Cong Wang 
  
Jingwei Li 
  
Erwan Paineau 
  
Hynd Remita 
  
Mohamed Nawfal Ghazzal 
email: mohamed-nawfal.ghazzal@universite-paris-saclay.fr
  
Pt Atomically Dispersed in Black TiO 2-x /Cu x O with Chiral-Like Nanostructure for Visible-Light H 2 Generation

Keywords: black titania, chiral nematic structures, cellulose, single atom, hydrogen evolution

 

1.Introduction

Hydrogen is widely considered as one of the most promising clean energy to realize a decarbonized society. [START_REF] Van Renssen | [END_REF] However, the hydrogen currently produced is mostly obtained by reforming methane, an energy-consuming process that emits large amounts of carbon dioxide. [2] To face this so called "grey hydrogen", photocatalytic H 2 generation can realize a direct conversion from solar energy into "green hydrogen", which is beneficial for alleviating the energy crisis and environmental issues. [3] The photocatalytic efficiency depends on three main key factors, that are, solar light harvesting, photogenerated charge lifetime and surface reactivity. [4] The major driving force to enhance the light harvesting and then the photocatalytic performances is material design. Photonic crystal with periodic dielectric structure provides a unique approach to improve solar light harvesting. The periodic dielectric structure will generate a photonic stop band, where the velocity of photons slows down near the blue and red edges, thereby improving the photochemistry. [5] The confinement of the light in a periodically structured optical medium (due to multiple scattering) enables the control of the light propagation, in particular, can improve the light scattering to enhance the light absorption in films. In this context, cellulose nanocrystals (CNCs), bioderived material, possess the ability to self-assemble into chiral nematic (Ch) structure, which can be replicated into inorganic materials. [6] Structuring inorganic materials on the mesoscale using a self-biotemplate assembly process appears as a sustainable method for the synthesis of functional materials. For that purpose, impregnation method of free-standing cellulose photonic films, sol-gel self-biotemplating approach and microemulsion were proposed to structure TiO 2 in the films and spheres morphologies for improved photocatalytic hydrogen generation. [7] Even if these strategies provided an improvement in the photocatalytic efficiency, the activity of nanostructured TiO 2 is still limited to the UV range. To alleviate this restriction, metal nanoparticles are usually used as co-catalysts to promote charge separation by forming an interfacial Schottky barrier. [8] Notably, the size of the nanoparticles can influence markedly the photoactivity of photocatalysts in hydrogen evolution reaction (HER). [9] Downsizing the metallic cocatalyst to the ultimate single atomic site can maximize the atom-utilization efficiency and provide new features that are relevant to construct active interfaces. [10] Single atom (SA) co-catalysts inherit the advantages of heterogeneous and homogeneous catalysts, insuring a high dispersion at the photocatalyst surface and strong-metal support interaction. Moreover, SA exhibit a d-band depletion, which facilitates electronic hybridization and triggers the charge carriers transfer between the photocatalyst and the metal species. One of the major issues facing SAs is their stability against agglomeration. Defects-engineering has been proposed to stabilize SAs. Also, defect-engineering of TiO 2 into black TiO 2-x by introducing oxygen vacancy (O v ) is a promising and effective strategy to strengthen light absorption. [11] The defects and low oxidation state in TiO 2-x can narrow the bandgap and enable to broaden the spectrum absorption to visible light, [12] but the light harvesting capability remains far from expectation and needs to be further improved. Inspired by this phenomenon, we speculate that the construction of black TiO 2-x with chiral nematic like structure coupled with nanoparticles can simultaneously enlarge the absorption range and enhance the light harvesting capability of TiO 2 .

Herein, we successfully synthesized black TiO 2-x /Cu x O composite films with Ch nanostructure decorated with Pt SAs. One-pot self-assembly approach was employed to produce TiO 2 /Cu x O films using CNCs as structuring biotemplate. [7a] Subsequently, black TiO 2-x /Cu x O composites were achieved through hydrothermal reduction in the presence of ascorbic acid. The generation of surface oxygen vacancies enables the deposition of Pt SAs, which can enhance the separation of charge carriers. This novel construction showed combined synergetic behaviors: (i) the preserved Ch nanostructure pro-vides enhanced light harvesting capability; (ii) oxygen defects enable the broadband absorption under visible light, stabilize the Pt SAs and facilitates electronic hybridization to improve the charge separation. Such unique combination endows the resulting black TiO 2-x with chiral nematic like nanostructure with good visible-light H 2 evolution performance.

Results

Figure 1a depicts the schematic illustration of fabricating black chiral nematic TiO 2-x /Cu x O films decorated with Pt SAs. The mixture containing CNCs suspension, ethanolic Ti(acac) 2 (OiPr) 2 and Cu(OAc) 2 solution was cast into polystyrene Petri dish. CNCs rods self-organize into helical Ch structures by evaporation induced self-assembly (EISA) process, [7] yielding iridescent CNC/TiO 2 /Cu(OAc) 2 hybrid film. The Ch structure is evidenced from its fingerprint texture observed under cross-polarized optical microscopy (POM, Figure 1b and Figure S1) that corresponds to the helical pitch of the helix (Figure 1a). [13] The hybrid films were calcined at 500 ℃ under air to convert the amorphous TiO 2 to anatase, and formed heterojunctions with copper oxides, thus generating freestanding mesoporous TiO 2 /Cu x O films with Ch structures (named Ch-TiO 2 /Cu x O). The Ch structures are well preserved in the inorganic films after the removal of CNCs templates, as evidenced from SEM images showing alternated chiral like multilayers. In addition, the corresponding POM images dis-play strong birefringence where distinctive fingerprint textures are observed (Figure S2).

Ascorbic acid was reported as an efficient reductant of TiO 2 to some low-valence-state Ti species (Ti 3+ ), thereby forming defective black TiO 2-x forms. [14] In our procedure, Ch-TiO 2 /Cu x O films were impregnated in a 60 mM ascorbic acid aqueous solution and immediately followed by a hydrothermal treatment at 180 ℃ for 24 h. The resulting films turn black (named BCh-TiO 2-x /Cu x O), which attests to the reduction of Ti 4+ to Ti 3+ and the creation of O v . [15] It is worth mentioning that the iridescence of BCh-TiO 2-x /Cu x O films can be observed under natural light as shown in Figure 1e, confirming the conservation of the Ch nanostructures. The analysis of the films by POM shows typical fingerprint of the Ch patterns (Figure S3), further confirming the preservation of the Ch structure. The BCh-TiO 2-x /Cu x O films are stable under ambient atmosphere, and the O v -rich surface provides suitable trap sites to stabilize SAs. [16] The Pt SAs decoration was realized by immersing the BCh-TiO 2-x /Cu x O films in 1mM H 2 PtCl 6 solution (under anaerobic condition) in the dark for 24 h. The final BCh-TiO 2-x /Cu x O/Pt films displayed the same appearance and structural characteristics as the previous samples (Figure S4). Elemental analysis was performed using inductively coupled plasma-optical emission spectrometry (ICP-OES), revealing the mass content of Pt is 0.16 %. The morphology of the films were revealed by scanning electron microscopy (SEM). The cross-section SEM images of CNC/TiO 2 /Cu(OAc) 2 film display periodic multilayer with left-handed twist, indicating the formation of Ch structure (Figure 1c and Figure S5). Such kind of structure is preserved after the removal of CNCs template by calcination, but with a reduced helical pitch (Figure 1d, Figure S6a andS6b). and CuO ((112), 1.97 Å and (111), 2.35 Å) (Figure 2d and Figure S7a). [17] HRTEM further demonstrates that the reduction treatment does not affect the main crystal structure of TiO 2 , while introduced amorphous domains in the outer surface region (red dashed lines in Figure 2d). [18] The high-angle annular scanning TEM (HAA-STEM) under bright-field and dark-field were performed to confirm the successful Pt SAs anchor. More importantly, HAA-STEM images (Figure 2d and 2e, Figure S7b) reveal that Pt atoms exist as individual and isolated species substituted in TiO 2 (101, 3.5 Å), Cu x O (Cu 2 O (211, 1.72 Å) and CuO (111, 2.35 Å)) surface lattice. [19] These observations sustain the formation of single atom alloys (SAA). [20] The crystalline form of the films was further confirmed by X-ray scattering (XRS). All XRS diagrams are similar and display several well-resolved Bragg reflections related to nanosized TiO 2 crystallites. The indexation of the peaks is in good agreement with the anatase form of TiO 2 (Figure 3a). This indicates that the reduction guided by ascorbic acid only occurred on the outer surface of TiO 2 and has no significant effect on bulk crystalline structure. [11b] No diffraction peaks related to Cu or Pt are detected owing to the relatively small particle size and low loading. The UV-vis diffuse reflectance spectra (DRS) was performed to assess the optical properties of composite films (Figure 3b). The as-prepared TiO 2 film display typical absorption band of anatase, which is limited to the UV range. The addition of Cu x O induces a shift of the absorbance to higher wavelength. In comparison, BCh-TiO 2-

x /Cu x O exhibits a remarkable broadband absorption covering the entire visible region. The red-shift is attributed to the formation of O v defects and low-valence-state Ti 3+ , which are expected to introduce mid-gap states and narrow the bandgap. [11a, 18b] Moreover, the deposition of Pt SAs and formation of SAAs lead to a further enhancement in visible absorption. To confirm that the Ch like structure has an enhancement effect on the light harvesting, we analyzed the absorption spectrum of the films and the same materials, but crushed in a mortar to completely destroy the Ch like structures (Figure S8a). Compared to crushed samples, uncrushed samples exhibit enhanced light absorption, especially in the visible rang (Figure S8b). This result suggests that Ch like structure play an important role in the enhancement of visible light absorption due to the multiple light scattering. The optical bandgaps were estimated according to Kubelka-Munk (K-M) fitting. As shown in Figure S9, the bandgaps of BCh-TiO 2- illumination. We performed Raman spectroscopy characterization, whose results are depicted in Figure 3c,d. Both pristine TiO 2 and Ch-TiO 2 /Cu x O films present well-resolved peaks. In particular, the characteristic peak at ~ 143 cm -1 is shifted compared to BCh-TiO 2-x /Cu x O (≈ 149 cm -1 ) and BCh-TiO 2-

x /Cu x O/Pt (≈ 147 cm -1 ). This effect originates from the surface reduction of the TiO 2 structure by ascorbic acid, evidencing the reduction of the TiO 2 and the creation of surface defects and O v . [14a, 21] X-ray photoelectron spectroscopy (XPS) was employed to further investigate the surface composition of the asprepared films. The general survey of the films indicates the presence of C, O, Ti, Cu, and Pt species at the surface (Figure S10). The Ti 2p shows the typical characteristic peaks for Ti 2p 3/2 and 2p 1/2 at 458.9 eV and 464.6 eV, respectively, corresponding to the Ti 4+ in TiO 2 (Figure 4a). [22] The Ti 2p spectra are similar for all films, indicating that the bonding environment of Ti atoms is not modified after hydrothermal treatments and deposition of Pt. [11a] The high resolution Cu 2p spectra exhibits two major peaks located at 932.4 eV and 952.3 eV, respectively, which can be attributed to Cu 2p 3/2 and Cu 2p 1/2 (Figure 4b). In terms of the position, these two peaks mainly originate from Cu + species, rather than Cu 2+ species, which usually have higher binding energies. [23] However, the broad satellite peak can be observed in Ch-TiO 2 /Cu x O film, proving the existence of CuO. [24] Notably, the satellite peaks are not detected in black films after hydrothermal reduction using ascorbic acid, which suggests that part of the Cu 2+ is reduced to Cu/Cu + during this process. The O1s XPS spectra of TiO 2 can be deconvoluted into three peaks, i.e., lattice oxygen (O L , 530.1 eV), surface defects (O v , 531.6 eV) and adsorbed H 2 O (O ads ) with higher binding energy (Figure 4c). [25] Compared with the pristine TiO 2 , black TiO 2-x displays a significant increase in the concentration of O v , which is attributed to the formation of oxygen vacancy and/or surface defects in agreement with the results of UV-Vis and Raman spectroscopies. [18b, 26] Whereas the concentration of O v decreases again after loading Pt, which is probably due to the coverage of a large amount of O v by Pt atoms, suggesting the successful anchoring of Pt SAs. [27] According to the Pt 4f spectrum, Pt 0 and Pt 2+ are predominantly found in BCh-TiO 2-x /Cu x O/Pt film (Figure 4d). Consistent with previous studies, typical peaks of Pt 2+ /Pt 0 in Pt SA are located at 76.1/74.2 eV and 72.8/70.9 eV, respectively, corresponding to Pt 4f 5/2 and Pt 4f 7/2 . [28] The posi-tively charged Pt SAs are indicative of the existence of strong interactions between the metal and the support materials, allowing the two-way electron transfer to promote the photocatalytic reaction. [29] Mott-Schottky (MS) measurement were carried out to reveal the band structures and spatial band bending regions of composites. [30] All MS plots display positive slopes that possess n-type feature. Compared to Ch-TiO 2 /Cu x O, the flat-band potential of TiO 2 shifts from -0.64 to -0.59 eV due to the constructed internal electric fields in bandgap overlapped TiO 2 -Cu x O interfaces with band bending (Figure 5a). The introduction of O v in BCh-TiO 2-x /Cu x O enlarges the spatial charge layer region of internal electric fields on TiO 2-x -Cu x O interfaces, resulting in a positive shift of -0.56 V compared to Ch-TiO 2 /Cu x O. [31] Notably, the deposition of Pt SAs on O v of BCh-TiO 2-x /Cu x O induces a re-equilibrium of Fermi energy levels on BCh-TiO 2-x /Cu x O/Pt interfaces, which leads obviously to a positive shift to -0.35 V, with respect to BCh-TiO 2-

x /Cu x O. This suggests the formation of a significantly enlarged space charge layer, which is beneficial for the transfer and separation of photogenerated charge carriers. [31][32] Electrochemical impedance spectroscopy (EIS) was performed to provide insight into the photogenerated charge carriers transfer capability of composites. The smaller curvature radius on Nyquist plots relates to the lower charge transfer resistance (R ct ) at the interfaces of the photocatalyst. [24,33] A significant reduction of R ct is noticed in BCh-TiO 2-x /Cu x O/Pt films with respect to others, indicating that Pt SAs possess a strong metal-support interaction and play key role in improving charges transfer efficiency, in agreement with the MS plot (Figure 5b). In addition, the semicircle radius of all composites further decreases due to the generation of more carriers under light irradiation. The charge separation efficiency and redox ability of composite films are further analyzed by the cyclic voltammetry (CV) curves. In comparison, the BCh-TiO 2-x /Cu x O/Pt exhibits relatively higher redox peak intensity, which relates to the highest redox ability and charge transfer efficiency (Figure S11). [34] The photocatalytic activity of composite films was investigated through HER under visible light excitation (>420 nm). TiO 2 shows rather negligible amount of H 2 generation, while Ch-TiO 2-x /Cu x O develops interesting activity under visible light with kinetic rate of H 2 production of 12.7 μmol·g -1 ·h -1 . The reduced BCh-TiO 2-x /Cu x O films show significantly improved H 2 generation rate of 20.4 μmol·g -1 ·h -1 (Figure 5c and Figure S12) in good agreement with the absorption and photoelectrochemical measurements. The decoration of Pt SAs leads to an additional enhancement in photocatalytic activity with an H 2 evolution rate 46 times higher than that of TiO 2 under visible light. No significant photocatalyst deactivation was observed in the HER measurements after four consecutive cycles, indicating the robust stability of BCh-TiO 2-x /Cu x O/Pt (Figure S13). Based on the above investigations and characterisations, photocatalytic mechanism over BCh-TiO 2-

x /Cu x O/Pt films is proposed as summarized in Figure S14. The generated Ti 3+ -O v on the TiO 2-x surface leads to the formation of valence band (VB) and conduction band (CB) tailing and a consequent bandgap narrowing, which enables the absorption in visible region. [35] Upon visible light irradiation, photogenerated electrons could be excited from the VB of black TiO 2-x to its CB and subsequent migrate to Pt SAs deposited on the TiO x and/or Cu x O. As demonstrated above, Pt SAs significantly enlarge the space charge layer, facilitating both the transfer and separation of photogenerated charge carriers. As part of the process, Pt SAs and Pt/CuO x SAAs are suggested to act as reduction sites with prolonged charge carriers lifetime. The O v surface defects are able to increase the donor density and further participate in improving the charge transfer and reduce the charge carriers recombination. [18b] Moreover, Pt SAs can expand the spatial overlapped region and result in a further enhancement in charge carriers separation. BCh-TiO 2-

x /Cu x O/Pt benefits from multireduction sites producing higher H 2 under visible light illumination. 

Conclusions

In summary, we used cellulose nanocrystals as biotemplates to fabricate a black TiO 2-x /Cu x O/Pt composite film with chiral nematic photonic nanostructure through simple one-pot self-assembly method and hydrothermal reduction. The combination of chiral nematic structure and abundant oxygen vacancies endows the black film with both enhanced light-harvesting capability and broadband absorption in the visible region. In addition, the deposition of Pt single atoms can significantly expand the spatial overlapped region for band bending, favoring the photogenerated charge separation and resulting in an excellent photocatalytic H 2 evolution efficiency under visible light. This unique coupling approach offers a promising strategy to meet the challenges of solar light utilization and charge separation in TiO 2 -based photocatalysts.
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 1 Figure 1. (a) Schematic diagram for the fabrication of BCh-TiO 2-x /Cu x O/Pt films. (b) POM and (c) cross-section SEM images of CNC/TiO 2 /Cu(OAc) 2 . (d) Cross-section SEM image of Ch-TiO 2 /Cu x O. (e) Photograph of BCh-TiO 2-x /Cu x O films showing iridescent colour. There is no change in colour after Pt SAs deposition, and the iridescent colour are still present.The morphology of the films were revealed by scanning electron microscopy (SEM). The cross-section SEM images of CNC/TiO 2 /Cu(OAc) 2 film display periodic multilayer with left-handed twist, indicating the formation of Ch structure (Figure1cand FigureS5). Such kind of structure is preserved after the removal of CNCs template by calcination, but with a reduced helical pitch (Figure1d, FigureS6a and S6b). Further hydrothermal treatment and dark deposition only change the visual appearance of the films without affecting the
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 2 Figure 2. (a, b) SEM images of BCh-TiO 2-x /Cu x O/Pt film observed along the fracture cross-section, showing periodical multilayers. (c) HRTEM image of BCh-TiO 2-x /Cu x O/Pt film. The red dashed line was created to reveal the amorphous region. (d, e) HAA-TEM images of BCh-TiO 2-x /Cu x O/Pt films under bright-field and dark-field showing the distribution of Pt SAs.The crystalline form of the films was further confirmed by X-ray scattering (XRS). All XRS diagrams are similar and display several well-resolved Bragg reflections related to nanosized TiO 2 crystallites. The indexation of the peaks is in good agreement with the anatase form of TiO 2 (Figure3a). This indicates that the reduction guided by ascorbic acid only occurred on the outer surface of TiO 2 and has no significant effect on bulk crystalline structure.[11b] No diffraction peaks related to Cu or Pt are detected owing to the relatively small particle size and low loading. The UV-vis diffuse reflectance spectra (DRS) was performed to assess the optical properties of composite films (Figure3b). The as-prepared TiO 2 film display typical absorption band of anatase, which is limited to the UV range. The addition of Cu x O induces a shift of the absorbance to higher wavelength. In comparison, BCh-TiO 2-
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 3 Figure 3. (a) X-ray scattering patterns, (b) UV-vis diffuse reflectance spectra, and (c) Raman spectra of TiO 2 , Ch-TiO 2 /Cu x O, BCh-TiO 2-x /Cu x O and BCh-TiO 2-x /Cu x O/Pt composite films. (d) the local enlargement of (c).X-ray photoelectron spectroscopy (XPS) was employed to further investigate the surface composition of the asprepared films. The general survey of the films indicates the presence of C, O, Ti, Cu, and Pt species at the surface (FigureS10). The Ti 2p shows the typical characteristic peaks for Ti 2p 3/2 and 2p 1/2 at 458.9 eV and 464.6 eV, respectively, corresponding to the Ti 4+ in TiO 2 (Figure4a).[22] The Ti 2p spectra are similar for all films, indicating that the bonding environment of Ti atoms is not modified after hydrothermal treatments and deposition of Pt.[11a] The high resolution Cu 2p spectra exhibits two major peaks located at 932.4 eV and 952.3 eV, respectively, which can be attributed to Cu 2p 3/2 and Cu 2p 1/2 (Figure4b). In terms of the position, these two peaks mainly originate from Cu + species, rather than Cu 2+ species, which usually have higher binding energies.[23] However, the

Figure 4 .

 4 Figure 4. XPS spectra of (a) Ti 2p, (b) Cu 2p, (c) O 1s and (d) Pt 4f corresponding to TiO 2 , Ch-TiO 2 /Cu x O, BCh-TiO 2-x /Cu x O and BCh-TiO 2-x /Cu x O/Pt films.Mott-Schottky (MS) measurement were carried out to reveal the band structures and spatial band bending regions of composites.[30] All MS plots display positive slopes that possess n-type feature. Compared to Ch-TiO 2 /Cu x O, the flat-band potential of TiO 2 shifts from -0.64 to -0.59 eV due to the constructed internal electric fields in bandgap overlapped TiO 2 -Cu x O interfaces with band bending (Figure5a). The introduction of O v in BCh-TiO 2-x /Cu x O enlarges the spatial charge layer region of internal electric fields on TiO 2-x -Cu x O interfaces, resulting in a positive shift of -0.56 V compared to Ch-TiO 2 /Cu x O.[31] Notably, the deposition of Pt SAs on O v of BCh-TiO 2-x /Cu x O induces a re-equilibrium of Fermi energy levels on BCh-TiO 2-x /Cu x O/Pt interfaces, which leads obviously to a positive shift to -0.35 V, with respect to BCh-TiO 2-
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 5 Figure 5. (a) Mott-Schottky plots of TiO 2 , Ch-TiO 2 /Cu x O, BCh-TiO 2-x /Cu x O and BCh-TiO 2-x /Cu x O/Pt composite films. Insets are the schematic of band bending. (b) EIS Nyquist plots of composite films under dark (solid line) and light illumination (dotted lines) situations. (c) H 2 evolution rate of composite films under visible light (λ > 420 nm).

x /Cu x O and BCh-TiO 2-x /Cu x O/Pt are 1.3 eV and 1.2 eV, respectively, which are smaller than Ch-TiO 2 /Cu x O (2.8 eV). The strong visible absorption and narrow bandgap make BCh-TiO 2-x /Cu x O/Pt films promising photocatalysts under visible
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