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ABSTRACT
Although sodium borohydride (NaBH4, SBH) has been investigated extensively as a high-capacity hydrogen-storage material that can be used to move towards a hydrogen-powered society, the development of efficient and cost-effective catalysts for the generation of hydrogen from SBH remains challenging. Here, we report that a mixed-valent [FeII−FeIII] iron hydroxide, which we term green rust (GR), treated with a CuCl2 solution, shows a good solar-light-assisted catalytic activity toward SBH hydrolysis at room temperature that is higher than existing catalysts based on precious and noble metals, including Pt nanoparticle-modified titanium dioxide (TiO2). Even without solar light, the GR-based catalyst exhibits turnover frequency (TOF) of up to 5000 min–1 for the hydrolysis of SBH at a higher temperature that is comparable to or one or two orders of magnitude higher than existing catalysts under similar conditions.  Comprehensive spectral and microscopic analyses revealed that our catalyst was composed of GR plate-like particles with edges that are decorated with aggregated Cu2O clusters with particle sizes down to 5 nm. Molecular dynamics simulations, combined with experimental results, demonstrate that the Cu2O modifier not only provides adsorption sites for SBH molecules but also acts as a cocatalyst for the transfer of photoexcited electrons in the GR component to the adsorbed SBH, both of which enable the effective activation of the reactant (BH4−). 
1. INTRODUCTION
Global energy demand has increased as a result of the recent rapid growth in both the population and the economy.1,2 One of the most important strategies to produce clean energy is the development of alternative fuel sources based on renewable energy.3,4 Hydrogen is viewed as an appealing green fuel and a promising and efficient energy carrier for future applications to meet upcoming energy challenges.5–7 However, the safe storage and efficient release of hydrogen remain significant challenges. Storage of hydrogen in chemical bonds is considered a promising technique that provides safety, security, and superior efficiency.7–11 Solid-state hydrogen storage materials with high hydrogen densities, good stability, and storability, such as metal imides or metal hydrides and nitrides have garnered considerable interest in recent decades for use in chemical hydrogen storage applications.12–16 However, several disadvantages severely restrict their practical applications, including the high temperature required to release hydrogen, heat dissipation, and slow hydrogen productivity.2 Recently, research into materials such as sodium borohydride (SBH),2,17-30  LiBH4 and MgH231–38 is growing because they can release hydrogen via hydrolysis even at room temperature in the presence or absence of solid catalysts. Among them, SBH, although the United States Department of Energy (DOE) proposed a no-go recommendation for SBH hydrolysis for onboard system applications mainly due to the high cost of SBH and its regeneration,31 is considered to be an attractive candidate because a Japanese company (Nippon Light Metal Company, Ltd.) developed a low-cost production and re-generation method in 2019.39 So far, much effort has been devoted to the development of catalysts and photocatalysts for SBH hydrolysis, including noble and precious metals supported on metal-organic frameworks (MOFs) and porous silicas.40–45 Systems that release hydrogen from SBH using (photo)catalysts that are not based on precious metals increase the sustainability of SBH and boost its practical use46,47. However, no cost-effective metal-based (photo)catalysts for the hydrolysis of SBH have been developed that exhibit activities that are higher than those of catalysts based on precious metals. 
Green rust is a mixed-valent iron hydroxide mineral that belongs to a structural family of layered double hydroxides comprising positively charged ferrous/ferric iron hydroxide-based layers and interlayer anions.48 Green rust has long been thought to be extremely unstable toward oxidation, and few green rusts have been observed in natural environments.49,50 Green rust recovered from synthetic solutions, when kept in air, immediately (within several minutes) oxidized to be converted to stable phased like magnetite.  As a result, its (photo)catalytic properties have not been explored extensively. Nevertheless, we recently reported the synthesis of an air-insensitive mixed-valent iron hydroxide that can be categorised as green rust.51,52 Moreover, we found solar-light-assisted catalytic activity toward the hydrolysis of another particulate hydrogen storage material, ammonia borane, although the activity was considerably lower than that of existing catalysts based on precious metals.52
Modifying solid (photo)catalysts with metals or metal oxides is a well-known technique for enhancing their activity. A good example is the TiO2 (photo)catalytic system. Among the many cocatalysts, Cu species, ranging from single atoms to oxides, have been widely investigated for TiO2 because of their low cost and cocatalyst effectiveness for tuning the electronic structure and photocatalytic activity of TiO2.53–56 Herein, we report modifications of the oxidation-insensitive mixed-valent iron hydroxide, which we term green rust (GR), with Cu species and we discuss the solar-assisted catalytic activity of the modified GR toward SBH hydrolysis, which is one or two times higher than that of existing catalysts based on precious metals. We demonstrate the role of the Cu modifier in the activity through comprehensive experiments and calculations and discuss how the versatile GR material can be used to create innovative catalysts.

2. EXPERIMENTAL SECTION 
2.1. Preparation of GR
Our GR was prepared by solvothermal reactions as reported in the previous work.52 In detail, sodium acetate trihydrate (7.2 g; Fujifilm Wako Chemicals, 99%) was vigorously stirred with glycerol (100 mL, Nacalai Tesque, 99.5%) at 80C in a 250 mL beaker for 30 min. FeCl3 (2.7 g; Sigma-Aldrich, 99%) and FeCl2 (Sigma-Aldrich, 98%), with a molar ratio of FeCl3/FeCl2 of 35:65, were added to the solution, and the mixture was stirred at 100°C for 60 min (the molar ratio was optimized in our previous work51). The mixture was transferred to a 200 mL Teflon-lined stainless-steel autoclave and heated at 200°C for 24 h. After the solvothermal reaction, the wet green powder was collected, washed twice with a mixture of ethanol and water (1:1 vol%, 140 mL) and then once with pure ethanol (100 mL), and finally dried at 80°C for 24 h.

2.2. Synthesis of Cu-modified GR and reference materials
GR was modified with Cu using an impregnation method.57 CuCl2‧2H2O (Nacalai Tesque, 99%) was dissolved in a mixed solvent of ethanol (99%) and hexane (96%) (3:17 vol%, 100 mL). GR (0.2 g) was then added to the solution, and the mixture was stirred at room temperature for 24 h. The product was collected by centrifugation (3500 rpm, 15 min), washed with the same mixed solvent, and dried at 80°C for 20 h. The amount of added CuCl2‧2H2O was varied to control the amount of Cu loaded on the GR (the nominal amount of Cu per GR was 0.2–2.0 wt%). GR with a nominal Cu content of 0.5 wt% was named Cu-GR. Similarly to Cu-GR, Cu2+ modified-TiO2 (P25, Sigma-Aldrich, 99.5%) was prepared and named Cu-TiO2. Pt nanoparticle-loaded P25 was prepared according to a reported procedure58 and named Pt-TiO2. The Cu-modification on ball-milled GR was conducted by the following procedure. GR powder was ball-milled using a planetary ball mill (PSL-450, Ito Seisakusho, Japan), which has one mill pot for zirconia containers with 80 cm3 inner volume. 2.0 g of GR, 11 and 28 numbers of 10 mm-diameter and 5 mm-diameter, respectively, zirconia balls were milled under the speed of 400 rpm for 30 min. The obtained product (named bGR) was modified with Cu by a method same to that used for the synthesis of Cu-GR and the product was named Cu-bGR.

2.3. Characterizations
[bookmark: _Hlk199853286]X-ray diffraction (XRD) patterns of all the samples were recorded with a Rigaku Smart Lab refractometer (Cu target, 40 kV, 15 mA). Fourier transfer Infrared spectroscopy (FTIR) was performed with a Shimadzu FTIR-4200 spectrometer. 57Fe Mössbauer spectra were obtained using a conventional transmission geometry at the Nagoya Institute of Technology, Japan. Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of the samples was performed using an Agilent 5800 instrument; the samples were dissolved in a mixture of H2SO4 and HNO3. X-ray photoelectron spectroscopy (XPS) was performed using a JPS-9010 instrument (JEOL). The UV-Vis spectra were recorded with a JASCO (V-770) spectrophotometer equipped with an integrated sphere (ISV-722). Scanning electron microscope (SEM) images were acquired using a HITACHI-SU-8230. Scanning transmission electron microscope (STEM) images were obtained using a Talos F200X G2 TEM 2020 microscope. X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra of the samples were recorded in transmission mode at beamline BL14B2 of the SPring-8 facility at the Japan Synchrotron Radiation Research Institute (JASRI; 8 GeV, 100 mA). Data reduction and X-ray absorption spectral (XAS) analyses were performed using the Demeter software package.59 11B nuclear magnetic resonance (NMR) spectra of supernatants after solar light-assisted catalytic tests were taken on a Varian System 500 spectrometer (160 MHz) using boron trifluoride diethyl etherate (11B, δ = 0.00) as an external standard (solvent: CDCl3). 11B NMR spectra of supernatants after large-scale tests were measured on Bruker Avance NEO 500 spectrometers (128 MHz) after the replacement of the solvent with D2O.
 
2.4. SBH hydrolysis
A Pyrex glass tube (34 mL) containing SBH crystals (1.0 mg) and the powder sample (11.3 mg) was purged with Ar gas for 1 min then sealed with a rubber septum. Ar-purged Milli-Q water (3.75 mL, containing 20 vol% of glycerol, Nacalai Tesque, 99.5%) was injected into the tube through the rubber septum using a syringe. The obtained mixture was immediately exposed to solar simulator irradiation (San-Ei Electric, λ > 300 nm, 1000 Wm−2, with or without short pass filters) with continuous stirring at room temperature. The headspace gas was withdrawn using a gastight syringe and quantified using a Shimadzu GC-2010 gas chromatograph equipped with a barrier ionisation discharge (GC-BID) detector. Catalytic reactions were performed similarly, except that the tube was not irradiated. A larger scale reaction was also performed using the setup shown schematically in Figure S1. SBH crystals (200 mg) and the sample powder (10 mg) were mixed in a two-necked round-bottomed glass flask, purged with Ar gas, and sealed with a rubber septum. The mixture was heated at 90C, and water was added dropwise at a rate of 0.8 mL/min for 1 min to initiate the hydrolysis. The evolved H2 was quantified by recording the weight of water pushed out of a water reservoir connected to the glass flask. Similar reactions were performed also at 20oC and 60oC. For recycling tests, water containing 20vol% of glycerol was added dropwise to the mixture. 
2.5. AQE measurements
Using a Ushio 500 W Xe lamp equipped with a Bunkoukeiki SM-25 monochromator, a Pyrex glass tube containing the above mixture was exposed to monochromatic light. The quantity of incident photons was assessed using a Bunkoukeiki S1337-1010BQ silicon photodiode. The AQE (%) was calculated as twice the number of evolved H2 molecules divided by the number of incident photons.

[bookmark: _Hlk126433856]2.6. Computational details for FPMD simulations and electronic structure investigation
Dynamic simulations were conducted within the Car–Parrinello framework (CPMD)60 using an unrestricted spin (local spin density: LSD) approach and including gradient corrections (GGA) on the exchange and correlation functional after Becke–Lee–Yang–Parr (BLYP).61,62 The valence–core interaction was modelled using norm-conserving Troullier–Martins (TM) pseudopotentials (PP)63 for Na, Fe, Cu, B, C, and O atoms. For H atoms, the Car–Von Barth (CvB) type PP of BLYP was used. The electrons of Na 2s, 2p, 3s; Fe 4s, 3d; Cu 4s, 3d; B 2s, 2p; C 2s, 2p; O 2s, 2p; and H 1s were treated explicitly as valence electrons in the molecular dynamics simulation. These wavefunctions were expanded in a plane-wave basis set with an energy cut-off of 80 Ry, with sampling of the Brillouin restricted to the  point. An arbitrary electronic mass of 400 a.u. and an integration step of 4.0 a.u. ensured good control of the conserved quantities.
The configuration of electrons and wavefunctions prepared for solving the Kohn–Sham equations to investigate the electronic properties were almost the same as those in the dynamic simulations (BLYP-MT-PPs were employed for all atomic species Na, Fe, Cu, B, C, O, and H), but some unoccupied states (number of unoccupied states was approximately 30% of the number of occupied states) were included in the calculations to investigate the energy levels of unoccupied states.

2.7. Computational models
A GR Fe18O75C31H81 slab (Fe72O300C124H324) model exposing the (010) surface was prepared first (Figure S2 A) and a Cu2O cluster (Cu12O6) was deposited on the surface (Figure S2 C). Then, a liquid reactant composed of 4NaBH4, 3C3H8O3, and 88H2O molecules was placed above the slab surface (Figure S2 C).
Suppose that the cell vectors of the unit cell of the GR crystal were a, b, and c (Figure S2 A), the cell for the slab was represented by 4a, 1b, and 1c in our simulation model (Figure S2 B). The (010) surface was spanned by 4a and 1c (cell parameters: |a|=3.27660 Å, |b|=19.6596 Å, |c|=23.9178 Å, 90 Deg., 90 Deg., 120 Deg.51). The space for setting a Cu2O cluster and the reactant molecules (4NaBH4, 3C3H8O3, and 88H2O) was created by extending the 1b vector by about 1.83 times along the direction of the b vector (Figure S2 B). The Cu2O cluster was prepared by quarrying a cuprite Cu2O crystal (cell parameters: |a|=|b|=|c|=4.2676 Å, 90 Deg.64). The system was relaxed by low-temperature molecular dynamics in the initial stage, and then the dynamics of all atoms and molecules in the model at 300 K were observed.
 
3. Results and discussion
3.1. Cu-modification of GR
The formation of GR with carbonate and lactate anions in each interlayer (Figure 1A), as reported in our earlier paper,52 was confirmed by 57Fe Mössbauer spectroscopy, X-ray diffraction (XRD), and Fourier transform infrared (FTIR) spectroscopy. Figure 1B shows the 57Fe Mössbauer spectrum of GR. Hyperfine parameters (Figure 1B inset) obtained from the deconvoluted spectrum matched those reported for conventional GR reasonably well48,51,52 and differed significantly from those of iron (oxyhydr)oxides such as hematite and other mixed-valent iron compounds with structures similar to that of GR such as mössbauerite65,66 and iron glycerolate.67 The XRD patterns (Figure S3) of GR resembled that of a typical green rust, carbonate-type material (JCPDS No. 159700) and the basal spacing was calculated by using the main peak at (2θ of ~11o) as approximately 0.80 nm, which is close to values reported for many GR structures.48,51,52 In the FTIR spectrum of GR (Figure S4), absorption bands were observed that were characteristic of lactate and carbonate anions,68–70 in addition to those due to the Fe(OH)6 octahedra of the GR frameworks.71,72 Thus, we assigned the structure of the sample to green rust. Importantly, unlike the usual green rust, which oxidises rapidly within several minutes when exposed to air, this GR was stable in air for over a year.
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Figure 1. Spectroscopic characterizations of materials. (A) Crystal structure of GR. (B) 57Fe Mössbauer spectra, (C) Cu 2p-region XPS spectra, and (D) diffuse reflectance UV-vis spectra of GR and Cu-GR. The inset of panel (B) indicates the hyperfine parameters obtained from the spectra.

The modification of GR with Cu species was conducted by impregnation with CuCl2 solution. As shown in Figure S5, GR with a nominal Cu content of 0.5 wt% (Cu-GR) showed the highest activity toward the hydrolysis of SBH among Cu-modified GR samples with different nominal amounts of Cu (0.2–2.0 wt%). Also, products synthesized by using other Cu precursors, copper(II) acetylacetonate and copper(I) cyanide, under the identical conditions gave lower activity for the reaction (Figure S6). Thus, we performed a comprehensive characterisation of Cu-GR. The actual loaded amount of Cu in Cu-GR was calculated to be 0.50 wt% per sample based on inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of the dissolved sample (Table S1). This value is in good agreement with the nominal amount of Cu, indicating the quantitative loading of Cu. Figure 1B compares the 57Fe Mössbauer spectra and hyperfine parameters of GR and Cu-GR. Even after the Cu modification, no peaks corresponding to iron species other than green rust (including magnetite and hematite) were detected. On the other hand, the Fe(II) content decreased slightly (20%), whereas the Fe(III) content increased by 20% after the Cu modification. The decrease in the amount of Fe(II) can be explained by the oxidation of part of the framework Fe(II) into Fe(III) during the Cu modification (see below). In the XRD pattern of Cu-GR (Figure S3), no diffraction peaks corresponding to iron species other than green rust or Cu species, such as Cu, CuO, and Cu2O, were observed. This result confirms that almost no structural change occurred in the GR framework during Cu modification, and suggests that the loaded Cu species are either not sufficiently crystalline or too small to be detected by XRD. Cu species are unlikely to be doped in the GR framework because the impregnation was performed at room temperature. 
To investigate the nature of the loaded Cu on Cu-GR, X-ray photoelectron spectroscopy (XPS) was performed. In the Cu 2p-region of the XPS spectrum of Cu-GR, peaks were observed at 931.7 and 951.4 eV, which are due to the emission from the Cu 2p3/2 and Cu 2p1/2 levels, respectively (Figure 1C). The binding energies indicate Cu0 and/or Cu+ oxidation states.53,54 A peak at 934 eV, which is characteristic of Cu2+ oxidation state,73 was not observed in the XPS spectrum. 
UV-Vis spectroscopy was also used to investigate the state of the Cu species in the Cu-GR. Figure 1D shows the diffuse reflectance spectra of the GR and Cu-GR. Almost no absorption bands characteristic of Cu0 species, such as those observed for Cu0 nanoparticles (3–40 nm) within/on titania nanosheets, due to the localised surface plasmon resonance centred around 680 nm,74 were observed. In addition, no absorption bands characteristic of highly dispersed Cu2+ ions and CuO clusters on different supports (absorption at wavelengths of both 400–450 nm and > 650 nm53,54,75,76) were observed. In contrast, the spectral feature of Cu-GR, showing only slight absorption at a wavelength of > 400 nm, was reported for Cu+ ion-doped TiO2.54,77 Thus, Cu-GR probably contains highly dispersed Cu+ ions and Cu2O clusters or nanoparticles.
To confirm the state and location of the loaded Cu species, scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) measurements were conducted. Figures 2A and B (left panels) show the SEM images of GR and Cu-GR. GR is composed of plate-like and belt-like particles with lengths of 1–2 µm. Cu-GR is also composed of similar particles, and the Brunauer–Emmett–Teller (BET) surface areas of the two samples are similar, as shown in Figure S7. Interestingly, as shown in the STEM image (Figure 2B left), particles in the Cu-GR exhibit slightly uneven edges, in contrast to those in the GR sample, which have sharp edges. STEM elemental mapping of Cu-GR (Figure 2C) reveals that Cu species with a size of down to 5 nm are deposited on the edges of the particles, forming uneven edges. From the selected area fast Fourier transform (FFT) patterns, such Cu species on the edges of the particle are polycrystalline and have d-values ranging from 0.25 to 0.27 nm (Figures 2D and S8) assignable to cubic Cu2O.78–82 The STEM elemental mapping also reveals that the Cu species (orange dots) are distributed not only on the edges of the particles but also on the plates for Cu-GR. This overall distribution of the Cu species on the GR plates was confirmed by the STEM image of the sample with a higher Cu loading (1.8 wt%, Figure S9). These results indicate that Cu-GR and other Cu-loaded GR samples are composed of GR particles modified with polycrystalline Cu2O clusters on the outer surface, including on the edges.
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Figure 2. Morphology and structure of the materials. SEM (left) and STEM (right) images of (A) GR and (B) Cu-GR. (C) HAADF-STEM images and elemental maps of Cu-GR (blue = Fe, orange = Cu). (D) TEM and selected area FFT images of Cu-GR.

The Cu+ state of the loaded Cu species for Cu-GR is reasonable considering the redox properties of GR.48 As shown in the insets of Figure 1B, the Fe3+/ Fe2+ ratios for GR and Cu-GR were approximately 50/50 and 60/40, respectively. This indicates that 20% of the framework Fe2+ of the parent GR was oxidised to Fe3+ after the treatment with a CuCl2 solution at room temperature, which should be accompanied by the reduction of the Cu2+ source as shown in Equations (1) and (2).
Fe2+ → Fe3+ + e−		(1)
Cu2+ + e− → Cu+		(2)
The surface of the plate-like GR particles (including the top surface and edge) is covered with FeOH groups48; thus, Cu+ can interact with the FeOH groups to form Fe–O–Cu bonds. One may consider replacing the framework Fe2+ or Fe3+ with Cu+, but this is not plausible considering the mild impregnation conditions. 
	The idea of reduction of the Cu2+ source to Cu+ species in situ for deposition on GR during impregnation was supported by the impregnation of Cu+ on GR with a smaller particle size. The parent GR powder was treated with a planetary ball mill, and the ball-milled GR (bGR) was reacted with a CuCl2 solution. As shown in Table S1 and Figure S10A, the product, named Cu-bGR, had a Cu content (0.5 wt%) and Cu state (Cu+) similar to that of Cu-GR. However, the size of the bGR plates for Cu-bGR was considerably smaller than that of the GR plates for Cu-GR, as revealed by N2 adsorption-desorption (Figure S7) and XRD results (Figure S10B), although the location (particle edges) of the Cu species in Cu-bGR is similar to that in Cu-GR (Figure S10C). Remarkably, the Fe3+/Fe2+ ratio for Cu-bGR is higher than that of Cu-GR (Figure S10D). The higher surface area (smaller particle size) of bGR is thought to result in a larger degree of reduction of the Cu2+ source and subsequent oxidation of the framework Fe2+ during the impregnation with the CuCl2 solution.
Detailed STEM observations of Cu-bGR (Figure 3A) revealed lattice fringes with a domain size of several nanometres on the plates, which were not observed for GR or Cu-GR (the GR plates were unstable under electron beam irradiation). The interplanar spacing (d-value) of the lattice fringes was estimated to be 0.21 nm, which corresponds to the (111) fringe of Cu0 crystals. Accordingly, XAS measurements were conducted to investigate the state of the Cu species in the Cu-bGR sample in detail. Figure 3B shows the Cu K-edge X-ray absorption near-edge structure (XANES) spectra of Cu-bGR and reference compounds. The absorption edge position of Cu-bGR lies between those of the reference Cu foil and Cu2O, and the XANES shape shows features characteristic of these reference compounds. In particular, relatively sharp features attributable to the dipole-allowed 1s → 4p transitions were observed at approximately 8980 eV and 8986 eV, corresponding to Cu0 and Cu+ species, respectively. This result indicates that the Cu species in Cu-bGR are present as a mixture of metallic and Cu2O forms. Figure 3C shows the Fourier transforms of the extended X-ray absorption fine structure (EXAFS) spectra, revealing that the Cu species in Cu-bGR have both Cu–O and Cu–Cu scattering paths at approximately 1.5 Å and 2.1 Å, respectively (without phase shift correction), with no significant Cu–(O)–Cu contributions. Curve fitting analysis also confirmed that the Cu–O bond has a bond length of 1.96 Å with a coordination number (CN) of 2.4, while the Cu–Cu bond has a bond length of 2.53 Å with a CN of 8.0 (Table S2 and Figure S11). Therefore, Cu-bGR is not only composed of plate-like GR particles (bGR) smaller than Cu-GR but also contains Cu0 clusters/nanoparticles in addition to Cu2O clusters because of the higher redox efficiency of bGR. 

[image: ]
Figure 3. Characterizations of Cu-modified ball-milled GR. (A) Low- and high-magnification STEM images of Cu-bGR. (B) Cu K-edge XANES spectra and (C) Fourier transforms of EXAFS spectra of Cu-bGR and reference materials. 

3.2. H2 evolution tests
Figure 4A shows the time course of H2 evolution from SBH in water for the different materials under simulated solar light irradiation. Cu-GR (0.50 wt% Cu) showed an impressive H2 evolution rate and amount that were considerably faster and larger, respectively, than those of Cu-TiO2 and Pt-TiO2; these reference materials are 0.25 wt% Cu+ single-atom- or cluster-modified TiO2 (Figure S12) and 0.20 wt% Pt0 nanoparticle-modified TiO2,58 respectively. Another Cu-modified GR sample with an actual Cu loading amount of 0.22 wt% also showed a good H2 evolution ability that was faster than those of Cu-TiO2 and Pt-TiO2 despite of their similar metal loading amounts. Moreover, the parent GR, without metal modification, showed H2 evolution rates and amounts comparable to those of Cu-TiO2 and Pt-TiO2 (Figure 4A). These results imply that GR could be a new platform for creating solid (photo)catalysts as alternatives to TiO2 for many important reactions.
[image: ]
Figure 4. SBH hydrolysis tests on different materials. (A) Time course of H2 evolution from SBH in water on different materials under 1 SUN-solar light irradiation. (B) Cycling performance of Cu-GR for SBH hydrolysis. (C) Large-scale test of H2 evolution from SBH in water on different materials operated at different temperatures without light. (D) Arrhenius plot for large-scale SBH hydrolysis by Cu-bGR.  (E) Cycling performance of Cu-bGR for large scale SBH hydrolysis.

[bookmark: _Hlk199854653]We also investigated the reusability of Cu-GR (Figure 4B). After the initial test, the mixture in the tube was purged with Ar to remove the remaining gas, SBH was added, and Ar-purged water was added through the rubber septum of the tube for reuse (the amounts of SBH and water were the same as those in the initial run). Cu-GR was successfully reused without significantly losing its initial H2 evolution rate and amount, even after the 9th reuse (10th cycle). The decrease in H2 evolution amounts reached only 10% after 5th cycle and saturated. This slight decrease might come from accumulation of by-products (discussed later) on Cu-GR considering that the XRD pattern of the recovered Cu-GR after the third test reveals no significant structural changes in the material (Figure S13). These results indicate that Cu-GR is sufficiently durable to function as a (photo)catalyst for the hydrolysis of SBH under solar light irradiation.
As expected, Cu-bGR, with a higher surface area, showed significantly higher H2 evolution activity toward SBH hydrolysis under identical conditions (green plots in Figure 4A). The maximum H2 evolution amount reached almost 100 µmol, which was almost identical to the amount of H2 (104 µmol) ideally released from SBH (26 µmol) via hydrolysis (Equation 3). Thus, we attempted a larger scale SBH hydrolysis test by increasing the amount of SBH from 1 mg to 200 mg while retaining the same amount of catalyst, using the experimental setup shown in Figure S1. As shown in Figure 4C, Cu-bGR catalysed SBH hydrolysis to produce H2 quantitatively even under practically applicable large-scale and no-light irradiation conditions (90oC). Turnover frequency (TOF) on Cu-bGR was calculated to be 5031 min–1 by dividing the number of moles of evolved H2 at 100 sec by the number of moles of all Cu. This TOF value is one or two times higher than or comparable to those of many existing catalysts based on noble or precious metals tested under similar conditions83–92 and significantly higher than that of Pt-TiO2 tested under the identical conditions (Table S3). With a lower temperature (60oC), Cu-bGR shows a high TOF value comparable to that of Pt-TiO2 obtained at 90oC. The activation energy on Cu-bGR calculated from the Arrhenius plot (Figure 4D) is 37 kJ mol–1, which is comparable to or lower than that obtained on precious metal-based catalysts (40~56 kJ mol–1).83,93–95
[bookmark: _Hlk199408688]
NaBH4 ​+ 2H2​O → NaBO2 ​+ 4H2			(3)

	We investigated the reusability of the large scale SBH hydrolysis on Cu-bGR at 90oC As shown in Figure 4E, Cu-bGR was successfully reused without losing its initial TOF after, at least, 2nd reuse. The 11B NMR spectrum of the supernatant after the initial reaction showed almost only one peak due to NaBO2 at 1.9 ppm (Figure S14), confirming that the hydrolysis proceeded quantitatively (Equation 3). The XRD pattern of the recovered sample showed the no significant structural change during the reaction (Figure S15). In contrast, in the 11B NMR spectra of the supernatants after solar light-assisted catalytic tests, the peak due to NaBO2 was not detected but those assignable to B(OH)3, BH3(OH)– and B(OH)4– were detected at 9.8, 5.9 and 5.2 ppm, respectively (Figure S16). The latter three compounds are known to form when the hydrolysis of SBH does not proceed quantitatively and accumulate on catalysts to deactivate.96 This NMR result might explain the reason why Cu-GR slightly deactivated after the successive reusing (Figure 4B).     
	We also analysed the cost of the Cu-GR (Cu-bGR). Based on current laboratory-scale prices of the raw materials and solvents including metal salts for modifiers/supports and supports (P25 TiO2), the approximate synthesis cost per gram of Cu-GR was estimated as 0.60 USD g–1, which was cheaper than that of Pt-TiO2 (6.00 USD g–1) and Cu-TiO2 (1.00 USD g–1). For the practical application of Cu-GR as a catalyst toward SBH hydrolysis for hydrogen fuel cell in hydrogen-powered ships,97 the immobilization of the catalyst powder on porous supports like ceramic forms is necessary, but this is a topic of future study.

3.3 Reaction mechanism study 
To reveal the mechanism underlying the high SBH hydrolysis abilities of Cu-GR and Cu-bGR with or without solar light irradiation, we performed SBH hydrolysis on Cu-GR under dark conditions. As shown in Figure 5A, Cu-GR exhibited a relatively fast H2 evolution rate even without light, and the amount of H2 evolved increased by 30% while maintaining the rate when irradiated. This light-assisted effect on H2 evolution was not significant for unmodified GR. These results suggest that Cu-GR exhibits good catalytic activity for SBH hydrolysis and that the activity is enhanced by light irradiation.
[bookmark: _Hlk199845574]We then examined the action spectrum for the SBH hydrolysis of Cu-GR. As shown in Figure 5B, the apparent quantum efficiency (AQE) values of Cu-GR for H2 evolution via SBH hydrolysis correlated with the photoabsorption of Cu-GR. With controlled spectra of solar light whose longer wavelength regions are cut-off by short pass filters, Cu-GR showed higher activity under larger amounts of UV spectra (Figure 5C), consisted with the action spectrum result. Considering that the Cu2O modifier itself showed no significant photoabsorption (Figure 1D) and unmodified GR showed almost no light-enhanced catalytic activity (Figure 5A), the light-assisted catalytic activity of Cu-GR can be attributed to the promotion of electron transfer from the photoexcited GR to reactants such as SBH via the Cu2O modifier.
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Figure 5. SBH hydrolysis tests on different materials. (A) Effect of solar light irradiation on SBH hydrolysis on GR and Cu-GR. (B) Action spectrum of Cu-GR in SBH hydrolysis under solar simulator irradiation. (C) Effect of wavelength of solar light irradiation on SBH hydrolysis on Cu-GR.

[bookmark: _Hlk182332238][bookmark: _Hlk182332029][bookmark: _Hlk182830064][bookmark: _Hlk182333039][bookmark: _Hlk182341147][bookmark: _Hlk182341224]To gain deeper insight into the role of the Cu2O modifier in the light-assisted SBH hydrolysis ability of Cu-GR, we performed first-principles molecular dynamics (FPMD) simulations. Based on experimental data, including STEM images (Figure 2), we constructed a computational model of Cu2O clusters (Cu12O6) attached to the particle edge of GR (0k0 facet) via an Fe–O–Cu bond (Figure S2), and simulated the motion of atoms/molecules and the corresponding electronic structures of the entire system composed of the catalyst, reactants, and solvents. Figure 6 shows the local minimum of the time-course atomic distances between the Cu12O6 cluster and arbitrarily selected SBH molecules, those between the GR surface and arbitrarily selected SBH molecules, and those between the Cu12O6 cluster and water molecules, which were obtained by FPMD simulation for approximately 2 picoseconds (ps). As can be seen in Figures 6B and C, SBH molecules, initially located far from a Cu12O6 cluster (>3.8Å), rapidly came closer to the Cu12O6 (for example, within about 0.2 ps as indicated by a sharply angled black arrow and marked with a black circle in Figure 6B) and the distance reached a plateau at 1.6 Å, which corresponds to a H–Cu distance between a Cu atom and BH4− molecule attached there. We confirmed that the BH4− adsorbed on the Cu12O6 cluster receives some electrons from the Cu12O6 cluster by comparing the Mulliken charge density analysis of the adsorbed and non-adsorbed BH4− on the Cu12O6 cluster. We also observed that two of the three adsorbed BH4− (BH4− on Cu6 and Cu10) dissociate into BH3–Cu6 and H–Cu6, and BH3–Cu10 and H–Cu10 during the 2 ps FPMD simulation. Thus, via catalysis (without any light), electrons of Cu12O6 could enter BH4− to produce H− and BH3, a primary step in the hydrolysis of SBH on metal or metal oxide catalysts.20 On the other hand, as shown in Figures 6D and E, our 2-ps FPMD simulation showed that SBH molecules have difficulty approaching the GR surface (O96–O395), and even if they approach, they cannot maintain a stable adsorption state. In addition, some water molecules rapidly approached the Cu12O6 cluster (Figure 6F), and at least one of the water molecules was adsorbed on the Cu atom of the Cu12O6 cluster and dissociated (for example, Cu12–OH2 interacted with nearby Fe–O–H to form Cu12–O–H and Fe–OH2). Consequently, the Cu2O modifier on GR may function as an adsorption site for SBH to initiate catalytic hydrolysis, as shown in Equations (4) and (5).20

BH4− ⇄ BH3 + H−			(4)
H− + H2O ⇄ H2 + OH−		(5)

One may expect positive effects of co-existence of Cu+ and Cu0 clusters in Cu-bGR on the catalytic activity higher than Cu-GR, although it is difficult to demonstrate such effects. Because Cu0 clusters are likely to be more metallic-like by having a higher electronic population near the Fermi energy than Cu+ clusters,98 the dissociation of BH4− to produce H− and BH3 might occur more effectively on Cu-bGR than Cu-GR.
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[bookmark: _Hlk182313536]Figure 6. FPMD simulations for adsorption of reactants on Cu-GR catalyst. (A) Snapshot of the atomistic geometry during the hydrolysis of SBH in water on Cu-GR. An expanded snapshot is also shown. (B, C) Local minimum distance between Cu atoms (Cu5–Cu16) in a Cu12O6 cluster and H atoms (H1153–H1156 and H1161–H1164) in SBH molecules as a function of simulation step. 10335 steps correspond to 1.0 ps. As a typical interaction, the adsorption of SBH (H1155) on Cu6 is shown in the expanded snapshot, where H1155–Cu6 atomic distance indicates the local minimum at the moment, and the local minimum distance is plotted in (B) as indicated by surrounding it with a black small circle. (D, E) Local minimum distance between all O atoms (O96–O395) of GR including surface O atoms and the H atoms of SBH molecules, which are identical to that shown in the panel (B, C), as a function of simulation step. (F) Local minimum distance between all O atoms (O96–O395) of GR including surface O atoms and the Cu atoms in a Cu12O6 cluster as a function of the simulation step.

Another possible role for the Cu2O modifier was examined by studying its detailed electronic structures (Figure 7). When irradiated with ultraviolet and/or visible light (corresponding energies of 2 or 3 eV), electrons in the O 2p band of the subsurface GR (O215 in Figure 6B) are excited into the Fe 3d band of the GR surface (Fe56); these then transfer to O 2p band of the Fe–O–Cu bond (O94) because the Fe 3d and O 2p bands are well mixed. In addition to electrons of the occupied O 2p (O94) level, the electrons that are transferred by photo-excitation into the unoccupied O 2p band (O94) can be photo-excited to the unoccupied Cu 4s band (Cu16). Electrons in the occupied Cu 3d band can also be photoexcited to the Cu 4s band within the same atom (Cu16). These photo-excited electrons in the Cu 4s band (Cu16) are delocalised within the Cu12O6 cluster (Cu9 and Cu6) and then could enter the H 1s band of BH4− (H1154 and 1155) adsorbed on the Cu12O6 cluster, dissociating the reactant into H− and BH3. Therefore, the Cu2O modifier attached to the GR surface can function as a charge-transfer channel (co-catalyst), delivering photoexcited electrons from the GR to the SBH.
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Figure 7. FPMD simulations of the electronic structure of the entire system composed of Cu-GR and reactants. (A) A snapshot of the atomistic geometry in a thermal equilibrium state at 300 K used to investigate the electronic structure properties. (B) The detailed electronic structure properties focused on the H of SBH adsorbed at the Cu2O modifier surface, Cu and O of the modifier, and Fe, O, and H located at the part of the GR surface bound to the Cu2O modifier.

4. CONCLUSIONS
Through the catalytic hydrolysis of SBH, we demonstrated that a mixed-valence iron hydroxide (which can be considered an unusually oxidation-insensitive green rust, GR) is an excellent support material for (photo) catalyst design. Our experiments showed that GR modified with Cu species such as Cu2O clusters exhibited a TOF value for the hydrolysis of SBH that was comparable to or one or two orders of magnitude higher than those of existing catalysts, such as a widely studied support TiO2 modified with Cu single atom/cluster- or Pt nanoparticle and catalysts based on noble metals. Our calculations demonstrated that the Cu modifier served not only as an adsorption site for SBH, but also as a cocatalyst to deliver photoexcited electrons in GR to SBH, activating the reactant via light-assisted catalysis. Many types of metal/metal oxide catalytic architectures, such as single atoms, clusters, and nanoparticles, can be designed on GR supports. Therefore, GR is expected to serve as a new platform for solid (photo)catalysts in many important reactions.

Supporting Information
The Supporting Information is available free of charge at…
ICP analyses of different materials; EXAFS curve-fitting results for Cu-bGR; comparison of different catalysts for SBH hydrolysis; experimental set-up for large-scale SBH hydrolysis; simulation model; XRD and FTIR of GR and Cu-GR; solar assisted SBH hydrolysis tests on Cu-GR with different nominal Cu amounts; different Cu precursors; N2 adsorption-desorption isotherms of GR, Cu-GR and Cu-bGR; TEM images of Cu-GR; STEM images of Cu-GR with a nominal Cu amount of 2 wt%; characterizations of Cu-bGR; EXAFS curve-fitting of Cu-bGR; characterizations of Cu-TiO2; XRD measurements; 11B NMR measurements of catalyst before and after (large-scale) catalytic tests      

Author Contributions
Ezz-Elregal M. Ezz-Elregal: Investigation, Data curation, Writing - original draft. Koichi Shinohara: Investigation, Data curation, Project administration, Writing - Review & Editing. Hamza El-Hosainy:
Investigation. Takumi Miyakage, Takashi Toyao, Ken-ichi Shimizu: Investigation, Formal analysis, Funding
acquisition, Writing - Review & Editing. Akihiko Iwanade, Makoto Oishi, Takuro Nagai, Naoki Fukata:
Investigation. Takumi Tsushima, Hiroto Yoshida: Formal analysis. Mitsutake Oshikiri: Formal analysis, Writing - Review & Editing. Yusuke Ide: Conceptualization, Supervision, Project administration, Writing - review & editing.
Notes
The authors declare no competing financial interest.
ACKNOWLEDGMENTS 
This work was supported by the World Premier International Research Center Initiative (WPI), MEXT, Japan. A part of this work was supported by ARIM of MEXT (JPMXP1223NM51).

REFERENCES
(1)	Dresselhaus, M. S.; Thomas, I. L. Alternative Energy Technologies. Nature 2001, 414 (6861), 332–337.
(2)	Sun, Q.; Wang, N.; Xu, Q.; Yu, J. Nanopore-Supported Metal Nanocatalysts for Efficient Hydrogen Generation from Liquid-Phase Chemical Hydrogen Storage Materials. Adv. Mater. 2020, 32 (44), 1–42. https://doi.org/10.1002/adma.202001818.
(3)	Nejat, P.; Jomehzadeh, F.; Taheri, M. M.; Gohari, M.; Muhd, M. Z. A Global Review of Energy Consumption, CO2 Emissions and Policy in the Residential Sector (with an Overview of the Top Ten CO2 Emitting Countries). Renew. Sustain. Energy Rev. 2015, 43, 843–862. https://doi.org/10.1016/j.rser.2014.11.066.
(4)	Davis, S. J.; Caldeira, K. Consumption-Based Accounting of CO2 Emissions. Proc. Natl. Acad. Sci. U. S. A. 2010, 107 (12), 5687–5692. https://doi.org/10.1073/pnas.0906974107.
(5)	Schlapbach, L.; Züttel, A. Hydrogen-Storage Materials for Mobile Applications. Nature 2001, 414 (November), 353–358. https://doi.org/10.1038/35104634.
(6)	Johnston, B.; Mayo, M. C.; Khare, A. Hydrogen: The Energy Source for the 21st Century. Technovation 2005, 25 (6), 569–585. https://doi.org/10.1016/j.technovation.2003.11.005.
(7)	Lang, C.; Jia, Y.; Yao, X. Recent Advances in Liquid-Phase Chemical Hydrogen Storage. Energy Storage Mater. 2020, 26 (January), 290–312. https://doi.org/10.1016/j.ensm.2020.01.010.
(8)	Navlani-García, M.; Mori, K.; Kuwahara, Y.; Yamashita, H. Recent Strategies Targeting Efficient Hydrogen Production from Chemical Hydrogen Storage Materials over Carbon-Supported Catalysts. NPG Asia Mater. 2018, 10 (4), 277–292. https://doi.org/10.1038/s41427-018-0025-6.
(9)	Teichmann, D.; Arlt, W.; Wasserscheid, P. Liquid Organic Hydrogen Carriers as an Efficient Vector for the Transport and Storage of Renewable Energy. Int. J. Hydrogen Energy 2012, 37 (23), 18118–18132. https://doi.org/10.1016/j.ijhydene.2012.08.066.
(10)	Yadav, M.; Xu, Q. Liquid-Phase Chemical Hydrogen Storage Materials. Energy Environ. Sci. 2012, 5 (12), 9698–9725. https://doi.org/10.1039/c2ee22937d.
(11)	Huang, Z.; Autrey, T. Boron-Nitrogen-Hydrogen (BNH) Compounds: Recent Developments in Hydrogen Storage, Applications in Hydrogenation and Catalysis, and New Syntheses. Energy Environ. Sci. 2012, 5 (11), 9257–9268. https://doi.org/10.1039/c2ee23039a.
(12)	Grochala, W.; Edwards, P. P. Thermal Decomposition of the Non-Interstitial Hydrides for the Storage and Production of Hydrogen. Chem. Rev. 2004, 104 (3), 1283–1315. https://doi.org/10.1021/cr030691s.
(13)	Graetz, J. New Approaches to Hydrogen Storage. Chem. Soc. Rev. 2009, 38 (1), 73–82. https://doi.org/10.1039/b718842k.
(14)	Ping, C.; Zhitao, X.; Jizhong, L.; Jianyi, L.; Kuang Lee, T. Interaction of Hydrogen with Metal Nitrides and Imides. Nature 2002, 420 (November), 20–22.
(15)	Felderhoff, M.; Weidenthaler, C.; Von Helmolt, R.; Eberle, U. Hydrogen Storage: The Remaining Scientific and Technological Challenges. Phys. Chem. Chem. Phys. 2007, 9 (21), 2643–2653. https://doi.org/10.1039/b701563c.
(16)	Van Den Berg, A. W. C.; Areán, C. O. Materials for Hydrogen Storage: Current Research Trends and Perspectives. Chem. Commun. 2008, No. 6, 668–681. https://doi.org/10.1039/b712576n.
(17)	Chen, W.; Ouyang, L. Z.; Liu, J. W.; Yao, X. D.; Wang, H.; Liu, Z. W.; Zhu, M. Hydrolysis and Regeneration of Sodium Borohydride (NaBH4) – A Combination of Hydrogen Production and Storage. J. Power Sources 2017, 359, 400–407. https://doi.org/10.1016/j.jpowsour.2017.05.075.
(18)	Hung, A. J.; Tsai, S. F.; Hsu, Y. Y.; Ku, J. R.; Chen, Y. H.; Yu, C. C. Kinetics of Sodium Borohydride Hydrolysis Reaction for Hydrogen Generation. Int. J. Hydrogen Energy 2008, 33 (21), 6205–6215. https://doi.org/10.1016/j.ijhydene.2008.07.109.
(19)	Zhang, J.; Fisher, T. S.; Gore, J. P.; Hazra, D.; Ramachandran, P. V. Heat of Reaction Measurements of Sodium Borohydride Alcoholysis and Hydrolysis. Int. J. Hydrogen Energy 2006, 31 (15), 2292–2298. https://doi.org/10.1016/j.ijhydene.2006.02.026.
(20)	Demirci, U. B.; Miele, P. Reaction Mechanisms of the Hydrolysis of Sodium Borohydride: A Discussion Focusing on Cobalt-Based Catalysts. Comptes Rendus Chim. 2014, 17 (7), 707–716. https://doi.org/10.1016/j.crci.2014.01.012.
(21)	Al-Enizi, A. M.; El-Halwany, M. M.; Shaikh, S. F.; Pandit, B.; Yousef, A. Electrospun Nickel Nanoparticles@poly(Vinylidene Fluoride-Hexafluoropropylene) Nanofibers as Effective and Reusable Catalyst for H2 Generation from Sodium Borohydride. Arab. J. Chem. 2022, 15 (11), 104207. https://doi.org/10.1016/j.arabjc.2022.104207.
(22)	Paladini, M.; Arzac, G. M.; Godinho, V.; Haro, M. C. J. De; Fernández, A. Supported Co Catalysts Prepared as Thin Films by Magnetron Sputtering for Sodium Borohydride and Ammonia Borane Hydrolysis. Appl. Catal. B Environ. 2014, 158–159, 400–409. https://doi.org/10.1016/j.apcatb.2014.04.047.
(23)	Paladini, M.; Arzac, G. M.; Godinho, V.; Hufschmidt, D.; de Haro, M. C. J.; Beltrán, A. M.; Fernández, A. The Role of Cobalt Hydroxide in Deactivation of Thin Film Co-Based Catalysts for Sodium Borohydride Hydrolysis. Appl. Catal. B Environ. 2017, 210, 342–351. https://doi.org/10.1016/j.apcatb.2017.04.005.
(24)	Rakap, M.; Özkar, S. Intrazeolite Cobalt(0) Nanoclusters as Low-Cost and Reusable Catalyst for Hydrogen Generation from the Hydrolysis of Sodium Borohydride. Appl. Catal. B Environ. 2009, 91 (1–2), 21–29. https://doi.org/10.1016/j.apcatb.2009.05.014.
(25)	Zhou, S.; Cheng, L.; Huang, Y.; Liu, Y.; Shi, L.; Isimjan, T. T.; Yang, X. Constructing Ru Particles Decorated Co3B-CoP Heterostructures as a Highly Active and Reusable Catalyst for H2 Generation by Catalyzing NaBH4 Hydrolysis. Appl. Catal. B Environ. 2023, 328 (November 2022), 122519. https://doi.org/10.1016/j.apcatb.2023.122519.
(26)	Fernandes, R.; Patel, N.; Miotello, A. Hydrogen Generation by Hydrolysis of Alkaline NaBH4 Solution with Cr-Promoted Co-B Amorphous Catalyst. Appl. Catal. B Environ. 2009, 92 (1–2), 68–74. https://doi.org/10.1016/j.apcatb.2009.07.019.
(27)	Guo, J.; Wang, B.; Yang, D.; Wan, Z.; Yan, P.; Tian, J.; Isimjan, T. T.; Yang, X. Rugae-like Ni2P-CoP Nanoarrays as a Bi-Functional Catalyst for Hydrogen Generation: NaBH4 Hydrolysis and Water Reduction. Appl. Catal. B Environ. 2020, 265 (May 2019), 1–7. https://doi.org/10.1016/j.apcatb.2019.118584.
(28)	Krishnan, P.; Advani, S. G.; Prasad, A. K. Thin-Film CoB Catalyst Templates for the Hydrolysis of NaBH4 Solution for Hydrogen Generation. Appl. Catal. B Environ. 2009, 86 (3–4), 137–144. https://doi.org/10.1016/j.apcatb.2008.08.005.
(29)	Sun, L.; Liu, M.; Zhang, T.; Huang, Y.; Song, H.; Yang, J.; Dou, J.; Li, D.; Gao, X.; Zhang, Q.; Yao, S. Co@SiO2/C Catalyst Shielded by Hierarchical Shell for Robust Hydrogen Production. Appl. Catal. B Environ. 2024, 343 (November 2023), 123537. https://doi.org/10.1016/j.apcatb.2023.123537.
(30)	Peng, S.; Fan, X.; Zhang, J.; Wang, F. A Highly Efficient Heterogeneous Catalyst of Ru/MMT: Preparation, Characterization, and Evaluation of Catalytic Effect. Appl. Catal. B Environ. 2013, 140–141, 115–124. https://doi.org/10.1016/j.apcatb.2013.03.029.
(31)	Ouyang, L.; Chen, W.; Liu, J.; Felderhoff, M.; Wang, H.; Zhu, M. Enhancing the Regeneration Process of Consumed NaBH4 for Hydrogen Storage. Adv. Energy Mater. 2017, 7 (19), 1–8. https://doi.org/10.1002/aenm.201700299.
(32)	Chen, K.; Zhong, H.; Ouyang, L.; Liu, F.; Wang, H.; Liu, J.; Shao, H.; Zhu, M. Achieving a Novel Solvent-Free Regeneration of LiBH4 Combining Hydrogen Storage and Production in a Closed Material Cycle. J. Magnes. Alloy. 2023, 11 (5), 1697–1708. https://doi.org/10.1016/j.jma.2021.08.005.
(33)	Zhu, Y.; Ouyang, L.; Zhong, H.; Liu, J.; Wang, H.; Shao, H.; Huang, Z.; Zhu, M. Closing the Loop for Hydrogen Storage: Facile Regeneration of NaBH4 from Its Hydrolytic Product. Angew. Chemie - Int. Ed. 2020, 59 (22), 8623–8629. https://doi.org/10.1002/anie.201915988.
(34)	Tan, Z. H.; Ouyang, L. Z.; Huang, J. M.; Liu, J. W.; Wang, H.; Shao, H. Y.; Zhu, M. Hydrogen Generation via Hydrolysis of Mg2Si. J. Alloys Compd. 2019, 770, 108–115. https://doi.org/10.1016/j.jallcom.2018.08.122.
(35)	Ma, M.; Yang, L.; Ouyang, L.; Shao, H.; Zhu, M. Promoting Hydrogen Generation from the Hydrolysis of Mg-Graphite Composites by Plasma-Assisted Milling. Energy 2019, 167, 1205–1211. https://doi.org/10.1016/j.energy.2018.11.029.
(36)	Tan, Z.; Ouyang, L.; Liu, J.; Wang, H.; Shao, H.; Zhu, M. Hydrogen Generation by Hydrolysis of Mg-Mg2Si Composite and Enhanced Kinetics Performance from Introducing of MgCl2 and Si. Int. J. Hydrogen Energy 2018, 43 (5), 2903–2912. https://doi.org/10.1016/j.ijhydene.2017.12.163.
(37)	Huang, M.; Ouyang, L.; Chen, Z.; Peng, C.; Zhu, X.; Zhu, M. Hydrogen Production via Hydrolysis of Mg-Oxide Composites. Int. J. Hydrogen Energy 2017, 42 (35), 22305–22311. https://doi.org/10.1016/j.ijhydene.2016.12.099.
(38)	Li, Z.; Xu, Q. Metal-Nanoparticle-Catalyzed Hydrogen Generation from Formic Acid. Acc. Chem. Res. 2017, 50 (6), 1449–1458. https://doi.org/10.1021/acs.accounts.7b00132.
(39)	Toshihiro Matsuba. NIPPON LIGHT METAL GROUP INTEGRATED REPORT Contribute to Improving People ’ s Quality of Life and Environmental Protection Focused on Aluminum 2023, 31.
(40)	Verma, P.; Kuwahara, Y.; Mori, K.; Yamashita, H. Synthesis and Characterization of a Pd/Ag Bimetallic Nanocatalyst on SBA-15 Mesoporous Silica as a Plasmonic Catalyst. J. Mater. Chem. A 2015, 3 (37), 18889–18897. https://doi.org/10.1039/c5ta04818d.
(41)	Verma, P.; Kuwahara, Y.; Mori, K.; Yamashita, H. Enhancement of Ag-Based Plasmonic Photocatalysis in Hydrogen Production from Ammonia Borane by the Assistance of Single-Site Ti-Oxide Moieties within a Silica Framework. Chem. - A Eur. J. 2017, 23 (15), 3616–3622. https://doi.org/10.1002/chem.201604712.
(42)	Shioyama, H.; Xu, Q. Immobilizing Highly Catalytically Active Pt Nanoparticles inside the Pores of Metal−Organic Framework. J. AM. CHEM. SOC. 2012, 134, 13926–13929.
(43)	Li, P. Z.; Aranishi, K.; Xu, Q. ZIF-8 Immobilized Nickel Nanoparticles: Highly Effective Catalysts for Hydrogen Generation from Hydrolysis of Ammonia Borane. Chem. Commun. 2012, 48 (26), 3173–3175. https://doi.org/10.1039/c2cc17302f.
(44)	Zhou, S.; Yang, Q.; Liu, Y.; Cheng, L.; Taylor Isimjan, T.; Tian, J.; Yang, X. Electronic Metal-Support Interactions for Defect-Induced Ru/Co-Sm2O3 Mesosphere to Achieve Efficient NaBH4 Hydrolysis Activity. J. Catal. 2024, 433 (April), 115491. https://doi.org/10.1016/j.jcat.2024.115491.
(45)	Li, H.; Hu, X.; Wang, L.; Shi, L.; Isimjan, T. T.; Yang, X. Kinetically Promoted Hydrogen Generation by Ru Nanoparticles Decorated CoB2O4 on Mesoporous Carbon Spheres with Rich Oxygen Vacancies for NaBH4 Hydrolysis. Chem. Eng. J. 2024, 481 (December 2023), 148547. https://doi.org/10.1016/j.cej.2024.148547.
(46)	Shi, L.; Zhu, K.; Yang, Y.; Liang, Q.; Peng, Q.; Zhou, S.; Isimjan, T. T.; Yang, X. Phytic Acid-Derivative Co2B-CoPOx Coralloidal Structure with Delicate Boron Vacancy for Enhanced Hydrogen Generation from Sodium Borohydride. Chinese Chem. Lett. 2024, 35 (4), 109222. https://doi.org/10.1016/j.cclet.2023.109222.
(47)	Zhou, S.; Cheng, L.; Liu, Y.; Tian, J.; Niu, C.; Li, W.; Xu, S.; Isimjan, T. T.; Yang, X. Highly Active and Robust Catalyst: Co2B-Fe2B Heterostructural Nanosheets with Abundant Defects for Hydrogen Production. Inorg. Chem. 2024, 63 (4), 2015–2023. https://doi.org/10.1021/acs.inorgchem.3c03746.
(48)	Usman, M.; Byrne, J. M.; Chaudhary, A.; Orsetti, S.; Hanna, K.; Ruby, C.; Kappler, A.; Haderlein, S. B. Magnetite and Green Rust: Synthesis, Properties, and Environmental Applications of Mixed-Valent Iron Minerals. Chem. Rev. 2018, 118 (7), 3251–3304. https://doi.org/10.1021/acs.chemrev.7b00224.
(49)	Feder, F.; Trolard, F.; Bourrié, G.; Klingelhöfer, G. Quantitative Estimation of Fougerite Green Rust in Soils and Sediments by Citrate—Bicarbonate Kinetic Extractions. Soil Syst. 2018, 2 (4), 1–13. https://doi.org/10.3390/soilsystems2040054.
(50)	Poincare, H.; Nancy, À. I.; Cnrs, U. M. R.; Chimie, L. De; Rochelle, F.- La. FOUGERITE , A NEW MINERAL OF THE PYROAURITE-IOWAITE GROUP : DESCRIPTION AND CRYSTAL STRUCTURE. Clays Clay Miner. 2007, 55 (3), 323–334. https://doi.org/10.1346/CCMN.2007.0550308.
(51)	Tahawy, R.; Doustkhah, E.; Abdel-Aal, E. S. A.; Esmat, M.; Farghaly, F. E.; El-Hosainy, H.; Tsunoji, N.; El-Hosiny, F. I.; Yamauchi, Y.; Assadi, M. H. N.; Ide, Y. Exceptionally Stable Green Rust, a Mixed-Valent Iron-Layered Double Hydroxide, as an Efficient Solar Photocatalyst for H2 Production from Ammonia Borane. Appl. Catal. B Environ. 2021, 286 (December 2020), 119854. https://doi.org/10.1016/j.apcatb.2020.119854.
(52)	Zaki, A. H.; Tsunoji, N.; Ide, Y. Controlled Synthesis of Oxidation-Insensitive Green Rust, a Mixed-Valent Iron Mineral, for Enhancing Solar Hydrogen Production via Hydrolysis of Ammonia Borane. ACS Sustain. Chem. Eng. 2023, 11 (6), 2295–2302. https://doi.org/10.1021/acssuschemeng.2c05862.
(53)	Irie, H.; Kamiya, K.; Shibanuma, T.; Miura, S.; Tryk, D. A.; Yokoyama, T.; Hashimoto, K. Visible Light-Sensitive Cu (II) -Grafted TiO2 Photocatalysts: Activities and X-Ray Absorption Fine Structure Analyses. J. Phys. Chem. C 2009, 113, 10761–10766.
(54)	Jin, Q.; Fujishima, M.; Iwaszuk, A.; Nolan, M.; Tada, H. Loading Effect in Copper (II) Oxide Cluster-Surface-Modified Titanium (IV) Oxide on Visible- and UV-Light Activities. J. Phys. Chem. C 2013, 117 (Ii), 23848–23857.
(55)	Zhang, Y.; Zhao, J.; Wang, H.; Xiao, B.; Zhang, W.; Zhao, X.; Lv, T.; Thangamuthu, M.; Zhang, J.; Guo, Y.; Ma, J.; Lin, L.; Tang, J.; Huang, R.; Liu, Q. Single-Atom Cu Anchored Catalysts for Photocatalytic Renewable H2 Production with a Quantum Efficiency of 56%. Nat. Commun. 2022, 13. https://doi.org/10.1038/s41467-021-27698-3.
(56)	Cheng, C.; Fang, W.; Long, R.; Prezhdo, O. V. Water Splitting with a Single-Atom Cu / TiO2 Photocatalyst : Atomistic Origin of High Efficiency and Proposed Enhancement by Spin Selection. JACS Au 2021, 1, 550–559. https://doi.org/10.1021/jacsau.1c00004.
(57)	Ide, Y.; Kawamoto, N.; Bando, Y.; Hattori, H.; Sadakane, M.; Sano, T. Ternary Modified TiO2 as a Simple and Efficient Photocatalyst for Green Organic Synthesis. Chem. Commun. 2013, 49 (35), 3652–3654. https://doi.org/10.1039/c3cc41174e.
(58)	Saito, K.; Tominaka, S.; Yoshihara, S.; Ohara, K.; Sugahara, Y.; Ide, Y. Room-Temperature Rutile TiO2 Nanoparticle Formation on Protonated Layered Titanate for High-Performance Heterojunction Creation. ACS Appl. Mater. Interfaces 2017, 9 (29), 24538–24544. https://doi.org/10.1021/acsami.7b04051.
(59)	Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: Data Analysis for X-Ray Absorption Spectroscopy Using IFEFFIT. J. Synchrotron Radiat. 2005, 12 (4), 537–541. https://doi.org/10.1107/S0909049505012719.
(60)	Car, R.; Parrinello, M. Unified Approach for Molecular Dynamics and Density-Functional Theory. Phys. Rev. Lett. 1985, 55 (22), 2471–2474. https://doi.org/10.1378/chest.93.6.1314a.
(61)	Becke, A. D. Density-Functional Exchange-Energy Approximation with Correct Asymptotic Behavior. Phys. Rev. A 1988, 38 (6), 3098–3100. https://doi.org/10.1063/1.1749835.
(62)	Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti Correlation-Energy Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37 (2), 785–789.
(63)	Troullier, N.; Martins, J. L. Efficient Pseudopotentials for Plane-Wave Calculations. Phys. Rev. B 1991, 43 (3), 1993–2006. https://doi.org/10.1103/PhysRevB.43.1993.
(64)	Foo, M. L.; Huang, Q.; Lynn, J. W.; Lee, W. L.; Klimczuk, T.; Hagemann, I. S.; Ong, N. P.; Cava, R. J. Synthesis, Structure and Physical Properties of Ru Ferrites: BaMRu5O11 (M=Li and Cu) and BaM′2Ru4O11 (M′=Mn, Fe and Co). J. Solid State Chem. 2006, 179 (2), 563–572. https://doi.org/10.1016/j.jssc.2005.11.014.
(65)	Génin, J. M. R.; Christi, A.; Garcia, Y.; Ksenofontov, V.; Mills, S.; Ruby, C.; Shcherbakova, E. Mössbauerite; Polytypes in Tatkul Lake (Russia) Marls and Evidence in a Murray River Reservoir (Australia). Hyperfine Interact. 2018, 239 (1). https://doi.org/10.1007/s10751-018-1497-z.
(66)	Lyu, P.; Ertl, M.; Heard, C. J.; Grajciar, L.; Radha, A. V.; Martin, T.; Breu, J.; Nachtigall, P. Structure Determination of the Oxygen Evolution Catalyst Mössbauerite. J. Phys. Chem. C 2019, 123 (41), 25157–25165. https://doi.org/10.1021/acs.jpcc.9b06061.
(67)	Khonina, T. G.; Nikitina, E. Y.; Germov, A. Y.; Goloborodsky, B. Y.; Mikhalev, K. N.; Bogdanova, E. A.; Tishin, D. S.; Demin, A. M.; Krasnov, V. P.; Chupakhin, O. N.; Charushin, V. N. Individual Iron(III) Glycerolate: Synthesis and Characterisation. RSC Adv. 2022, 12 (7), 4042–4046. https://doi.org/10.1039/d1ra08485b.
(68)	Jaubertie, C.; Holgado, M. J.; San Roman, M. S.; Rives, V. Structural Characterization and Delamination of Lactate-Intercalated Zn,Al-Layered Double Hydroxides. Chem. Mater. 2006, 18 (13), 3114–3121. https://doi.org/10.1021/cm060512y.
(69)	Ayala-Luis, K. B.; Koch, C. B.; Hansen, H. C. B. One-Pot Synthesis and Characterization of FeII-FeIII Hydroxide (Green Rust) Intercalated with C9-C14 Linear Alkyl Carboxylates. Appl. Clay Sci. 2010, 50 (4), 512–519. https://doi.org/10.1016/j.clay.2010.10.002.
(70)	Alibakhshi, E.; Ghasemi, E.; Mahdavian, M.; Ramezanzadeh, B. Corrosion Inhibitor Release from Zn-Al-[PO43-]-[CO32-] Layered Double Hydroxide Nanoparticles. Prog. Color. Color. Coatings 2016, 9 (4), 233–248.
(71)	Legrand, L.; Mazerolles, L.; Chaussé, A. The Oxidation of Carbonate Green Rust into Ferric Phases: Solid-State Reaction or Transformation via Solution. Geochim. Cosmochim. Acta 2004, 68 (17), 3497–3507. https://doi.org/10.1016/j.gca.2004.02.019.
(72)	Legrand, L.; Abdelmoula, M.; Géhin, A.; Chaussé, A.; Génin, J. M. R. Electrochemical Formation of a New Fe(II)-Fe(III) Hydroxy-Carbonate Green Rust: Characterization and Morphology. Electrochim. Acta 2001, 46 (12), 1815–1822. https://doi.org/10.1016/S0013-4686(00)00728-3.
(73)	Mohite, S. V.; An, K.; Kim, Y. Co-Exposed (101) and (001) Crystal Facets of Cu Atom Doped TiO2: Enhanced Active Sites for Efficient H2 Production. J. Alloys Compd. 2025, 1018 (December 2024), 179249. https://doi.org/10.1016/j.jallcom.2025.179249.
(74)	Sasaki, K.; Matsubara, K.; Kawamura, S.; Saito, K.; Yagi, M.; Norimatsu, W.; Sasai, R.; Yui, T. Synthesis of Copper Nanoparticles within the Interlayer Space of Titania Nanosheet Transparent Films. J. Mater. Chem. C 2016, 4 (7), 1476–1481. https://doi.org/10.1039/c5tc03152d.
(75)	Naya, S. I.; Tanaka, M.; Kimura, K.; Tada, H. Visible-Light-Driven Copper Acetylacetonate Decomposition by BiVO4. Langmuir 2011, 27 (16), 10334–10339. https://doi.org/10.1021/la2016935.
(76)	Liao, Y. Te; Huang, Y. Y.; Chen, H. M.; Komaguchi, K.; Hou, C. H.; Henzie, J.; Yamauchi, Y.; Ide, Y.; Wu, K. C. W. Mesoporous TiO2 Embedded with a Uniform Distribution of CuO Exhibit Enhanced Charge Separation and Photocatalytic Efficiency. ACS Appl. Mater. Interfaces 2017, 9 (49), 42425–42429. https://doi.org/10.1021/acsami.7b13912.
(77)	Tsai, C. Y.; Hsi, H. C.; Kuo, T. H.; Chang, Y. M.; Liou, J. H. Preparation of Cu-Doped TiO2 Photocatalyst with Thermal Plasma Torch for Low-Concentration Mercury Removal. Aerosol Air Qual. Res. 2013, 13 (2), 639–648. https://doi.org/10.4209/aaqr.2012.07.0196.
(78)	Radi, A.; Pradhan, D.; Sohn, Y.; Leung, K. T. Nanoscale Shape and Size Control of Cubic, Cuboctahedral, and Octahedral Cu-Cu2O Core-Shell Nanoparticles on Si(100) by One-Step, Templateless, Capping-Agent-Free Electrodeposition. ACS Nano 2010, 4 (3), 1553–1560.
(79)	Fuku, X.; Modibedi, M.; Mathe, M. Green Synthesis of Cu/Cu2O/CuO Nanostructures and the Analysis of Their Electrochemical Properties. SN Appl. Sci. 2020, 2 (5). https://doi.org/10.1007/s42452-020-2704-5.
(80)	Zhang, Z.; Wu, H.; Yu, Z.; Song, R.; Qian, K.; Chen, X.; Tian, J.; Zhang, W.; Huang, W. Site-Resolved Cu2O Catalysis in the Oxidation of CO. Angew. Chemie - Int. Ed. 2019, 58 (13), 4276–4280. https://doi.org/10.1002/anie.201814258.
(81)	Xiong, W.; Gu, X. K.; Zhang, Z.; Chai, P.; Zang, Y.; Yu, Z.; Li, D.; Zhang, H.; Liu, Z.; Huang, W. Fine Cubic Cu2O Nanocrystals as Highly Selective Catalyst for Propylene Epoxidation with Molecular Oxygen. Nat. Commun. 2021, 12 (1), 1–8. https://doi.org/10.1038/s41467-021-26257-0.
(82)	Sudha, V.; Murugadoss, G.; Thangamuthu, R. Structural and Morphological Tuning of Cu-Based Metal Oxide Nanoparticles by a Facile Chemical Method and Highly Electrochemical Sensing of Sulphite. Sci. Rep. 2021, 11 (1), 1–12. https://doi.org/10.1038/s41598-021-82741-z.
(83)	Zabielaitė, A.; Balčiūnaitė, A.; Stalnionienė, I.; Lichušina, S.; Šimkūnaitė, D.; Vaičiūnienė, J.; Šimkūnaitė-Stanynienė, B.; Selskis, A.; Tamašauskaitė-Tamašiūnaitė, L.; Norkus, E. Fiber-Shaped Co Modified with Au and Pt Crystallites for Enhanced Hydrogen Generation from Sodium Borohydride. Int. J. Hydrogen Energy 2018, 43 (52), 23310–23318. https://doi.org/10.1016/j.ijhydene.2018.10.179.
(84)	Semiz, L.; Abdullayeva, N.; Sankir, M. Nanoporous Pt and Ru Catalysts by Chemical Dealloying of Pt-Al and Ru-Al Alloys for Ultrafast Hydrogen Generation. J. Alloys Compd. 2018, 744, 110–115. https://doi.org/10.1016/j.jallcom.2018.02.082.
(85)	Li, T.; Xiang, C.; Chu, H.; Xu, F.; Sun, L.; Zou, Y.; Zhang, J. Catalytic Effect of Highly Dispersed Ultrafine Ru Nanoparticles on a TiO2-Ti3C2 Support: Hydrolysis of Sodium Borohydride for H2 Generation. J. Alloys Compd. 2022, 906, 164380. https://doi.org/10.1016/j.jallcom.2022.164380.
(86)	Yang, F.; Ruan, J.; Li, T.; Zou, Y.; Xiang, C.; Xu, F.; Sun, L. Hydrolysis of Sodium Borohydride Using a Highly Stable Catalyst of Ruthenium Nanoparticles Supported by Cobalt–Nickel Hydroxide-Coated Nickel Foam. J. Alloys Compd. 2022, 926, 166902. https://doi.org/10.1016/j.jallcom.2022.166902.
(87)	Luo, C.; Fu, F.; Yang, X.; Wei, J.; Wang, C.; Zhu, J.; Huang, D.; Astruc, D.; Zhao, P. Highly Efficient and Selective Co@ZIF-8 Nanocatalyst for Hydrogen Release from Sodium Borohydride Hydrolysis. ChemCatChem 2019, 11 (6), 1643–1649. https://doi.org/10.1002/cctc.201900051.
(88)	Lale, A.; Mallmann, M. D.; Tada, S.; Bruma, A.; Özkar, S.; Kumar, R.; Haneda, M.; Francisco Machado, R. A.; Iwamoto, Y.; Demirci, U. B.; Bernard, S. Highly Active, Robust and Reusable Micro-/Mesoporous TiN/Si3N4 Nanocomposite-Based Catalysts for Clean Energy: Understanding the Key Role of TiN Nanoclusters and Amorphous Si3N4 Matrix in the Performance of the Catalyst System. Appl. Catal. B Environ. 2020, 272 (January), 118975. https://doi.org/10.1016/j.apcatb.2020.118975.
(89)	Sachau, S. M.; Zaheer, M.; Lale, A.; Friedrich, M.; Denner, C. E.; Demirci, U. B.; Bernard, S.; Motz, G.; Kempe, R. Micro-/Mesoporous Platinum–SiCN Nanocomposite Catalysts (Pt@SiCN): From Design to Catalytic Applications. Chem. - A Eur. J. 2016, 22 (43), 15508–15512. https://doi.org/10.1002/chem.201603266.
(90)	Salameh, C.; Bruma, A.; Malo, S.; Demirci, U. B.; Miele, P.; Bernard, S. Monodisperse Platinum Nanoparticles Supported on Highly Ordered Mesoporous Silicon Nitride Nanoblocks: Superior Catalytic Activity for Hydrogen Generation from Sodium Borohydride. RSC Adv. 2015, 5 (72), 58943–58951. https://doi.org/10.1039/c5ra05901a.
(91)	Chamoun, R.; Demirci, B.; Cornu, D.; Zaatar, Y.; Khoury, R.; Khoury, A.; Miele, P. From Soil to Lab: Utilization of Clays as Catalyst Supports in Hydrogen Generation from Sodium Borohydride Fuel. Fuel 2011, 90 (5), 1919–1926. https://doi.org/10.1016/j.fuel.2010.11.037.
(92)	Majoulet, O.; Salameh, C.; Schuster, M. E.; Demirci, U. B.; Sugahara, Y.; Bernard, S.; Miele, P. Preparation, Characterization, and Surface Modification of Periodic Mesoporous Silicon−Aluminum−Carbon−Nitrogen Frameworks. Chem. Mat. 2013, No. 25, 3952–3970.
(93)	Kao, H. Y.; Lin, C. C.; Hung, C. J.; Hu, C. C. Kinetics of Hydrogen Generation on NaBH4 Powders Using Cobalt Catalysts. J. Taiwan Inst. Chem. Eng. 2018, 87, 123–130. https://doi.org/10.1016/j.jtice.2018.03.022.
(94)	Fiorenza, R.; Scirè, S.; Venezia, A. M. Carbon Supported Bimetallic Ru-Co Catalysts for H2 Production through NaBH4 and NH3BH3 Hydrolysis. Int. J. Energy Res. 2018, 42 (3), 1183–1195. https://doi.org/10.1002/er.3918.
(95)	K. Hydrogen production performance and kinetic behavior from sodium borohydride hydrolysis with TiO2-supported Co-Mo-B catalyst. https://doi.org/10.1007/s11581-023-05102-y.
(96)	Staubitz, A.; Robertson, A. P. M.; Sloan, M. E.; Manners, I. Amine-and Phosphine-Borane Adducts: New Interest in Old Molecules. Chem. Rev. 2010, 110 (7), 4023–4078. https://doi.org/10.1021/cr100105a.
(97)	Patricia Haks. HS Neo Orbis. https://www.portofamsterdam.com/en/neo-orbis-sailing-hydrogen.
(98)	Doustkhah, E.; Tsunoji, N.; Assadi, M. H. N.; Ide, Y. Pd Thickness Optimization on Silicate Sheets for Improving Catalytic Activity. Adv. Mater. Interfaces 2023, 10 (4), 1–9. https://doi.org/10.1002/admi.202202368.


2

image2.tif
.




image3.tif




image4.jpeg
c 120

3
8

H, evolved / %
2
3

AHJO B 70
90 60
5
80 :E;_
5 70 ~ 50
£ £
£
=0 o
§ 50 5
- T 30
3 40 2
S 30 S
= B Cu-bGR WGR G 20
20 M Cu-GR A PLTIO, =
@ Cu-GR (0.2 wt%) ® Cu-TiO, 10
10 A No catalyst
0 0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 2 4 5 6 10
Time / min Cvcle
6 6000
— Nocatalyst (90°C) D E
- PLTIO, (90°C) 55
— GR (90°C) 5000
— Cu-bGR (90°C) 5
— Cu-bGR (60C°C)
— Cu-bGR (20°C) 45 o 400
c
~
c 4 E 3000
S
35
= 2000
3
1000
25
2 ]
0 50 100 150 200 250 300 350 400 450 500  0.0027 00029 00031 0.0033 00035 2
Time / sec T

Cycle





image5.jpeg
H, evolved / pmol

M Cu-GR light
[1 Cu-GR dark
@ GRight

O GR dark

KM function

20

40
Time / min

60

0 0
200 300 400 500 600 700 800 900 1000

Wavelength / nm

AQE/ %
H, evolved / pmol

a
3

w
8

N
S

]

M Full spectrum (A > 300 nm)
A <400 nm

A A<385nm

® A\ <350 nm

20

40 60
Time / min




image6.tif
Local minimum distance / A

H1153 = H1136

Local minimum distance / A

H1153 = H1156

Cub = Culb
o i i i 3 T
0 5000 10000 15000 20000 0 5000 10000 15000 20000
Step number Step number
E7 i T —1F 714 T
6]
o
< <5
3 3
e e
el el
° 244
35 35
£ £
5 5
E E
= =
£ £
g g
8 8
5 5

i 0396 - 0483
0960395 095 - 0395 CuS - Culb

LUER R AN R IR o i 0 T - : ; :

5000 10000 15000 20000 0 5000 10000 15000 20000 0 5000 10000 15000 20000

Step number

Step number

Step number




image7.tif
T

Energy levels (V)
T

cu9
_fes6
s

005

T

[

"y
"M





image1.tif
I D Fe,j?”’,:“
S I I

e .

o




