at constant potential of 60 V; (a,b) Tope view and cross sectional view of TNTAs anodized for 6 h and then sonicated in water for 5 min to clean surface and remove debris; (c,d) are top and cross sectional views of TNTAs anodized at the same conditions for 10 h; and (e,f) are high magnification of top and lateral views of TNTAs in (a), respectively.
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Ethylene glycol electrolyte helps not only in getting longer nanotubes in relatively short anodization time, but also in yielding smooth nanotube walls. One more difference between glycerol-water electrolyte and ethylene glycol electrolyte is the optimum anodization potential at which maximum nanotube growth rate can be achieved. The optimum anodization voltage for glycerol—water electrolyte was found to be 20 V [56], while it was 60 V for the ethylene glycol electrolyte [3]. Figure 2 shows the FESEM images of pristine TNTAs, Figure 2a,c (without modification), and Figure 2b,d the modified TNTAs. Both samples were annealed at 550°C for 3 h. As we can see from the FESEM images of pristine and modified TNTAs, the modification process did not cause any damage to the well-organized vertically oriented nanotubular architecture of TNTAs which is an important advantage of this modification method. In addition, the method is simple, low cost and environment-friendly.


Figure 2. FESEM images of pristine (unmodified) and modified TNTAs: (a,c) top view and high magnified top view of pristine TNTAs; (b,d) top view and high magnified top view of modified TNTAs.
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As-anodized TNTAs were amorphous and annealing at elevated temperature was required to promote crystallinity which increased the stability of the material and enhanced the charge transport and photoelectrochemical properties. By varying the annealing temperature, the phase structure of TNTAs can be controlled as anatase or rutile or a combination of both phases. As mentioned above, each crystal phase has its preferred application. Figure 3 shows the XRD patterns of TNTAs annealed at different temperatures from 350 to 650 °C for 3 h, as well as Ti-metal foil and as-anodized TNTAs for comparison. As it can be seen from Figure 3, both Ti-metal foil and as-anodized TNTAs (curves a and b, respectively) show only Ti metal peaks which implies that the as-anodized TNTAs layer was amorphous. Anatase phase began to appear at 350 °C (curve c) and increased and became dominant at 450 °C (curve d). At 450 °C, one can see traces of rutile phase. At 550 °C (curve e), the crystal structure of TNTAs was a conjugate of both anatase and rutile phases while the rutile phase became prominent when annealing at 650 °C (curve f). These X-ray results are consistent with other studies [16,57,58,59].


Figure 3. X-ray diffraction patterns for (a) Ti-metal foil; (b) as-anodized TNTAs; (c) TNTAs annealed at: 350 °C; (d) 450 °C; (e) 550 °C and (f) 650 °C, all for 3 h in air.
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3.2. EDX and XPS Results


Elemental composition of TNTAs and determining whether foreign elements are introduced into TiO2 lattice can be investigated using both EDX and XPS spectra techniques. Figure 4 shows the EDX spectra of TiO2 nanotube arrays fabricated in ethylene glycol electrolyte and annealed at 550 °C for 3 h. The EDX spectra indicate the presence of Ti, O and C in the nanotubular sample and that the ratio of Ti:O is approximately 1:2 indicating that the structure of the nanotubes is TiO2 with the presence of carbon which comes from the organic electrolyte and urea after pyrolysis during annealing at elevated temperature. EDX analysis technique did not show nitrogen as it exists in low concentration that cannot be detected by EDX spectra.


Figure 4. The EDX spectra of modified TNTAs indicating the elemental composition Ti and O with a ratio of Ti:O = 1:2 and the presence of carbon in TNTAs.
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Figure 5 shows the XPS spectra for the TNTAs sample annealed at 550 °C for 3 h in air. As it can be seen from Figure 5a, TNTAs contained Ti, O, C and N. The binding energies of Ti 2p, O 1s, C 1s and N 1s were 459.35, 530.75, 285.75 and 399.67 eV, respectively. The atomic ratio of Ti:O was very close to 1:2 implying that the chemical composition of nanotubes was TiO2. Figure 5b shows high resolution of N 1s peak at binding energy of 399.67 eV. This binding energy exists between two binding energies at 400.1 and 398.2 eV which correspond to C-N=C and C-NH2, respectively [60]. This suggests that the existing nitrogen is mainly bonded to carbon atoms. The high resolution of C 1s peak region (Figure 5c) exhibits the following peaks; the peak at 284.8 eV is assigned to adventitious carbon, and the peak at 286.3 eV is ascribed to C=O bonds due to pyrolysis of urea during annealing [61], and the peak at 288.55 eV is attributed to the carbon existing in the form of interstitial atoms which takes place due to the diffusion of carbon atoms during the annealing process at elevated temperature [19]. The XPS spectra proved that N atoms existed as pyrolyzed urea on TNTAs surface while C atoms existed as pyrolyzed urea products on the surface as well as interstitial atoms diffused into the crystal structure of TNTAs.


Figure 5. The XPS spectra of TiO2 nanotube arrays: (a) Wide range survey spectra; (b) High resolution XPS spectra over N 1s peak at 399.67 eV; and (c) High resolution XPS spectra over C 1s peak.
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3.3. Optical Properties


The UV-Vis diffuse reflectance absorption spectra of modified TNTAs as a function of annealing temperature are shown in Figure 6. As it can be seen easily from Figure 6, annealing temperature has a large effect on the light absorbance of the nanotube arrays because annealing temperature not only affects on the crystallization process but also the incorporation of foreign elements such as carbon and nitrogen into TiO2 crystal lattice. Figure 6 indicates that all samples have strong absorbance in the visible region with the best absorbance for the sample annealed at 650 °C. In Figure 7, absorbance data from Figure 6 were manipulated using Kubelka-Munk equation to calculate the modified band gap energies for each sample [62].


Figure 6. UV-Vis diffuse reflectance absorbance of TiO2 annealed at different temperatures.
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Figure 7. Kubelka-Munk transferred diffuse reflectance spectra of samples annealed at 350, 450, 550 and 650 °C. The intersections of red rows with X-axis represent the values of band gap energy.
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From Figure 7 and Table 1, each sample has two band gap energies, a primary one and a secondary one due to the effect of the electronic levels of the foreign dopants. The primary one has the larger effect on photoelectrochemical properties of TNTAs. As seen in Figure 7 and in Table 1, the sample annealed at 550 °C has the smallest primary band gap energy, Eg (2.65 eV), which corresponds to the absorbance edge wavelength of 468 nm while sample annealed at 450 °C has the smallest secondary band gap energy, Eg (1.6 eV), which corresponds to absorbance edge wave length of 775 nm. The slight change in absorbance and band gap energy of samples annealed at 350 and 450 °C can be attributed to the surface impurities due to pyrolyzed urea products and partial crystallization of TNTAs. While the substantial change of visible light absorbance and band gap energy in samples annealed at 550 and 650 °C can be attributed to the N and C modification of TNTAs surface and interstitial C atoms as shown by XPS spectra. Pure (unmodified) TNTAs showed only UV absorbance with absorbance edge at 400 nm (band gap energy: 3.1 eV) as shown in Figure 8.


Figure 8. UV-Vis diffuse reflectance absorbance of pristine (pure) TiO2 nanotube arrays annealed at 550 °C.
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Table 1. The band gap energies (Eg) and corresponding absorbance edges of TiO2 nanotube arrays annealed at different temperatures.





	Anneal. Temperature
	Main Eg, eV
	Secondary Eg, eV
	Main Abs. Edge, nm
	Secondary Abs. Edge, nm





	350 °C
	3.1
	2.1
	400
	590



	450 °C
	3.2
	1.6
	387
	775



	550 °C
	2.65
	2.2
	468
	564



	650 °C
	3.38
	2.2
	367
	564










3.4. Photoelectrochemical Properties


Figure 9 shows photocurrent density, Iph, of modified TNTAs compared with that of (unmodified) TNTAs. Both samples were anodized and treated at the same conditions to obtain identical nanoarchitectures. Unmodified (pristine) sample was annealed directly at 550 °C for 3 h while the other sample was first treated with urea solution as described in the experimental part, then annealed at 550 °C for 3 h. Both samples have nanotube length of 25 µm, an inner diameter and a wall thickness of 173 ± 16 and 13 ± 1 nm, respectively. As we can see from Figure 9, the modified TNTAs shows a considerable increase in Iph compared with the pristine (unmodified) TNTAs. Iph increased from 7.1 mA/cm2 for pristine (unmodified) TNTAs to 9.9 mA/cm2 for modified TNTAs with a maximum % increase of 39% at 1 V applied potential.


Figure 9. Photocurrent density of modified TNTAs compared with that of pristine (unmodified) TNTAs. Both samples were anodized in the same conditions with identical nanoarchitectures.
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Figure 10 shows the % photoconversion efficiency, PCE, for modified and unmodified TNTAs as a function of applied potential. The percent PCE was calculated using the following equation [18,63]:


PCE (%) = [Iph × (1.23 − Eapp) × 100]/I0



(1)






Eapp = Emeas − Eoc



(2)




where Iph is the photocurrent density in mA/cm2, Eapp is the external applied potential in V given in Equation (2), Emeas is the measured bias potential in V (vs. Ag/AgCl reference electrode), and Eoc is the electrode potential (vs. Ag/AgCl) of the same working electrode at open circuit conditions under the same illumination and in the same electrolyte. As we can see from Figure 9, the photoconversion efficiency, was increased from 4.35% for pristine (pure) TNTAs to 5.18% for modified TNTAs with an increase of 19%. The high value of photocurrent density and photoconversion efficiency of both pristine and modified TNTAs measured in this work was attributed to the high surface area of long nanotubes (25 µm) and the presence of 0.05% ethylene glycol as electron donor to decrease the charges recombination rate.


Figure 10. Photoconversion efficiency of modified TNTAs and pristine (unmodified) TNTAs.
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Although vast number of studies have been conducted in the last decade on fabrication of long TNTAs of up to hundreds of micrometers [64,65], there is a shortage of studies of photoelectrochemical performance of long nanotubes. The increase in the surface area by increasing nanotubes length enhances the capacity to harvest light photons. But on the other hand, diffusion path of the electrons to reach the conducting layer in the back of the photoanode increases with increasing the nanotubes length which results in increasing the charge recombination rate. A series of TNTAs samples were fabricated at the same anodization conditions mentioned above. Only anodization time was changed from 3 h to 10 h to produce TNTAs with the same inner diameter and wall thickness but with different nanotube lengths as shown in Table 2. All TNTAs samples were treated with urea solution as described in the experimental part to produce C- and N-modified TNTAs then annealed for 3 h at 550 °C.


Table 2. Nanotubes lengths anodized for different anodization times.





	Anodization Time, h
	3
	4
	6
	7
	10





	Nanotubes Length, µm
	18
	23
	30.5
	36
	55









Figure 11 shows the photocurrent density of modified TNTAs with different lengths as a function of applied potential. As we can see, photocurrent increases with increasing nanotubes length. This implies that due to the one dimensional vertically oriented nanotubular architecture of the photoanode, the light photons successfully penetrated the entire length of the nanotube arrays up to 55 µm and the huge surface area increased the light harvesting capacity of TNTAs. Furthermore, the presence of ethylene glycol as electrons donor, although in very small concentration (0.05 vol %), reduced the charge recombination rate in very long nanotubes photoanode.


Figure 11. Effect of nanotubes length on photocurrent as a function of applied potential.
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Effect of nanotube length on photoconversion efficiency, PCE, is shown in Figure 12. Photoconversion efficiency increases with increasing nanotube length with a maximum PCE of 6.38% at 55 µm nanotubes length and applied potential of 0.55 V. It should be noted that the applied potential at which maximum PCE was obtained increased from 0.35 V at nanotube length of 18 µm to 0.55 V at nanotube length of 55 µm as can be seen in Figure 12. Figure 13 shows a linear relation between maximum PCE of each sample and the nanotube length of the same sample in the range from 18 to 55 µm. The increase of maximum PCE with increasing nanotube length and the linear dependence of maximum PCE on nanotube length up to 55 µm imply that the light successfully penetrates the long TNTAs photoanode up to 55 µm which is more than 3.6 times longer than the maximum layer thickness of the nanoparticulate photoanode that light can penetrate (15 µm).


Figure 12. Effect of nanotube length on photoconversion Efficiency, PCE, as a function of applied potential.
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Figure 13. Linear dependence of photoconversion efficiency on nanotube length of modified TNTAs in the range from 18 to 55 µm. The solid line represents the actual experimental data and the dotted line represents the best-fitting straight line through the data which is defined by the equation shown in the figure.
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4. Conclusions


In this investigation, a new, facile, low cost and environmental-friendly method for the fabrication of N- and C-modified TiO2 nanotube arrays was reported. The titania nanotube arrays were immersed in a 10 wt % urea solution with mechanical agitation for 30 min. The TNTAs were immersed in the solution for 6 h at room temperature. Then, TNTAs were annealed at different temperatures. Modified TiO2 nanotube arrays with different lengths from 18 µm to 55 µm were synthesized in this study. The produced N- and C-modified TNTAs were characterized by FESEM, EDX, XRD, XPS, UV-Vis diffuse reflectance. Modified optical properties with narrow band gap energy, Eg, of 2.65 eV was obtained after annealing the modified TNTAs at 550 °C. Modified TNTAs showed enhanced photocurrent density and photoconversion efficiency. Photoconversion efficiency, PCE, was increased from 4.35% for pristine (unmodified) TNTAs to 5.18% for modified TNTAs, an increase of 19%. Effect of nanotubes length of modified TNTAs on photoelectrochemical performance was studied. Photoconversion efficiency PCE was increased by increasing nanotube length with maximum PCE of 6.38% at nanotube length of 55 µm. The PCE increase pattern was linear with nanotubes length. This implies excellent light penetration up to 55 µm depth into photoanode which is 3.6 times higher than the maximum penetration depth (15 µm) in the nanoparticulate photoanode. This increasing pattern of photoconversion efficiency with increasing nanotubes length also implied a high charge separation rate and lower charge recombination rate. The high PCE was attributed to band gap reduction due to C- and N-modification of TNTAs and the increased surface area of long TNTAs compared to short TNTAs resulted in excellent light penetration and harvesting properties.







Acknowledgments


Financial support of this work by Natural Sciences and Engineering Research Council of Canada is gratefully appreciated. Authors gratefully appreciates the scholarship granted by the Central Metallurgical Research and Development Institute (CMRDI), Cairo, Egypt, to Ahmed Mohamed to accomplish this work.




Author Contributions


A.E.R. Mohamed and S. Rohani conceived and designed the experiments; A.E.R. Mohamed performed the experiments; A.E.R. Mohamed, S. Barghi and S. Rohani analyzed the data; S. Rohani contributed the materials and the analysis tools; A.E.R. Mohamed wrote the paper. S. Barghi and S. Rohani revised the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Zwilling, V.; Darque-Ceretti, E.; Boutry-Forveille, A.; David, D.; Perrin, M.Y.; Aucouturier, M. Structure and physicochemistry of anodic oxide films on titanium and TA6V alloy. Surf. Interface Anal. 1999, 27, 629–637. [Google Scholar] [CrossRef]

	2. 
Lu, N.; Zhao, H.; Li, J.; Quan, X.; Chen, S. Characterization of boron-doped TiO2 nanotube arrays prepared by electrochemical method and its visible light activity. Sep. Purif. Technol. 2008, 62, 668–673. [Google Scholar] [CrossRef]

	3. 
Prakasam, H.E.; Shankar, K.; Paulose, M.; Varghese, O.K.; Grimes, C.A. A New Benchmark for TiO2 Nanotube Array Growth by Anodization. J. Phys. Chem. C 2007, 111, 7235–7241. [Google Scholar] [CrossRef]

	4. 
Ong, K.G.; Varghese, O.K.; Mor, G.K.; Grimes, C.A. Numerical simulation of light propagation through highly-ordered titania nanotube arrays: Dimension optimization for improved photoabsorption. J. Nanosci. Nanotechnol. 2005, 5, 1801–1808. [Google Scholar] [CrossRef]

	5. 
Ong, K.G.; Varghese, O.K.; Mor, G.K.; Shankar, K.; Grimes, C.A. Application of finite-difference time domain to dye-sensitized solar cells: The effect of nanotube-array negative electrode dimensions on light absorption. Sol. Energy Mater. Sol. Cells 2007, 91, 250–257. [Google Scholar] [CrossRef]

	6. 
Grimes, C.A.; Mor, G.K. Titania Nanotube Arrays: Synthesis, Properties, and Applications; Springer Science + Business Media, LLC: New York, NY, USA, 2009. [Google Scholar]

	7. 
Zhao, J.; Wang, X.; Chen, R.; Li, L. Fabrication of titanium oxide nanotube arrays by anodic oxidation. Solid State Commun. 2005, 134, 705–710. [Google Scholar] [CrossRef]

	8. 
Wang, H.; Yip, C.T.; Cheung, K.Y.; Djurisic, A.B.; Xie, M.H.; Leung, Y.H.; Chen, W.K. Titania-nanotube-array-based photovoltaic cells. Appl. Phys. Lett. 2006, 89, 023508. [Google Scholar] [CrossRef]

	9. 
Paulose, M.; Shankar, K.; Varghese, O.K.; Mor, G.K.; Grimes, C.A. Application of highly-ordered TiO2 nanotube-arrays in heterojunction dye-sensitized solar cells. J. Phys. D 2006, 39, 2498–2503. [Google Scholar] [CrossRef]

	10. 
Chen, P.; Brillet, J.; Bala, H.; Wang, P.; Zakeeruddin, S.M.; Gratzel, M. Solid-state dye-sensitized solar cells using TiO2 nanotube arrays on FTO glass. J. Mater. Chem. 2009, 19, 5325–5328. [Google Scholar] [CrossRef]

	11. 
Jennings, J.R.; Ghicov, A.; Peter, L.M.; Schmuki, P.; Walker, A.B. Dye-Sensitized Solar Cells Based on Oriented TiO2 Nanotube Arrays: Transport, Trapping, and Transfer of Electrons. J. Am. Chem. Soc. 2008, 130, 13364–13372. [Google Scholar] [CrossRef] [PubMed]

	12. 
Wen, X.; Tao, J.; Sun, Y.; Sun, Y.; Dai, N. TiO2 nanotube arrays for quantum dots sensitized solar cells. In International Symposium on Photoelectronic Detection and Imaging 2009, Laser Sensing and Imaging: 17–19 June 2009, Beijing, China; Proceedings of SPIE Series Volume 7382; International Society for Optics and Photonics (SPIE): Bellingham, WA, USA, 2009. [Google Scholar] [CrossRef]

	13. 
Yoriya, S.; Prakasam, H.E.; Varghese, O.K.; Shankar, K.; Paulose, M.; Mor, G.K.; Latempa, T.J.; Grimes, C.A. Initial Studies on the Hydrogen Gas Sensing Properties of Highly-Ordered High Aspect Ratio TiO2 Nanotube-Arrays 20 µm to 222 µm in Length. Sens. Lett. 2006, 4, 334–339. [Google Scholar] [CrossRef]

	14. 
Xiao, P.; Garcia, B.B.; Guo, Q.; Liu, D.; Cao, G. TiO2 nanotube arrays fabricated by anodization in different electrolytes for biosensing. Electrochem. Commun. 2007, 9, 2441–2447. [Google Scholar] [CrossRef]

	15. 
Fujishima, A.; Honda, K. Electrochemical photolysis of water at a semiconductor electrode. Nature 1972, 238, 37–38. [Google Scholar] [CrossRef] [PubMed]

	16. 
Paulose, M.; Mor, G.K.; Varghese, O.K.; Shankar, K.; Grimes, C.A. Visible light photoelectrochemical and water-photoelectrolysis properties of titania nanotube arrays. J. Photochem. Photobiol. A 2006, 178, 8–15. [Google Scholar] [CrossRef]

	17. 
Paulose, M.; Shankar, K.; Yoriya, S.; Prakasam, H.E.; Varghese, O.K.; Mor, G.K.; Latempa, T.A.; Fitzgerald, A.; Grimes, C.A. Anodic Growth of Highly Ordered TiO2 Nanotube Arrays to 134 μm in Length. J. Phys. Chem. B 2006, 110, 16179–16184. [Google Scholar] [CrossRef] [PubMed]

	18. 
Mohapatra, S.K.; Misra, M.; Mahajan, V.K.; Raja, K.S. Design of a Highly Efficient Photoelectrolytic Cell for Hydrogen Generation by Water Splitting:  Application of TiO2−xCx Nanotubes as a Photoanode and Pt/TiO2 Nanotubes as a Cathode. J. Phys. Chem. C 2007, 111, 8677–8685. [Google Scholar] [CrossRef]

	19. 
Hu, X.; Zhang, T.; Jin, Z.; Zhang, J.; Xu, W.; Yan, J.; Zhang, J.; Zhang, L.; Wu, Y. Fabrication of carbon-modified TiO2 nanotube arrays and their photocatalytic activity. Mater. Lett. 2008, 62, 4579–4581. [Google Scholar] [CrossRef]

	20. 
Linsebigler, A.L.; Lu, G.; Yates, J.T., Jr. Photocatalysis on TiO2 surfaces: principles, mechanisms, and selected results. Chem. Rev. 1995, 95, 735. [Google Scholar] [CrossRef]

	21. 
Nakamura, R.; Ohashi, N.; Imanishi, A.; Osawa, T.; Matsumoto, Y.; Koinuma, H.; Nakato, Y. Crystal-Face Dependences of Surface Band Edges and Hole Reactivity, Revealed by Preparation of Essentially Atomically Smooth and Stable (110) and (100) n-TiO2 (Rutile) Surfaces. J. Phys. Chem. B 2005, 109, 1648–1651. [Google Scholar] [CrossRef] [PubMed]

	22. 
Neumann, B.; Bogdanoff, P.; Tributsch, H.; Sakthivel, S.; Kisch, H. Electrochemical mass spectroscopic and surface photovoltage studies of catalytic water photooxidation by undoped and carbon-doped titania. J. Phys. Chem. B 2005, 109, 16579–16586. [Google Scholar] [CrossRef] [PubMed]

	23. 
Zhao, Q.; Li, X.; Wang, N.; Hou, Y.; Quan, X.; Chen, G. Facile fabrication, characterization, and enhanced photoelectrocatalytic degradation performance of highly oriented TiO2 nanotube arrays. J. Nanopart. Res. 2009, 11, 2153–2162. [Google Scholar] [CrossRef]

	24. 
Tian, T.; Xiao, X.-F.; Liu, R.-F.; She, H.-D.; Hu, X.-F. Study on titania nanotube arrays prepared by titanium anodization in NH4F/H2SO4 solution. J. Mater. Sci. 2007, 42, 5539–5543. [Google Scholar] [CrossRef]

	25. 
Brunette, D.M.; Tengvall, P.; Textor, M.; Thomsen, P. Titanium in Medicine; Springer: Berlin, Germany, 2001. [Google Scholar]

	26. 
Vasilev, K.; Poh, Z.; Kant, K.; Chan, J.; Michelmore, A.; Losic, D. Tailoring the surface functionalities of titania nanotube arrays. Biomaterials 2010, 31, 532–540. [Google Scholar] [CrossRef] [PubMed]

	27. 
Grimes, C.A. Synthesis and application of highly ordered arrays of TiO2 nanotubes. J. Mater. Chem. 2007, 17, 1451–1457. [Google Scholar] [CrossRef]

	28. 
Bella, F.; Lamberti, A.; Sacco, A.; Bianco, S.; Chiodoni, A.; Bongiovanni, R. Novel electrode and electrolyte membranes: Towards flexible dye-sensitized solar cell combining vertically aligned TiO2 nanotube array and light-cured polymer network. J. Membr. Sci. 2014, 470, 125–131. [Google Scholar] [CrossRef]

	29. 
Marien, C.B.D.; Cottineau, T.; Robert, D.; Drogui, P. TiO2 nanotube arrays: influence of tube length on the photocatalytic degradation of paraquat. Appl. Catal. B Environ. 2016, 194, 1–6. [Google Scholar] [CrossRef]

	30. 
Kang, U.; Park, K.J.; Han, D.S.; Kim, Y.M.; Kim, S.; Park, H. Photoelectrochemical hydrogen production using CdS nanoparticles photodeposited onto Li-ion-inserted titania nanotube arrays. Catal. Today 2018, 303, 289–295. [Google Scholar] [CrossRef]

	31. 
Zhang, T.; Xie, C.; Liu, Y.; Zhang, F.; Xiao, X. pH-responsive drug release system of Cu2+-modified ammoniated TiO2 nanotube arrays. Mater. Lett. 2018, 215, 95–98. [Google Scholar] [CrossRef]

	32. 
Tong, X.; Shen, W.; Chen, X.; Corriou, J.-P. A fast response and recovery H2S gas sensor based on free-standing TiO2 nanotube array films prepared by one-step anodization method. Ceram. Int. 2017, 43, 14200–14209. [Google Scholar] [CrossRef]

	33. 
Bhattacharyya, D.; Kumar, P.; Smith, Y.R.; Mohanty, S.K.; Misra, M. Plasmonic-enhanced electrochemical detection of volatile biomarkers with gold functionalized TiO2 nanotube arrays. J. Mater. Sci. Technol. 2017. [Google Scholar] [CrossRef]

	34. 
Mor, G.K.; Varghese, O.K.; Paulose, M.; Shankar, K.; Grimes, C.A. A review on highly ordered, vertically oriented TiO2 nanotube arrays: Fabrication, material properties, and solar energy applications. Sol. Energy Mater. Sol. Cells 2006, 90, 2011–2075. [Google Scholar] [CrossRef]

	35. 
Quiroz, M.A.; Martinez-Huitle, C.A.; Meas-Vong, Y.; Bustos, E.; Cerro-Lopez, M. Effect of lead dioxide high dispersion on titania nanotubes electrodes on the enhanced electrooxidation of aqueous p-nitrophenol and methyl red: An electrode comparative study. J. Electrochem. Chem. 2017, 807, 261–267. [Google Scholar] [CrossRef]

	36. 
Gunlazuardi, J.; Dewi, E.L. Effect of NaBF4 addition on the anodic synthesis of TiO2 nanotube arrays photocatalyst for production of hydrogen from glycerol–water solution. Int. J. Hydrogen Energy 2014, 39, 16927–16935. [Google Scholar]

	37. 
Isimjan, T.T.; Trifkovic, M.; Abdullahi, I.; Rohani, S.; Ray, A.K. Nanoscale Optimization and Statistical Modeling of Photoelectrochemical Water Splitting Efficiency of N-Doped TiO2 Nanotubes. Top. Catal. 2015, 58, 114–122. [Google Scholar] [CrossRef]

	38. 
Sun, L.; Li, J.; Wang, C.L.; Li, S.F.; Chen, H.B.; Lin, C.J. An electrochemical strategy of doping Fe3+ into TiO2 nanotube array films for enhancement in photocatalytic activity. Sol. Energy Mater. Sol. Cells 2009, 93, 1875–1880. [Google Scholar] [CrossRef]

	39. 
Tu, Y.-F.; Huang, S.-Y.; Sang, J.-P.; Zou, X.-W. Preparation of Fe-doped TiO2 nanotube arrays and their photocatalytic activities under visible light. Mater. Res. Bull. 2010, 45, 224–229. [Google Scholar] [CrossRef]

	40. 
Liu, H.; Liu, G.; Zhou, Q. Preparation and characterization of Zr doped TiO2 nanotube arrays on the titanium sheet and their enhanced photocatalytic activity. J. Solid State Chem. 2009, 182, 3238–3242. [Google Scholar] [CrossRef]

	41. 
Ghicov, A.; Schmidt, B.; Kunze, J.; Schmuki, P. Photoresponse in the visible range from Cr doped TiO2 nanotubes. Chem. Phys. Lett. 2007, 433, 323–326. [Google Scholar] [CrossRef]

	42. 
Yang, L.X.; Luo, S.L.; Cai, Q.Y.; Yao, S.Z. A review on TiO2 nanotube arrays: Fabrication, properties, and sensing applications. Chin. Sci. Bull. 2010, 55, 331–338. [Google Scholar] [CrossRef]

	43. 
Kong, J.; Song, C.; Zhang, W.; Xiong, Y.; Wan, M.; Wang, Y. Enhanced visible-light-active photocatalytic performances on Ag nanoparticles sensitized TiO2 nanotube arrays. Superlattices Microstruct. 2017, 109, 579–587. [Google Scholar] [CrossRef]

	44. 
Xu, C.; Shaban, Y.A.; Ingler, W.B.; Khan, S.U.M. Nanotube enhanced photoresponse of carbon modified (CM)-n-TiO2 for efficient water splitting. Sol. Energy Mater. Sol. Cells 2007, 91, 938–943. [Google Scholar] [CrossRef]

	45. 
Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Visible-light photocatalysis in nitrogen-doped titanium oxides. Science 2001, 293, 269–271. [Google Scholar] [CrossRef] [PubMed]

	46. 
Vitiello, R.P.; Macak, J.M.; Ghicov, A.; Tsuchiya, H.; Dick, L.F.P.; Schmuki, P. N-Doping of anodic TiO2 nanotubes using heat treatment in ammonia. Electrochem. Commun. 2006, 8, 544–548. [Google Scholar] [CrossRef]

	47. 
Geng, J.; Yang, D.; Zhu, J.; Chen, D.; Jiang, Z. Nitrogen-doped TiO2 nanotubes with enhanced photocatalytic activity synthesized by a facile wet chemistry method. Mater. Res. Bull. 2009, 44, 146–150. [Google Scholar] [CrossRef]

	48. 
Chen, X.; Zhang, X.; Su, Y.; Lei, L. Preparation of visible-light responsive PF-codoped TiO2 nanotubes. Appl. Surf. Sci. 2008, 254, 6693–6696. [Google Scholar] [CrossRef]

	49. 
Lei, L.; Su, Y.; Zhou, M.; Zhang, X.; Chen, X. Fabrication of multi-non-metal-doped TiO2 nanotubes by anodization in mixed acid electrolyte. Mater. Res. Bull. 2007, 42, 2230–2236. [Google Scholar] [CrossRef]

	50. 
Devi, L.G.; Kavitha, R. A review on non-metal ion doped titania for the photocatalytic degradation of organic pollutants under UV/solar light: Role of photogenerated charge carrier dynamics in enhancing the activity. Appl. Catal. B Environ. 2013, 140–141, 559–587. [Google Scholar] [CrossRef]

	51. 
Shankar, K.; Paulose, M.; Mor, G.K.; Varghese, O.K.; Grimes, C.A. A study on the spectral photoresponse and photoelectrochemical properties of flame-annealed titania nanotube-arrays. J. Phys. D Appl. Phys. 2005, 38, 3543–3549. [Google Scholar] [CrossRef]

	52. 
Yang, H.; Pan, C. Synthesis of carbon-modified TiO2 nanotube arrays for enhancing the photocatalytic activity under the visible light. J. Alloys Compd. 2010, 501, L8–L11. [Google Scholar] [CrossRef]

	53. 
Yoo, J.; Zazpe, R.; Cha, G.; Prikryl, J.; Hwang, I.; Macak, J.M.; Schmuki, P. Uniform ALD deposition of Pt nanoparticles within 1D anodic TiO2 nanotubes for photocatalytic H2 generation. Electrochem. Commun. 2018, 86, 6–11. [Google Scholar] [CrossRef]

	54. 
Yang, M.; Zhang, L.; Jin, B.; Huang, L.; Gan, Y. Enhanced photoelectrochemical properties and water splitting activity of self-ordered MoO3-TiO2 nanotubes. Appl. Surf. Sci. 2016, 364, 410–415. [Google Scholar] [CrossRef]

	55. 
Loget, G.; Schumki, P. H2 Mapping on Pt-Loaded TiO2 Nanotube Gradient Arrays. Langmuir 2014, 30, 15356–15363. [Google Scholar] [CrossRef] [PubMed]

	56. 
Mohamed, A.E.; Kasemphaibulsuk, N.; Rohani, S.; Barghi, S. Fabrication of titania nanotube arrays in viscous electrolytes. J. Nanosci. Nanotechnol. 2010, 10, 1998–2008. [Google Scholar] [CrossRef]

	57. 
Zhang, Y.; Fan, X.Y. Investigation of TiO2 Nanotube Electrodes: Fabrication, Annealing and Electrochemical Properties. Mater. Sci. Forum 2009, 610–613, 1143–1149. [Google Scholar] [CrossRef]

	58. 
Sennik, E.; Colak, Z.; Kilinc, N.; Öztürk, Z.Z. Synthesis of highly-ordered TiO2 nanotubes for a hydrogen sensor. Int. J. Hydrogen Energy 2010, 35, 4420–4427. [Google Scholar] [CrossRef]

	59. 
Yu, J.; Wang, B. Effect of calcination temperature on morphology and photoelectrochemical properties of anodized titanium dioxide nanotube arrays. Appl. Catal. B Environ. 2010, 94, 295–302. [Google Scholar] [CrossRef]

	60. 
Beranek, R.; Macak, J.M.; Gartner, M.; Meyer, K.; Schmuki, P. Enhanced visible light photocurrent generation at surface-modified TiO2 nanotubes. Electrochem. Acta 2009, 54, 2640–2646. [Google Scholar] [CrossRef]

	61. 
Liu, S.; Yang, L.; Xu, S.; Luo, S.; Cai, Q. Photocatalytic activities of C–N-doped TiO2 nanotube array/carbon nanorod composite. Electrochem. Commun. 2009, 11, 1748–1751. [Google Scholar] [CrossRef]

	62. 
Escobedo Morales, A.; Sanchez Mora, E.; Pal, U. Use of diffuse reflectance spectroscopy for optical characterization of un-supported nanostructures. Rev. Mex. De Fis. S 2007, 53, 18–23. [Google Scholar]

	63. 
Zhang, Y.; Nie, J.; Wang, Q.; Zhang, X.; Wang, Q.; Cong, Y. Synthesis of Co3O4/Ag/TiO2 nanotubes arrays via photo-deposition of Ag and modification of Co3O4 (311) for enhancement of visible-light photoelectrochemical performance. Appl. Surf. Sci. 2018, 427, 1009–1018. [Google Scholar] [CrossRef]

	64. 
Mohamed, A.E.R.; Rohani, S. Modified TiO2 nanotube arrays (TNTAs): progressive strategies towards visible light responsive photoanode, a review. Energy Environ. Sci. 2011, 4, 1065–1086. [Google Scholar] [CrossRef]

	65. 
Matsuda, A.; Sreekantan, S.; Krengvirat, W. Well-aligned TiO2 nanotube arrays for energy-related applications under solar irradiation. J. Asian Ceram. Soc. 2013, 1, 203–219. [Google Scholar] [CrossRef]







































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
B 500 nm
10.80kV x68. 8K SUOnm






media/file30.png
6 -
m.\
5 A
=
' y =0.0476x + 3.8082
4 + R?>=0.9727
3 . 1 . t . t . t . i
10 20 30 40 50 60

Nanotubes Length, pm





media/file18.png
40

Tuatx 2D

%
O !
B &
o
gl
-+
<
o
0. .EEIFIEI-EI -t
T T ot
g 8 ° 8 88888 °
= st fe] w - o© o -4
AU ¥ 12D Zlan (4 )
= & - -t
'
ad ~,~
N
.uv.) .
- s -
e
& ©
o 0
o
Ul
o A /—
- “
Yy
"
T T T T -4
T T T T Ll
o o o o o
o o o o o o [ w0 -
S & a = -
G ER)






media/file21.jpg
‘00 Mﬂd.l.fled TNTAs
.E-u
5 . TAs
260
2
&

40

075 050 -025 000 025 050 075 100 125
Applied Potential, V






media/file13.png
15 ]

10

Binding Energy (eV)

Name Pos. FWHM Area At%i a
O 1s 530.75 2.68 26158.5 38.8
Ti2p 45935 2,48 296397 17.1
N 1s 30085 2.93 68.4 0.2
C 1s 28575 2.58 105359 43.9 o
(|
F
= b |
-E __. -
1= Z a
] o) -
_F
—
D
;,3.'
o i
v— =
| 2 =
| 1] I 1| | | I | | ] | | I | | ] ] hl
1000 800 600 400 0





media/file31.png





media/file26.png
— 18 um
............ 23 pum
— - 30.5 um 14
36 um
eecee 55pm Ngz
£
s e S e
e v ST T
Es4+ o S e
3]
Q .
P N @
A © /

llllllllllllllllllllllllllllllll

-07-06-05-04-03 -02 -01 00 01 02 03 04 05 06 07 08 09 10

Applied potential, V





media/file27.jpg
— i8um PR

3 —
— 305um 2
— 3w ERa
———5um 52
1540
g5
5|

07 06 05 04 -03 02 0.1 00 01 02 03 04 05 06 07 08 09 10
Applied potential, V





media/file12.jpg
[ b N re MM LB e e
357 e 10 cion ng e o%o 3l e

kcoc Ma
cech” Mm ik






media/file22.png
Modified TNTAS

o
o
|

o
o

TAs

Photocurrent, mA/ cm?
o
o

B
o

L]
L]
a ®
[ I I

-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25
Applied Potential, V

on
V.V

[ | | | |






media/file19.jpg
(

B

I T T T
e R R - ]

'n e ‘aouequosqy

o
3

800 90 1,000

700

500

200

wave length, nm






media/file7.jpg
i
L

“ I =

“

dnluw... G
i <

12

b aj‘“ﬂﬂ
“ o o

- -

< < S <=
el -]

uun gy s

3

6

55

4

%

%

15

28





media/file28.png
— 18 um
........ 23 m - 60
o
— 30.5um = X
s 5—55.0
p = g
S ©
==40
2m
A

-0.7 -06 -0.5 -04 -03 -0.2 -0.1 00 0.1 02 03 04 05 06 07 08 09 1.0
Applied potential, V





media/file10.png
Counts I

1000

|

Ti






media/file14.png
o] Name Pos. FWHM LSh Area %Acm b
] N1 3996 16 GLGO) S 1000
610.: ‘
-
0.
580
570.
-
.
40
L NN LS WL NN R BRI BUBLIL A B N AL B
408 406 404 402 400 3% 396 3%4 » »0
Binding Energy (sV)

0] Name Pos. FWHM LSh. Arsa %Area
1 0C=0 2885 120 GL@3 3362 4.1
] C-0HC-0.C 28630 115 GL(3 3258 40
Qj CC,CH 28480 115 GL( 75243 919
5.
g;«).‘
0]
2.
10.]
) BUPR

» 200 288 386 284 pl9)
Binding Energy (2V)

P SN
llli"'lll'lll"l'lllljtTTlT'TlffT

2% 278






media/file11.jpg
Binding Energy (V)

R —— a
Ols 53075 265 261585 388
Tizp 45935 245 296397 17.1
Nls 30085 293 684 02
Cls 28575 258 105359 43.9 &
. =
L g
B ]
=
o
e
Y] o=
z L
T r T
100 sto o






media/file6.png
A

fied TNT

i

1

=Im

Jrea

L

Y o

-8

i

iy At 1
L






media/file15.jpg
- = 350°C —4—i450°C ——550°C 650°C

13

pR—

11

El
Z -

350 450 550 650 750 850

Wave Length, nm






media/file2.jpg





nav.xhtml


  nanomaterials-08-00198


  
    		
      nanomaterials-08-00198
    


  




  





media/file16.png
Absorbance.( arbitrary umnit)

1.5

1.1

.‘}<.
.X'.X X,

°C == 450°C  =———550°C

. 'X .>K. '*’
X Q>K. '>K¢ X' .*. '>K‘>K' .*' 'X

Ko

cesoes 650 °C

“fo o e i e D ) ;K. Ko K

550 650

Wave Length, nim






media/file20.png
[

/

/

™
—

o
1

m < o M
— — o o

'n "e ‘@aueqJosqy

-
o

300 400 500 600 700 800 900 1,000

200

wave length, nm






media/file23.jpg
+eeee Modified TNTAS

‘Applied Potenial, V






media/file5.jpg





media/file24.png
6.00

%

iciency ,

Photoconversion Eff

- — TNTAS
eeeee Modified TNTAS

0:00
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00

Applied Potential, V






media/file29.jpg
y =0.0476x + 3.8082

R*=09727

10

20

30 2
Nanotubes Length, pm

50

60





media/file1.jpg
% i
R LA L s

190Ky x1.





media/file25.jpg
Photocurrent, mA/crp®

0.7 06 0.5 0.4 03 02 -0.1 00 0.1 02 03 04 05 06 07 08 09 L0

Applied potential, V





media/file3.png
kTl
1_-_‘\ v .'|:| &

L
..l-.l._._]
b

R ol o
e u_-_"'. = g

30 pm
f‘la ERU x1.80K '38.@pm






media/file9.jpg
Counts

1000

500

Ti

Ti

keV





media/file0.png





media/file8.png
= |
T.J|lﬂk._ = L
sinm mhim
- 2 . .
o
TT.W_ = = =
< < 4 Aw A
= —
T.A JAUﬂ l.
- Aa - o4 <
K o
< < - < -

o

hed

Q

(spun qay ) Lsusju]

75

65

55

45

35

25

15

268





media/file17.jpg
50

0¥ u

bV

0

ss0°C

e

s

%

L .
2o (41






