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Applications of surface modification trititanate nanotubes as PEC and hydrogen production device material
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Herein, we report that self-assembled surface modification of 4-hydroxy thiophenol and gold nanoparticles imparted trititanate nanotubes (TiNTs) with stable, highly efficient hydrogen production and PEC (Photoelectrochemical) properties. After gold nanoparticles decoration, the modified TiNTs exhibited the photocurrent density of 232μA/cm2 at 0 V vs. Ag/AgCl, with onset potentials (Vop) of -0.4 V vs. Ag/AgCl. Our process uses 4-hydroxy thiophenol to achieve control over the bond between gold particles and TiNTs, and improve the distribution uniformity of gold nanoparticles on the surface of TiNTs, which leads to above 90 % Faradaic efficiency during 3 hours water splitting reaction for hydrogen production.
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1. Introduction

Energy and environmental contamination are overwhelming problems facing mankind. Compared with other methods, water splitting and photocatalysis are promising, environmentally friendly technology to solve the energy and pollution problems.1,2 The sunlight utilization of the semiconductor is an important factor for the efficiency of water splitting and photocatalysis: take Titanium dioxide (TiO2) as an example, the large band gap and low sunlight utilization of TiO2 leads to difficult electron and hole stimulation, which means the illuminated light with long wavelength, like visible light, can not be absorbed. 
One efficient way to decrease the onset requirement for the light wavelength is to modify the surface of the nanomaterials, where a band gap reduction or sub-band state results in visible light utilization.3-7 Our group reported that dopamine shows stable surface functionalization of TiO2 nanoparticles with diameters of less than 20 nm. In our previous experiments, the calculated band-gaps of TiNTs were 3.4 eV. While dopamine modified TiNTs decreased to 3.07 eV, which can absorb longer wavelength of solar spectrum than TiNTs. In this size range, the curvature of the surface results in a restructuring of the surface Ti atoms from octahedral to under coordinated square pyramidal, and dopamine would self-assemble on the nanotube surface.8,9 4-hydroxy thiophenol, has a similar structure with dopamine, both exhibit hydroxyl groups connected to a benzene ring and end with an electron withdrawing group, which inspire us that TiNTs can also be functionalized by 4-hydroxy thiophenol. 
Modification by noble metal nanoparticles is another effective method to improve the photocatalytic and water splitting capabilities of semiconductors, because noble metal nanoparticles exhibit the surface plasmon resonance (SPR) effect.10,11 Enhanced PEC capabilities have been observed after adding Au or Ag nanoparticles to several semiconductor photocatalysts, including, TiO2, ZrO2, ZnO, Cu2O, SnO2, CeO2, Fe2O3, SiO2, KNbO3 under both UV and visible illumination.12-15 Au nanoparticles are an excellent choice for TiO2 nanotubes decoration, due to its stable properties and SPR effect.16, 17
In this work, we directed control over the structure of 4-hydroxy thiophenol and gold nanoparticles assembled on the TiNTs surface. The OH group of 4-hydroxy thiophenol coordinates to the Ti atoms of TiNTs surface, and the mercapto (-SH) group has high affinity to Au atoms, which forms strong, stable bond between Au nanoparticles and TiNTs. Therefore, the PEC and long-term water splitting ability of TiNTs efficiently improved.
2. Results and discussion
2.1 Microstructure analysis
[image: image1.jpg]


Fig. 1. SEM images of (a), (c) modified TiNTs and (b), (d) TiNTs.
The TiNTs used in our work was fabricated by a hydrothermal method. The 4-hydroxy thiophenol was decorated on TiNTs through chemical bath method. The Au nanoparticles were decorated on 4-hydroxy thiophenol modified TiNTs by photoreduction and noted as modified TiNTs. The TiNTs-Au was also fabricated through the same way as modified TiNTs only without 4-hydroxy thiophenol decoration as control sample. The fabrication of samples and testing details are listed in supporting information in details.   

Fig. 1(a) and (c) show the SEM images of modified TiNTs. Compared with the TiNTs, as shown in Fig. 1(b) and (d), we can see the modified TiNTs exhibit the needle shape structure, while the TiNTs are aggregated to form large particles and exhibit clot exterior. This shows that modified TiNTs has better dispersibility after surface modification treatment. The energy dispersive spectrometer (EDS) results in Fig. S1 of supporting information further confirmed the Au nanoparticles in modified TiNTs structure.
Transmission electron microscope (TEM) was also used to characterize the modified TiNTs and TiNTs. As shown in the TEM images (Fig. 2(a) and (b)), it is obvious that a partial amorphous layer coating was on the surface of TiNTs, thereby indicating the presence of 4-hydroxy thiolphenol and Au nanoparticles. The well dispersed needle TiNTs are tube-like in shape (length about 100 nm, diameter about 10 nm) as seen at greater magnification consistent with our previous results.9 It can also be noticed that the distribution of Au nanoparticles on the surface of TiNTs is very uniform, and there is no agglomeration of Au nanoparticles. Fig. 2(c) shows the TEM images of TiNTs, comparing with Fig. 2(a) and (b), we can see that the tube walls of TiNTs without surface modification are actually smooth both inside and outside. Fig. 2(d) shows the TEM images of TiNTs-Au sample. Comparing with Fig. 2(a), (b) and (c), we can clearly see that the Au nanoparticles obtained by photoreduction only attached to part of the TiNTs surface. The Au nanoparticles were only attached to the tube wall of TiNTs by general adsorption effect, which leads to the phenomenon of obvious agglomeration and uneven distribution.
Fig. 2. TEM images of (a), (b) modified TiNTs; (c) TiNTs and (d) TiNTs-Au.[image: image2.jpg]



2.2 PEC and UV-vis Spectra analysis
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Fig. 3. (a) J-t, (b) J-V, (c) EIS curves of modified TiNTs (in black) and TiNTs-Au (in red); (d) UV-vis spectra of modified TiNTs (in red) and TiNTs (in green). The inset is UV-vis spectra of Au nanoparticles.
In order to analyze the effects of different Au nanoparticle modification processes on the modified TiNTs and TiNTs-Au samples' PEC properties, we tested and compared the long-term photocurrent stability (J-t curves) of different samples, as shown in Fig. 3(a). By comparison, we can see that the photocurrent of the modified TiNTs samples with uniformly dispersed surface-modified Au nanoparticles is significantly larger than that of TiNTs-Au. After 3 hours of long-term photocurrent test, the photocurrent of the modified TiNTs sample remains stable, while the photocurrent of the TiNTs-Au sample shows a trend of instability and slow decline. This phenomenon reveals that the uneven distribution of Au nanoparticles on the surface obtained only by a simple photoreduction reaction leads to the instability of the PEC performance of the TiNTs-Au sample. Fig. 3(b) compares the J–V curves of modified TiNTs and TiNTs-Au samples: the onset potentials (Vop) are -0.4 V and -0.2 V vs. Ag/AgCl, respectively. Here we define Vop as the point where the anthodic photocurrent appears on J–V curves. Thus, the modified TiNTs sample shows significantly enhanced Vop properties, consistent with the better photocurrent behavior as shown in Fig. 3(a). In order to see whether the carriers' separation and transfer are enhanced at the photoelectrodes' surface simultaneously, we depict in Fig. 3(c) the corresponding electrochemical impedance spectroscopy (EIS) spectra. Compared with the TiNTs-Au sample, the semicircle of modified TiNTs decreased shows the smaller EIS semicircle and indicates it to be better for carriers' separation and transfer. Fig. 3(d) shows UV-vis spectra of modified TiNTs and TiNTs. As a comparison, Au nanoparticles produced by boiling the mixture of trisodium citrate and HAuCl4 aqueous solution are shown in the inset. Compared with the spectra of TiNTs, the spectra of modified TiNTs show a shoulder at 410 nm indicates excitation of localized state suggests the character of charge transfer. Nevertheless, the spectra of the modified TiNTs did not show the obvious SPR band near 535 nm. Wu et al reported that the efficiency of device based on plasmon induced hot electron transfer from metal nanostructures is often not high due to the loss of hot electrons via ultra-fast electron-electron scattering.18 Based on this conclusion, we suggest that the missing of the obvious SPR band in the UV spectrum of the modified TiNTs may be due to the dielectric effects and strong electronic interactions between the TiNTs and Au domain. The 4-hydroxy thiophenol has an absorption at 235 nm implies that modified TiNTs has an absorption shift compared with the TiNTs. It is reported that the band gap of TiNTs is 3.4 eV. The UV-vis spectrum suggests that the band gap of our modified TiNTs is about 3.0 eV, has shifted to visible light region, which is consistent with our previous reported.8,9 The photo-to-current conversion efficiency (IPCE) spectra is also measured and presented in Fig. S2 in supporting information.
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2.3 FTIR and Raman Spectroscopy analysis
Fig. 4. (a) FTIR spectrum of TiNTs, modified TiNTs and 4-hydroxy thiophenol; (b) Raman spectra of modified TiNTs and TiNTs.
The FTIR Spectroscopy was used to examine the structure of the synthesized nanocomposites, as shown in Fig. 4(a). Attaching 4-hydroxy thiophenol results in the -OH group of 4-hydroxy thiophenol coordinates to the surface Ti atom of TiNTs, this was suggested by the disappearance of the bending vibration of the 4-hydroxy thiophenol at 1340 cm-1. Decorated Au nanoparticles on the 4-hydroxy thiophenol results in the coordination of -SH group by the Au atoms. This coordination was suggested by the disappearance of the -SH stretches at 2500−2700 cm−1. There are two absorption bands in the spectra of TiNTs, the broad band at 3700-2600 cm−1 belongs to -OH group attached to surface Ti atoms, and the band at 1620 cm−1 belongs to the vibration of adsorbed water molecules.19,20 The results of FTIR, TEM and UV-vis results indicate that the controlled coordination of Au nanoparticles to TiNTs has been achieved through the linker mediated bonding of 4-hydroxy thiophenol. Fig. 4(b) shows the Raman spectra of modified TiNTs and TiNTs. As we can see in Fig. 4(b), the Raman spectra of TiNTs shows no difference from the literature, and there is no obvious difference from the spectra of modified TiNTs and TiNTs.21 In the TiNTs Raman spectra, two sharp, high intensity peaks at 135 cm-1 and 636 cm-1, two peaks of lower intensity at 374 cm-1 and 504 cm-1 are the typical Raman spectra of TiNTs.
2.4 Water splitting analysis
The time course of water splitting and Faradic efficiency of modified TiNTs were measured and shown in Fig. 5 (a) and (b). After the beginning of water splitting reaction, hydrogen and oxygen bubbles were observed on the surface of modified TiNTs sample and Pt mesh respectively. The Faradic efficiency of hydrogen evolution was maintained above 90% over 3 hours’ continuous water splitting reaction and the solar-to-chemical conversion efficiency was near 1.5% as presented in Fig. S3 in supporting information, exhibited stable long time hydrogen production property.
Fig. 5(c) shows the schematic diagram of the water splitting process of the modified TiNTs sample. As an N-type semiconductor, when TiNTs are used as a photoanode for water splitting, there will be an upturned barrier between the electrode and the electrolyte interface. The existence of this upturned barrier hinders the photo-generated electrons in TiNTs from moving into the electrolyte, as indicated by the electron migration path I shown by the red dashed line in Fig. 5(c). After the Au particles are uniformly and firmly modified on the TiNTs surface, although the upturned barrier at the interface between the electrode and the electrolyte still exists, the photo-generated electrons in TiNTs can move into the electrolyte through migration paths II and III (as shown by the green solid line in Fig. 5 (c)) smoothly which sourced from the SPR effect of the Au particles. The higher efficient migration paths II and III improve the water splitting efficiency and stability of the [image: image5.jpg](b)
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modified TiNTs photoelectrode. 
Fig. 5. (a) hydrogen production vs. time; (b) Faradic eﬃciency curves of modified TiNTs; (c) the schematic diagram of modified TiNTs water splitting process.
3. Conclusion
Self-assembled surface modification of TiNTs by 4-hydroxy thiophenol and gold nanoparticles has shown improvement in hydrogen production and PEC capabilities. After surface modification of gold nanoparticles, the modified TiNTs sample overcomes the adverse effect of the upturned barrier at the electrode-electrolyte interface with the help of the SPR effect of gold nanoparticles, and greatly improves the hydrogen production and PEC performance of the modified TiNTs sample photoelectrode. These 4-hydroxy thiophenol and gold nanoparticles modified TiNTs are expected to play an important role in hydrogen production application.
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