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Due to increasing environmental pollution and rising energy demand, the need for clean energy is increasingly urgent. As an example of sustainable and clean energy, hydrogen (H 2 ) has received a lot of interest in the last few years. Photoelectrochemical water splitting (PEC) represents one of the most advanced and promising technologies for generating hydrogen in an easy, inexpensive and durable way. The development and fabrication of metal oxides-based photocathodes and photoanodes have attracted a great interest for photoelectrochemical water splitting owing to their numerous benefits including enhanced light absorption capacity, outstanding photoelectrochemical stability, greater charge separation efficiencies, low cost. Over the last decades there have been considerable processes carried out to develop metal oxides for PEC water splitting. This review summarizes some of the recent progress in the use of metal oxides (Fe 2 O 3 , ZnO, CuO, Co 3 O 4 ) as photoelectrodes for PEC water splitting, as well as strategies to improve their photoelectrocatalytic performances like morphological engineering, heterojunctions and doping techniques.

Introduction

The reduction in non-renewable resources like oil, coal and natural gas coupled with the imperative for a cleaner environment, underscores the pressing need for viable alternative and renewable energy sources for power generation [START_REF] Ouardi | ZIF-8 metal organic framework composites as hydrogen evolution reaction photocatalyst: a review of the current state[END_REF][START_REF] El Ouardi | Review of photoelectrochemical water splitting: from quantitative approaches to effect of sacrificial agents, oxygen vacancies, thermal and magnetic field on (photo)electrolysis[END_REF][START_REF] Li | Efficient WO3 photoanode modified by Pt layer and plasmonic Ag for enhanced charge separation and transfer to promote photoelectrochemical performances[END_REF][START_REF] Fang | Enhancing the PEC water splitting performance of BiVO4 co-modifying with NiFeOOH and Co-Pi double layer cocatalysts[END_REF][START_REF] Channab | Recent trends on MIL-Fe Metal-Organic Frameworks: synthesis approaches, structural insights, and applications in organic pollutant adsorption and photocatalytic degradation: a review[END_REF]. Hydrogen is increasingly recognised as a promising replacement for fossil fuels in the future energy system. This is driven by its incredible energy density, its environmentally friendly and non-toxic properties, and its capability to be derived from a variety of renewable sources. [START_REF] Chen | Towards efficient solar-to-hydrogen conversion: fundamentals and recent progress in copper-based chalcogenide photocathodes[END_REF][START_REF] Liao | Hydrogen production from semiconductorbased photocatalysis via water splitting[END_REF][START_REF] Allaoui | Superhydrophobic alkylsilane functionalized cellulose beads for efficient oil/ water separation[END_REF]. Water splitting to produce hydrogen is an environmentally sustainable process that provides a carbon-free fuel and represents an attractive way to chemically store renewable energy [START_REF] Subramanyam | Emerging materials for plasmon-assisted photoelectrochemical water splitting[END_REF][START_REF] Wang | Chemically modified nanostructures for photoelectrochemical water splitting[END_REF][START_REF] Liu | Earth-abundant copper-based bifunctional electrocatalyst for both catalytic hydrogen production and water oxidation[END_REF][START_REF] Lewis | Powering the planet: chemical challenges in solar energy utilization[END_REF][START_REF] Gao | AgBr/polyoxometalate/graphene oxide ternary composites for visible light-driven photocatalytic hydrogen production[END_REF]. From this point of view, hydrogen may be considered as the fuel of the next generation, capable of storing and transporting the natural (chemical) form of renewable energy. This technology may also contribute to solving the issue of global warming caused by the existence of greenhouse gases (CH 4 , CO 2 and CO) [START_REF] Xiao | Advances in solar hydrogen production via two-step water-splitting thermochemical cycles based on metal redox reactions[END_REF][START_REF] Shi | Fluctuation analysis of a complementary wind-solar energy system and integration for large scale hydrogen production[END_REF][START_REF] Lotfi | Low-temperature synthesis, characterization and photocatalytic properties of lanthanum vanadate LaVO 4[END_REF][START_REF] Azmi | Growth of Cu 2 ZnSnS 4 thin film absorber layer on transparent conductive oxides and molybdenum substrates by electrodeposition for photovoltaic application[END_REF]. Several methods have been used to achieve this goal to split the water molecule and generate hydrogen (H 2 ) and oxygen (O 2 ) such as photoelectrochemical (PEC) [START_REF] Bu | A review on photoelectrochemical cathodic protection semiconductor thin films for metals[END_REF][START_REF] Bai | An integrating photoanode of WO3/Fe 2 O 3 heterojunction decorated with NiFe-LDH to improve PEC water splitting efficiency[END_REF][START_REF] Marwat | Advanced catalysts for photoelectrochemical water splitting[END_REF][START_REF] Wei | Triboelectric nanogenerator driven self-powered photoelectrochemical water splitting based on hematite photoanodes[END_REF], photocatalytic [START_REF] Maeda | Photocatalytic water splitting: recent progress and future challenges[END_REF][START_REF] Maeda | Photocatalytic water splitting using semiconductor particles: history and recent developments[END_REF][START_REF] Abe | Recent progress on photocatalytic and photoelectrochemical water splitting under visible light irradiation[END_REF][START_REF] Wu | Uniformly assembling ntype metal oxide nanostructures (TiO 2 nanoparticles and SnO 2 nanowires) onto P doped g-C3N4 nanosheets for efficient photocatalytic water splitting[END_REF], photobiological [START_REF] Akkerman | Photobiological hydrogen production: photochemical efficiency and bioreactor design[END_REF][START_REF] Allakhverdiev | Photosynthetic hydrogen production[END_REF] and thermal decomposition [START_REF] Lédé | Production of hydrogen by direct thermal decomposition of water[END_REF][START_REF] Baykara | Hydrogen production by direct solar thermal decomposition of water, possibilities for improvement of process efficiency[END_REF]. Efficient and ecofriendly, simplest and clean technology for the generation of hydrogen are photoelectrochemical and photocatalytic water splitting [START_REF] Reddy | Hetero-nanostructured metal oxide-based hybrid photocatalysts for enhanced photoelectrochemical water splittinga review[END_REF][START_REF] Phuan | Prospects of electrochemically synthesized hematite photoanodes for photoelectrochemical water splitting: a review[END_REF][START_REF] Chen | Semiconductor-based photocatalysts for photocatalytic and photoelectrochemical water splitting: will we stop with photocorrosion?[END_REF][START_REF] Elaouni | Bismuth tungstate Bi 2 WO 6 : a review on structural, photophysical and photocatalytic properties[END_REF]. In the last few years, there have been a number of semiconductors designed to be catalytically effective in photochemical reactions; these catalysts have to meet three key conditions for an efficient water splitting reaction. (1) appropriate band-edge potentials for water splitting reaction, (2) outstanding stability to the photochemical reaction and (3) appropriate band gap. Cleavage of pure water into hydrogen and oxygen in the presence of catalysts and under visible light is a highly appealing option for collecting solar energy as chemical energy. the Gibbs free energy of the water cleavage reaction (Eq (1)) is (ΔG 0 =238 kJ/mol) [START_REF] Maeda | Solid solution of GaN and ZnO as a stable photocatalyst for overall water splitting under visible light[END_REF].

2 H 2 0 → 2H 2 + O 2 [START_REF] Ouardi | ZIF-8 metal organic framework composites as hydrogen evolution reaction photocatalyst: a review of the current state[END_REF] The worldwide demand for hydrogen is satisfied by natural gas steam reforming with a percentage of 50 %, this technique is the most frequently used, resulting in the emission of greenhouse gases, 30 % from oil reforming, 18 % by coal gasification, 3.9 % through water electrolysis and 0.1 % from other sources [START_REF] Acar | Review of photocatalytic water-splitting methods for sustainable hydrogen production[END_REF]. To avoid the harmful consequences of fossil fuel burning on the atmosphere, as well as on human health, hydrogen must be generated using clean and renewable en-ergy sources in an environmentally friendly manner [START_REF] Hsieh | Near infrared-driven photoelectrochemical water splitting: review and future prospects[END_REF]. Due to its considerable and unlimited supply, solar energy is viewed as a valuable alternative energy source. The solar energy can supply about 173,000 TW in one year, which is about 9600 times more than the value of the annual world energy consumption (18.39 TW in 2018) [START_REF] Hsieh | Near infrared-driven photoelectrochemical water splitting: review and future prospects[END_REF]. At this stage solar energy can be used in several processes, such as solar thermal power plants, solar fuels and solar cells [START_REF] Joshi | Exergetic assessment of solar hydrogen production methods[END_REF]. Generally, generation of hydrogen based on solar energy may be categorized into four main classes [START_REF] Joshi | Exergetic assessment of solar hydrogen production methods[END_REF][START_REF] Liu | Research advances towards largescale solar hydrogen production from water[END_REF]. These are photovoltaic energy, solar thermal energy, photo-electrolysis and biophotolysis [START_REF] Joshi | Exergetic assessment of solar hydrogen production methods[END_REF]. Photovoltaics, photoelectrolysis and biophotolysis are characterized by their usage in applications at low temperatures, whereas solar thermal may be employed in both low-and high-temperature applications [START_REF] Joshi | Exergetic assessment of solar hydrogen production methods[END_REF][START_REF] Jia | Solar water splitting by photovoltaic-electrolysis with a solar-tohydrogen efficiency over 30%[END_REF][START_REF] Kim | Toward practical solar hydrogen productionan artificial photosynthetic leaf-to-farm challenge[END_REF]. Thermolysis, thermochemical cycles, gasification, reforming and cracking are applications that require the use of concentrated solar energy, the latter is used directly to generate electricity to power electrolysis and produce hydrogen [START_REF] Joshi | Exergetic assessment of solar hydrogen production methods[END_REF]. The main ways to produce solar hydrogen are shown in Fig. 1. Photoelectrochemical (PEC) water splitting is considered to be an ideal method, it represents an environmentally friendly and sustainable process, moreover it is able to convert solar energy into chemical energy to oxidize or reduce substances to produce useful materials, of which hydrogen is one [START_REF] Grätzel | Photoelectrochemical cells[END_REF][START_REF] Sivula | Semiconducting materials for photoelectrochemical energy conversion[END_REF][START_REF] Amaterz | Photo-electrochemical degradation of wastewaters containing organics catalysed by phosphate-based materials: a review[END_REF]. The splitting of water leads to the generation of hydrogen and oxygen, which are characterized by their stability and safety. Besides, hydrogen has a significantly greater energy density (141.9 MJ/kg) than conventional fossil fuels (55.5 MJ/kg for methane; 47.5 MJ/kg for gasoline; 20.0 MJ/kg for methanol) [START_REF] Hasani | Two-dimensional materials as catalysts for solar fuels: hydrogen evolution reaction and CO 2 reduction[END_REF], and for the oxygen evolution reaction OER, it is stated that the produced during water splitting is required for environmental applications, in particular the decomposition of organic contaminants contained in polluted [START_REF] Lotfi | Recent progress on the synthesis, morphology and photocatalytic dye degradation of BiVO4 photocatalysts: a review[END_REF].

Due to their characteristics metal oxides and especially transition metal oxides have a high water splitting potential on account of their properties such as a suitable band gap for better incident light absorption, a low charge carrier recombination rate, a great chemical, thermal stability [START_REF] Fujishima | TiO 2 photocatalysis and related surface phenomena[END_REF][START_REF] Reddy | Hybrid nanostructures based on titanium dioxide for enhanced photocatalysis[END_REF][START_REF] Channab | Alginate@ZnCO 2 O 4 for efficient peroxymonosulfate activation towards effective rhodamine B degradation: optimization using response surface methodology[END_REF]. At this stage, the absorption of visible light is the main question asked, as most metal oxides have bandwidths that are too wide (>3 eV); this is the major drawback of these oxides which would consequently limit the oxidation performance of water among these oxides, TiO 2 , Al 2 O 3 and SrTiO 3 , have a bandwidth greater than 3ev [START_REF] Yang | Progress in developing metal oxide nanomaterials for photoelectrochemical water splitting[END_REF][START_REF] Wang | An electrochemical method to enhance the performance of metal oxides for photoelectrochemical water oxidation[END_REF][START_REF] Xu | Controlled Sn-doping in TiO 2 nanowire photoanodes with enhanced photoelectrochemical conversion[END_REF][START_REF] Sung | CdSSe layer-sensitized TiO 2 nanowire arrays as efficient photoelectrodes[END_REF]. Generally, oxide-based semiconductors possess valence and conduction bands composed of O2p and transition metal character (d and f) respectively [START_REF] Yang | Progress in developing metal oxide nanomaterials for photoelectrochemical water splitting[END_REF][START_REF] Walsh | Band edge electronic structure of BiVO 4 : elucidating the role of the Bi s and V d orbitals[END_REF]. This wide distribution of the band gap due to the highly ionic character of O 2p and the orbital metal s leads to a decrease in the overlap of the orbits, this decrease is due to the large difference in electronegativity between the atoms as well as the difference in energy between the orbits of adjacent atoms, as an example ZnO (3.4 eV), Ga 2 O 3 (4.5 eV) and Al 2 O 3 (8.8 eV) [START_REF] Yang | Progress in developing metal oxide nanomaterials for photoelectrochemical water splitting[END_REF]. In order to have a better absorption of visible light it is recommended to use semiconductors comprising transition metal cations having electronic configurations d n as example WO 3 (∼2.5 eV), Fe 2 O 3 (∼2.0 eV), Co 3 O 4 (∼1.3 eV) and Cu 2 O (2.1 eV) [START_REF] Yang | Progress in developing metal oxide nanomaterials for photoelectrochemical water splitting[END_REF][START_REF] Desseigne | Plasmonic photocatalysts based on Au nanoparticles and WO 3 for visible light-induced photocatalytic activity[END_REF]. Semiconductors containing post-transition metal cations remain an acceptable choice because they occupied s states with high bond energy, resulting in a smaller metal p-band gap O 2p, for example, PbO (2.1 eV.), SnO (2.4 eV), and Bi 2 O 3 (2.5 eV). Fig. 2 depicts the distribution of band edge positions as well as the band gap from certain metal oxides which have drawn much interest during the last decade [START_REF] Kudo | Heterogeneous photocatalyst materials for water splitting[END_REF][START_REF] Suman | Zn doped α-Fe 2 O 3 : an efficient material for UV driven photocatalysis and electrical conductivity[END_REF][START_REF] Liao | Efficient solar water-splitting using a nanocrystalline CoO photocatalyst[END_REF][START_REF] Moridon | Synthesis of cobalt oxide on FTO by hydrothermal method for photoelectrochemical water splitting application[END_REF]. For effective usage of metal oxides as photoelectrode for PEC devices, both the valence band edge position or conduction band edge energy must astride on oxidation potential of water or redox potential of water respectively [START_REF] Kudo | Heterogeneous photocatalyst materials for water splitting[END_REF]. The positions of the band edges influence the effective separation of charge carriers (electrons and holes) generated by the absorption of light. On the other hand, the energy difference between the Fermi level (reference energy for the electrodes) and the band edges determines the photoactivation potential available for the reaction [START_REF] Hanafi | Advances and outlook of metal-organic frameworks as high-performance electrocatalysts for hydrogen evolution reaction: a minireview[END_REF]. Sufficient energy is required to overcome the redox potentials of water [START_REF] Ouardi | ZIF-8 metal organic framework composites as hydrogen evolution reaction photocatalyst: a review of the current state[END_REF][START_REF] Ouardi | Photo-electrochemical degradation of rhodamine B using electrodeposited Mn 3 (PO 4 ) 2.3 H 2 O thin films[END_REF]. In addition, an efficient photoelectrode for hydrogen production should have the valence and conduction band edges aligned to provide sufficient voltage for water reduction while promoting water oxidation [START_REF] Ahmed | A review on photoelectrochemical hydrogen production systems: challenges and future directions[END_REF]. This enables efficient charge separation and the production of H 2 from water. It is important to note that understanding these principles requires specific experimental data on the photoelectrochemical material under consideration. The electronic characteristics of the material, such as band energy levels, can be determined experimentally using techniques such as photoelectron spectroscopy (XPS). By understanding the positions of the strip edges, researchers can judiciously choose materials for the various components of the photoelectrochemical cell in order to optimise the overall efficiency of the system. In summary, determining the positions of the band edges in the photoelectrochemical water splitting reaction is essential for designing high-performance photoelectrochemical materials, maximising the efficiency of converting solar energy into hydrogen, and optimising the stability and durability of photoelectrochemical cells.

The importance of oxides is obvious from the increasing number of publications on oxides related to PEC water splitting applications as shown in Fig. 3. The journal papers that were used for bibliometric analyses have been collected by using a query search consisting of keywords through Web of Science database between 2010 and 2023.

So far, research has resulted in solar to hydrogen (STH) conversion efficacy in excess of 10 % using tandem PEC/photovoltaic (PV) and PEC cells using III-V light absorbers. For the PEC cell, the conversion efficiency is approximately 13.1 %, while for the PEC/photovoltaic (PV) cell it has reached 19.3 % [START_REF] Kang | Printed assemblies of GaAs photoelectrodes with decoupled optical and reactive interfaces for unassisted solar water splitting[END_REF][START_REF] Cheng | Monolithic photoelectrochemical device for direct water splitting with 19% efficiency[END_REF]. On the other hand, III-V semiconductor materials have limitations: first of all, the manufacturing price is high and they are difficult to be scaled [START_REF] Young | Direct solar-to-hydrogen conversion via inverted metamorphic multi-junction semiconductor architectures[END_REF]. This opens the door to metal oxide based semiconductors which are characterized by low cost, excellent chemical stability and a wide distribution of bandgaps and edge positions [START_REF] Walsh | Band edge electronic structure of BiVO 4 : elucidating the role of the Bi s and V d orbitals[END_REF]. By 2030 Energy consumption is anticipated to accelerate dramatically worldwide, due to rapid population growth and human development [START_REF] Reddy | Hetero-nanostructured metal oxide-based hybrid photocatalysts for enhanced photoelectrochemical water splittinga review[END_REF]. It is therefore necessary to develop sustainable alternative technologies that will cover the considerable shortfall caused by fossil fuels. Thus, in this review, we have focused on recent progress, concerning the production of fuel oil of the future which is Hydrogen, more specifically examines the water splitting by photoelectrochemical process from oxides based on (Fe, Cu, Co and Zn).

Metal oxide for photoelectrochemical (PEC) water splitting

Co-catalysts for water splitting

A large variety of noble metals including Pt [START_REF] Hong | Construction of a Pt-modified chestnut-shell-like ZnO photocatalyst for high-efficiency photochemical water splitting[END_REF], Pd [START_REF] Cao | Facet effect of Pd cocatalyst on photocatalytic CO 2 reduction over g-C3N4[END_REF], Ag [START_REF] Reddy | Multifunctional Cu/Ag quantum dots on TiO 2 nanotubes as highly efficient photocatalysts for enhanced solar hydrogen evolution[END_REF], and Au [START_REF] Chen | Flexible TiO 2 /Au thin films with greatly enhanced photocurrents for photoelectrochemical water splitting[END_REF] have been investigated. From these, Pt is the most preferred co-catalyst owing to its large work role and low overpotential for reducing protons to H 2 [START_REF] Meng | Dual cocatalysts in TiO 2 Photocatalysis[END_REF]. The incorporation of co-catalysts on semiconductors is a highly attractive way of accelerating the transport and charge separation of photo-excited electron-hole charges, inhibiting charge recombination and enhancing the photocatalytic and photoelectrocatalytic activity of solar water splitting [START_REF] Rosman | Photocatalytic properties of two-dimensional graphene and layered transition-metal dichalcogenides based photocatalyst for photoelectrochemical hydrogen generation: an overview[END_REF][START_REF] Patil | Synergic effect of ZnO nanostructures and cobalt phosphate co-catalyst on photoelectrochemical properties of GaN[END_REF]. Hong et al. [START_REF] Hong | Construction of a Pt-modified chestnut-shell-like ZnO photocatalyst for high-efficiency photochemical water splitting[END_REF] described that the H 2 evolution efficiency was improved by adding a Pt co-catalyst to a chestnut shell-like ZnO material. Photocurrent densities markedly increased with Pt contents, indicating that large quantities of active surface sites are conducive to photo-excited separation and charge transfer. A low-cost NiFeO x co-catalyst was coated onto the surface of the hematite (Fe 2 O 3 ) photo-anode and examined as a surface catalytic promoter to enhance the kinetics of the OER reaction, as this reaction is the rate-controlling part of the whole process. The Ni-Fe oxide proved to be the most viable co-catalyst for oxygen evolution in the anionic medium in terms of improved PEC photocurrent and efficacy. The inclusion of NiFeO x in the hematite photo-anode improved the efficiency of the low-cost PECs in comparison with IrRuO x and (La 0.6 Sr 0.4 Fe 0.8 CoO 3 )LSFCO [START_REF] Vecchio | Enhanced photoelectrochemical water splitting at hematite photoanodes by effect of a NiFe-oxide co-catalyst[END_REF]. In other work, an efficient hematite decorated with NiMnO 3 co-catalyst photo-anode was studied for the first time using a simple two-step hydrothermal process. The inter-linked dynamic concurrence of various valence states of Mn and Ni in NiMnO 3 , induced by the introduction of Ni into the Mn O catalyst, promotes the photo-induced charge transfer in the hematite surface. This is the main reason why NiMnO 3 Fe 2 O 3 exhibit higher photocurrent density than Fe 2 O 3 /MnO 2 and Fe 2 O 3 [START_REF] Singh | α-Fe 2 O 3 nanorods decorated with NiMnO 3 co-catalyst as photoanode for enhanced oxygen evolution reaction in photoelectrochemical water splitting[END_REF] The synergistic catalytic action of Co 3 O 4 as co-catalysts and carbon nanodots to improve the PEC water oxidation efficiency of the α-Fe 2 O 3 photo-anode was reported by Zhang et al. [START_REF] Zhang | Synergistic cocatalytic effect of carbon nanodots and Co 3 O 4 nanoclusters for the photoelectrochemical water oxidation on hematite[END_REF] Wang et al. [START_REF] Wang | Cu 2 O/CuO heterojunction formed by thermal oxidation and decorated with Pt co-catalyst as an efficient photocathode for photoelectrochemical water splitting[END_REF] have shown that the efficiency of CuO/Cu 2 O may be significantly improved by incorporating a Pt co-catalyst layer. More excitingly, the stability of CuO with the Cu 2 O and Pt co-catalyst displays only a 20 % decrease under irradiation for 3600 s, also the photocurrent density of Cu 2 O/CuO/Pt hybrids was 4.6 fold greater than native Cu 2 O [START_REF] Wang | Cu 2 O/CuO heterojunction formed by thermal oxidation and decorated with Pt co-catalyst as an efficient photocathode for photoelectrochemical water splitting[END_REF]. In another publication, NiO x was investigated as a co-catalyst with FTO/CuO, the creation of a thin layer of NiO x on CuO was advantageous for the activity of PEC water splitting. The best NiO x /CuO film showed a photocurrent density of -1.02 mA cm -2 at 0 V vs. RHE, that was superior to that of CuO (-.92 mA cm -2 ). They have demonstrated that the visible light absorption by CuO results in the creation of electron-hole pairs. A proportion of the photo-generated electrons are captured by the oxyhydroxides contained in the NiO x layer, reducing to metallic Ni and serving as a catalyst for the hydrogen evolution reaction [START_REF] Santos | CuO/NiOx thin film-based photocathodes for photoelectrochemical water splitting[END_REF]. Liu et al. [START_REF] Liu | Synergistic enhancement of charge management and surface reaction kinetics by spatially separated cocatalysts and p-n heterojunctions in Pt/CuWO 4 /Co 3 O 4 photoanode[END_REF] indicated that the Pt underlayer acts as an electron trapping layer to capture electrons from CuWO 4 to promote water reduction, whereas the p-type Co 3 O 4 on CuWO 4 not only forms a p-n heterojunction, decreasing charge recombination at the Co 3 O 4 /CuWO 4 interface, but also that Co 3 O 4 may be applied as a co-catalyst to enhance surface water oxidation [START_REF] Liu | Synergistic enhancement of charge management and surface reaction kinetics by spatially separated cocatalysts and p-n heterojunctions in Pt/CuWO 4 /Co 3 O 4 photoanode[END_REF]. Yu and his team [START_REF] Yu | Enhanced photoelectrochemical water-splitting performance with a hierarchical heterostructure: Co 3 O 4 nanodots anchored TiO 2 @P-C3N4 core-shell nanorod arrays[END_REF] have found that the aligned and consistent energy band positions in the hierarchical Co 3 O 4 /P-C 3 N 4 /TiO 2 photo-anode facilitate the photoinduced holes to quickly diffuse from the 1-D TiO 2 /P-C 3 N 4 structure to the surface of the Co 3 O 4 nanodots, whereas the produced electrons move from the photo-electrode to the counter electrode [START_REF] Yu | Enhanced photoelectrochemical water-splitting performance with a hierarchical heterostructure: Co 3 O 4 nanodots anchored TiO 2 @P-C3N4 core-shell nanorod arrays[END_REF]. Recently, a novel hybrid ZnO/Ti 3 C 2 T X photo-anode has been prepared via facile spin coating of precipitated Ti 3 C 2 T X on the surface of ZnO as a co-catalyst for improved PEC water splitting. The Ti 3 C 2 T X /ZnO photo-anode exhibited a photoconversion efficacy of 0.32 % and kept a stable photocurrent for more than 2000s. This improvement was explained by the presence of Ti 3 C 2 T X , which acted as a co-catalyst able to facilitate charge transfer and enhance reaction kinetics in the ZnO/Ti 3 C 2 T X photo-anode [START_REF] Zhong | Co-catalyst Ti3C2TX MXene-modified ZnO nanorods photoanode for enhanced photoelectrochemical water splitting[END_REF]. The incorporation of co-catalysts in the field of photoelectrolysis of water is a commonly used strategy to enhance the overall efficiency of the process by assisting the oxidation and reduction reactions necessary for hydrogen production. But incorporating co-catalysts can also pose challenges and barriers such as the co-catalysts should be chemically compatible with the photoelectrochemical semiconductors, some co-catalysts may be long-term unstable, in particular when subjected to photo-electrolysis environments, resulting in a decrease in catalytic activity over time. This makes long-term stability a key issue for the durability of PEC devices and determining the optimal level of co-catalysts is a difficult challenge. Excessive levels may result in adverse impacts, whereas insufficient levels may not lead to meaningful enhancements in the PEC reaction. Finally, some co-catalysts may be expensive like Pt and Au resulting in economic implications for large-scale application. The following section of this review will report on Hematite, copper, cobalt and Zinc catalysts and the strategies used in using these materials.

Hematite-based photo-electrocatalysts

Morphological handling

The need to develop a cost-effective approach to increasing the efficiency of solar hydrogen conversion is a fundamental aspect of our research into renewable and sustainable energy sources. To achieve the US Department of energy's device efficacy goal of over 10 %, a new approach is needed to develop efficient and stable photocatalyst that work under solar irradiation [START_REF] Moniz | Visible-light driven heterojunction photocatalysts for water splittinga critical review[END_REF]. One of the basic issues to be tackled in semiconductor is the dynamics of the photogenerated charges that perform the useful work in a regime where, in most cases, very rapid recombination is a dominant factor. It is understood that nanostructuring is a critical attribute of every catalytic material, but careful adjustment of the morphology, whether via texturing@1D alignment (for light harvesting), facet design and lowering the surface modification or raising the bulk porosity are just a number of steps which can significantly boost the performance of a superior water-splitting photoelectrode.

Owing to their natural abundance, low price and excellent chemical and photochemical stability in oxidative mediums and with a tight band gap (1.9-2.2 eV) that may theoretically absorb 40 % of the photons of the solar spectrum, hematite (n-type semiconductor) based pho-toanodes were regarded as one of the leading photoelectric materials for PEC water splitting [START_REF] Rohilla | Optimizing hematite nanostructures for electrochemical and photoelectrochemical water splitting applications[END_REF][START_REF] Zhou | Recent strategies to enhance the efficiency of hematite photoanodes in photoelectrochemical water splitting[END_REF]. Like conventional water electrolysis, reduction (H 2 evolution) occurs at the cathode, oxidation (O 2 evolution) occurs at the anode and an aqueous electrolyte closes the current circuit between the electrodes and an external circuit. One or both of the electrodes may be a photoactive material forming a space charge (depletion) layer at liquid junction (SCLJ)/semiconductor. During illumination, the photo-induced charges (e -, h + ) are separated through the space charge field and the minority charges (holes for an n-type photoanode and electrons for a p-type photocathode) move to the SCLJ to perform one half of the water splitting reaction. A schematic of an ntype photo-anode (Fe 2 O 3 ) is given in Fig. 4. The benefit of the PEC process is that it enables the separate generation and therefore collection of O 2 and H 2 [START_REF] Sivula | Solar water splitting: progress using hematite (α-Fe 2 O 3 ) photoelectrodes[END_REF].

Despite this, hematite has a fairly low PEC efficiency as a result of these severe disadvantages including low electrical conductivity, slow kinetics of oxygen evolution on the surface, short hole diffusion length (2-4 nm) and weak absorption coefficient as well as bad mobility of minority charges, leading to a substantial recombination of the global charge [START_REF] Yang | Progress in developing metal oxide nanomaterials for photoelectrochemical water splitting[END_REF]. To bridge these clear boundaries to upgrade the PEC performance of hematite-based photoanodes for water splitting, a number of works have been carried out on the nanostructuring of hematitebased photoanodes, this strategy has shown efficient and robust results regarding the photoelectrochemical splitting of water [START_REF] Tilley | Light-Induced water splitting with hematite: improved nanostructure and iridium oxide catalysis[END_REF][START_REF] Pu | Coupling Tidoping and oxygen vacancies in hematite nanostructures for solar water oxidation with high efficiency[END_REF][START_REF] Li | Facile hydrothermal synthesis of three dimensional hematite nanostructures with enhanced water splitting performance[END_REF]. By way of example, one-dimensional (1D) materials such as nanowires and nanorods are commonly employed effectively given their dimensions, which are similar to the carrier scattering lengths [START_REF] Zhou | Recent strategies to enhance the efficiency of hematite photoanodes in photoelectrochemical water splitting[END_REF][START_REF] Tofanello | Strategies to improve the photoelectrochemical performance of hematite nanorod-based photoanodes[END_REF]. Likewise, ultrafine (∼10 nm) hematite nanowires arrays have been fabricated on fluorine-doped tin oxide substrates (Fig. 5a), and they revealed higher photocurrents and charge separation efficiencies than the nanorods electrode this is due to the reduced charge transfer distance owing to the 1D nanowire structure [START_REF] Wang | Facile synthesis of ultrafine hematite nanowire arrays in mixed water-ethanol-acetic acid solution for enhanced charge transport and separation[END_REF]. It has been reported that α-Fe 2 O 3 nanoflowers synthesized by aerosol assisted chemical vapor deposition (AACVD) (Fig. 5b) exhibit higher catalytic activity due to the large surface area and high light absorption [START_REF] Arzaee | Aerosol-assisted chemical vapour deposition of α-Fe 2 O 3 nanoflowers for photoelectrochemical water splitting[END_REF]. Wang et al. [START_REF] Wang | Plasmon-induced hole-depletion layer on hematite nanoflake photoanodes for highly efficient solar water splitting[END_REF], have prepared α-Fe 2 O 3 nanoflakes (NFs) (Fig. 5c) for PEC water splitting. The as-cultured arrays of α-Fe 2 O 3 NFs presented a water oxidation starting potential of 0.6 V versus RHE, and the attained photocurrent density was 0.8 mA/cm 2 at 1.23 V. Mao et al. [START_REF] Mao | Controlled synthesis of vertically aligned hematite on conducting substrate for photoelectrochemical cells: nanorods versus nanotubes[END_REF], demonstrated that the hematite nanotubes displayed considerably better photoelectrochemical performance in comparison to the hematite nanorods, which in- cluded superior carrier transfer capability, enhanced photocurrent density and greater photon capture [START_REF] Mao | Controlled synthesis of vertically aligned hematite on conducting substrate for photoelectrochemical cells: nanorods versus nanotubes[END_REF]. In another work using a facile chemical bath deposition, hematite-based nanorods have been deposited on FTO-coated glass substrate (Fig. 5d) , the electrode has shown considerable activity as a photoanode for photoelectrochemical splitting of water with a maximum photocurrent density of water splitting of 700 μA.cm -2 at 1.6 V (RHE) [START_REF] Rahman | Investigation of the structural, optical, and photoelectrochemical properties of α-Fe 2 O 3 nanorods synthesized via a facile chemical bath deposition[END_REF]. In another work, it was shown that the conversion of α-Fe 2 O 3 nanoparticles into nanorods leads to an increase in the specific surface area, which in turn leads to better electrochemical characteristics [START_REF] Bazrafshan | Synthesis of novel α-Fe 2 O 3 nanorods without surfactant and its electrochemical performance[END_REF]. Very recently Chenchen et al., obtained hematite (α -Fe 2 O 3 ) nanotube arrays with well-defined crystal structures with an average length of 2 μm (Fig. 5e), this results in strongly enhanced light absorption and PEC activity for water oxidation with a photocurrent of about 1.2 mA cm -2 at 1.23 V (compared to, RHE) [START_REF] Feng | High-crystalline and high-aspect-ratio hematite nanotube photoanode for efficient solar water splitting[END_REF]. Mouchani and his team [START_REF] Mouchani | Oxygen vacancy modulation of hematite thin films using annealing in graphite bed for photoelectrochemical applications[END_REF] have succeeded in modulating the oxygen vacancy in hematite thin films using annealing on a graphite bed for PEC water spliiting. The PEC characteristics indicated that the photocurrent density at 1.23 V vs. RHE was enhanced from 0.05 mA.cm -2 for the air annealed material to 0.27 mA.cm -2 for the flake graphite bed annealed material, this enhancement results from the creation of oxygen vacancies in the reducing atmosphere. On the other hand, Qiu et al. [START_REF] Qiu | Efficient photoelectrochemical water splitting with ultrathin films of hematite on three-dimensional nanophotonic structures[END_REF], have shown the importance of photonic nanostructures in improving water splitting performance owing to their light harvesting ability. In this work they have succeeded in involving a new framework of PEC device with ultrathin hematite film deposited on regular arrays of conductive 3D nanospikes (NSPs). In this structure the ultrathin hematite films function as active photocarriers materials, as well as the conductive NSPs, act as an efficient carrier collection pathway. The specially designed 3D architectures have been used to efficiently harvest light, as observed in the optical absorption spectrum, the hematite deposited NSP device exhibited considerably improved light absorption than the planar device. Furthermore, the absorption was found to increase monotonically with the height of NSP with a percentage of 95.9 % for 1000 nm NSP array and 94, 2 % for 500 nm NSP grating [START_REF] Qiu | Efficient photoelectrochemical water splitting with ultrathin films of hematite on three-dimensional nanophotonic structures[END_REF]. Wada et al. [START_REF] Matsuhisa | Hole accumulation at the grain boundary enhances water oxidation at α-Fe 2 O 3 electrodes under a microwave electric field[END_REF] have observed the specific microwave absorption at the grain boundaries of the α-Fe 2 O 3 photoanode, through which the energy can be delivered effectively to the localized carriers on the grain boundaries. Then, the synergy between the accumulation of holes on the material surface and the localization of carriers at grain boundaries improves the electron transfer pathway in the electrochemical water splitting, thereby effectively increasing the photocurrent density. In the other hand, Souza et al. [START_REF] Souza | The influence of the film thickness of nanostructured α-Fe 2 O 3 on water photooxidation[END_REF] claimed that in thicker films, the intense interaction between the substrate and the film generates stress that causes defects in the crystal structure of the hematite film, thereby promoting the electron hole recombination process. For PEC water splitting, the nanostructured materials (NPs, NWs…) can offer a large interfacial area between the electrolyte and the photo-catalyst making it suitable for the transport and separation of charge carriers. For instance, an arrangement of single-crystal nanorods in the range of 10 nm in diameter, mounted and oriented perpendicularly to a conductive substrate, could avoid grain boundaries and offer a direct route for electron collection, whilst still enabling photogenerated holes to access the SCLJ efficiently [START_REF] Sivula | Solar water splitting: progress using hematite (α-Fe 2 O 3 ) photoelectrodes[END_REF]. In summary, welldesigned morphologies provide a favorable pathway for charge carriers, thereby reducing recombination losses and facilitating efficient transport to the electrode-electrolyte interface. In addition, tuning the size, arrangement and shape of the nanostructures allows the energy levels to be aligned, lowering the energy barriers for charge carriers involved in the water splitting reactions [START_REF] El Ouardi | Review of photoelectrochemical water splitting: from quantitative approaches to effect of sacrificial agents, oxygen vacancies, thermal and magnetic field on (photo)electrolysis[END_REF]. Table 1 summarizes other investigations of the various surface morphologies of α-Fe 2 O 3 that indicate their own role in monitoring the photoactivity and overall PEC performance of the cell [START_REF] Qiu | Efficient photoelectrochemical water splitting with ultrathin films of hematite on three-dimensional nanophotonic structures[END_REF].

C O R R E C T E D P R O O F M.

Heterojunctions strategy

Besides morphology control, there are other approaches that have been adopted to enhance the performance of hematite-based photoanodes, among them elemental doping, surface treatment and heterojunctions. Substantially, the formation of a heterojunction structure and through synergistic effects caused by the interactions between the components, there is the creation of a variety of improvements which includes: Enhanced visible light absorption, improved charge carrier transport and separation, and extended electron-hole pair lifetimes [START_REF] Mayer | Forming heterojunctions at the nanoscale for improved photoelectrochemical water splitting by semiconductor materials: case studies on hematite[END_REF][START_REF] Ye | Enhancing photoelectrochemical water splitting by combining work function tuning and heterojunction engineering[END_REF]. Up to now the heterojunction based on α-Fe 2 O 3 /semiconductor architecture is more used than the other heterojunctions as for example SC/carbon and SC/metal [START_REF] Najaf | Recent trends in development of hematite (α-Fe2O3) as an efficient photoanode for enhancement of photoelectrochemical hydrogen production by solar water splitting[END_REF]. In the same direction in 2018 Shabeeb et al. [111], reported α-Fe 2 O 3 /NiFe 2 O 4 heterojunction which experienced higher water oxidation efficiency at a molar ratio of 1:1 and on 3D nanospike array (NSP) substrates. This improvement of the performance towards water oxidation compared to bare hematite is es- being transferring to α-Fe 2 O 3 and then via the circuit to the counter electrode leading to the production of H 2 . In another related study [START_REF] Kyesmen | Heterojunction of nanostructured α-Fe 2 O 3 /CuO for enhancement of photoelectrochemical water splitting[END_REF], it was stated that porous surface morphology of the α-Fe 2 O 3 /CuO heterostructure may ease photo-generated charge separation. During heterojunction formation of α-Fe 2 O 3 /CuO, there is creation of a space charge zone as shown in the Fig. 6(b), this region is essentially owed to the spreading of the majority charge carriers of the p-type (CuO) and n-type (α-Fe 2 O 3 ) materials in opposite directions, thus enabling the generation of an integrated electric field at the p-n junction, that is playing a very crucial role in the enhancement of the photocurrent response via the reduction of the pair recombination rate (e -; h + ) [START_REF] Kyesmen | Heterojunction of nanostructured α-Fe 2 O 3 /CuO for enhancement of photoelectrochemical water splitting[END_REF]. It is well known that the use of metal oxide derived from metal-organic framework (MOF) is other favorable approach to override the slow water oxidation reaction because of large specific surface area of MOF precursor and therefore provide more active sites on electrode/electrolyte surface [START_REF] Zhang | Surfaces and Interfaces xxx (xxxx) 103850 photoelectrochemical water splitting[END_REF][START_REF] Wang | Recent progress in metal-organic frameworks for applications in electrocatalytic and photocatalytic water splitting[END_REF]. Currently [START_REF] Wu | Metal-organic framework-derived p-Cu2O/n-Ce-Fe2O3 heterojunction nanorod photoanode coupling with a FeOOH cocatalyst for high-performance photoelectrochemical water oxidation[END_REF], the p-n heterojunction Cu 2 O/Ce-Fe 2 O 3 derived from MOF amended with amorphous co-catalyst FeOOH exhibited a more significant photocurrent of 4.2 mA.cm -2 at 1.23 V RHE as well as IPCE value is 73.6 % at 400 nm and 0.56 % for the applied bias photon to current conversion efficacy (ABPE) in addition to 93.8 % efficiency regarding the surface charge transfer. This PEC efficiency is mainly due to the Cu 2 O derived from MOF which acts as a supplier of active sites for the water oxidation reaction and the presence of Ce as a dopant allows to enhance the conductivity of Fe 2 O 3 [START_REF] Wu | Metal-organic framework-derived p-Cu2O/n-Ce-Fe2O3 heterojunction nanorod photoanode coupling with a FeOOH cocatalyst for high-performance photoelectrochemical water oxidation[END_REF]. The satisfactory photoelectrochemical response was attained by employing the n/n type junction ZnO/Ag-(α) Fe 2 O 3 as presented in Fig. 6(c) [START_REF] Kaur | Nano-heterostructured thin films, ZnO/Ag-(α)Fe2O3, with n/n junction, as efficient photoanode for renewable hydrogen generation via photoelectrochemical water splitting[END_REF]. In another study published by Yi Wen et al. [START_REF] Phuan | A novel ternary nanostructured carbonaceous-metal-semiconductor eRGO/NiO/α-Fe2O3 heterojunction photoanode with enhanced charge transfer properties for photoelectrochemical water splitting[END_REF], in which they revealed the effect of incorporating electrochemically reduced graphene oxide (eRGO) and nickel oxide (NiO) on Hematite in terms charge transfer and light absorption [START_REF] Phuan | A novel ternary nanostructured carbonaceous-metal-semiconductor eRGO/NiO/α-Fe2O3 heterojunction photoanode with enhanced charge transfer properties for photoelectrochemical water splitting[END_REF]. This ternary heterostructure (eRGO/NiO/α-Fe 2 O 3 ) displayed a hydrogen evolution rate at 92 μmol. h -1 . cm -2 which is 3-fold better than that of nude Hematite.This enhancement is generally due to the eRGO sheets that enables efficient separation of electron-hole pairs by forming cohesive interface between NiO and α-Fe 2 O 3 which acts as an electron transport bridging to the SC/electrolyte interface (Fig. 6(d)). Alongside this discussion, and by creating a chemical equilibrium between electrolyte and the material, an electric field is formed that can be exploited to separate the e -/h + pairs produced. Working in 'hidden junction' mode, where the photovoltage production is decoupled from its source, the photovoltage is generated via the difference between two materials working at their Fermi level and this is called the Fermi level-difference (EF). In both situations, the photovoltaics are limited by the difference between the electrons and holes at the nearest Fermi level, thus, it is a critical issue to optimise the EF differences in order to enhance the photovoltage. In addition, the imperfect band alignment of the semiconductors in a 'hidden junction' can lead to less equation of state splitting, resulting in less photovoltage [START_REF] Yang | Strategies for enhancing the photocurrent, photovoltage, and stability of photoelectrodes for photoelectrochemical water splitting[END_REF]. Zhang et al. [START_REF] Zhang | An efficient hole transfer pathway on hematite integrated by ultrathin Al2O3 interlayer and novel CuCoOx cocatalyst for efficient photoelectrochemical water oxidation[END_REF] succeeded in integrating a novel copper-cobalt oxide (CuCoO x ) cocatalyst and an ultra-thin Al 2 O 3 layer and on α-Fe 2 O 3 photoanode to construct an unob- 

C O R R E C T E D P R O O F

Doping technology

During the last years, the inclusion of an element as a dopant has been regarded as a promising approach for improving the overall performance of a hematite-based photoanodes [START_REF] Saremi-Yarahmadi | Nanostructured α-Fe 2 O 3 electrodes for solar driven water splitting: effect of doping agents on preparation and performance[END_REF][START_REF] Huerta-Flores | Enhanced photoelectrochemical water splitting on heterostructured α-Fe2O3-TiO2:x (X = Co, Cu, Bi) photoanodes: role of metal doping on charge carrier dynamics improvement[END_REF][START_REF] Duc Quang | Rational construction of S-doped FeOOH onto Fe 2 O 3 nanorods for enhanced water oxidation[END_REF][START_REF] Quang | Fluorine-surface-modified tin-doped hematite nanorod array photoelectrodes with enhanced water oxidation activity[END_REF]. In general, doping is supposed to increase the charge carrier's concentration and thus improve the electrical conductivity of a hematite-based photoanodes. Among the more widely elements used to dope hematite photoanodes for improving its photoactivity as well as carrier mobility we can mention metals like Ti [START_REF] Fu | Highly photoactive Ti-doped α-Fe2O3 nanorod arrays photoanode prepared by a hydrothermal method for photoelectrochemical water splitting[END_REF][START_REF] Ding | Solvothermal-etching process induced Ti-doped Fe 2 O 3 thin film with low turn-on voltage for water splitting[END_REF][START_REF] Lee | Nanostructured Ti-doped hematite (α-Fe2O3) photoanodes for efficient photoelectrochemical water oxidation[END_REF], Ni [START_REF] Liu | Photoelectrochemical properties and growth mechanism of varied ZnO nanostructures[END_REF][START_REF] Samanta | Ni-, Co-, and Mn-Doped Fe2O3 nano-parallelepipeds for oxygen evolution[END_REF], Sn [START_REF] Cai | Electrodeposition of Sn-doped hollow α-Fe2O3 nanostructures for photoelectrochemical water splitting[END_REF][START_REF] Hien | Sn doping into hematite nanorods for highperformance photoelectrochemical water splitting[END_REF], Zn [START_REF] Qi | Electrochemical synthesis of p-type Zndoped α-Fe2O3 nanotube arrays for photoelectrochemical water splitting[END_REF][START_REF] Simfukwe | Exploring the stability and electronic properties of Zn-doped hematite surfaces for photoelectrochemical water splitting[END_REF], Mn [START_REF] Huang | Mn-doping and NiFe layered double hydroxide coating: effective approaches to enhancing the performance of α-Fe2O3 in photoelectrochemical water oxidation[END_REF], Cu [START_REF] Huerta-Flores | Enhanced photoelectrochemical water splitting on heterostructured α-Fe2O3-TiO2:x (X = Co, Cu, Bi) photoanodes: role of metal doping on charge carrier dynamics improvement[END_REF][START_REF] Reddy | Synthesis and photoelectrochemical water oxidation of (Y, Cu) codoped α-Fe2O3 nanostructure photoanode[END_REF]. Nevertheless, it has been pointed out that the various doping types result in negative effects like the creation of localised impurity states which might function as recombination sites in the band gap for the photoexcited charge carriers [START_REF] Nagaveni | Structure and photocatalytic activity of Ti1-xMxO2±δ (M = W, V, Ce, Zr, Fe, and Cu) synthesized by solution combustion method[END_REF][START_REF] Pan | N) codoped hematite for enhancing the photoelectrochemical activity of water splitting[END_REF]. Hence, it is necessary to use an appropriate doping mode to improve the PEC activity of α-Fe 2 O 3 [START_REF] Simfukwe | Exploring the stability and electronic properties of Zn-doped hematite surfaces for photoelectrochemical water splitting[END_REF] . Zhu et al. [START_REF] Zhu | Zn co-doped hematite photoanode for solar driven photoelectrochemical water oxidation[END_REF], have explored the effect of bimetallic doping on the improvement of electronic properties of hematite-based photoanode. In this work, they are based on the hydrothermal process followed by dip-sintering operation to homogeneously introduce the two dopants (Zn, Ti) into the n-type Fe 2 O 3 photoanode [START_REF] Zhu | Zn co-doped hematite photoanode for solar driven photoelectrochemical water oxidation[END_REF]. The morphological analysis showed that the addition of the TiCl 4 precursor allowed a shift from a nanorods type nanostructure (Virgin hematite, Fig. 7a) to a nanocubes kind of porous morphology (Ti-Fe 2 O 3 , Fig. 7b). However, the insertion of Zn has not changed the morphology (Fig. 7c) which shows that Zn was inserted inside the mass of the Ti-doped hematite instead of deposited on its surface. In addition, transmission electron microscope analysis (Fig. 7d) and EDX elemental-mapping (Fig. 7e andh) showed that Zn, Ti were homogeneously distributed in the hematite resulting in more improved photoelectrochemical results as shown in Fig. 7(i), which are 2.5 times improvement in photocurrent density of the Fe 2 O 3 electrode co-doped with Ti, Zn compared to that of the virgin hematite photoanode [START_REF] Zhu | Zn co-doped hematite photoanode for solar driven photoelectrochemical water oxidation[END_REF]. Besides the homogeneous distribution of Zn and Ti, the enhanced PEC performance of the Zn, Ti-Fe 2 O 3 photoanode was also attributed to a higher carrier density that elicited by the Ti dopant as well as a reduction in the recombination of electron-hole into the mass and surface of the photoanode elicited by the Zn dopant [START_REF] Zhu | Zn co-doped hematite photoanode for solar driven photoelectrochemical water oxidation[END_REF]. Zhang et al. [START_REF] Zhang | Activating the surface and bulk of hematite photoanodes to improve solar water splitting[END_REF], proved that with a facile electrochemical activation procedure that altered the bulk and surface properties, the co-doped Nb Sn Fe 2 O 3 photoelectrode applied for this bulk and surface activation condition has demonstrated an effective enhancement in PEC performance. Furthermore, they showed that these modifications provided fewer defects with more enriched Sn O and Nb O bonds to hematite, thereby passivizing the surface trap states and enhancing its PEC stability as well as the separation efficiencies of charges both in the bulk (η bulk ) and on the surface (η surface ) Hence the codoped photoanode (Nb Sn Fe 2 O 3 ) displayed a photocurrent enhancement of 62 % as compared to virgin hematite [START_REF] Zhang | Activating the surface and bulk of hematite photoanodes to improve solar water splitting[END_REF]. In a further work Sahu et al. [START_REF] Sahu | Enhanced surface and bulk recombination kinetics by virtue of sequential metal and nonmetal incorporation in hematite-based photoanode for superior photoelectrochemical water oxidation[END_REF], investigated the impact of incorporation of metals (Titanium) and non-metals (Phosphorus) on hematite photoelectrode. The design of this photoelectrode was based on in-situ and ex-situ processes at different annealing temperatures to finally arrive at the P Ti Fe 2 O 3 co-doped photoelectrode (Fig. 7(j). EIS data and Moot-Schottky(MS) analysis showed that the P Ti Fe 2 O 3 co-doped pho-toelectrode exhibits more efficient charge separation and improved charge carrier density hence a significantly greater photocurrent of 2.56 mA/cm 2 and a V onset cathodic shift (∼90 mV) was obtained (Fig. 7k).The charge separation efficiency (η sep ) as well as the charge injection efficiency (η inj ) can be seen in Fig. 7(l-m), where the separation efficiency is systematically considered as a control parameter for the PEC performance with its highest value achieved through the P Ti Fe 2 O 3 photoanode (around 20 %). Nevertheless, with the same device having a hole injection performance approaching 100 % at 1.23 V vs. RHE, surpassing the other devices tested, explaining its significant increase in photocurrent [START_REF] Sahu | Enhanced surface and bulk recombination kinetics by virtue of sequential metal and nonmetal incorporation in hematite-based photoanode for superior photoelectrochemical water oxidation[END_REF].

C O R R E C T E D P R O O F
Lan et al. [START_REF] Lan | Co-doped carbon layer to lower the onset potential of hematite for solar water oxidation[END_REF], reported the use of a Cobalt (Co) doped carbon layer applied on hematite to substantially enhance the oxidation performance of solar water. Fig. 7(n) demonstrates that with respect to pristine α -Fe 2 O 3 , the Ti-doped sample shows an improved photocurrent response although revealing a poorer onset potential. After Co and C treatment, the C Co Fe 2 O 3 photoanode exhibited a significantly enhanced performance together with a remarkable cathodic onset potential shift of 210 mV and a photocurrent density of 1.68 mA /cm 2 at 1.23 V vs. RHE [START_REF] Lan | Co-doped carbon layer to lower the onset potential of hematite for solar water oxidation[END_REF]. This betterment was substantiated by the Codoped carbon layer which acted as a tri-functional material that blocked the defects on the surface and improved its conductivity via the sp2 carbon structure, accelerating the oxygen evolution reaction process [START_REF] Lan | Co-doped carbon layer to lower the onset potential of hematite for solar water oxidation[END_REF]. On the other hand, in case the Co and C-based treatment has been extended to the Ti-treated photoelectrode like shown in Fig. 7 (o), a noteworthy performance improvement may be found which is expressed by a photo current density of 2.24 mA/cm 2 at 1.23 V vs RHE [START_REF] Lan | Co-doped carbon layer to lower the onset potential of hematite for solar water oxidation[END_REF]. Hien and his team [START_REF] Hien | Sn doping into hematite nanorods for highperformance photoelectrochemical water splitting[END_REF] have shown that Sn may be successfully doped into the hematite, resulting in improved photoelectrochemical activities in comparison to undoped hematite. The Sn-doped Fe 2 O 3 exhibits improved photocurrent density, which is attributed to an enhancement of charge carriers and a concomitant improvement of charge conduction [START_REF] Hien | Sn doping into hematite nanorods for highperformance photoelectrochemical water splitting[END_REF]. Recently, a novel catalyst, S-doped FeOOH, was deposited on the surface of the Fe 2 O 3 NR framework using a simple chemical bath deposition technique integrated with thermal sulphuration. The composite Fe 2 O 3 @S-FeOOH photoanode achieved a significant enhancement in PEC efficiency of 2.30 mA cm -2 at 1.23 V. vs RHE with an apparent negatively shifted onset potential of 250 mV relative to bare Fe 2 O 3 (0.95 mA cm -2 at 1.23 VRHE [START_REF] Duc Quang | Rational construction of S-doped FeOOH onto Fe 2 O 3 nanorods for enhanced water oxidation[END_REF]. Shaohua et al. [START_REF] Shen | Surface engineered doping of hematite nanorod arrays for improved photoelectrochemical water splitting[END_REF] reported the mechanism of the Ag x Fe 2-x O 3 overcoat catalyzing the water oxidation reaction, as shown in Fig. 8. In the presence of sunlight, electrons were excited from the oxygen to the iron (S1), and the holes linked to the oxygen led to the oxidation of Ag I to Ag III (S2). The Oxidized Ag III may help the oxidation of water to generate oxygen and in the meantime be reduced back to Ag I (S3). This multi-step charge transfer mechanism was designed to avoid the recombination of oxygen associated holes with surface electrons or surface traps, thereby catalyzing the water splitting reaction.

Copper based oxides photo-electrocatalysts 2.3.1. Morphological handling

It is widely recognized that cupric oxide (CuO) crystallizes within two crystallographic structures, cubic and monoclinic, where the latter exhibited high chemical and structural stability that was confirmed by a more negative value of cohesive energy about -6.01 eV/atom which is lower than that obtained by the cubic structure (-5.60 eV/atom). Besides the great microstructure variety of CuO and its easy synthesis, it is well noticed that the morphology control with controllable dimensions has a meaningful impact on the photoelectrochemical performances of the photocathode [START_REF] Kushwaha | Morphologically tailored CuO photocathode using aqueous solution technique for enhanced visible light driven water splitting[END_REF][START_REF] Liu | Self-assembled CuO monocrystalline nanoarchitectures with controlled dimensionality and morphology[END_REF]. Saeid et al. [START_REF] Masudy-Panah | Nanocrystal engineering of sputter-grown CuO photocathode for visible-light-driven electrochemical water splitting[END_REF], exhibited the significance of the crystal grade impact of the CuO photocathode on the performance of PEC water splitting. They indicated that an increase in film thickness from 150 nm to 500 nm leads to an improvement in photocurrent from 0.92 mA/cm 2 to 2.5 mA/cm 2 at 0 V vs. RHE respectively. Similarly, Tran et al. [START_REF] Tran | Copper oxide nanomaterials prepared by solution methods, some properties, and potential applications: a brief review[END_REF], performed a systematic investigation about the significant parameters which may influence the morphological and size of CuO nanomaterials. In the same context, Saeid et al. [START_REF] Masudy-Panah | Rapid thermal annealing assisted stability and efficiency enhancement in a sputter deposited CuO photocathode[END_REF] were based on a thermal treatment in order to tune the crystallinity as well as the surface morphology of CuO based films. They found that increased annealing temperature leads to improved crystallinity which substantially improves the photocurrent generation capacity with a stronger stability towards photocorrosion. Also 1D nanonamterials such as nanorods and nanowires have been exploited in the fields of catalysis in particular for photoelectrochemical water splitting thanks to its impressive photoelectric properties such as an efficient charge transport [START_REF] Jang | Tree branch-shaped cupric oxide for highly effective photoelectrochemical water reduction[END_REF]. By way of example Jianming et al. [START_REF] Li | Copper oxide nanowires for efficient photoelectrochemical water splitting[END_REF], through a facile thermal treatment procedure, they succeeded in elaborating cupric oxide (CuO) nanowires from a copper substrate. In this work, it has been established the effect of one-step and two-step heat treatment on the photoelectrochemical performance of CuO photocathode. As observed in the SEM images of Fig. 9(a), the two-step calcined photocathode (300 °C for 1 h and 500 °C for 2 h) exhibited a more compact interface between the formed CuO nanowires and copper substrates than the one-step calcined photocathode (500 °C for 2 h) This is an advantage for the charge transfer of the nanowires to the substrates, this is supported by the electrochemical impedance results as can be seen in Fig. 9(b). The two-step calcined photocathodes showed a small radius arc as opposed to the one-step calcined photocathodes suggesting that the separation of photo-generated charge is significantly better after two-step treatment [START_REF] Li | Copper oxide nanowires for efficient photoelectrochemical water splitting[END_REF]. Furthermore, from Fig. 9(c andd) it can be observed that the two-step processed photocathode called CuO 300-500 displayed a strong photocurrent enhancement about 1.4 mA/ cm 2 at 0 V against RHE using Air Mass1.5G irradiation with a very positive onset potential of 0.7 V that will be energetically beneficial. As more positive onset potential the more chance there is of cooperating together with a photoanode in order to build a photoelectrochemical water separation cell with no bias [START_REF] Li | Copper oxide nanowires for efficient photoelectrochemical water splitting[END_REF]. The photostability test (Fig. 9e) revealed a decrease in photocurrent to 0.4 mA/cm 2 during 10 min that represents just 35 % of the initially photocurrent. This low stability can be driven mainly by CuO reduction to Cu 2 O then to Cu via photogenerated electrons rendering this electron portion ineffective for hydrogen generation [START_REF] Li | Copper oxide nanowires for efficient photoelectrochemical water splitting[END_REF].

Kushwaha et al. [START_REF] Kushwaha | Morphologically tailored CuO photocathode using aqueous solution technique for enhanced visible light driven water splitting[END_REF], engineered a process involving an aqueous solution in which changing the concentration of the precursors yielded two types of morphologies (oriented nano-sheets and nano-leaves) as illustrated in the SEM images in Fig. 10(a andb). The oriented nanosheets morphology was achieved at the lowest concentration (10 mM) as shown in Fig. 10(a). The nanosheets are randomly linked with each other which makes them dense with a mean thickness of 50 nm, however increasing the concentration by about 50 mM leads to the formation of a new morphology called nanoleaves (Fig. 10b) This nanostructure displays separated nanoleaves from each other creating a wide surface/porosity [START_REF] Kushwaha | Morphologically tailored CuO photocathode using aqueous solution technique for enhanced visible light driven water splitting[END_REF]. As already reported, obtaining different CuO morphologies depends mainly on the growth and nucleation rate which varies with the quantity of starting precursors used [START_REF] Jung | Morphology-controlled synthesis of CuO nano-and microparticles using microwave irradiation[END_REF][START_REF] Zhang | CuO nanostructures: synthesis, characterization, growth mechanisms, fundamental properties, and applications[END_REF]. The optical analysis presented in Fig. 10(c), showed that nanoleaves exhibit high light absorption due to their lower transmittance/reflectance compared to nanosheets, as well as the more oscillations in the reflectance spectrum of nanosheets shows a slicker surface which leads to high reflection in contrast to nanoleaves which exhibit a rougher surface thus more diffuse reflection [START_REF] Kushwaha | Morphologically tailored CuO photocathode using aqueous solution technique for enhanced visible light driven water splitting[END_REF]. The gap energy recorded for nanoleaves is 1.26 eV while for nanosheets it is 1.33 eV, which confirms the high light absorption capacity by nanoleaves. Fig. 10(d) shows a simplified diagram of the charge transfer pathway, the energy difference between the fermi level and the redox potential of the electrolyte enables the photo-generated electrons to migrate to the electrolyte and the holes to the substrate sites (FTO) and then to the counter-electrode (Pt), as can be seen in the diagram, the position of the conduction band in relation to the position of the water reduction potential E°H +/H2 allows the reduction of the water and the generation of H 2 . Due to its smaller charge carrier distance as well as its large surface area the nanoleaves morphology exhibits the maximum value of photocurrent which is 1.5 mA/cm 2 at 0 V vs. RHE while for the nanosheets is 1.1 mA/cm 2 at 0 V vs. RHE [START_REF] Kushwaha | Morphologically tailored CuO photocathode using aqueous solution technique for enhanced visible light driven water splitting[END_REF]. Fig. 10(e andf) illustrates the electrochemical impedance spectroscopy readings for the two nanostructures formed (nanosheets and nanoleaves). From the adjustment of the EIS data, they found that in the high frequency section corresponding to the CuO -FTO interface impedance, the nanoleaves photoelectrodes exhibit the lowest value of charge transfer resistance leading to a greater electrical connection between FTO and CuO nanoleaves resulting in a higher charge collection capacity. Regarding the low frequency region corresponding to the CuO-electrolyte interface, the adjustment of the EIS plots reveals a reduced charge transfer resistance for the nanoleaves photoelectrode (34. structure to transfer the photo-excited electrons to the electrolyte solution in order to reduce the H + protons into H 2 [START_REF] Kushwaha | Morphologically tailored CuO photocathode using aqueous solution technique for enhanced visible light driven water splitting[END_REF].

Heterojunctions strategy

In an effort to surmount the disadvantages related to CuO, such as its sensitivity to photocorrosion and high rates of recombination, a number of strategies have been reported. Among them consists in building heterojunctions together with other semiconductors for promoting a more efficient charge carrier separation and avoiding photocorrosion [START_REF] Bagtache | A new hetero-junction p-CuO/Al 2 O 3 for the H2 evolution under visible light[END_REF][START_REF] Yu | Microwave-assisted synthesis of rod-like CuO/TiO 2 for high-efficiency photocatalytic hydrogen evolution[END_REF]. In the last few years, CuO/Cu 2 O heterostructures have gained a significant attention thanks to their high photoelectrochemical performance and improved photo stability as well as to their easy manufacturing using various methods [START_REF] Moakhar | Photoelectrochemical water-splitting using CuObased electrodes for hydrogen production: a review[END_REF]. John et al. [START_REF] John | CuO/Cu 2 O nanoflake/nanowire heterostructure photocathode with enhanced surface area for photoelectrochemical solar energy conversion[END_REF], developed ramified CuO/Cu 2 O heterostructures. As can be seen in Fig. 11(a), a mixture of methods was used. Firstly, Cu 2 O nanowires (NWs) were obtained by anodising a copper foil followed by heat treatment at 450 °C, and then hydrothermal processing at 100 °C for 10 min yielded a CuO/Cu 2 O nanowire/nanoflake heterostructure (CuO/Cu 2 O-Hy NFs/ NWs). A short annealing at 250 °C during 5 min is carried out for growing a conforming CuO layer on the exposed Cu 2 O NWs between the CuO NFs (CuO/Cu 2 O-HyA NFs/NWs) [START_REF] John | CuO/Cu 2 O nanoflake/nanowire heterostructure photocathode with enhanced surface area for photoelectrochemical solar energy conversion[END_REF]. On the other hand, a shell/core CuO/Cu 2 O heterostructure was manufactured by direct annealing without hydrothermal treatment. The calculation of the band level positions results in the appearance of a type II heterostructure which allows the photoexcited electrons to migrate from the more negative conduction band of Cu 2 O to the conduction band of CuO while the photo-generated . The photocurrent measurements achieved at different conditions are presented in Fig. 11 (b-d). As can be clearly noticed in Fig. 11(b andc) the highest value of photocurrent density was recorded for the heterostructure obtained by hydrothermal processing at 10 min followed by a short annealing (CuO/Cu 2 O-HyA NFs/NWs) The superiority of this heterostructure was ascribed to the conformable covering of CuO over Cu 2 O which improves the interface region of the heterojunction as well as the synergistic effect of the two materials which leads to a better charge separation at the NFs/NWs interface, that is also reinforced by the higher surface area provided by the nanostructures. Fig. 11(d) presents the effect of hydrothermal reaction time on photocurrent density. It indicated that with increasing hydrothermal reaction time the density of CuO NFs is enhanced which can promote the inhibition of the heterojunction effect, thereby restricting the photocurrent [START_REF] John | CuO/Cu 2 O nanoflake/nanowire heterostructure photocathode with enhanced surface area for photoelectrochemical solar energy conversion[END_REF]. In contrast, optical measurements of the fabricated heterostructures shown in Fig. 11(e) indicated that the absorbance increased with increasing hydrothermal reaction time in the range of 640-860 nm owing to the development of CuO indicating that the photocurrent performance is not driven by optical absorption but rather by the charge separation at the CuO/Cu 2 O. These properties were confirmed by the electrochemical impedance measurements as it can be seen in Fig. 11(f) that the CuO/Cu 2 O heterostructure with a hydrother-mal method following a short annealing at 250 °C during 5 min (CuO/Cu 2 O HyA) has the lowest semicircular arc which implies the weakest resistance of charge transfer and hence the best charge separation [START_REF] John | CuO/Cu 2 O nanoflake/nanowire heterostructure photocathode with enhanced surface area for photoelectrochemical solar energy conversion[END_REF]. Chang et al. [START_REF] Tsege | Scalable and inexpensive strategy to fabricate CuO/ZnO nanowire heterojunction for efficient photoinduced water splitting[END_REF], made an endeavour to construct a CuO/ZnO photocathode. They prepared a p-n heterojunction in p-CuO/n-ZnO nanowire arrays (NWs) by a combination of several methods. Firstly, and by using electrodeposition a copper (Cu) film has been deposited on FTO following by chemical oxidation and immersion coating, finally arriving at the CuO/ZnO (NWs) composite. The photocurrent density recorded by this photocathode was -8.1 mA/ cm 2 at 0 vs. RHE. Fig. 12 (a) shows an illustration of the FTO-coated CuO/ZnO heterojunction irradiated with visible light. As it can be observed that the charge transfer takes place according to a type II heterojunction, the photo-generated electrons can move from p-type CuO to n-type ZnO which favours the charge separation resulting in an improved rate of hydrogen production. On the one hand,the narrow band gap of CuO improves the absorption of light and on the other hand it has been shown that the ZnO layer allows to protect CuO against corrosion and to form a charge zone which is able to provide the necessary energy to have a better charge separation [START_REF] Tsege | Scalable and inexpensive strategy to fabricate CuO/ZnO nanowire heterojunction for efficient photoinduced water splitting[END_REF]. To date, the use of an external polarisation is needed for nearly all PEC systems in order to provide an efficient charge separation and to bridge the resistance occurring between the photocath- 
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odes, however applying a bias externally is not economically or environmentally preferable. Consequently, developing a PEC cell which will not necessitate an external bias to initiate a water separation reaction would be highly desirable. Shaislamov et al. [START_REF] Shaislamov | CuO/ZnO/TiO 2 photocathodes for a self-sustaining photocell: efficient solar energy conversion without external bias and under visible light[END_REF] have demonstrated an unbiased photoelectrochemical water splitting approach, by combining a brief-circuited photoanode (n-type) with a photocathode (ptype).

Among the benefits of using this approach is the integrated voltage between the p-type photocathode and the n-type photoanode, helping to achieve charge separation in each photoelectrode [START_REF] Shaislamov | CuO/ZnO/TiO 2 photocathodes for a self-sustaining photocell: efficient solar energy conversion without external bias and under visible light[END_REF]. To achieve their goal, a combination of a p-CuO nanoflake-based photocathode with an n-TiO 2 nanorod-based photoanode in a PEC system with no external polarisation has been developed. As can be seen in Fig. 12(b), when the two electrodes are irradiated with light whose photon energy is higher than their gap energy that implies the generation of (e -; h + ) pairs in the two photocathodes (n and p). The photoexcited electrons in the p-CuO photocathode result in the reduction of water to hydrogen whereas the photo-generated holes in the n-TiO 2 photocathode lead to the oxidation of water to oxygen [START_REF] Shaislamov | CuO/ZnO/TiO 2 photocathodes for a self-sustaining photocell: efficient solar energy conversion without external bias and under visible light[END_REF]. On the other hand, Zhang et al. [START_REF] Zhang | Surfaces and Interfaces xxx (xxxx) 103850 heterojunction as an efficient photocathode for photoelectrochemical hydrogen evolution reaction[END_REF], developed a CuO/CuBi 2 O 4 based bilayer photocathode for photoelectrochemical hydrogen generation. Substantial enhancements in the PEC performance are achieved after the formation of the CuO/CuBi 2 O 4 heterojunction as can be seen in the representative linear sweep voltammetry (LSV) scans displayed in Fig. 12(c), the photocurrent density provided by the CuO/CuBi 2 O 4 heterojunction was about 1.73 mA/cm 2 at 0.2 V vs. RHE.This value is 4.81 and 1.25 times greater than that provided by the pristine CuBi 2 O 4 and CuO, respectively. It has been found that the incorporation of the NiO x layer on the CuO/CuBi 2 O 4 heterojunction allows for a significant increase in photoactivity and improved stability [START_REF] Zhang | Surfaces and Interfaces xxx (xxxx) 103850 heterojunction as an efficient photocathode for photoelectrochemical hydrogen evolution reaction[END_REF]. Fig. 12(d) shows the LSV scans for the CuO, CuBi 2 O 4 , CuO/CuBi 2 O 4 and CuO/CuBi 2 O 4 /NiO x photocathodes, the last of which recorded the highest photocurrent density (2.17 mA/cm 2 at 0.2 V. vs RHE), with a more positive onset potential of 1.10 V and a faradic efficiency of 73.3 %, suggesting that most of the calculated photocurrent density was accounted by the HER process [START_REF] Zhang | Surfaces and Interfaces xxx (xxxx) 103850 heterojunction as an efficient photocathode for photoelectrochemical hydrogen evolution reaction[END_REF]. These excellent results have been attributed to several factors, for example the greater specific surface area which results in a high injection of charge carriers into the electrolyte, improved charge transfer efficiency due to a type II heterojunction with appropriate edge positions for water reduction. As shown in Fig. 12(e) the photo-excited electrons are migrating from the CuO conduction band to the CuBi 2 O 4 conduction band and then through the NiO x layer to the electrolyte, while the photo-generated holes are transported through the circuit to the counter electrode. The EIS results presented in Fig. 12(f) confirm the strong photoelectrochemical properties of the CuO/CuBi 2 O 4 /NiO x composite, with the lowest charge transfer resistance was obtained, compared to other photocathodes (CuO, CuO/CuBi 2 O 4 ) [START_REF] Zhang | Surfaces and Interfaces xxx (xxxx) 103850 heterojunction as an efficient photocathode for photoelectrochemical hydrogen evolution reaction[END_REF].

Doping technology

In the recent years doping is considered as a desirable technology to obtain hybrid materials with appropriate characteristics and capabilities for water splitting. In the preceding research into the CuO photoelectrode, doping investigations were carried out involving a number of materials, namely transition metals (Fe, Co, Cr, Mn, Zn, Ni) as well as an alkaline earth metal (Mg) [START_REF] Chiang | Dopant effects on conductivity in copper oxide photoelectrochemical cells[END_REF][START_REF] Ha | Photoelectrochemical properties of Ni-doped CuO nanorods grown using the modified chemical bath deposition method[END_REF]. These studies showed that the photocurrent density was found to improve with increasing conductivity [START_REF] Chiang | Dopant effects on conductivity in copper oxide photoelectrochemical cells[END_REF]. Jaejin et al. [START_REF] Oh | Improved photostability of a CuO photoelectrode with Ni-doped seed layer[END_REF], showed that doping the CuO seed layer by nickel influenced characteristics including the surface roughness, crystal quality and photostability. They proved that the Ni-doped atoms in the seeding layers scattered through the CuO nanostructures, leading to a reduction of the current of the dark as the scattered Ni atoms disabled the reduction of the metallic oxide into metal. Furthermore, as the Nidoped seed layers were rougher and with a larger surface area compared to the non-doped layer, the adhesion strength was enhanced when the contact zone between the seeding layer and the CuO nanos-tructures was expanded, suppressing the photostability degradation. The maximum photostability value of 46.2 % was found to be obtained when the sample was doped with 10 at% Ni [START_REF] Oh | Improved photostability of a CuO photoelectrode with Ni-doped seed layer[END_REF]. Recently Ashour et al. [START_REF] Ahmed | Simple and low-cost synthesis of Badoped CuO thin films for highly efficient solar generation of hydrogen[END_REF] published a paper on the fabrication of a Barium-doped cupric oxide (CuO) photoelectrode. As can be seen in Fig. 13(a), the Ba-doped CuO films have been fabricated by a simple method of adsorption and reaction in successive ionic layers on glass substrates. In this work, they found that the control of Ba doping rate from 0 % to 6 % influences the morphological and structural properties of CuO thin layers. The images obtained by SEM analysis presented in Fig. 13(b-e), revealed that the pristine CuO photocathode (Fig. 13b) exhibited a rough morphology with a haphazard distribution of multiform nanoparticles and an average size of approximately 195 nm [START_REF] Ahmed | Simple and low-cost synthesis of Badoped CuO thin films for highly efficient solar generation of hydrogen[END_REF]. After incorporation of Barium with different doping rates, there is the formation of numerous nanoclusters containing lots of aggregates and CuO nanoparticles accumulations as well as the average size was diminished from 195 to 100 nm when the Ba doping rate increases from 2 % to 4 %. This was justified by the effect of Ba 2+ ions consuming OH -ions and thus decreasing the rate of growth, which leads to more small grains. In the case of the 6 % Ba-doped CuO photocathode (Fig. 13e), the film contained numerous holes between nanoparticles with only a small amount of surface still not covered, probably owing to unfinished growth of the grains [START_REF] Ahmed | Simple and low-cost synthesis of Badoped CuO thin films for highly efficient solar generation of hydrogen[END_REF]. Fig. 13(f-h) gives the optical results of the doped and undoped photocathodes. According to the Figures, the 2 % Barium doped films exhibit the broadest absorption band which extends in the visible range from 400 to 800 nm and which is due to the electronic transition from the 2p orbital (valence band) of the O 2-ions to the 3d;4 s orbital (conduction band) of the copper ions. It is noted that the appropriate gap energy (1.35 eV) was achieved by the 2 % doped films which implies that a greater number of photons may be absorbed through this film, which can greatly enhance the photocatalytic production of hydrogen [START_REF] Ahmed | Simple and low-cost synthesis of Badoped CuO thin films for highly efficient solar generation of hydrogen[END_REF]. Fig. 13(i) displays the photocurrent density measurements of the doped and undoped films, it is clearly observed that the 2 % doping exhibited the best photocurrent density (17 mA/cm 2 ) that is 3.5 times higher than that of the pristine CuO photocathode (4.8 mA/cm 2 ), and which is in good accordance with the optical results. Furthermore, the 2 % doped CuO photocathode exhibited high stability towards photocorrosion (Fig. 13j) which was justified by the fast electron transfer from the 2 % Ba doped CuO layer surface into the electrolyte and the reduced electron-hole recombination. The number of moles of hydrogen generated by this photocathode (CuO/Ba 2 %) was 5.1 mmol/cm 2 for 400 s [START_REF] Ahmed | Simple and low-cost synthesis of Badoped CuO thin films for highly efficient solar generation of hydrogen[END_REF].

Cobalt based oxides photo-electrocatalysts 2.4.1. Morphological handling

In the last few years, nanostructured materials have become very interesting in the field of electrocatalytic HER, as they normally exhibit a higher surface area compared to bulk materials, thus revealing additional active sites [START_REF] Ma | Application of Co 3 O 4 -based materials in electrocatalytic hydrogen evolution reaction: a review[END_REF]. A range of nanostructured Co 3 O 4 photoelectrodes were successfully fabricated and applied for electrocatalytic HER, for example 0D Co 3 O 4 nanocrystals [START_REF] Du | Co 3 O 4 nanocrystal ink printed on carbon fiber paper as a large-area electrode for electrochemical water splitting[END_REF], 1D nanofibers [START_REF] George | Morphological and structural characterisation of sol-gel electrospun Co 3 O 4 nanofibres and their electrocatalytic behaviour[END_REF] and 2D layer [START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF], 3D sphere networks [START_REF] Li | The urchin-like sphere arrays Co 3 O 4 as a bifunctional catalyst for hydrogen evolution reaction and oxygen evolution reaction[END_REF]. George et al. [START_REF] George | Morphological and structural characterisation of sol-gel electrospun Co 3 O 4 nanofibres and their electrocatalytic behaviour[END_REF], were reported to have engineered Co 3 O 4 nanofibers using a sol-gel supported electrospinning process with subsequent calcination under various temperatures. It was found that Co 3 O 4 nanofibers that were calcined in 773 K showed the highest HER electrocatalysis efficiency under 1 M KOH solution, which may be mostly ascribed to the larger surface area and smaller size of the particles. Zhang et al. [START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF], indicated that the controled oxygen vacancy tailoring of Co oxide-based materials might be key to enhance the performance of hydrogen evolution reaction under alkaline conditions [START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. By using a solid-phase fusion technique as well as modifying the reaction temperature, a layer of Co 3 O 4 with controled oxygen vacancy on Ni foil has been obtained [START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. As illustrated in Fig. 14 14b andc) [START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. Moreover, these properties might promote catalytically active intermediary adsorption in order to accelerate the kinetics of HER reaction. As a result, it was found that electrodes mass activity (32 %, M-Co 3 O 4 ) was -2.12 A/g which was considerably greater than the activity of 45 %, H Co 3 O 4 (1.21 A/g) and 22 %, l-Co 3 O 4 (0.89 A /g) [START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. This was confirmed by the Co 2p spectrum of the M-Co 3 O 4 photocathode (Fig. 14d), which indicates that the electronic structure for the Co metallic center was suitable for the adsorption of catalytic intermediate [START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. Similarly, Jian et al. [START_REF] Du | Oxygen vacancies enriched Co 3 O 4 nanoflowers with single layer porous structures for water splitting[END_REF], engineered a flower-shaped Co 3 O 4 photoelectrode having an abundance of oxygen vacancies through an easy hydrothermal approach. Morphological analyses (Fig. 14e andf) have revealed that Co 3 O 4 retained a nanoflower structure with a thickness of 18 nm [START_REF] Du | Oxygen vacancies enriched Co 3 O 4 nanoflowers with single layer porous structures for water splitting[END_REF]. Based on BET measurement (Fig. 14g), Co 3 O 4 nanoflowers (NFs) exhibited a higher specific surface of 84 m 2 /g and a lower mean pore size by ∼ 4.4 nm when compared to commercially available Co 3 O 4 nanoparticles (NPs), thus providing additional active sites throughout the catalytic pathway [START_REF] Du | Oxygen vacancies enriched Co 3 O 4 nanoflowers with single layer porous structures for water splitting[END_REF]. The XPS results presented in Fig. 14h showed that the existence of excess Co 2+ content inside the Co 3 O 4 nanoflowers might contribute to the formation of oxygen vacancies at the electrocatalyst surface, furthermore Co 2+ was considered to be active sites for catalyzing the OER operation. Thanks to their uniform morphology and suitable electronic structure together with abounding oxygen vacancies, the Co 3 O 4 nanoflowers show improved OER and HER capabilities with respect to the commercial Co 3 O 4 NPs (Fig. 14i andj) [START_REF] Du | Oxygen vacancies enriched Co 3 O 4 nanoflowers with single layer porous structures for water splitting[END_REF]. Moreover, they consistently show excellent catalysis with no noticeable decrease in potential during 9 days (Fig. 14k). The superiority of Co 3 O 4 nanoflowers was theoretically explained by the availability of oxygen vacancies which stim- ulates the adsorption of H 2 O onto the electrocatalyst surface, hence the surface with more oxygen vacancies becomes considerably activated [START_REF] Du | Oxygen vacancies enriched Co 3 O 4 nanoflowers with single layer porous structures for water splitting[END_REF].
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Heterojunctions strategy

Building a heterojunction is a feasible approach to improve the electrocatalytic and photoelectrocatalytic properties of the Co 3 O 4 material for both HER and OER. In the bibliography, the Co 3 O 4 material has been compounded with numerous other materials, like metal oxide [START_REF] Zhou | Self-supported hierarchical CuOx@Co3O4 heterostructures as efficient bifunctional electrocatalysts for water splitting[END_REF][START_REF] Qayoommugheri | Co3O4/NiO bifunctional electrocatalyst for water splitting[END_REF], carbon [START_REF] Vineesh | Nonprecious metal/metal oxides and nitrogen-doped reduced graphene oxide based alkaline water-electrolysis cell[END_REF][START_REF] Azad | MOF derived Co/C and Co3O4/C polyhedron for hydrogen evolution reaction[END_REF] and some other materials [START_REF] Chen | Co3O4/CdS p-n heterojunction for enhancing photocatalytic hydrogen production: co-S bond as a bridge for electron transfer[END_REF][START_REF] Tahir | Bifunctional catalysts of Co3O4@GCN tubular nanostructured (TNS) hybrids for oxygen and hydrogen evolution reactions[END_REF]. A number of metal oxides have been associated with Co 3 O 4 materials in order to obtain improved electrocatalytic performances for the hydrogen evolution reaction and oxygen evolution reaction [START_REF] Begum | Highly efficient and stable bifunctional electrocatalyst for water splitting on Fe-Co 3 O 4 /carbon nanotubes[END_REF]. As an example, Aneela and co-workers [START_REF] Tahira | Advanced Co 3 O 4 -CuO nanocomposite based electrocatalyst for efficient hydrogen evolution reaction in alkaline media[END_REF], found that the integration of cop-per oxide (CuO) into the nanowire precursor (Co 3 O 4 ) activated the cobalt oxide compound and achieved performance similar to the better HER catalysts that were reported under alkaline conditions. Scanning electron microscopy analysis (Fig. 15a andb) showed that the inclusion of copper has not changed the morphology of Co 3 O 4 but it has modified the upper surface of the nanowire which has become finer and sharp. This property provides a higher surface area which allows for a large area of contact with the electrolyte and consequently speeds up the HER kinetics [START_REF] Tahira | Advanced Co 3 O 4 -CuO nanocomposite based electrocatalyst for efficient hydrogen evolution reaction in alkaline media[END_REF]. When evaluated as an electrode for HER, the low overpotential and excellent stability were attributed to the synergistic effect of the Co 3 O 4 /CuO hybrid as well as its uniform structure (Fig. 15c). The current density recorded for this electrode was -10 mA/cm 2 at a potential value of -0.288 V vs RHE. Furthermore, the EIS results (Fig. 15d) indicated that the hydrogen evolution reaction is 15f) as well as a weak overpotential of 340 mV in order to attain a current density value of 20 mA/cm 2 (Fig. 15g) [START_REF] Nguyen | Snowflake Co 3 O 4 -CuO heteroanode arrays supported on three-dimensional framework for enhanced oxygen evolution[END_REF]. The tafel curve (Fig. 15h) suggest that the oxygen evolution reaction is greatly favored at the surface of the Co 3 O 4 -CuO NRs/CF heterostructure due to the lowest Tafel slope of 73.3 mV.dec -1 . In comparison with the noble material RuO 2 , the catalyst synthesized by this team showed an excellent stability, resulting in a current retention of 95.3 % compared to RuO 2 (85.2 %) for 30 h at a constant potential of 1.6 V vs RHE [START_REF] Nguyen | Snowflake Co 3 O 4 -CuO heteroanode arrays supported on three-dimensional framework for enhanced oxygen evolution[END_REF]. The use of catalysers with great activity and stability for the reactions HER and OER is required for effective water splitting, as these two reactions contribute significantly in overall yield. For this reason, Zho et al. [START_REF] Zhou | Self-supported hierarchical CuOx@Co3O4 heterostructures as efficient bifunctional electrocatalysts for water splitting[END_REF], employed a three-step pathway for growing hierarchical CuO x @Co 3 O 4 nanorods on a 3D copper foil and which were studied as a bifunctional electrocatalyst for both HER and OER reactions. The catalyseur's hierarchical structure (Fig. 15i) as well as the synergistic effects created between the Co 3 O 4 shell and the CuO x core, besides its great electrochemical surface were the major factors that allowed the (Fig. 15j) and 240 mV for OER (Fig. 15k) from a current density by 50 mA/cm 2 as well as small Tafel slopes of 61 and 46 mV/dec, respectively [START_REF] Zhou | Self-supported hierarchical CuOx@Co3O4 heterostructures as efficient bifunctional electrocatalysts for water splitting[END_REF]. A Co 3 O 4 /reduced graphene oxide (rGO)/BiVO 4 photoanode device was prepared to obtain outstanding PEC water splitting efficiency. rGO, acting as a metal, extracted holes from the un-derlying BiVO 
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Doping technology

Wang et al. [START_REF] Wang | Phosphorusdoped Co 3 O 4 nanowire array: a highly efficient bifunctional electrocatalyst for overall water splitting[END_REF], by using a low temperature heat treatment and varying the quantity of NaH 2 PO 2 which served as a source of phospho-rus, succeeded in manufacturing a bifunctional catalyst of P 8.6 -doped Co 3 O 4 nanowires on nickel foam (Fig. 16a) [START_REF] Wang | Phosphorusdoped Co 3 O 4 nanowire array: a highly efficient bifunctional electrocatalyst for overall water splitting[END_REF]. They showed by means of XPS analysis (Fig. 16b) that the low intensity of lattice oxygen in P 8.6 -Co 3 O 4 /NF compared to pristine Co 3 O 4 was due to the partial exchange of the lattice O with the P atom within Co O. Furthermore, the appearance of the P (2p 1/2 and 2p 3/2 ) peaks (Fig. 16c) confirmed that phosphorus has been doped successfully in Co 3 O 4 resulting in an increase in the number of Co 3+ and consequently more empty dorbitals capable of adsorbing H atoms as well as OH groups [START_REF] Wang | Phosphorusdoped Co 3 O 4 nanowire array: a highly efficient bifunctional electrocatalyst for overall water splitting[END_REF]. This adsorption was considered necessary to enhance the Volmer step kinetics in the HER process thereby decreasing the Tafel slope of the HER operation upon P-doped Co 3 O 4 (Fig. 16d). In the step determingin the potential of oxygen evolution reaction (OER), the DFT calculations (Fig. 16e andf) confirmed the favorable influence of the P-doping on the oxygen evolution reaction which was evideced by obtaining a signifi- cantly smaller change in free energy (1.63 V) compared to pristine Co3O4 (1.87 V). They also noted that the generation of the O 2 molecules were derived from the OOH* intermediate with a theoretical overpotential of 0.40 V for P-Co 3 O4 and O* intermediate with a theoretical overpotential of 0.64 V for pristine Co 3 O 4 [START_REF] Wang | Phosphorusdoped Co 3 O 4 nanowire array: a highly efficient bifunctional electrocatalyst for overall water splitting[END_REF]. On the other hand, the elaborated P 8.6 -Co 3 O 4 /NF also displayed a significant electrocatalytic activity for HER which was reflected by a low overpotential 97 mV compared to NF (231 mV) and Co 3 O 4 /NF (165 mV) (Fig. 16g) [START_REF] Wang | Phosphorusdoped Co 3 O 4 nanowire array: a highly efficient bifunctional electrocatalyst for overall water splitting[END_REF].

In the same years Mers and co-authors [START_REF] Mers | Highly efficient bifunctional electrocatalyst using structurally architectured N-doped cobalt oxide[END_REF], have employed dopamine as source of nitrogen to develop a bifunctional electrocatalyst deposited on nickel foam (N Co 3 O 4 /NF) [START_REF] Mers | Highly efficient bifunctional electrocatalyst using structurally architectured N-doped cobalt oxide[END_REF]. Depending of the annealing temperature, which was between 200 °C and 400 °C, they were able to modify the morphology of the catalyst into cubes (CoDA200) and spherical particles (CoDA400) (Fig. 16h). They showed that the varying structural morphology allows to influence the electrocatalytic performance of each catalyst particularly the sample treated at 400 °C (CoDA400) compared to the other catalysts, demonstrating a greater bifunctional activity for both HER and OER processes which was manifested by a low overpotential of 378 mV to achieve a density of 100 mA/cm 2 for OER (Fig. 16i) and 147 mV to reach a density of 10 mA/cm 2 for HER (Fig. 16j) [START_REF] Mers | Highly efficient bifunctional electrocatalyst using structurally architectured N-doped cobalt oxide[END_REF]. Additionally, this particular electrocatalyst presents a noticeable stability in the long term for both OER and HER (Fig. 16k andl) respectively [START_REF] Mers | Highly efficient bifunctional electrocatalyst using structurally architectured N-doped cobalt oxide[END_REF].

On the other hand, the doping using metallic elements was also employed for improving the electrocatalytic HER and OER properties of Co 3 O 4 [START_REF] Xiong | Mo-doped Co 3 O 4 ultrathin nanosheet arrays anchored on nickel foam as a bifunctional electrode for supercapacitor and overall water splitting[END_REF][START_REF] Li | Low Nidoped Co 3 O 4 porous nanoplates for enhanced hydrogen and oxygen evolution reaction[END_REF][START_REF] Tian | Bimetal-organic framework derived high-valence-state Cu-doped Co 3 O 4 porous nanosheet arrays for efficient oxygen evolution and water splitting[END_REF]. Recently Zhao et al. [START_REF] Zhao | Efficient overall water splitting over a Mo (IV)-doped Co3O4/NC electrocatalyst[END_REF] were successful in developing a bifunctional electrocatalyst based on molybdenum (Mo)-doped cobalt oxide sustained on nitrogen-doped carbon (x%Mo-Co 3 O 4 /NC, whereby x% denotes the molar ratio of Mo/Co) [START_REF] Zhao | Efficient overall water splitting over a Mo (IV)-doped Co3O4/NC electrocatalyst[END_REF]. They found than when x equaled 4 %, the grain size becomes smaller which gives rise to a bigger electrochemically active surface (Fig. 17a). Compared to the Co 3 O 4 /NC and (2 %, 6 %)Mo-Co 3 O 4 /NC electrodes, the 4 %Mo-Co 3 O 4 /NC electrode in 1 M potassium hydroxide solution had the lowest overpotentials that was 276 mV and 91 mV for OER and HER respectively (Fig. 17b andc) [START_REF] Zhao | Efficient overall water splitting over a Mo (IV)-doped Co3O4/NC electrocatalyst[END_REF]. The positive impact of Mo doping was confirmed by the superior durability of the 4 %Mo-Co 3 O 4 /NC electrode at 10 mA/cm 2 in comparison with the commercially available noble metal electrodes (IrO 2 ||20 % Pt/C) (Fig. 17d) [START_REF] Zhao | Efficient overall water splitting over a Mo (IV)-doped Co3O4/NC electrocatalyst[END_REF]. In another work Xiong et al. [START_REF] Xiong | Mo-doped Co 3 O 4 ultrathin nanosheet arrays anchored on nickel foam as a bifunctional electrode for supercapacitor and overall water splitting[END_REF], developed a new strategy consisting of two stages that leads to ultrathin nanosheets of Mo-doped Co 3 O 4 supported on a nickel substrate (Fig. 17e) [START_REF] Xiong | Mo-doped Co 3 O 4 ultrathin nanosheet arrays anchored on nickel foam as a bifunctional electrode for supercapacitor and overall water splitting[END_REF]. Due to their ultrathin property, the developed electrocatalyst with an amount of Molybdenum of 0.4 mmol displayed a higher specific surface area and exposed higher percentage of active sites leading to a lower Tafel slope of 98 and 83.7 mV/dec for HER and OER respectively (Fig. 17f andg) [START_REF] Xiong | Mo-doped Co 3 O 4 ultrathin nanosheet arrays anchored on nickel foam as a bifunctional electrode for supercapacitor and overall water splitting[END_REF]. Furthermore, the combined 0.4Mo-Co 3 O 4 || 0.4Mo-Co 3 O 4 electrolyser (Fig. 17h), demonstrated a current density value of 10 mA/cm 2 at 1.64 V, together with a high stability for a duration of 12 h (Fig. 17i) [START_REF] Xiong | Mo-doped Co 3 O 4 ultrathin nanosheet arrays anchored on nickel foam as a bifunctional electrode for supercapacitor and overall water splitting[END_REF]. On the other hand, the H 2 production may happen via the transfer of free electrons to H 2 O molecules, as depicted in Fig. 17j. The Na 2 SO 4 molecules, with the help of OH -, receive holes from the (Fe, Ni) doped Co 3 O 4 photo-electrode to generate O 2 at the Pt counter electrode. The produced electrons reduce H 2 O molecules, and interact with hydrogen ions to form hydrogen atoms (4H + + 4e -→ 2H 2 (E o H+/H2 = +0.00 VNHE)), while water oxidation takes place at the Pt electrode, which acts as the anode for the PEC cell (2H 2 O + 4h + → 4H + + O (E o H2O/O2 = -1.229 VNHE)) [START_REF] Abdelmoneim | Outstanding stability and photoelectrochemical catalytic performance of (Fe, Ni) co-doped Co3O4 photoelectrodes for solar hydrogen production[END_REF].

Zinc based oxides photo-electrocatalysts 2.5.1. Morphological handling

Zinc oxide nanomaterials, especially ZnO (n-type semiconductor), were widely investigated in water separation thanks to their cheap cost, eco-friendly nature and their earthly abundance as well as outstanding electron mobility, they also feature an energy band structure (band gap ∼3.3 eV) with optoelectronic characteristics resembling those of TiO 2 [START_REF] Wang | Chemical characterization of mesoporous material supported ZnO nanoparticles for hydrogen sulfide capture from gas streams[END_REF][START_REF] Zhang | Enhanced piezoelectric-effect-assisted photoelectrochemical performance in ZnO modified with dual cocatalysts[END_REF][START_REF] Zhang | Oxygen vacancies engineering in TiO 2 homojunction/ZnFe-LDH for enhanced photoelectrochemical water oxidation[END_REF]. Nevertheless, the use of ZnO for solar water splitting is actually hampered by certain natural restrictions of this material, as an example, there is a weak photocatalytic performance of ZnO on account of its poor absorption of visible light and a weak quantum photocatalytic yield [START_REF] Wolcott | Photoelectrochemical study of nanostructured ZnO thin films for hydrogen generation from water splitting[END_REF]. Following a discussion of some overall material properties, this section outlines the various approaches that were taken to boost further the capabilities of ZnO for use in photo-electrochemical processing. In this context, ZnO nanoflowers grown from zinc acetate hydrolysis in the presence of DMF with 50 nm average size and a band gap of 3.25 eV have demonstrated a photocurrent density of 0.39 mA/cm 2 at 0.6 V relative to Ag/AgCl as well as an efficient separation of photo-generated electron-hole pairs and a rapid charge transfer interfacial process [START_REF] Sohila | Photoelectrochemical water splitting performance of flower like ZnO nanostructures synthesized by a novel chemical method[END_REF]. On the other hand, Gill et al. [START_REF] Gill | Vertically aligned ZnO nanorods for photoelectrochemical water splitting application[END_REF], have synthesized vertically aligned ZnO nanorods by employing a hydrothermal method, with the addition of varying quantities of ammonia to the solution to monitor the forming of the ZnO rod. Based on the I-V I-V electrochemical analysis, a considerable photocurrent has been registered for sample Z3 (ZnO with 0.7 M of ammonia), with an evolution of the short circuit current (J sc ) from 0.60 mA/cm 2 for Z1 (ZnO with 0 M of ammonia) to 0.74 and 0.81 mA/cm 2 in Z2 (ZnO with 0.4 M of ammonia) and Z3, respectively. Furthermore, Zhifeng et al. [START_REF] Liu | Photoelectrochemical properties and growth mechanism of varied ZnO nanostructures[END_REF], proved that based on a sol-gel immersion deposition method which was followed by changing the resting time of the samples that were immersed in a growth solution containing zinc acetate dihydrate and hexamethylenetetramine for 5, 10, 15 days. Four diverse morphologies of ZnO nanostructures that displayed different PEC performances could be formed, including nanowires and nanorods (5days), nanotubes (10days) and nanodisks at the end. Photocurrent density measurements exhibited an upgrade from nanodisks to nanorods/nanowires and nanotubes, this outstanding PEC performance of the nanotubes was explained by their tubular structure that leads to an intensified light absorption resulting in a high generation of electron-hole pairs that was beneficial for a better PEC water splitting. As one example, Ming et al. [START_REF] Fu | Synthesis of ZnO inverse opals with high crystalline quality by a three-dimensional colloidal crystal template-assisted hydrothermal method over a seed layer[END_REF], constructed a strongly photoactive photoanode for PEC water splitting based on three-dimensional (3D) inverse opals-like Zno nanostructures. The photocurrent density achieved using the electrode was registered as 0.9 mA/cm 2 . Furthermore, Qiang et al. [START_REF] Li | Facile and scalable synthesis of "Caterpillarlike" ZnO nanostructures with enhanced photoelectrochemical water-splitting effect[END_REF], also carried out the hydrothermal growth of ZnO nanobranches radially on seed nanocrystalline ZnO nanofibers, resulting in the fabrication of the branched ZnO nanostructures of the "caterpillar" type. Based on these engineered nanostructures, a photo-to-hydrogen conversion rate of 0.165 % and a highest photocurrent density of 0.524 mA/cm 2 at +1.2 V (versus Ag/AgCl) has been found. Currently, high attention has been paid to the hierarchical structure for water splitting owing to its elevated surface area, which augments the interface area between the electrolyte and the electrodes. Using a hydrothermal technique with FTO glass substrates made it possible to prepare three kinds of ZnO hierarchical film morphology, including vertically aligned nanorods (NR), nanorods interconnected by thin nanosheets (NR@TN) and nanorods interconnected with dense nanosheets (NR@DN). The photoelectrochemical outcomes revealed that the highest photocurrent density and lower onset potential registered with NR@TNs, those noteworthy PEC achievements may be ascribed to the thin nanosheets and the improved ability of light capture as well as the enhancement of the semiconductor/liquid interfaces that was advantageous for an effective charge transfer/transport [START_REF] Hou | Hierarchically self-assembled ZnO architectures: establishing light trapping networks for effective photoelectrochemical water splitting[END_REF]. From the early stages of the development of PEC water splitting, the solid-liquid interface attracted a considerable degree of interest. As illustrated in Fig. 18, when the n-type ZnO comes into direct contact with the electrolyte, charge transfer happens at the electrode/electrolyte junction owing to the positional difference between the potential of the redox pair in the electrolyte and the Fermi level of the ZnO. This charge transfers changes the charge partitioning at the interface. Hence, at the electrolyte surface, an electrical double layer is created, comprising a Gouy-Chapman layer and a Helmholtz layer. On the ZnO surface, the upward bending of the band edges seems to create an electric field, with the degree of bending depending on the initial difference between the electrolyte potential and the Fermi level of the ZnO. Therefore, the photo-induced charge carriers may be separated effectively and migrate under such an electric field across the solid-liquid interface, allowing subsequent oxidation and reduction reactions for water splitting. For an n-type ZnO semiconductor, the thickness of the space charge layer is commonly determined using the following equations [START_REF] Li | Photoelectrochemical cells for solar hydrogen production: current state of promising photoelectrodes, methods to improve their properties, and outlook[END_REF].

C O R R E C T E D P R O O F
where L D is the Debye length which has been treated as the characteristic length for potential attenuation (Φsc/e), ε is the relative dielectric constant, ε 0 is the vacuum dielectric constant, T is the absolute temperature in degrees Kelvin, k is the Boltzmann constant, V fb and V are the flat potential and applied bias of the electrodes, respectively. q is the electron charge, p 0 and n 0 are the hole concentrations and the electron of the electrodes, respectively.

In addition, after exiting the depletion layer, the separated charges undergo a diffusion operation, and the hole diffusion length (L p ) before recombination is defined as [START_REF] Salvador | Hole diffusion length in n-TiO2 single crystals and sintered electrodes: photoelectrochemical determination and comparative analysis[END_REF]:

where τ and D are the lifetime of the minority carrier and the diffusion coefficient, respectively.

Heterojunctions strategy

Recently special attention has been provided to heterojunctions, since these structures would be more likely in utilizing the advantages offered through combination of elements having distinct characteristics, displaying a functional behavior in the interfacial area, as well as enhancing the solar energy conversion via synergetic effects [START_REF] Maity | One-dimensional p-ZnCo2O4/n-ZnO nanoheterojunction photoanode enabling photoelectrochemical water splitting[END_REF][START_REF] Li | An effective strategy of constructing a multijunction structure by integrating a heterojunction and a homojunction to promote the charge separation and transfer efficiency of WO3[END_REF]. Several research teams around the world have already adopted heterojunction technology (including co-catalysts, plasmonic structures, novel hierarchies, etc.) for developing more effective photoelectrodes. Cai et al. [START_REF] Cai | Three-dimensional ZnO@TiO 2 core-shell nanostructures decorated with plasmonic Au nanoparticles for promoting photoelectrochemical water splitting[END_REF], developed a new 3D core-shell nanostructure that was decorated by plasmonic Au NPs. As it can be observed in the SEM images presented in Fig. 19, the ZnO nanorods (NRs) was orthogonal to the ZnO nanosheets (NSs) (Fig. 19a), as well as the ZnO NRs-NSs were coated by a fine TiO 2 shell which was formed through liquid phase deposition (Fig. 19b), on the other hand the plasmonic Au NPs was in situ formed upon the surface of the ZnO NRs-NSs/TiO 2 via thermal reduction (Fig. 19c), [START_REF] Cai | Three-dimensional ZnO@TiO 2 core-shell nanostructures decorated with plasmonic Au nanoparticles for promoting photoelectrochemical water splitting[END_REF]. The photocurrent density recorded by this photoelectrode (3D ZnO NSs-NRs@TiO 2 -Au) was 1.73 mA/cm 2 at 1.23 V (Fig. 19d), which was 4.33 fold more than those of ZnO nanosheets, while the photoconversion efficiency was 0.48 % which was 4.80 fold more than those of ZnO NSs (Fig. 19e), additionally the hydrogen generation ratio was 15.72 mmol/ h.cm 2 [START_REF] Cai | Three-dimensional ZnO@TiO 2 core-shell nanostructures decorated with plasmonic Au nanoparticles for promoting photoelectrochemical water splitting[END_REF]. The obtaining of these improvements was justified by the fine TiO 2 shell which promoted efficiently the charge separation, as well as the Au NPs that acted as photosensitizers to extend the absorption range [START_REF] Cai | Three-dimensional ZnO@TiO 2 core-shell nanostructures decorated with plasmonic Au nanoparticles for promoting photoelectrochemical water splitting[END_REF]. Tian et al. [START_REF] Jiang | Hierarchical ZnO nanorod/ZnFe 2 O 4 nanosheet core/shell nanoarray decorated with PbS quantum dots for efficient photoelectrochemical water splitting[END_REF], successfully decorated the ZnO/ZnFe 2 O 4 heterojunction with PbS quantum dots to further enhance the charge transport as well as to improve the absorption of visible light of the photoanode. The tuned ZnO/ZnFe 2 O 4 /PbS photoelectrode exhibited considerably improved current density with an outstanding PEC stability. Its photoconversion efficacy was found to be 3.54 and 1.34 fold better than those of ZnO NRs and ZnO/ZnFe 2 O 4 photoelectrodes , respectively. The IPCE of ZnO/ZnFe 2 O 4 /PbS photoanode achieved 54.99 % at 350 nm that was greater compared to ZnO NRs (28.65 %) and ZnO/ZnFe 2 O 4 (45.18 %) [START_REF] Jiang | Hierarchical ZnO nanorod/ZnFe 2 O 4 nanosheet core/shell nanoarray decorated with PbS quantum dots for efficient photoelectrochemical water splitting[END_REF]. Lin et al. [START_REF] Lin | Passivation of ZnSe nanoparticles in sandwiched CdSe/ZnSe/ ZnO nanotube array photoanode to substantially enhance solar photoelectrochemical water splitting for hydrogen evolution[END_REF], through an easy consecutive ion exchange reaction approach succeeded in Integer of ZnSe passivation nanoparticles in CdSe/ZnO binary hetero-structure. The CdSe/ZnSe/ZnO photoanode exhibited a significantly enhanced photoelectrochemical capacity to produce hydrogen with a rate of 54.4 μmol/h. Moreover, the photoconversion efficiency was 1.7 % at 0.5 V compared to RHE. The electrochemical impedance measurements (Fig. 19f) showed that the CdSe/ ZnSe/ZnO photoelectrode possessed the smaller arc radius, hence the charge transport resistance of the photoanode was smaller which leads to an effective photo-generated charge separation. In the CdSe/ZnSe/ ZnO heterojunction, the photo-generated electrons in the CB band of CdSe and ZnSe may travel to that of ZnO, and meanwhile, the photogenerated holes at VB of ZnSe and ZnO may migrate to that of CdSe, the separated electrons of CdSe, ZnSe and ZnO have been carried to the Pt electrode for performing the reduction reaction of water and generating hydrogen (Fig. 19g) [START_REF] Lin | Passivation of ZnSe nanoparticles in sandwiched CdSe/ZnSe/ ZnO nanotube array photoanode to substantially enhance solar photoelectrochemical water splitting for hydrogen evolution[END_REF]. Recently Li and co-authors [START_REF] Li | Ultrathin MoSe2 nanosheet anchored CdS-ZnO functional paper chip as a highly efficient tandem Z-scheme heterojunction photoanode for scalable photoelectrochemical water splitting[END_REF], via a combination of hydrothermal and chemical bath deposition methods together with the adsorption reaction initiated by an amido bond succeeded in developing a MoSe 2 /CdS/ZnO (MCZ) tandem Z photoanode with an intertwined ultrathin nanosheet and nanorod structure upon the Au paper electrode intended for PEC splitting water (Fig. 19h). For this kind of photoelectrode, they showed that it possessed two integrated electric fields (IEFs) between the interfaces of CdS|MoSe 2 and ZnO|CdS (Fig. 19i), this generated field acted as a strong driving force to accelerate the separation/transfer of photo-generated carriers. As a result, the photoanode attained an impressive photoelectrocatalytic hydrogen production performance (39,7 μmol /cm 2 .h) with a photocurrent density around 2.4 mA/cm 2 at 0.3 V. vs RHE and an IPCE of 52 % at 460 nm. In addition to the integrated electric field, these improvements were also attributed to the synergistic effect of the Au substrate's higher electrical conductivity, as well as the Z-scheme mode which permitted the fabricated heterojunction to exhibit a great redox capacity emphasizing the thermodynamics of the catalytic reaction for water reduction [START_REF] Li | Ultrathin MoSe2 nanosheet anchored CdS-ZnO functional paper chip as a highly efficient tandem Z-scheme heterojunction photoanode for scalable photoelectrochemical water splitting[END_REF]. Sharma et al. [START_REF] Sharma | Sensitization of vertically grown ZnO 2D thin sheets by MoSx for efficient charge separation process towards photoelectrochemical water splitting reaction[END_REF], succeeded in decorating the surface of ZnO thin sheets using to form the ZnO/MoS x heterojunction. In addition, the band alignment identified of MoS x and ZnO was indicative of the creation of the type II heterojunction, which provided an easy separation of the charge-carrier (Fig. 19j); The carrier density and current density were 7.4 fold and 3 fold greater as compared to pristine ZnO, respectively. Moreover, the ZnO/MoS x heterostructure displayed outstanding stability until 1000s in chopped lighting conditions [START_REF] Sharma | Sensitization of vertically grown ZnO 2D thin sheets by MoSx for efficient charge separation process towards photoelectrochemical water splitting reaction[END_REF]. In another work via electrodeposition method, Mahala et al. [START_REF] Mahala | ZnO nanosheets decorated with graphite-like carbon nitride quantum dots as photoanodes in photoelectrochemical water splitting[END_REF], reported that sensitizing ZnO nanosheets with carbon nitride (C 3 N 4 ) quantum dots (QDs) led to higher PEC performances. The resulting photoanode (ZnO/C 3 N 4 -QDs) was made using electrodeposition technique followed by dip coating during varying time periods. The photoanode prepared during 15 min of immersion (ZnO/C 3 N 4 -15) favored obtaining a high PEC effectiveness with a current density of 0.952 mA/cm 2 at 0.5994 V.
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vs RHE and a top photoconversion-efficiency of 0.70 % which was 2.3fold better compared to pristine ZnO. These enhancements were ascribed to the formation of the kind II heterojunction that facilitated separation of charges, limiting recombination (Fig. 19k), as well as the increased carrier density which was almost 2.2-fold better compared to pristine ZnO and the enhanced light absorption as a result of the addition of C 3 N 4 [START_REF] Mahala | ZnO nanosheets decorated with graphite-like carbon nitride quantum dots as photoanodes in photoelectrochemical water splitting[END_REF].

Doping technology

In recent years doping technology has been regarded as one of the main approaches employed in order to have PEC-WS devices that are able to efficiently absorb and use the incident photons in order to eventually reach great photoelectrochemical performances. It has been studied in detail the doping of ZnO nanostructures to modify their electrical or optical characteristics [START_REF] Lu | A facile green antisolvent approach to Cu 2+ -doped ZnO nanocrystals with visible-light-responsive photoactivities[END_REF][START_REF] Zhong | Fabrication of Bi 3+ -doped ZnO with enhanced photocatalytic performance[END_REF]. Also, the dopants within ZnO have been taken advantage of either as donors or acceptors toward better conductivity as well as delaying carrier recombination, ultimately re- sulting in an enhanced photocurrent [START_REF] Kumar | Annealing induced oxygen defects on green sonochemically synthesized ZnO nanoparticles for photoelectrochemical water splitting[END_REF]. Various metal elements, including copper, cobalt, iron, aluminum, and chromium, together with nonmetallic elements, like carbon, nitrogen, and chlorine, were successfully integrated in ZnO nanostructures [START_REF] Zhang | Metal oxide nanomaterials for solar hydrogen generation from photoelectrochemical water splitting[END_REF]. Tanmoy et al. [START_REF] Majumder | Growth of carbonfunctionalized, carbon-doped ZnO/C core-shell nanorods for photoelectrochemical solar energy conversion[END_REF], published a paper on the synthesis of a carbon-doped ZnO core-shell nanorod photoanode via a hydrothermal technique on FTO substrates. The variation of glucose concentrations which was the source of carbon from 0.05 to 0.2 M has been studied. Following the carbon doping, a strong absorption in the UV (300-400 nm) as well as in the visible (400-550 nm) was observed. X-ray photoelectron spectroscopy (XPS) was used to confirm that the doped C mostly occupied the O sites as single C atoms without changing the crystal structure of the ZnO network, and as a consequence of the change in glucose concentrations, the atomic percentage of C doping in the nanorods varied from 5.2, 8.9 % to 16.9 % for the samples of C-ZnO1, C-ZnO2, and C-ZnO3 respectively.

As depicted in Fig. 20(a-f) the C-ZnO NRs electrodes exhibited a greater photoconversion efficiency as well as improved photoresponse and IPCE relative to undoped nanorods. In particular, the ideal PEC properties were achieved for the prepared C-ZnO2 sample at a glucose concentration of 0.1 M with the achievement of a short circuit current (JSC) of 0.82 mA/cm 2 and a photoconversion efficiency of about 0.79 % as well as an IPCE under 350 nm illumination was found to be 59.4 %, besides a lower charge transfer resistance and a high stability to photocorrosion and electro-corrosion owing to the existence of a thin carbon film. These enhancements have been ascribed to the narrowing of the band gap and the adapted morphology of ZnO with the inclusion of C [START_REF] Majumder | Growth of carbonfunctionalized, carbon-doped ZnO/C core-shell nanorods for photoelectrochemical solar energy conversion[END_REF]. Furthermore, hierarchically porous C-doped ZnO nanoarchitectures have been elaborated using a chemical method on substrates coated with indium-doped tin oxide (ITO). They showed, compared to pristine ZnO, improved photoelectrochemical properties as well as the modification through carbon doping considerably enhances both the light usage and the conversion efficiency within the visible region [START_REF] Lin | Visiblelight-driven photocatalytic carbon-doped porous ZnO nanoarchitectures for solar water-splitting[END_REF]. Via a solvothermal process, C-doped ZnO ball-in-ball hollow microspheres were synthesized. The addition of ethylene glycol (EG) results in the creation of monolayered hollow spheres that are converted as a function of time into regular ball-in-ball hollow microspheres. This hollow structure and the doping achieved a better absorption and charge separation leading to enhanced photoelectrochemical performance regarding water splitting [START_REF] Wang | C-doped ZnO ball-in-ball hollow microspheres for efficient photocatalytic and photoelectrochemical applications[END_REF]. Beyond carbon, chlorine has also been employed to upgrade the conductivity and electron mobility of ZnO, also the Oxygen vacancies serve as centers of recombination, therefore Cl substituting oxygen vacancy will reduce the rate of charge carrier recombination [START_REF] Wang | Cl-doped ZnO nanowires with metallic conductivity and their application for high-performance photoelectrochemical electrodes[END_REF][START_REF] Gautam | Role of Cl doping on the growth and relaxation dynamics of ZnO nanorods synthesized by hydrothermal method[END_REF]. Sahoo and his team [START_REF] Sahoo | UV-assisted water splitting of stable Cl-doped ZnO nanorod photoanodes grown via facile solgel hydrothermal technique for enhanced solar energy harvesting applications[END_REF], proved that increasing the concentration of chlorine doping on ZnO nanorods provides a surface roughness which assists in greater interaction of incident UV light to achieve significantly enhanced electric field production. Hence, compared to the virgin ZnO NRs, chlorine doping resulted in improved photoresponse and charge separation efficiency owing to the UV light interaction and free electron formation, as well as the reduction of oxygen vacancies. This leads to improved photocurrent density which was then reduced by increasing the concentration of the dopant leading to the decrease of the grain size and the growth of the grain boundaries that participate to the diffusion of the charge carriers.

The optimal concentration of added Chlorine was 15 mM which gave a photocurrent density of 2.16 mA/cm 2 at 1.2 V relative to Ag/AgCl, and a photoconversion efficiency of 57.75 % with outstanding photostability during 12 h of illumination. Henni et al. [START_REF] Henni | Studies on the structural, morphological, optical and electrical properties of Al-doped ZnO nanorods prepared by electrochemical deposition[END_REF], developed ZnO nanorods doped with Al through electrodeposition method and recorded a steady enhancement of photocurrent ranging of 21 μΑ up to 58 μΑ at 1.0 V vs. SCE, as a result of increasing the doping concentration from 0 at.% to 2.0 at.%. This enhancement has been assigned to the improved conductivity of the thin films doped with Al. According to Xu et al. [START_REF] Xu | In situ formation of zinc ferrite modified Al-doped ZnO nanowire arrays for solar water splitting[END_REF], the performance improvement has been assigned to increasing the carrier rate, although defects generation and electron diffusion may decrease their mobility for greater concentrations of doping.

The aluminium-doped zinc oxide (AZO) inverse opal shells (IOS) and tin disulfide (SnS 2 ) core-shell composite (AZO IOS/SnS 2 ) photoelectrode for PEC water splitting has been fabricated using atomic layer de- position. The resulting SnS 2 /AZO IOS gave a photocurrent density of 1.05 mA/cm 2 , about 19 fold greater than that of bare AZO IOS (0.054 mA/cm 2 ). These findings demonstrate the synergistic action of AZO IOS in combination with narrow bandgap materials like SnS 2 to form a suitable heterojunction. This action leads to the accumulation of the majority of photoelectrons produced in the visible range of the solar spectrum, enhancing their PEC water splitting capability [START_REF] Hu | Efficient photo charge transfer of Al-doped ZnO inverse opal shells in SnS2 photoanodes prepared by atomic layer deposition[END_REF].

A number of details relating to the doping of the elements with ZnO are given in Table 2.

To better understand the mechanism of water separation by doping engineering Hoa et al. [START_REF] Hao | Ab initio study of the electronic, optical, and water-splitting properties of Fe-doped ZnO monolayer[END_REF], have proposed a mechanism. As shown in Fig. 21, iron doping leads to impurity band levels and Zn vacancies induce an acceptor level, while oxygen vacancies induce a donor level. As a solar photon is scavenged by a ZnO material, valence band electrons (e -1 ) are injected into the conduction band. At the same time, the respective holes are created in the valence band (Eq. ( 1)). The holes and electrons migrate separately on a Fe-doped ZnO under the internal electric field. H 2 O is ionized and then O 2 and H 2 are formed by the reaction with electron/hole pairs (Eqs. ( 6), ( 7), ( 8)). In the Fe-doped ZnO, the Fe doping may induce a localization center that is able to inhibit the recombination of the photo-induced e -and h + . Thus, H 2 and O 2 may be produced more easily.

(1)

(3) (4)

Challenges and opportunities

Photoelectrochemical water splitting technology opens up a wide range of opportunities in the field of sustainable energy. As hydrogen is recognized as a clean energy source, PEC represents a way to produce hydrogen free from fossil fuels, helping to create a more environmentally sustainable energy landscape. In contrast to steam methane reforming, a popular process for hydrogen generation, PEC does not generate carbon dioxide as a by-product, leading to a reduced carbon footprint and less greenhouse gas emissions. In addition to its contribution to decentralized hydrogen generation, PEC has the capacity to revolutionize energy storage, offering a carbon-neutral solution which is complementary to existing infrastructure. Hydrogen produced by PEC may be utilized in fuel cells for electricity generation, as a clean fuel source for industrial processes or transportation, providing a diverse approach that is fully compatible with current energy systems. As the field progresses, the incorporation of advanced materials and catalysts holds the promise of improved efficiency and profitability. To conclude, we reviewed the latest progress on a variety of metal oxide-based photoanodes and photocathodes (Fe 2 O 3 , ZnO, CuO, Co 3 O 4 ) for PEC water splitting. The structure, operating principle and their pertinent performance computations of a PEC cell were briefly presented. Nanostructured materials based on metal oxides (Fe 2 O 3 , ZnO, CuO, Co 3 O 4 ) are frequently employed as efficient photoelectrodes for water splitting and decomposition of organic pollutants. Nevertheless, their instability, resulting from photocorrosion, and their rapid recombination rates of charge carriers as well as their insufficient absorption capability of visible light limit considerably their use in photoconversion processes and their photoelectrocatalytic efficiency. For this reason, several strategies including morphological treatment and design of heterostructured hybrids using appropriate material compositions and doping or amending with inorganic metal elements, or heteroatoms are employed for the fabrication of different photoelectrodes with improved efficiency for water splitting. In this respect, the band positions of the semiconductors concerned should be appropriately placed and the photoelectrocatalytic responses provided by the various materials should be compatible, showing a synergistic effect. Despite the fact that doping with impurities or self-defects was developed to alter the optical/electronic characteristics of wide bandgap metal oxides, the total visible light photoactivity is always very low. Theoretical calculations predicted that codoping with cations and anions is an appropriate way to adjust the metal oxide electronic band structures for PEC water oxidation, but experimental findings are not yet satisfactory. We are convinced that the challenge consists in improving the efficiency of doping and getting good control over the dopant content and the spatial arrangement of the dopants. Ion Implantation is a method that can selectively implant any element of choice in a SC electrode under depth conditions and controlled dose. Yet, the full benefits of ion implantation in addressing some of the biggest issues in PEC water splitting are not fully exploited. On the other hand, the writing of this review has allowed us to extract

C O R R E C T E D P R O O F

the two main issues that can restrict the performance of a photoelectrode. Firstly, there is the question of charge transport between the particles and the back contact. The recombination loss and the interfacial resistance may be an important constraint on their PEC activity. Secondly, there is the question of the electrical conductivity of oxides since most of them cannot conduct very well, to solve this problem defect engineering and post growth chemical processing might also be necessary to boost the electrical conductivity. In addition, the challenge of providing low-cost surface coatings to protect photoelectrodes from photocorrosion remains challenging. Up to now atomic layer deposition remains the predominantly effective way to reach the protection goal, owing to its high coating value with no pinholes and manageable layer thickness. However, the high cost of this method should push the scientific community to develop low-cost chemical protection approaches. In addition to investigating photoelectrode materials, another formidable challenge will be to develop novel in situ spectroscopy/microscopy tools to better characterise the basic mechanism of PEC water splitting. Such techniques need high temporal resolution in order to examine reaction intermediates and charge dynamics onto the surface of photoelectrodes in working conditions. Recently, in situ transient absorption spectroscopy was used to examine the carrier dynamics in PEC water splitting giving insight into the yields of photoinduced charge and lifetime of these operations [START_REF] Barroso | Dynamics of photogenerated holes in surface modified α-Fe 2 O 3 photoanodes for solar water splitting[END_REF]. Moreover, in situ infrared spectroscopy was applied to explore the intermediates of water oxidation occurring on the photo-anode surface via exploring the photosensitive absorption behaviour of the photo-electrodes [START_REF] Zandi | Determination of photoelectrochemical water oxidation intermediates on haematite electrode surfaces using operando infrared spectroscopy[END_REF]. We strongly recommend that in-situ comprehensive investigations of MO for PECWS are crucial for a better understanding of the reaction mechanism and hold the key to improving and maximising the PEC efficiency of metal oxides photoelectrodes. Finally, the development of potential metal oxides based photoelectrodes for H 2 generation for commercial purposes still remained a major challenge, hence it is essential to use them in largescale systems for the generation of hydrogen and to avoid the use of carbon-based energy sources. Therefore, collaboration between academia and industry plays a key role in fostering innovation, addressing challenges and unlocking the full potential of PEC water splitting as a major contributor to the shift towards a greener future.
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Fig. 1 .

 1 Fig. 1. The main ways to produce solar hydrogen.

Fig. 2 .

 2 Fig.2. : Representation of the electronic states at the edges of the bands of various metal oxides. Reproduced from [55]. Copyright 2009 Royal Society of Chemistry.

Fig. 3 .

 3 Fig. 3. Number of publications on oxides materials with the field of PEC water splitting from the journal Energy, Elsevier, source: Web of Science.
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 45 Fig. 4. Energy scheme for photo-electrochemical water splitting using an n-type photo-anode (hematite) for the oxygen evolution reaction and a cathode for the hydrogen evolution reaction. The flat band potential V fb , bandgap E g and the applied bias V b are given. Reproduced from [83]. Copyright 2011 Chem-SusChem.

Fig. 6 .

 6 Fig. 6. (a) Diagram showing the Z schematics direct charge transfer route for the α-Fe 2 O 3 /NiFe 2 O 4 heterojunction. Reproduced from [111]. Copyright 2018 Langmuir. (b) Charge transfer pathway in a Fe 2 O 3 /CuO heterojunction photoanode for PEC water separation. Reproduced from [114]. Copyright 2021 Journal of Alloys and Compounds. (c) Illustrative diagram of the direct charge transfers way of the ZnO/Ag-α-Fe 2 O 3 . Reproduced from [118]. Copyright 2021 Renewable Energy. (d) charge transfer mechanism of the eRGO/NiO/α-Fe 2 O 3 heterojunction. Reproduced from [119]. Copyright 2017 Solar Energy Materials and Solar Cells. structed hole transfer channel and improve PEC performance. The obtained α-Fe 2 O 3 /Al 2 O 3 /CuCoO x photoanode shows high photocurrent density of 2.23 mA/cm 2 at 1.23 V vs. RHE and negative onset potential of 0.7 VRHE, approximately 17.6 fold greater and 200 mV cathodic shift compared to bare α-Fe 2 O 3 [121]. Chen et al. [122] have prepared a bimetallic oxyhydroxide NiFeOOH film on Fe 2 O 3 catalyst via a simple electroless ligand-regulated oxidation process to construct a highly tuned semiconductor/cocatalyst interface. Benefiting from low overpotential of bimetallic oxyhydroxide NiFeOOH and the accelerated OER kinetics, the resulting NiFeOOH/ Fe 2 O 3 composite with strongly bound heterojunction interface exhibits superior visible light absorption, improved photocurrent density (1.83 mA/cm 2 at 1.23 VRHE) and better stability compared to bare Fe 2 O 3 photoanode [122].

Fig. 7 .

 7 Fig. 7. SEM micrographs of (a) virgin hematite, (b) Ti Fe 2 O 3 , (c) Ti Zn Fe 2 O 3 . (d) TEM image of Ti Zn Fe 2 O 3 . (e-h) EDX mapping of Fe, O, Zn and Ti. (i) LSV curves of Ti Zn Fe 2 O 3 Ti Fe 2 O 3 and virgin hematite. Reproduced from [140]. Copyright 2019 Journal of Energy Chemistry. (j) Schematic representation of the manufacturing method of the P Ti Fe 2 O 3 photo-anode using in-situ doping of Ti and ex-situ doping of P. (k) Photocurrent density plots according to the potential polarization of pristine and modified hematite photoelectrodes. (l and m) Charge separation and charge injection efficiency of pristine and modified hematite photoelectrodes. Reproduced from [142]. Copyright 2019 ACS Applied Energy Materials. (n) J-V scanning of pristine hematite, Ti Fe 2 O 3 and C Co-Fe 2 O 3 . (m) Photocurrent density plots according to the potential polarization of Ti-Fe 2 O 3 , Co Ti Fe 2 O 3 and C Co Ti Fe 2 O 3 . Reproduced from [143]. Copyright 2019 Applied Catalysis B: Environmental.
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Fig. 8 .

 8 Fig. 8. Core/shell assembled α-Fe 2 O 3 /Ag x Fe 2-x O 3 and the scheme of the water oxidation reaction promoted by the Ag x Fe 2-x O 3 overlayer. Reproduced from [144]. Copyright 2014 Nature.

Fig. 9 .

 9 Fig. 9. (a) SEM of photoelectrodes prepared using one-and two-step annealing. (b) EIS of photoelectrodes following one-and two-step treatment. (c) Currentpotential graph of CuO photocathodes produced using one and two step annealing at various temperatures. (d and e) Current-potential graph and stability test of a photocathode treated in two steps (300 for 1 h and 500 for 2 h). Reproduced from [151]. Copyright 2018 Applied Catalysis B: Environmental.
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 10 Fig. 10. SEM images of CuO-based phoelectrodes with various morphologies. (a) nanosheets and (b) nanoleaves. (c) Spectra of reflectance and Transmittance of CuO nanoleaves and nanosheets. (d) Charge transfer process of the CuO photoelectrode. (e) Nyquist plot for CuO nanosheets and nanoleaves. (f) Zoomed-in view of the EIS spectra high frequency section. Reproduced from [145]. Copyright 2017 Journal of Photochemistry and Photobiology A: Chemistry.
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Fig. 11 .

 11 Fig. 11. (a) CuO/Cu 2 O Nanoflakes/Nanowires produced using hydrothermal treatment of Cu 2 O nanowires followed by a short annealing at 250 °C (Cuo/Cu 2 O HyA). CuO/Cu 2 O shell/core achieved by direct annealing of Cu 2 O nanowires. (b-d) photocurrent measurements of heterostructures prepared at different conditions. (e) absorption spectrum of the heterojunction obtained by hydrothermal treatment alone at t = 10 min (CuO/Cu 2 O Hy 10 min) and t = 30 min (CuO/Cu 2 O Hy30min) and of the heterojunction (CuO/Cu 2 O HyA 10 min) achieved by a short annealing, and the virgin Cu 2 O sample. (f) EIS results for heterostructures made under various conditions. Reproduced from [157]. Copyright 2020 Applied Surface Science.

Fig. 12 .

 12 Fig. 12. (a) Illustration of the energy diagram of the p-CuO/n-ZnO heterojunction. Reproduced from [158]. Copyright 2017 Energy materials. (b) Band diagram of the photoelectric cell comprising photoelectrodes based on n-TiO 2 and p-CuO. Reproduced from [159]. Copyright 2020 Journal of Hydrogen Energy. (c and d) Current density-potential measurements before and after incorporation of the NiO x layer on the photocathode CuO/CuBi 2 O 4 . (e) Band diagram of the photocathode CuO/CuBi 2 O 4 / NiO x . (f) Nyquist graphs of pristine CuO, CuO/CuBi 2 O 4 bilayer photocathode and CuO/CuBi 2 O 4 /NiO x measuring at 0.40 V according to RHE. Reproduced from [160]. Copyright 2021 Journal of Hydrogen Energy.

  (a) in comparison to both low and high oxygen va-C O R R E C T E D P R O O F

Fig. 13 .

 13 Fig. 13. (a) SILAR procedure for coating Ba-doped CuO thin layers. SEM images of (b) pristine CuO, (c) 2 % Ba-doped CuO, (d) 4 % Ba-doped CuO and (e) 6 % Badoped CuO. Spectrum of absorption (f) and transmittance (g), gap energy (h) of pristine and Ba-doped CuO photocathodes. (i) Linear sweep voltammetry (LSV) of Ba/CuO and CuO thin films. (j) Photocurrent density versus exposure time in white lighting irradiation with 2 % Ba-doped CuO photocathode. Reproduced from [164]. Copyright 2020, the Journal of Physical Chemistry C. cancy amount Co 3 O 4 samples, the medium oxygen vacancy amount Co 3 O 4 layer (32 %, M-Co 3 O 4 ) needed a very low overpotential value of 203 mV to reach -100 mA/cm 2 within 1 M KOH at a scanning rate of 1 mV/s. This higher electrocatalytic efficiency for HER may be exemplified by the fact that the M-Co 3 O 4 electrode exhibited the lowest slope values of Tafel and the resistance of charge transfer (Rct) (Fig.14b and c)[START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. Moreover, these properties might promote catalytically active intermediary adsorption in order to accelerate the kinetics of HER reaction. As a result, it was found that electrodes mass activity (32 %, M-Co 3 O 4 ) was -2.12 A/g which was considerably greater than the activity of 45 %, H Co 3 O 4 (1.21 A/g) and 22 %, l-Co 3 O 4 (0.89 A /g)[START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. This was confirmed by the Co 2p spectrum of the M-Co 3 O 4 photocathode (Fig.14d), which indicates that the electronic structure for the Co metallic center was suitable for the adsorption of catalytic intermediate[START_REF] Zhang | Continuous oxygen vacancy engineering of the Co 3 O 4 layer for an enhanced alkaline electrocatalytic hydrogen evolution reaction[END_REF]. Similarly, Jian et al.[START_REF] Du | Oxygen vacancies enriched Co 3 O 4 nanoflowers with single layer porous structures for water splitting[END_REF], engineered a flower-shaped Co 3 O 4 photoelectrode having an abundance of oxygen vacancies through an easy hydrothermal approach. Morphological analyses (Fig.

Fig. 14 .

 14 Fig. 14. (a) HER polarization plots in 1.0 M KOH saturated with N 2 . (b) Tafel graphs and (c) Nyquist graphs of l-Co 3 O 4 , H Co 3 O 4 and M-Co 3 O 4 . (d) XPS spectrum of the Co 2p domains of L-Co 3 O 4 , H Co 3 O 4 and M-Co 3 O 4 after HER process. Reproduced from[168]. Copyright 2019 Journal of Materials Chemistry A. (e-f) SEM pictures showing the Co 3 O 4 nanoflowers (NFs). (g) Nitrogen adsorption/desorption isotherms and plot of pore size distribution computed through the BJH formula of Co 3 O 4 (NFs) and commercial Co 3 O 4 (NPs). (h) XPS spectrum of the Co 2p of Co 3 O 4 (NFs). (i-j) The OER and HER LSV polarization plots. (k) stability test of Co 3 O 4 NFs at a fixed current density from 10 mA /cm 2 . Reproduced from [170]. Copyright 2020 Electrochimica Acta.

Fig. 15 .

 15 Fig. 15. (a and b) SEM images of pristine Co 3 O 4 and Co 3 O 4 /CuO heterojunction. (c) LSV polarization plots for various catalysts with a scan rate of 5 mV/s under 1 M KOH conditions. (d) Nyquist graphs for HER at an applied potential value of -0.3 V versus RHE. Reproduced from [178]. Copyright 2019 Journal of Hydrogen Energy (e) Schematic representation of the manufacturing procedure of Co 3 O 4 /CuO NRs/CF. (f and g) Onset potential and overpotential values for diverse catalysts. (h) Tafel plots for diverse catalysts. Reproduced from [179]. Copyright 2020 Journal of Electroanalytical Chemistry. (i) SEM images of CuO x @Co 3 O 4 NRs/CF composite. (j and k) LSV plots of CuO x @Co 3 O 4 for the HER and OER. Reproduced from [171]. Copyright 2018 Journal of Materials Chemistry A. found to be very favorable on the surface of the Co 3 O 4 /CuO composite owing to the lower charge transfer resistance in comparison with virgin Co 3 O 4 and CuO [178]. On the other hand, Nguyen et al. [179], through three step chemical synthesis pathway (Fig. 15e), succeeded in developing a new heterostructured anode that contained snowflake-like Co 3 O 4 compounds deposited onto the extremity of CuO nanorods networks that were directly synthesized on a 3D Cu foam surface. The resulting Co 3 O 4 /CuO NRs/CF heterostructure was utilized as a successful electrocatalyst to accelerate the oxygen evolution reaction under alkaline environment. As a result of their mesoporous properties (pore size∼30-32 nm), the Co 3 O 4 /CuO NRs/CF heterostructure displayed a great active electrochemical surface area which leads to a considerably enhanced electrocatalytic activity. This translates into a low onset potential of 285.6 mV vs. RHE (Fig.15f) as well as a weak overpotential of 340 mV in order to attain a current density value of 20 mA/cm 2 (Fig.15g)[START_REF] Nguyen | Snowflake Co 3 O 4 -CuO heteroanode arrays supported on three-dimensional framework for enhanced oxygen evolution[END_REF]. The tafel curve (Fig.15h) suggest that the oxygen evolution

  CuO x @Co 3 O 4 NRs/CF catalyst to exhibit substantial catalytic activity. They were reflected by a low overpotential value of 242 mV for HER C O R R E C T E D P R O O F M. El ouardi et al. Surfaces and Interfaces xxx (xxxx) 103850

  4 light-absorbing layer while Co 3 O 4 played the function of a catalyst for the OER. The photocurrent produced using the Co 3 O 4 and rGO catalytic layers on BiVO 4 was approximately 93 % of that produced in an electrolyte containing a hole scavenger, demonstrating the crucial role of the rGO and Co 3 O 4 materials in the strong PEC water splitting capability of the Co 3 O 4 /rGO/BiVO 4 photoelectrode [180].

Fig. 16 .

 16 Fig. 16. (a) SEM images of the developed P 8.6 -Co 3 O 4 /NF electrode. (b and c) XPS spectrum of P 8.6 -Co 3 O 4 /NF in the O 1S , P 2P regions. (d) Tafel plots of Pt/C, P 8.6 -Co 3 O 4 /NF and Co 3 O 4 /NF for HER process. (e-f) Diagrams of free energy for OER upon Co 3 O 4 and P-Co 3 O 4 respectively. (g) LSV graphs of P 8.6 -Co 3 O 4 /NF in comparison with various catalysts for HER at 2 mV/s. Reproduced from [181]. Copyright 2018 ACS Catalysis. (h) Schematic illustration of the preparation process of the Ndoped Co 3 O 4 catalyst. (i and j) LSV plots displaying the OER and HER catalytic activity of several materials. (k-l) Stability investigation of CoDA-400 by employing amperometry for analyzing the duration of electrocatalytic activity of OER at 1.608 V and HER at -0.183 V versus RHE. Reproduced from [182]. Copyright 2018 ChemistrySelect.

Fig. 17 .Fig. 18 .

 1718 Fig. 17. (a) SEM images of 4 %Mo-Co 3 O 4 /NC. (b and c) LSV curves of OER and HER for4 %Mo-Co 3 O 4 /NC compared to different electrocatalysts. (d) Chronopotentiometric graphs at 10 mA/cm 2 of the overall water splitting for the 4 %Mo-Co 3 O 4 /NC||4 %Mo Co 3 O 4 /NC cell in comparison with IrO 2 |||20 wt% Pt/C in 1 M KOH solution. Reproduced from [186]. Copyright 2021 Journal of Hydrogen Energy. (e) Schematic of the Mo-doped Co 3 O 4 synthesis process. (f-g) Tafel plots of 0.4Mo Co 3 O 4 in comparison to various electrocatalysts for HER and OER respectively. (h) A schematic showing the 0.4Mo Co 3 O 4 |0.4Mo Co 3 O 4 electrolyser. (i) Chronopotentiometric graphs of 0.4Mo Co 3 O 4 ||0.4Mo Co 3 O 4 electrolyser at 10 mA/cm 2 . Reproduced from [183]. Copyright 2021 Journal of Col-

Fig. 19 .

 19 Fig. 19. SEM images demonstrating the morphological progression of the various samples:(a) ZnO NSs-NRs, (b) ZnO NSs-NRs/TiO 2 , (c) ZnO NSs-NRs/TiO 2 -Au. (d) J-V plots for dark and sunlight conditions of different photoelectrodes developed. (e) photoconversion efficiency in function of the bias potential. Reproduced from [202]. Copyright 2021 International Journal of Hydrogen Energy. (f) EIS Nyquist plots of the pristine ZnO, ZnSe ZnO, CdSe ZnO and CdSe ZnSe ZnO. (g) Charge transfer and process of PEC water splitting of CdSe ZnS ZnO photoanode. Reproduced from [204]. Copyright 2021 Colloids and Surfaces A: Physicochemical and Engineering Aspects. (h) Schematic representation of the preparation of MoSe 2 CdS ZnO upon the Au paper electrode. (i) Charge transfer and process of PEC water splitting of MoSe 2 CdS ZnO photoanode. Reproduced from [205]. Copyright 2021 Applied Catalysis B: Environmental. (j) Charge transfer process of ZnO/MoS x heterostructure. Reproduced from [206]. Copyright 2020 International Journal of Hydrogen Energy. (k) Electron transfer pathway between C 3 N 4 and ZnO. Reproduced from [207]. Copyright 2020 ACS Applied Nano Materials.
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Fig. 20 .

 20 Fig. 20. (a) Spectra of optical absorption of virgin ZnO and C-ZnO nanorods. (b) Curves of IPCE (%) versus wavelength for both ZnO and C-ZnO 2 nanorods. (c) Representation of the photoconversion efficiency according to the applied polarization. (d)Transient photoresponse graphs. (e) Nyquist graphs of the virgin ZnO and C-ZnO nanorods. (f) The photocurrent retention has been evaluated at 0 V compared to Ag/AgCl. Reproduced from [212]. Copyright 2018 ChemistrySelect.

Fig. 21 .

 21 Fig. 21. (a) Mechanism of the water-splitting of Fe-doped ZnO monolayer. Reproduced from [221]. Copyright 2022 Physica E: Low-dimensional Systems and Nanostructures.

  

Table 1 Summarized

 1 -; h + ) as a result of the alignment of the Fe 2 O 3 and NiFe 2 O 4 band positions as observed in Fig.6(a)[111]. The same team[START_REF] Hussain | Fabrication of CuFe 2 O 4 /α-Fe 2 O 3 composite thin films on FTO coated glass and 3-D nanospike structures for efficient photoelectrochemical water splitting[END_REF], showed that CuFe 2 O 4 / α-Fe 2 O 3 composite thin films deposited on three-dimensional nanospike (NSP) substrates with a 1:1 molar ratio revealed robust results concerning PEC water splitting with an effective photocurrent density of 2.26 mA/cm 2 at 1.23 V RHE as well as a photoconversion efficiency (η c ) almost 2.8 % which is 4.17 times greater than that of pure hematite (η c = 0.67 %). Previous work by Qiong Liu et al.[START_REF] Liu | Interface reacted ZnFe 2 O 4 on α-Fe 2 O 3 nanoarrays for largely improved photoelectrochemical activity[END_REF], report that an enhanced photocurrent has been achieved for the ZnFe 2 O 4 on α-Fe 2 O 3 heterojunction. From the study, it is found that the alignment of Fe 2 O 3 and ZnFe 2 O 4 band positions enables a facile migration of photogenerated holes in the valence band of hematite to the ZnFe 2 O 4 phase. Then the photo-generated electrons in the conduction band of ZnFe 2 O 4

	Hematite Photoanode	α-Fe 2 Morphology nanostructures synthesized and their PEC performances. O 3 Synthesis method Photocurrent at 1.23 V vs. RHE Ref.
	α-Fe 2 α-Fe 2 α-Fe 2 α-Fe 2 α-Fe 2 α-Fe 2 α-Fe 2 α-Fe 2 α-Fe 2 α-Fe 2	O 3 O 3 O 3 O 3 O 3 O 3 O 3 O 3 O 3 O 3	Nanowires Nanotubes Nanopetals Nanoparticles Cauliflower Nanorods Nanosheets Mesoporous Dendrites Nanocorals	Hydrothermal Sonoelectrochemical Anodization Pulse reverse Electrodeposition Anodization Particle-assisted Deposition Atomic layer Deposition Anodization Solution-Based Colloidal Electrodeposition Pulse reverse Electrodeposition	1.24 mA/cm 2 1.41 mA/cm 2 0.39 mA/cm 2 0.05 mA/cm 2 3.0 mA/cm 2 0.11 mA/cm 2 1.5 mA/cm 2 0.56 mA/cm 2 0.018 mA/cm 2 0.813 mA/cm 2	[99] [100] [101] [102] [84] [103] [104] [105] [106] [107]

Table 2

 2 Synthesis of doped ZnO and their PEC performance.

	Photoanode	Synthesis method	Photocurrent density(mA/cm 2 )	IPCE (%)	Ref
	ZnO ZnO ZnO ZnO ZnO decorated with N NRs N NWs Cu NRs Cu Cu NRs Au NPs Pb-ZnO thin films ZnO-V NRs Co ZnO flake-like Co ZnO@ Zeolitic imidazolate framework Ag/Co -ZnO NWs/ flake-like Ni ZnO Mg ZnO NRs	Ion implantation process 0.160 at 1.1 V vs SCE Hydrothermal process, with subsequent 0.4 at 1.0 V vs Ag/ AgCl annealing in ammonia Electrodeposition 0.083 at 1.0 V vs. SCE Spray pyrolysis 0.35 at 1.0 V vs. SCE Hydrothermal with Thermal evaporation 0.0102 at 0.581 V vs. Ag/AgCl Spray pyrolysis 8 at 1.0 V vs Ag/ AgCl) Ion implantation 0.0105 at 0.8 V vs. Ag/AgCl Radio Frequency and Direct current magnetron 8.7 10 -4 at 0.4 V vs. Ag/AgCl sputtering Spin-coating with Chemical bath deposition -Radio Frequency and Direct current magnetron 0.7 at 0.4 V vs. Ag/AgCl sputtering A high-energy planetary ball mill 4.6 at 1.23 V vs. RHE Sol-gel and Hydrothermal 0.35 at 1.5 V	17.5 [222] 14.6 [223] -[224] 43 [225] 38 [226] 30 [227] -[228] -[229] 75 [230] -[231] -[232] -[233]
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