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INTRODUCTION

Hydrogen as an energy carrier is a promising alternative to fossil fuels because H 2 oxidation is pollution-free and allows for the closed-cycle storage and utilization of renewable energy. Splitting water into hydrogen and oxygen with the energy of sunlight is a potential sustainable source of hydrogen. Photoelectrochemical cells (PECs) can achieve such an artificial photosynthetic process.

They are composed of photoelectrodes with built-in light absorbing layers that allow for electrochemical reactions to be driven directly by sunlight, [START_REF] Brennaman | Finding the Way to Solar Fuels with Dye-Sensitized Photoelectrosynthesis Cells[END_REF] typically in a tandem configuration with a photocathode and a photoanode combined in circuit so that the photovoltages add to provide sufficient voltage to drive water splitting. Such a configuration mimics the Z-scheme found in photosynthetic organisms with photosystems I and II providing enough electrochemical potential across the thylakoid membrane to split water and produce reducing equivalents stored in NAD(P)H.

In addition, the two photoelectrodes may absorb different regions of the visible spectrum and each photoelectrode performs one half-reaction of water splitting, thus the requirements of each component are reduced compared with using a single photocatalyst. The system can thus make more efficient use of the visible spectrum, leading to a higher theoretical limit on the efficiency. [START_REF] Bolton | Limiting and realizable efficiencies of solar photolysis of water[END_REF] Among others, 3 a Z-scheme PEC cell was reported composed of a Cu 2 O|RuO x photocathode and BiVO 4 |Mo photoanode, which could perform unassisted water splitting with 3% solar to hydrogen conversion efficiency (STH). [START_REF] Pan | Boosting the performance of Cu2O photocathodes for unassisted solar water splitting devices[END_REF] Compared to photoanodes, photocathodes are much less developed. These include III-V semiconductors, [START_REF] Mckone | Will Solar-Driven Water-Splitting Devices See the Light of Day?[END_REF] p-silicon, [START_REF] Mckone | Will Solar-Driven Water-Splitting Devices See the Light of Day?[END_REF][START_REF] Leung | Photoelectrocatalytic H2 evolution in water with molecular catalysts immobilised on p-Si via a stabilising mesoporous TiO2 interlayer[END_REF] metal oxides [START_REF] Mckone | Will Solar-Driven Water-Splitting Devices See the Light of Day?[END_REF] and dye-sensitized transparent conducting oxides (DS-TCO). [START_REF] Gibson | Dye-sensitized photocathodes for H-2 evolution[END_REF] III-V, silicon and metal oxide photocathodes generally exhibit relatively negative photocurrent onset potentials, which in an unbiased system, must be provided by the photoanode.

It is also difficult to tune the materials toward desired absorption spectra and redox potentials. III-V photovoltaics are expensive and due to poor stability in aqueous conditions, involve an additional cost for protection layers, a case that also holds for silicon. DS-TCO based systems [START_REF] Queyriaux | Molecular cathode and photocathode materials for hydrogen evolution in photoelectrochemical devices[END_REF][START_REF] Kaeffer | Insights into Mechanism and Aging of a noble-metal free H2-evolving Dye-Sensitized Photocathode[END_REF][START_REF] Kaeffer | Covalent Design for Dye-Sensitized H2-Evolving Photocathodes Based on a Cobalt Diimine-Dioxime Catalyst[END_REF][START_REF] Gross | Photoelectrochemical hydrogen production in water using a layer-by-layer assembly of a Ru dye and Ni catalyst on NiO[END_REF][START_REF] Kamire | Photodriven hydrogen evolution by molecular catalysts using Al2O3protected perylene-3,4-dicarboximide on NiO electrodes[END_REF][START_REF] Click | Membrane-Inspired Acidically Stable Dye-Sensitized Photocathode for Solar Fuel Production[END_REF][START_REF] Pati | Insights into the Mechanism of a Covalently-Linked Organic Dye-Cobaloxime Catalyst System for Dye Sensitized Solar Fuel Devices[END_REF][START_REF] Brown | Ultrafast Electron Transfer Between Dye and Catalyst on a Mesoporous NiO Surface[END_REF][START_REF] Shan | Photogeneration of hydrogen from water by a robust dye-sensitized photocathode[END_REF][START_REF] Shan | Modulating Hole Transport in Multilayered Photocathodes with Derivatized p-Type Nickel Oxide and Molecular Assemblies for Solar-Driven Water Splitting[END_REF][START_REF] Wang | Layer-by-Layer Molecular Assemblies for Dye-Sensitized Photoelectrosynthesis Cells Prepared by Atomic Layer Deposition[END_REF] operate in aqueous environments without protection layers and can be low-cost due to cheap TCO substrates and simple dyeing procedures. [START_REF] Brisse | Inkjet Printing NiO-Based p-Type Dye-Sensitized Solar Cells[END_REF] The molecular components can be designed and synthesised with atomic precision, which allows precise tuning of the absorption spectrum and redox potentials.

Molecular catalysts generally show good selectivity, which is important in the presence of oxygen. [START_REF] Kaeffer | Oxygen Tolerance of a Molecular Engineered Cathode for Hydrogen Evolution Based on a Cobalt Diimine-Dioxime Catalyst[END_REF][START_REF] Wakerley | Oxygen-tolerant proton reduction catalysis: much O2 about nothing?[END_REF] DS-TCOs show promise as components for unbiased PEC cells for solar fuel production. [START_REF] Yu | Recent advances in dye-sensitized photoelectrochemical cells for solar hydrogen production based on molecular components[END_REF][START_REF] Xu | Water splitting dye-sensitized solar cells[END_REF] However, there are very few reports of unbiased DS-TCO Z-scheme water splitting cells, the most efficient reported so far produced H 2 with 55% Faradaic efficiency and a steadystate photocurrent of approximately 15 A cm -2 ( > 400 nm, LED, 100 mW.cm -2 ). [START_REF] Li | Organic Dye-Sensitized Tandem Photoelectrochemical Cell for Light Driven Total Water Splitting[END_REF][START_REF] Tong | Sustained solar hydrogen generation using a dye-sensitised NiO photocathode/BiVO4 tandem photo-electrochemical device[END_REF] The system was reliant on ruthenium, which in the long term may not be cost-effective for scale up. Another report utilized a DS-TCO for CO 2 reduction within an unbiased PEC cell. [START_REF] Kumagai | Hybrid photocathode consisting of a CuGaO2 p-type semiconductor and a Ru(II)-Re(I) supramolecular photocatalyst: non-biased visible-light-driven CO2 reduction with water oxidation[END_REF] DS-TCO photoelectrodes contain subcomponents for light absorption (dye), charge separation (ptype semiconductor) and catalysis (hydrogen evolution catalyst). Here, we present novel hybrid photocathodes constructed from a molecular dye (RBG-174) and a molecular catalyst (CoHEC) on p-type NiO (Figure 1) or CuGaO 2 , an emerging alternative p-type material. [START_REF] Kumagai | Hybrid photocathode consisting of a CuGaO2 p-type semiconductor and a Ru(II)-Re(I) supramolecular photocatalyst: non-biased visible-light-driven CO2 reduction with water oxidation[END_REF] They proved active for hydrogen evolution and show enhanced performance when the NiO is replaced with CuGaO 2 . This allowed the assembly of the most efficient noble metal-free Z-scheme molecular PEC cell for self-sustained water splitting reported so far, via coupling the CuGaO 2 -based dyesensitized photocathode with a TaON|CoO x photoanode.

Results

Preparation and characterization of dye-sensitized photocathodes

The organic dye, RBG-174, [START_REF] Brisse | Inkjet Printing NiO-Based p-Type Dye-Sensitized Solar Cells[END_REF] is based on a triphenylamine donor unit and a naphthalene monoimide acceptor, separated by a bridge of two thiophene groups (Figure 1). The dye has several intense absorption bands within the solar spectrum and a Dye/Dye -energy level of -1.68 V vs Fc + /Fc. [START_REF] Brisse | A red to blue series of push-pull dyes for NiO based p-DSSCs[END_REF] CoHEC is a cobaloxime catalyst (Figure 1) with a trifunctional anchoring group. [START_REF] Fan | Pt-free tandem molecular photoelectrochemical cells for water splitting driven by visible light[END_REF] This complex was analysed by cyclic voltammetry in dry DMF (Figure S1A) where it displayed an irreversible reduction at -1.1 V vs Fc +/0 assigned to the reduction of Co III into Co II accompanied by release of the chloride anion. [START_REF] Panagiotopoulos | Photochemical hydrogen production and cobaloximes: the influence of the cobalt axial N-ligand on the system stability[END_REF] A second reduction can be observed at -1.4 V vs Fc +/0 assignable to the Co II/I couple. The addition of (Et 3 NH)BF 4 as a proton source (Figure S1B) showed catalytic onset at the second reduction. Cyclic voltammetry in 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 5.5 (Figure S2A) displayed an irreversible reduction at 0.12 V vs RHE and a catalytic onset for H 2 evolution at -0.24 V vs RHE corresponding to a low 240 mV overpotential requirement. The same overpotential was observed for CoHEC in pH 7 sodium phosphate buffer (Figure S2B). This operating potential is approximately 500 mV less negative than the potential of the RBG-174/RBG-174 -couple (Table S1), highlighting the significant driving force for electron transfer from the reduced dye to produce the active state of the catalyst. To prepare the NiO films we elaborated on established methods to produce a film 750 nm thick (Figure S3) [START_REF] Kaeffer | Covalent Design for Dye-Sensitized H2-Evolving Photocathodes Based on a Cobalt Diimine-Dioxime Catalyst[END_REF] and used ozone treatment to increase the performance. [START_REF] Liu | Nickel Oxide Hole Injection/Transport Layers for Efficient Solution-Processed Organic Light-Emitting Diodes[END_REF] The NiO films were then sensitized with RBG-174 and functionalized with CoHEC (see the experimental section). The resulting NiO|RBG-174|CoHEC electrode was characterized by UV/Vis spectroscopy, inductively coupled plasma atomic emission spectroscopy (ICP-AES) and X-ray photoelectron spectroscopy (XPS). The UV/Vis spectrum (Figure S4) was taken in NaCl (0.1 M) with the electrode poised at 0 V vs Ag/AgCl to maximize the transparency of the NiO. [START_REF] Boschloo | Spectroelectrochemistry of nanostructured NiO[END_REF] It shows a strong absorption with a maximum at 353 nm indicating a slight blue-shift compared with the measurement in CH 2 Cl 2 solution. [START_REF] Kaeffer | Insights into Mechanism and Aging of a noble-metal free H2-evolving Dye-Sensitized Photocathode[END_REF] Taking the molar absorption co-efficient as measured in CH 2 Cl 2 9 a surface coverage of 19 nmol cm -2 (geometrical area) can be estimated. ICP-AES measurements of Co (see Experimental Section for sample preparation) showed a surface coverage of 12 nmol cm -2 of geometrical area. The dye and catalysts are therefore present at similar surface concentrations on the NiO substrate. X-ray photoelectron spectroscopy (XPS) confirmed the presence of cobalt(III) at the pristine electrode (Figure S5), in good agreement with data reported for related cobalt diimine-dioxime complexes grafted on ITO, NiO or MWCNT. [START_REF] Kaeffer | Insights into Mechanism and Aging of a noble-metal free H2-evolving Dye-Sensitized Photocathode[END_REF][START_REF] Muresan | Immobilization of a Molecular Cobaloxime Catalyst for Hydrogen Evolution on a Mesoporous Metal Oxide Electrode[END_REF][START_REF] Andreiadis | Molecular engineering of a cobalt-based electrocatalytic nanomaterial for H(2) evolution under fully aqueous conditions[END_REF] Ag/AgCl (pH 6.6). [START_REF] Kumagai | Hybrid photocathode consisting of a CuGaO2 p-type semiconductor and a Ru(II)-Re(I) supramolecular photocatalyst: non-biased visible-light-driven CO2 reduction with water oxidation[END_REF][START_REF] Natu | Valence band-edge engineering of nickel oxide nanoparticles via cobalt doping for application in p-type dye-sensitized solar cells[END_REF] The NiO|RBG-174|CoHEC electrode was analysed by linear sweep voltammetry (LSV) (MES buffer, 0.1 M, pH 5.5). MES buffer was initially selected as we have shown this to be a suitable medium for photoelectrodes based on cobaloxime derivatives and organic dyes. [START_REF] Kaeffer | Insights into Mechanism and Aging of a noble-metal free H2-evolving Dye-Sensitized Photocathode[END_REF][START_REF] Kaeffer | Covalent Design for Dye-Sensitized H2-Evolving Photocathodes Based on a Cobalt Diimine-Dioxime Catalyst[END_REF][START_REF] Windle | A protocol for quantifying hydrogen evolution by dye-sensitized molecular photocathodes and its implementation for evaluating a new covalent architecture based on an optimized dye-catalyst dyad[END_REF] Scanning from to 0.75 to -0.05 V vs RHE a small dark current of -5 A.cm -2 is observed (Figure 2A). Cyclic voltammetry and emission spectroscopy of RBG-174 and CoHEC in solution indicate that there are significant driving forces for hole injection from the RBG-174 excited state to NiO and for electron transfer from reduced RBG-174 to CoHEC to form Co I (Figure 1, Table S2). Under illumination (800 nm >  > 400 nm, 50 mW.cm -2 ) the electrode displays a photocurrent of -12 A at 0.14 V and the magnitude of additional current due to illumination increases when scanning from anodic to cathodic potential. Following this, chronoamperometry was performed at three different potentials in order to understand the magnitude and stability of dark-and photo-currents at potentials relevant for photo-driven H 2 production (Figure 2B). In all cases, the currents show good stability on the scale of minutes, except for an initial rapid decay after turning on the light. Moving from 0.54 to 0.34 V the dark current increases by -1 A.cm -2 , but the photocurrent increases by -5 A.cm -2 . Moving from 0.34 V to 0.14 V vs RHE, there is no change in the dark current and the photocurrent increases again, to a stable -7 A.cm -2 . > 400 nm, 50 mW.cm -2 ) in MES buffer (0.1 M, pH 5.5) at 0.54 V (black), 0.34 V (red) and 0.14 V (blue) vs RHE.

Chronoamperometry was performed at 0.14 V vs RHE for 2 h under continuous irradiation (example current density vs time curve in Figure S6) and H 2 was produced with a Faradaic efficiency of 70%, this value accounting for H 2 detected in both solution and headspace. [START_REF] Windle | A protocol for quantifying hydrogen evolution by dye-sensitized molecular photocathodes and its implementation for evaluating a new covalent architecture based on an optimized dye-catalyst dyad[END_REF] A control experiment was performed with NiO|RBG-174 co-grafted with [4,4'-bipyridine]-2,6-dicarboxylic acid, the ligand of CoHEC in the absence of the cobaloxime catalytic core, which produced a trace of H 2 with a Faradaic efficiency of 7% (headspace H 2 only) and much lower photocurrent (Figure S7 and Table S3). This activity in the absence of cobaloxime most probably originates from the formation of catalytically active Ni particles via reduction by the excited RBG-174 dye of loosely connected NiO particles from the substrate and is consistent with reports of similar organic structures on NiO. [START_REF] Tong | Sustained solar hydrogen generation using a dye-sensitised NiO photocathode/BiVO4 tandem photo-electrochemical device[END_REF][START_REF] Hoogeveen | Origin of Photoelectrochemical Generation of Dihydrogen by a Dye-Sensitized Photocathode without an Intentionally Introduced Catalyst[END_REF] Testing in MES buffer allowed us to make a direct comparison with our previously reported systems based on cobalt diimine dioximes and organic dyes on NiO, [START_REF] Kaeffer | Insights into Mechanism and Aging of a noble-metal free H2-evolving Dye-Sensitized Photocathode[END_REF][START_REF] Kaeffer | Covalent Design for Dye-Sensitized H2-Evolving Photocathodes Based on a Cobalt Diimine-Dioxime Catalyst[END_REF][START_REF] Windle | A protocol for quantifying hydrogen evolution by dye-sensitized molecular photocathodes and its implementation for evaluating a new covalent architecture based on an optimized dye-catalyst dyad[END_REF] with either covalently bound dyads or co-grafted dye and catalyst. At the same applied potential, this photocathode outperforms these reported systems, which produced H 2 with 9% Faradaic efficiency (headspace H 2 only) [START_REF] Kaeffer | Covalent Design for Dye-Sensitized H2-Evolving Photocathodes Based on a Cobalt Diimine-Dioxime Catalyst[END_REF] and up to 13% Faradaic efficiency (headspace and solution H 2 measured). [START_REF] Kaeffer | Insights into Mechanism and Aging of a noble-metal free H2-evolving Dye-Sensitized Photocathode[END_REF][START_REF] Windle | A protocol for quantifying hydrogen evolution by dye-sensitized molecular photocathodes and its implementation for evaluating a new covalent architecture based on an optimized dye-catalyst dyad[END_REF] The preparation method of NiO has a great effect on the performance of the resulting H 2 -evolving photocathode. [START_REF] Wood | A comprehensive comparison of dye-sensitized NiO photocathodes for solar energy conversion[END_REF] We chose to use a NiCl 2 -based four-layer spin-coating technique that we have previously reported. [START_REF] Kaeffer | Covalent Design for Dye-Sensitized H2-Evolving Photocathodes Based on a Cobalt Diimine-Dioxime Catalyst[END_REF] That report was shortly followed by work demonstrating that a four-layer spin coated NiCl 2 /polymer (F68) mixture is superior to a film made by screen printing nanoparticles. [START_REF] Li | Enhanced Photocurrent Density by Spin-Coated NiO Photocathodes for N-Annulated Perylene-Based p-Type Dye-Sensitized Solar Cells[END_REF] In that study the NiO from the spin-coated NiCl 2 paste showed an enhanced rate of hole transport, enhanced dye loading and greater transparency. In a separate report on NiO for OLED applications, it was shown that ozone treatment of NiO creates additional NiO(OH) species and improves hole transport. [START_REF] Liu | Nickel Oxide Hole Injection/Transport Layers for Efficient Solution-Processed Organic Light-Emitting Diodes[END_REF] Ozone treatment causes a darkening of the NiO, likely due to oxidation creating additional Ni 3+ sites. [START_REF] Noonuruk | Ozone-Induced Optical Density Change of NiO Thin Films and Their Applicability as Neutral Optical Density Filter[END_REF] However, over time this color is lost and once a negative potential is applied, the film becomes transparent. In this study, we observed increased H 2 production for O 3 treated NiO photocathodes, likely due to the improved hole transport: NiO|RBG-174|CoHEC photoelectrodes that had not been ozone-treated gave Faradaic efficiencies (headspace only) between 7 and 16%, compared with 49% for those with treatment (pH 5.5 MES buffer). A control experiment with the well-established P1 dye in the absence of catalyst produced no H 2 (Table S3) indicating that the enhanced activity after ozone treatment is not due to H 2 production by modified NiO.

We then evaluated the photocathode in sodium phosphate solution (pH 7, 0.05 M), which is a more suitable buffer for water oxidation at a TaON|CoO x photoanode (see below). Under these conditions, the NiO|RBG-174|CoHEC photocathode produced H 2 with a Faradaic efficiency of 80% (0.14 V vs RHE applied potential for 2 h, Figure S8). Based on the cobalt loading determined by ICP-AES (12 nmol.cm -2 for freshly grafted films), the cobalt-based TON achieved during the first hour is 14; this value is however underestimated if the cobalt loading determined after 1 h of photoelectrochemical activity is taken into consideration. ICP-AES measurements indicate a final surface concentration of 2 nmol.cm -2 . This loss of Co from the surface is consistent with a cobaloxime linked to the NiO via axial coordination to a pyridine, as observed for cobaloximebased electrodes operated in the dark. [START_REF] Donck | Supramolecular assembly of cobaloxime on nanoring-coated carbon nanotubes: addressing the stability of the pyridine-cobalt linkage under hydrogen evolution turnover conditions[END_REF][START_REF] Reuillard | A Poly(cobaloxime)/Carbon Nanotube Electrode: Freestanding Buckypaper with Polymer-Enhanced H2 -Evolution Performance[END_REF] Nevertheless, it seems clear that partial leaching does not significantly impact the photocurrent value, indicating that enough cobaloxime catalysts remain trapped in the mesoporous NiO to sustain catalysis. The TON achieved by each Co-HEC catalysts thus ranges between 84 and 14.

NiO as a transparent p-type semiconductor has been subject to optimization, due in part to the field of p-type dye sensitized solar cells. However, it is still not ideal due to low hole mobility, low permittivity and an absence of hole traps. [START_REF] Wood | A comprehensive comparison of dye-sensitized NiO photocathodes for solar energy conversion[END_REF][START_REF] Odobel | Recent advances and future directions to optimize the performances of p-type dye-sensitized solar cells[END_REF] Due to the flat band potential of NiO (0.72 V vs RHE), there is an excess of driving force for electron transfer to the dye leading to a loss of overall efficiency. [START_REF] Kumagai | Hybrid photocathode consisting of a CuGaO2 p-type semiconductor and a Ru(II)-Re(I) supramolecular photocatalyst: non-biased visible-light-driven CO2 reduction with water oxidation[END_REF] Alternative transparent p-type semiconductors include CuGaO 2 , which displays a more positive flat band potential (1.06 V vs RHE) than NiO. [START_REF] Kumagai | Hybrid photocathode consisting of a CuGaO2 p-type semiconductor and a Ru(II)-Re(I) supramolecular photocatalyst: non-biased visible-light-driven CO2 reduction with water oxidation[END_REF] CuGaO 2 is more than two orders of magnitude more conducting than NiO and two times more transparent in the visible range. [START_REF] Renaud | CuGaO2: a promising alternative for NiO in p-type dye solar cells[END_REF] The carrier density of CuGaO 2 is much higher than NiO at 1.7 × 10 18 cm -3 compared with < 10 13 cm -3 for NiO. [START_REF] Ueda | Epitaxial growth of transparent p-type conducting CuGaO2 thin films on sapphire (001) substrates by pulsed laser deposition[END_REF][START_REF] Guo | High conductivity nickel oxide thin films by a facile solgel method[END_REF] We therefore decided to test electrodes based on CuGaO 2 . Linear sweep voltammetry of CuGaO 2 |RBG-174|CoHEC in pH 7 phosphate buffer (Figure 3A and blue traces in Figure 3B) showed photocurrent with ~400 mV more positive onset and ~45 A.cm -2 greater magnitude (at 0 V vs RHE) than for NiO. Chronoamperometry over two hours at 0.41 V vs RHE produced 374 nmol of H 2 , which rose to 555 nmol after allowing for gas equilibration into the headspace, equal to 74% Faradaic efficiency (Figure 3C). The CuGaO 2 photocathode thus produces a similar Faradaic efficiency to the NiO photocathode but at 300 mV less negative applied potential. The enhanced performance is due to CuGaO 2 possessing greater conductivity (resulting in four-fold increase in the current density) and a more positive flat band potential than NiO. [START_REF] Kumagai | Hybrid photocathode consisting of a CuGaO2 p-type semiconductor and a Ru(II)-Re(I) supramolecular photocatalyst: non-biased visible-light-driven CO2 reduction with water oxidation[END_REF] The driving force for electron transfer from CuGaO 2 to the RBG-174* (dye excited state) is smaller than from NiO to RBG-174* (Table S2) and, as a result, less energy is lost. ICP-AES measurements indicate a cobalt loading of 2.66 nmol.cm -2 before photoelectrolysis and 0.34 nmol.cm -2 after photoelectrolysis, giving a cobalt-based TON range between 82 and 640 over 2 h.

To confirm the contribution of the RBG-174 dye to visible light utilization by the photocathode we performed IPCE action spectra of CuGaO 2 and CuGaO 2 |RBG-174|CoHEC (Figure S9). The bare CuGaO 2 has a limited photo-response reaching up to 460 nm. However, the CuGaO 2 |RBG-174|CoHEC is able to utilize photons up to 600 nm, with 4% IPCE at 500 nm where CuGaO 2 shows only 0.1%. The shoulder at 500 nm matches closely with the diffuse-reflectance spectrum of the photocathode (Figure S9) and the adsorption spectrum of RBG-174 in solution. 9 NiO|RBG-174|CoHEC dark (red dot dash) and 800 nm >  > 400 nm (50 mW.cm -2 , red solid), CuGaO 2 |RBG-174|CoHEC dark (blue dot dash) and 800 nm >  > 460 nm (30 mW.cm -2 , blue solid); C) Chronoamperometry at 0.41 V vs RHE for 2 h (800 nm >  > 460 nm, 30 mW.cm -2 ) H 2 observed (red circle) and 100% Faradaic yield (black dash). All in 0.05 M sodium phosphate pH 7.

Photoelectrochemical H 2 and O 2 evolution using a Z-scheme configuration

With such an optimized molecular photocathode in hand, we assembled a photocatalytic water splitting Z-scheme device. We selected a photoanode composed of a TaON light-absorbing layer coated with a CoO x water oxidation catalyst. This electrode is very efficient for water oxidation to O 2 , displaying photocurrents of 2 mA.cm -2 at 1 V vs RHE and splitting water with unity Faradaic efficiency (0.1 M sodium phosphate, pH 8). [START_REF] Higashi | Highly Stable Water Splitting on Oxynitride TaON Photoanode System under Visible Light Irradiation[END_REF] This photoelectrocatalytic activity (Figure 4) was found unchanged in 0.05 M pH 7 sodium phosphate buffer where a Faradaic efficiency of 97% was measured after gas equilibration into the headspace. were connected in a two-electrode Z-scheme configuration (Figure 5). The complementary visible adsorption profile of the photoelectrodes is demonstrated by the action spectra. The TaON|CoO x operates under wavelengths up to 490 nm [START_REF] Gujral | Highly Dispersed Cobalt Oxide on TaON as Efficient Photoanodes for Long-Term Solar Water Splitting[END_REF] whereas the CuGaO 2 |RBG-174|CoHEC operates up to 600 nm (Figure S9). The photoelectrodes were installed in two chambers containing pH 7 sodium phosphate buffer that were separated by a Nafion membrane and purged with Ar. The CuGaO 2 |RBG-174|CoHEC photocathode and the TaON|CoO x photoanode were irradiated independently with 800 nm>  > 460 nm (30 mW.cm -2 ) and 800 nm >  > 400 nm (50 mW.cm -2 ), respectively, using appropriate filters and IR-blocking mirrors. The irradiance corresponds to 1 sun, restricted to the visible part of the solar spectrum. Under these conditions, in the absence of any external applied bias, the two-photoelectrode Z-scheme system splits water into H 2 and O 2 .

Figure 6C shows time courses for H 2 and O 2 production. The gases take some minutes to equilibrate from solution to headspace and so two short periods without irradiation allowed for this to take place, resulting in a more accurate evaluation of the photocatalytic activity. After 2 h of irradiation, with an average photocurrent of -10.3 A (Figure 6B), 294 nmol of H 2 and 149 nmol O 2 had been produced, corresponding to Faradaic efficiencies of 87% and 88% respectively (Figure 6C). This closely matches the Faradaic efficiencies of the photoelectrodes assessed separately in the threeelectrode experiments. Based on the initial and final cobalt loadings, H 2 is produced with a TON range between 44 and 346 over the 2 h period. Throughout photolysis the systems reads a constant working potential of 0.6 V vs RHE, matching the intersection of the photoelectrode current densities which occurs at 0.6 V vs RHE (Figure 6A). (2.3 cm 2 ) and TaON|CoO x as photoanode (2.7 cm 2 ). A) LSV under irradiation for CuGaO 2 |RBG-174|CoHEC (800 nm >  > 460 nm, 30 mW.cm -2 , red) and TaON|CoO x (800 nm >  > 400 nm, 50 mW.cm -2 , blue) B) Current and working potential vs time. C) H 2 production (red square) and theoretical H 2 production (red dash), O 2 production (blue dot) and theoretical O 2 production (blue dash).

Using Equation 1we calculate a solar to hydrogen efficiency of 5.4×10 -3 % (details in SI).

Equation 1 STH = steady current(mA) × Faradaic efficiency (%) × potential (V) total incident light (mW)
The Z-Scheme shows good stability on the scale of hours. After an initial decay, the photocurrent remains stable for 2 h (Figure 6B). ICP-AES measurements performed on the photocathode indicate that Co leaches from the electrode surface which may lead to eventual deactivation of the system. While there is little change in photocurrent, the rate of H 2 and O 2 production slows by the second hour (Figure 6B andC). The photocathode stability is likely to be the limiting component as the photoanode shows excellent stability with steady operation for 24 h. [START_REF] Gujral | Highly Dispersed Cobalt Oxide on TaON as Efficient Photoanodes for Long-Term Solar Water Splitting[END_REF] Our device is only the third of such tandem cells (Table 1) and it shows two-times higher photocurrent density as compared with the first reported molecular photoelectrochemical cell. [START_REF] Tong | Sustained solar hydrogen generation using a dye-sensitised NiO photocathode/BiVO4 tandem photo-electrochemical device[END_REF]48 It also outperforms the second Z-scheme system that relies on ruthenium as catalyst [START_REF] Li | Organic Dye-Sensitized Tandem Photoelectrochemical Cell for Light Driven Total Water Splitting[END_REF] and for which we could determine an STH of 5.1×10 -3 % in the steady state (see the supporting information) under more than twice the irradiance compared to our work. 49 In summary, we have presented new molecular photocathodes for H 2 production based on a pushpull organic dye and a cobaloxime catalyst. These molecules display 70-80% Faradaic efficiency on NiO and CuGaO 2 , the latter showing improved performances in terms of photocurrent values and onset potential because of an improved conductivity and a more positive flat band potential. In combination with a high-performing photoanode for water oxidation, we have created a photoelectrochemical cell that can split water into H 2 and O 2 with 87% and 88% Faradaic efficiency respectively and without any applied bias. This is the highest efficiency reported for a molecular Z-scheme in addition to being noble metal-free.

Moving forward, solar to hydrogen yield must go up and the cost must go down. Noble metals and expensive photovoltaics have already been eliminated. Photocurrent densities must now increase, which can be addressed by improving the nanostructure of the substrate to increase the dye and catalyst loadings, as well as ensuring all photoinduced charges are converted into H 2 . This may be achieved by improving charge separation through molecule engineering or gradient doping of materials. Finally, durability must be on the scale of years. At 80%, the Faradaic efficiencies are already high but this might be problematic in the long run if the deviation from 100% is due to selfcorrosion of the electrode materials. In the future, we will engineer such systems to protect the electrodes, e.g. through the design of suitable overlayers.

EXPERIMENTAL SECTION

General methods and chemicals used. Isopropanol > 97%, Na 2 HPO 4 [START_REF] Brisse | Inkjet Printing NiO-Based p-Type Dye-Sensitized Solar Cells[END_REF][START_REF] Brisse | A red to blue series of push-pull dyes for NiO based p-DSSCs[END_REF] All other reagents were obtained from commercially available sources and used without further purification. DMF was purchased anhydrous and dried further with 4Å molecular sieves inside an argon filled glovebox. Chemical reagents were purchased from Sigma-Aldrich and used as received.

General characterization methods and equipment. UV/vis absorption spectra were recorded on an Agilent Technologies Cary 60 UV-Vis spectrometer. X-ray photoelectron spectroscopy (XPS)

was measured with a Kratos Analytical Axis Ultra DLD spectrometer, using an Mg Kα source at 1253.6 eV, a hemispheric analyzer working at pass energy of 40 eV was used for core levels spectrum. ICP-AES: samples were prepared by submerging the electrodes in 65% HNO 3 (Chem-Lab Nitric acid 65% (ultra-pure)) and sonicating overnight. The solution was then diluted 6.5× by the addition of H 2 O to give an HNO 3 concentration of 10%. The measured concentration of Co was then multiplied by 6.5 to account for the dilution and then multiplied by the solution volume to give absolute moles of Co. This was then divided by the geometrical area of the electrode to give the Co loading in nmoles per square centimeter. The resulting solutions were then submitted to ICP-AES (Shimadzu ICPE-9000 Plasma Atomic Emission spectrometer, calibrated using commercial standards). Amounts of hydrogen in the solution phase were measured with a Unisense H 2 microsensor in a needle. [START_REF] Windle | A protocol for quantifying hydrogen evolution by dye-sensitized molecular photocathodes and its implementation for evaluating a new covalent architecture based on an optimized dye-catalyst dyad[END_REF] The amounts of evolved hydrogen in the headspace were determined by sampling aliquots to a Perkin Elmer Clarus 580 gas chromatograph equipped with a molecular sieve 5 Ǻ column (30m -0.53 mm) and a TCD detector.

Electrochemical and photoelectrochemical measurements. The dye loading on NiO was calculated using equation ( 1):

Surface concentration (mol cm -2 ) = absorbance/(1000 × ε max ) equation 1, where ε max is the molar absorption coefficient in M -1 .cm -1

For RBG on NiO the absorbance at 442 nm was taken from Figure S5 and ε max has been reported. [START_REF] Kaeffer | Insights into Mechanism and Aging of a noble-metal free H2-evolving Dye-Sensitized Photocathode[END_REF] Our protocol for the quantification of hydrogen by gas chromatography and the Unisense H 2 microsensor has been reported in detail. [START_REF] Windle | A protocol for quantifying hydrogen evolution by dye-sensitized molecular photocathodes and its implementation for evaluating a new covalent architecture based on an optimized dye-catalyst dyad[END_REF] In brief, the GC was calibrated using known concentrations of H 2 gas in N 2 to create a calibration curve of peak area vs moles of hydrogen injected. Aliquots from the photoelectrochemical cell were injected int the GC. The H 2 peak area was integrated and the moles of H 2 were calculated using the calibration curve. This was then multiplied by how many times larger the cell headspace is than the syringe volume to give the total moles of H 2 . The H 2 microsensor was calibrated using known concentrations of H 2 in electrolyte to give a calibration curve of sensor signal in mV vs H 2 concentration. At the end of photoelectrolysis the sensor was inserted into the photoelectrochemical cell. The signal readout was converted to the concentration of H 2 using the calibration curve. The H 2 concentration was then multiplied by the volume of solution in the cell to give the total moles of H 2 . The total moles of H 2 were converted to Faradaic efficiency using equation (2). where  ex and P light are the wavelength and power density of the incident light (nm and mW.cm -2 ), respectively, (I light is the current density under irradiation (mA.cm -2 ), and I dark is the current density in the dark (mA.cm -2 ).

The photoelectrochemical production of H 2 was conducted using a Pyrex cell sealed with an Oring and a stir bar. The headspace volume of the cell was ca. 12 mL, and 15 mL of the electrolyte solution was utilized. The reaction was conducted after purging the system with Ar for more than 20 minutes. A cutoff filter (HOYA Y48) was employed for irradiation at  > 460 nm. Product analysis of H 2 or O 2 in the gas phase was performed using in-line gas chromatography (Inficon MGC3000A). The Faradaic efficiency was calculated from the gas chromatography data using the method given above for NiO photoelectrodes.

Z-scheme:

The reaction was conducted using a Pyrex cell with two chambers (ca. 27 mL for each chamber) that were divided by a Nafion 117 membrane (Aldrich). The photoelectrodes were fitted into each chamber and the cell was sealed with an O-ring. Ag/AgCl in a saturated aqueous solution of KCl was employed as the reference electrode and was placed into the cathode chamber. A 15 mL portion of a 0.05 M aqueous solution of pH 7 sodium phosphate was added as an electrolyte to each chamber, which was purged with Ar. A three-electrode setup with an HZ-7000 potentiostat (Hokuto Denko) was used in nonresistance ammeter mode. The CuGaO 2 |RBG-174|CoHEC photocathode (ca. 2.3 cm 2 ) was irradiated at 800 nm >  > 460 nm using a 300 W Xe lamp (Asahi Spectra MAX-302) with a cutoff filter (HOYA Y48) and an IR-blocking mirror module. The TaON|CoO x photoanode (ca. 2.7 cm 2 ) was irradiated at 800 nm >  > 400 nm using a 300 W Xe lamp (Asahi Spectra MAX-303) with a cutoff filter (HOYA L42) and an IR-blocking mirror module. The 800 nm >  > 460 nm intensity at the cathode was set to 30 mW.cm -2 and the 800 nm >  > 400 nm intensity at the anode was set to 50 mW.cm -2 so that the light intensities for the wavelengths not blocked by the filters were approximately the same. 50 mW.cm -2 for 800 nm >  > 400 nm also matches the intensities and wavelengths used in the three electrode experiments for NiO and corresponds approximately to 1 sun irradiation in this wavelength range. The analysis of gas products was performed using in-line gas chromatography (Inficon MGC3000A). The Faradaic efficiency was calculated from the gas chromatography data using the method given above for NiO photoelectrodes.

Preparation of photoelectrodes

NiO: Anhydrous NiCl 2 (3g) and F108 (3g) were dissolved in H 2 O (9 g) and Ethanol (18 g) and CuGaO 2 : The CuGaO 2 particles and subsequent electrodes were prepared according to reported procedures. [START_REF] Kumagai | Hybrid photocathode consisting of a CuGaO2 p-type semiconductor and a Ru(II)-Re(I) supramolecular photocatalyst: non-biased visible-light-driven CO2 reduction with water oxidation[END_REF] The hybrid molecular photocathode was prepared by soaking the CuGaO 2 electrode in a mixed solution of RBG-174 and CoHEC (0.25 mM and 0.35 mM in MeOH, respectively) over 2.5 d.

TaON|CoO x : The TaON|CoO x photoanodes were prepared according to a reported procedure. [START_REF] Higashi | Highly Stable Water Splitting on Oxynitride TaON Photoanode System under Visible Light Irradiation[END_REF] ASSOCIATED CONTENT Supporting Information.
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 1 Figure 1. Molecular structures and energy diagram ) of the photocathode. CoHEC redox potential is the onset of catalysis at pH 7. Electrochemical potentials given vs RHE, flat band position of NiO corrected from V vs NHE (pH 7) and flat band position of CuGaO 2 corrected from V vs

Figure 2 .

 2 Figure 2. A) LSV of NiO|RBG-174|CoHEC without (black) and with (red) illumination (800 nm >  > 400 nm, 50 mW.cm -2 ), and under chopped illumination (blue) in MES buffer (0.1 M, pH 5.5). B) Chronoamperometry of NiO|RBG-174|CoHEC under chopped illumination (800 nm > 

Figure 3 .

 3 Figure 3. CuGaO 2 |RBG-174|CoHEC; A) LSV in the dark (black), with 800 nm >  > 460 nm (30 mW.cm -2 , red) and chopped 800 nm >  > 460 nm (30 mW.cm -2 , blue); B) Photocurrent onset

Figure 4 .

 4 Figure 4. TaON|CoO x in aqueous sodium phosphate buffer solution (pH 7, 0.05 M) and under irradiation (800 nm >  > 400 nm, 50 mW.cm -2 ). A) Current potential curve (irradiation chopped, sweep 10 mV.s -1 ) B) O 2 evolution at 1.07 V vs RHE

Figure 5 .Figure 6 .

 56 Figure 5. Schematic of the overall water splitting Z-scheme photoelectrochemical cell

For

  NiO photoelectrodes: Electrochemical and photoelectrochemical data were acquired with a Biologic VSP 300 potentiostat. Electrochemical measurements were conducted in a 3-electrode cell. For measurements of compounds in solution the working electrode was glassy carbon. The reference electrode was made of a Ag/AgCl wire dipped into a KCl 3 M solution, separated from the supporting electrolyte by a Vycor® frit, and denoted below as Ag/AgCl. The counter electrode was a Pt wire. For measurements in DMF the supporting electrolyte was Bu 4 N PF 6 (0.1 M). Cyclic voltammograms were typically recorded at a scan rate of 100 mV.s -1 . The potential of the reference electrode was calibrated at the beginning and end of each day with ferrocene for organic solvent and K 4 FeCN 6 for aqueous. Irradiation was carried out with a 300 W ozone-free Xe lamp (Newport) with a Spectra-Physics 59472 UV cut-off filter (λ < 400 nm) and a water-filled Spectra-Physics 6123NS liquid filter for elimination of IR (λ > 800 nm) irradiation. The power density was 50 mW.cm -2 calibrated using a Newport 91150V reference cell and meter. The photocurrent measurements were carried out in a specifically designed three-electrode cell, using the NiOsensitized film as the working electrode, Ag/AgCl as the reference electrode and a Ti wire as the counter electrode. The counter electrode compartment was separated from the cathodic one by a frit. The supporting electrolyte was a 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES)/0.1 M NaCl buffer at pH 5.5. The solution was degassed with nitrogen for 20 minutes prior to use. In a typical experiment, the volume of supporting electrolyte was 4.0 mL and the headspace was 1.3 mL.

FaradaicFor CuGaO 2 and

 2 efficiency = moles H 2 / [(charge passed / F)/2] equation 2, where charge passed is in coulombs and F is the Faraday constant in C.mol -1 . TaON|CoO x photoelectrodes: A three-electrode setup with an HZ-7000 potentiostat (Hokuto Denko) was used throughout the photoelectrochemical measurements and half reactions. A 0.05 M aqueous solution of sodium phosphate (pH 7) was used as electrolyte. A Pt wire and Ag/AgCl in a saturated aqueous solution of KCl were employed as the counter and reference electrodes, respectively. The counter electrode was separated from the reaction solution using a Nafion 117 membrane to avoid the influence of the oxidation reaction taking place on the counter electrode. The working electrode (ca. 2.5 cm 2 ) was irradiated using a 300 W Xe lamp (Asahi Spectra MAX-302) with an IR-blocking mirror module. Cutoff filters (HOYA Y48 and L42, for irradiation at  > 460 nm and at  > 400 nm, respectively) were employed to control the irradiation wavelength. The lamp power was calibrated to 50 mW.cm -2 . The potential against a reversible hydrogen electrode (RHE) was calculated using the Nernst equation (equation (3)): E (V vs. RHE) = E (V vs Ag/AgCl) + 0.199 + 0.059 pH equation 3The action spectra of the IPCE were calculated using equation (4): IPCE (%) = [(1240/ ex )(I light -I dark )/P light ] × 100 equation 4,

  sonicated overnight, followed by centrifugation. The paste was spin coated onto FTO-glass and sintered at 450 °C for 30 minutes. This was repeated four times. The films were treated in an ozone cleaner (Ossila E511) for 10 minutes immediately before immersion in the dye baths. The NiO|RBG-174|CoHEC electrode was prepared by first soaking the NiO in RBG-174 solution (0.5 mM in CH 2 Cl 2 for 5 minutes), rinsing with MeOH (5 minutes) and soaking in CoHEC solution (0.7 mM in MeOH overnight).

  

Table 1 .

 1 Performances of molecular-based Z-scheme overall water splitting photoelectrochemical cells.

	Irradiance	Steady current	FY	STH	ref.
	(mW.cm -2 )	density (µA.cm -2 )	(%)	(%)	
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