Tightly adhered Ta3N5 nanotube arrays as a photoanode for solar water splitting
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H2 generation via solar water splitting is considered to be one of the most promissing solutions to the energy crises, which takes the advantages of the inexhaustibility, universality and environmental benignancy of solar energy.1[]
 Among different semicondutor photocatalysts, Ta3N5 is thought to be an outstanding candidate, which can untilze visible-light and realize unassisted soalr water splitting owning to its proper band gap energy (~ 2.1 eV) and band structure.2[]
 The theoretical photoconversion efficiency of Ta3N5 is as high as 15.9% under AM1.5 irradiation.3[]
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Figure 1. (a) Schematic illustration of the synthesis process of Ta3N5 NTAs: (i) first anodization step, (ii) sonicaton, (iii) second anodization step and (iv) nitridation. (b) Top-view SEM image of Ta3N5 NTAs (inset shows a high-magnification top-view SEM image). (c) Cross-sectional SEM image of Ta3N5 NTAs.
In this work, fine Ta3N5 nanotube arrays (NTAs) were synthesized by combining an improved two-step anodization method with the subsequent high-temperature (900 oC) nitridation (Fig. 1a). The obtained Ta3N5 NTAs showed a highly ordered structure and a tight adhesion with the Ta substrate (Fig. 1b, c). It is hypothesized that the tight adhesion could improve the transport efficiency of the photogenerated electrons to the cathode.
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Figure 2. I-V curves of Ta3N5 NTAs after nitridation of different Ta2O5 NTAs (with top-view SEM images, respectively) synthesized in various conditions: (a) one-step anodization in the solution consisted of 27 ml H2SO4, 0.5 ml HF and 2.5 ml H2O at room temperature; (b) one-step anodization in the solution consisted of 27 ml H2SO4, 0.3 ml HF and 2.7 ml H2O at room temperature; (c) two-step anodization in the solution consisted of 27 ml H2SO4, 0.3 ml HF and 2.7 ml H2O at room temperature; (d) two-step anodization in the solution consisted of 27 ml H2SO4, 0.3 ml HF and 2.7 ml H2O at 0 °C. The anodizations were conducted with a bias of 15 V for 10 min.
In the anodization step, the low concentration of HF in the electrolyte helped prevent the etching of the interface between Ta2O5 material and Ta substrate, resulting in a better adhesion and improved photocatalytic properties (Figure 2a, b). The two-step approach led to the formation of Ta2O5 nanotubes with well-defined structure and ordered surface topography, providing more inner surface of the nanotubes for photocatalytic reactions together with an enhanced photocurrent density (Figure 2b, c). The ice-water bath during the anodization was also critical to the rapid heat removal and the decrease of reaction rate, which improved the adhesion of the NTAs and the photoelectrochemical properties (Figure 2c, d). The results supported the hypothesis that the photocatalytic properties of Ta3N5 NTAs is correlated with their adhesion force to the substrate. A stronger attachement of Ta3N5 NTAs will result in a more conductive transport pathway for photogenerated electrons and a higher photocatalytic activity.
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Figure 3. (a) I-V curves; (b) EIS (in Nquist plot) and (c) Mott-Schottky plots of Ta3N5 NTAs synthesized with different anodization durations. The anodization bias is 15 V for all samples. (d) I-V curves; (e) EIS (in Nquist plot) and (f) Mott-Schottky plots of Ta3N5 NTAs synthesized with different anodization bias. The anodization duration is 5 min for all samples.
The anodization duration and bias were also tuned to further prove the correlation between the adhesion force of Ta3N5 NTAs and their photocatalytic activities for solar water splitting. Ta3N5 NTAs with the optimized anodization duration of 5 min and bias of 25 V showed the highest photocurrent of 5.3 mA/cm2 at 0.6 V vs. Ag/AgCl (1 M NaOH, pH 13.6) (Figure 3a, d). The photoelectrochemical properties of Ta3N5 NTAs obtained with different anodization durations and biases were closely related to their strength of adhesion (as proved by the EIS studies and Mott-Schottky plots shown in Figure 2b, c, e and f). When the anodization was conducted for a short duration, the tubular structure was barely formed. However, longer anodization duration would lead to larger volume expansion during the material transformation from Ta foil to Ta2O5 and the peeling off of the Ta3N5 NTAs. The optimized anodization bias would provide a proper migration rate of metal ions and the oxidizing species (O2- or OH- ions in the electrolyte) so that the reaction would processed in a much moderate manner to form well-attached Ta3N5 NTAs.
In summary, we have employed an improved anodization method to synthesize tightly adhered Ta3N5 NTAs photoanode. The two-step approach improves the surface topography and regularity of the NTAs. The effects of low HF concenteration and decreased temperature in the electrolyte help control the rate of the anodization reaction thus enhance the adhesion of the NTAs. With the stronger connection between the NTAs and the substrate, the transport of photogenerated electrons to the counter electrode could be improved. The photoelectrochemical performance of the Ta3N5 NTAs was further improved by investigating the anodization durations and the biases. The highest photocurrent of 5.3 mA cm-2 at 0.6 V vs. Ag/AgCl (1 M NaOH, pH 13.6) was obtained for the sample synthesized with a bias of 25 V and a duration of 5 min. The correlation between adhesion force of NTAs and their photoelectrochemical performance was fruther proved by EIS data analysis and Mott-Schottky plots, which suggested that enhancing the semicondutor film-substrate adhersion force was an effective way to improve the activity of photoanode in photoelectrochemical solar water splitting systems.
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