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Solar energy and photocatalysis will undoubtedly play a key aspect in the energy transition. In this background, hydrogen emerged as the ideal photocatalysis-driven solar fuel due to the simplicity of the water-splitting reaction. But finding a single catalyst with sufficient solar-to-photon conversion efficiency remains an important bottleneck of this technology. A constraint that prompted the advancement of multi-phase composites with broader capabilities. Owing to their unique properties, plasmonic Schottky junctions and Zscheme heterojunctions arose as promising approaches to enhance hydrogen production. But the selection of suitable components towards multi-phasic composites remains challenging due to the absence of standardization in literature and proper characterization of existing materials. Characterization is especially important since components' plasmon wavelength (visible or NIR) and electronic properties have a significant influence on light-harvesting properties and charge carriers separation of the resulting composites. Plus, the optoelectronic properties of the semiconductors determine the resulting type of heterojunction with potential influence in the charge carrier separation via photosensitization. Recent studies suggest that the combination of TiO2 (broad band gap), gC3N4 (narrow band gap), and gold may achieve efficient plasmonic and Z-scheme heterojunctions. In this review, we cover the synthesis and implementation of these materials (alone or in combination), including key technical aspects in photocatalysis, plasmonics, and hydrogen production subjects.

We also address pertinent knowledge, experimental gaps, and point to future perspectives to further improve the development of photocatalytic-driven hydrogen technologies. Globally, this multi-phasic composite Au/TiO2-gC3N4 could be used as a platform to continue reinforcing TiO2 efficiencies via photosensitization, cocatalysis, and surface plasmon resonance.

Introduction

Sunlight is one of the most invaluable sources of renewable energy. But the abundant solar photons reaching Earth's surface need to be converted into chemical energy vectors, such as hydrogen (H2), before being used as fuel. H2 is a promising vector due to its high energetic content. But today, H2 is still produced via costly fossil fuel-based processes hindering its widespread acceptance.

Solar photons can also be converted to H2 through photocatalysis. However, the search for high-performing photocatalytic materials has yet to produce a reliable alternative to fossil fuel-based processes. Improving materials' performances will thus play a key important role in reducing production costs and stimulating the development of the hydrogen economy.

The state-of-the-art in H2 photo-assisted production is the use of rational design strategies, such as plasmonic metal/semiconductor (M/SC) Schottky junctions and semiconductor/semiconductor (SC1/SC2) Z-scheme heterojunctions. Both are promising approaches for synthesizing multi-phase composites with enhanced solar energy conversions. However, to accomplish cost-efficient nanostructures, some challenges need to be addressed. For instance, many new studies on this field fail to report key photocatalytic aspects leading to an added difficulty in standardizing and comparing results obtained by different groups, and hampering the identification of key functional properties in each component of the hybrid composites.

In this review, we highlight the role of H2 as the key energy vector in our efforts to reduce the environmental footprint and prevent energy shortages by closing the energy loop and transforming our current model in a circular economy. Besides, an overview of recent state-of-the-art H2 production technologies is included, highlighting photocatalysis as the core technology for efficient and sustainable solar energy conversion and the principles photocatalytic water splitting and H2 storage/distribution are also covered.

Case studies of plasmonic Au-based Schottky junctions on three SC support systems are included: TiO2, gC3N4, and TiO2-gC3N4. TiO2 and gC3N4 SCs are benchmark and emergent visible-light-driven photocatalysts, respectively. Hence, their heterojunction, named Z-scheme, is predicted to be beneficial for photocatalytic applications. Relevant studies will be presented and aspects of material synthesis procedures, key properties, and efficiency in H2 production via water splitting, will be critically discussed. Gold (Au) is also introduced as an outstanding metal due to its peculiar physical and chemical properties able to enhance SCs photocatalytic activities in the order of 10-100 times compared to SC's efficiencies alone [START_REF] Dubi | Hot" electrons in metallic nanostructures-non-thermal carriers or heating?[END_REF].

Energy and climate contexts

Population growth, unsustainable lifestyle, and dependency on fossil fuels have been the key culprits of the present energy and environmental crisis. World's population is predicted to increase by 40-50% within the next decades, rising to over 9 billion people by 2050 [START_REF] Iea) Iea | Key World Energy Statistics[END_REF][START_REF] Taagepera | A world population growth model: Interaction with Earth's carrying capacity and technology in limited space[END_REF]. A trend expected to exacerbate the current energy demand and lead to the depletion of fossil fuel reserves (oil, coal, and natural gas [START_REF] Züttel | Hydrogen: the future energy carrier[END_REF] [START_REF] Iea) Iea | Key World Energy Statistics[END_REF]) within the next 80 years (Fig. 1 and Fig. 2).

Figure 1. a) Distribution of world energy sources for the energy supply. Reproduced with permission. [START_REF] Iea) Iea | Key World Energy Statistics[END_REF] IEA (2016) Key World Energy Statistics. All rights reserved. b) World energy reserves by type of fossil fuel [START_REF] Perez | A Fundamental Look at Supply Side Energy Reserves for the Planet[END_REF].

Figure 2.

Total global energy-related CO2 emissions in gigatons (Gt) per year. Reproduced with permission. [START_REF]Global Energy Review 2020 -Analysis -IEA n[END_REF]. IEA (2020) Global Energy Review. All rights reserved. Inset. Increase of global temperature (°C) anomaly over the years. Reproduced with permission. [START_REF] Hansen | Global Surface Temperature Change[END_REF]. Copyright 2010, American Geophysical Union.

But the search for alternative energy sources only gained traction during the first oil crisis in the 1970s [START_REF]The Future of Solar Energy[END_REF][START_REF] Grätzel | Photoelectrochemical cells[END_REF], influenced by M. King Hubbert predictions of global warning and the imminent depletion of the Earth´s oil reserves [START_REF] Mccabe | The future of energy gases[END_REF][START_REF]The Origin of Petroleum[END_REF][START_REF] Hubbert | Energy from Fossil Fuels[END_REF]. Today, it is well established that fossil fuels are the main actors in the climate change crisis [START_REF] Oberthur | The Kyoto Protocol : international climate policy for the 21 st century[END_REF] marked by the flagrant rise of carbon dioxide (CO2) emissions [START_REF]Global Energy Review 2020 -Analysis -IEA n[END_REF] [START_REF]Global Fossil Fuel Carbon Emissions -Graphics[END_REF][START_REF] Boden | Global, Regional, and National Fossil-Fuel CO2 Emissions[END_REF] and Earth's surface temperature by 0.9 °C in 2020 [START_REF] Hansen | Global Surface Temperature Change[END_REF].

The crisis has prompted the development of renewable energies, such as tidal, wind, hydroelectric, biomass, geothermal, and solar energy [START_REF] Iea) Iea | Key World Energy Statistics[END_REF][START_REF] Perez | A Fundamental Look at Supply Side Energy Reserves for the Planet[END_REF][START_REF]The Future of Solar Energy[END_REF][START_REF] Kruger | Electric power required in the world by 2050 with hydrogen fuel production-Revised[END_REF][START_REF] Turner | Who We Are | Energy Transitions Commission n[END_REF]. Among these, solar has always been considered the most promising solution [START_REF] Perez | A Fundamental Look at Supply Side Energy Reserves for the Planet[END_REF][START_REF]The Future of Solar Energy[END_REF][START_REF] Nocera | The Artificial Leaf[END_REF] (Fig. 3a) since only a small fraction of the solar irradiation (0,04%, 36000 TW) is expected to supply current and future global energy demand (16 TW in 2009 and 28 TW by 2050) (Fig. 3b) [START_REF] Lewis | Basic Research Needs for Solar Energy Utilization[END_REF].

The vast potential of solar power has been driving the development of a wide range of solar energy systems. While photovoltaic and concentrated solar power (CSP) technologies have already been successfully scaled up for commercial applications, alternative technologies such as H2 production via water splitting still need to be improved.

Hydrogen

The signature of the Paris agreement in 2016 has put in motion a series of global and European strategies to support the hydrogen economy. SUNERGY is one of the most ambitious results of the agreement. A large-scale research and experimental development (R&D) initiative gathering experts from academia, industry, and politics and aiming to decarbonize industry and society by 2050 [START_REF]Fossil-free Fuels And Chemicals | Sunergy[END_REF]. The European Commission has also launched an unprecedented call Green Deal to foster innovation and advance the transition to a clean and circular economy [START_REF] European | European Commission[END_REF].

H2 is the simplest and lightest of all existing elements, and the most abundant chemical element in the universe [START_REF] Parthasarathy | Hydrogen production from steam gasification of biomass: Influence of process parameters on hydrogen yield -A review[END_REF]. On Earth, H2 is not readily available but mostly present in combination with other elements, such as water (H2O), hydrocarbons, or organic matter potential perspective [START_REF] Lewis | Basic Research Needs for Solar Energy Utilization[END_REF]. [START_REF] Ni | An overview of hydrogen production from biomass[END_REF], due to its flammable nature and ease of reaction with other chemical substances. H2 can serve as fuel either for direct combustion in an internal combustion engine or fuel cell, producing only water as the only by-product and no greenhouse gases (CO2) [START_REF] Marbán | Towards the hydrogen economy?[END_REF][START_REF]Gas Encyclopedia. Hydrogen[END_REF].

Today, H2 is mainly obtained from natural gas (48%), hydrocarbons (30% from heavy oils and naphtha), and coal (18%) [START_REF] Balat | Hydrogen from biomass -Present scenario and future prospects[END_REF]. Approximately half of its production is employed on the Haber-Bosch process to obtain ammonia (NH3) and ammonium based-fertilizers. Another significant use of H2 is in oil refinery, namely in cracking long-chain into light hydrocarbons (hydrocracking process), in removing sulfur or nitrogen from petroleum products (HDS -hydrodesulfurization and HDN hydrodenitrogenation processes) and aromatic compounds from complex mixtures (dearomatization). Hydrogen is used also in the hydrogenation reaction (e.g., oil to margarine process) and, in lesser extent, as rocket propellant [START_REF] Züttel | Hydrogen: the future energy carrier[END_REF][START_REF]Gas Encyclopedia. Hydrogen[END_REF][START_REF] Ronneau | pollution de l'air et développement durable[END_REF].

Energy vector

H2 has the highest heating value of all existing fuels per mass unit (142 KJ/mol).

Compared to conventional fossil fuels, it possesses two to three times more energy content than methane (55 KJ/mol), propane (50.3 KJ/mol), gasoline (45.8 KJ/mol), and natural gas (47.2 KJ/mol) (Fig. 4) [START_REF] Ronneau | pollution de l'air et développement durable[END_REF][START_REF] Nikolaidis | A comparative overview of hydrogen production processes[END_REF]. The major challenges in the widespread adoption of H2 as an energy vector stem from the low availability of its molecular form, lack of sustainable production technologies, and hindrances in storage and transportation [START_REF] Steinfeld | Solar thermochemical production of hydrogen--a review[END_REF].

In contrast, the non-polluting nature of H2 by-products, the abundance of sources, and high heating value is expected to drive the demand for this energy vector and consequently decrease its production costs propelling the transition to an H2-driven economy (Fig. 5). A trend that has intensified since the 1980s due to the progressive depletion of fossil fuels and socio-economic instability in the Middle East [START_REF] Heeger | Science and innovation to change our future energy options[END_REF].

Production processes

Hydrogen can be produced using conventional or alternative processes that either use raw materials, such as fossil fuels, or renewable resources such as water. There are currently four processes of H2 production (Fig. 6), with the conversion from fossil fuels responsible for 96% of all the produced H2 and the electrolysis of water accounting for only 4%. Typically, fossil fuels are converted to H2 through reforming or pyrolysis with natural gas steam reforming as the dominant technology. Currently, this energyintensive and pollutant process, supplies most of the global H2 demand (95%) [START_REF]Technology Roadmap Hydrogen and Fuel Cells[END_REF], thus dictating the global production costs of this fuel.

Commonly, there are three types of conventional hydrocarbon reforming methods, depending on the employed reactant (Fig. On a smaller scale, biomass and water are the major renewable sources of H2. The biomass processes can be divided into three types, ca. thermochemical, biological, and emerging steam reforming of bioethanol [START_REF] Llorca | Hydrogen from Bioethanol[END_REF][START_REF] Huck-Iriart | Unraveling the Chemical State of Cobalt in Co-Based Catalysts during Ethanol Steam Reforming: An in Situ Study by Near Ambient Pressure XPS and XANES[END_REF]. Whilst water splitting techniques can be classified by their input activation source (Fig. For storage and transportation, H2 is compressed into gas cylinders, cryogenic liquid tankers, pipelines, or tubes and stored at approximately 250 bar, creating two important challenges: (i) the high cost of the infrastructure [START_REF] Europe | Hydrogen transport & distribution | Hydrogen n[END_REF] and (ii) the predicted leakage of 10% [START_REF] Ball | Hydrogen fuel could widen ozone hole[END_REF] during storage (ii). Conventional cylinders and tanks used for storage are made of heavy-weight steel with a high internal amount of compressed H2 (15.6 kg at 200 bar). The high weight significantly increases transportation costs compared to other fuels such as oil [START_REF] Europe | Hydrogen transport & distribution | Hydrogen n[END_REF]. Moreover, the high pressure imposes a heavy regulation to ensure safe transport. For example, the US Department of Transportation (DOT) allows a maximum 560-720 kg of H2 per truck in national routes [START_REF]Costs of Storing and Transporting Hydrogen[END_REF]. In this context, adopting composite storage vessels with lower weights may be a foreseeable solution.

Additionally, H2 leakage is predicted to have a negative impact in the ozone layer. Being lighter than air (0.0899 kg m -3 at 0 °C and 1 bar), H2 can rapidly dissipate and reach the troposphere where 90% of Earth's ozone is found [START_REF] Tromp | Potential environmental impact of a hydrogen economy on the stratosphere[END_REF]. At this altitude, H2 may react with ozone, potentially contributing to widening the ozone hole [START_REF] Organization | World Meteorological WMO, Administration[END_REF]. To address these concerns, an alternative storage solution for H2 can be found in its conjugation with captured CO2 resulting in small hydrocarbon liquids, which are easier to store and transport [START_REF] Schlögl | Chemical Energy Storage[END_REF].

Principles of photocatalysis and introduction to plasmonic photocatalysis

Photocatalysis is a specific type of heterogeneous catalysis [START_REF] Serpone | Semiconductor photocatalysis -Past, present, and future outlook[END_REF], requiring light instead of heat (as usual in thermal catalysis) to diminish the activation energy barrier of chemical reactions. The word photocatalysis first appeared in the pioneering work of Doerffler and Hauffe (1964) to describe the oxidation of carbon monoxide (CO) using a combination of ZnO and light [START_REF] Doerffler | Heterogeneous photocatalysis I. The influence of oxidizing and reducing gases on the electrical conductivity of dark and illuminated zinc oxide surfaces[END_REF]. To date, the most well-studied photocatalyst is TiO2, mainly in its anatase form.

The ideal photocatalytic mechanism comprises five general steps (Fig. 8):

(1) Diffusion of the reactants from the liquid phase to the photocatalyst's surface Over the last decades, photocatalytic systems have been developed for environmental and energetic applications to oxidize a large variety of organic (alkanes, alcohols, carboxylic acids, sulfur, and nitrogen-containing products and others) and inorganic (CO, NH3, H2S, and others) molecules.

For environmental applications, the process has found extensive use in water and air purification by degrading contaminants via highly reactive radicals, such as hydroxyl OH˙ or superoxide O2˙, or directly via the h + ion. Ideally, these reactions lead to the total mineralization of organics and partial decomposition of some inorganic pollutants (not oxidant conditions) (NO2, SO2, and others). Photocatalysis has also found application as an air or water disinfection process since microorganisms (bacteria, viruses, spores) are a complex mixture of organic molecules which can be oxidized via the same highly reactive radicals [START_REF] Pereira | Solar photocatalytic oxidation of recalcitrant natural metabolic by-products of amoxicillin biodegradation[END_REF][START_REF] Rosseler | Chemistry of NOx on TiO2 Surfaces Studied by Ambient Pressure XPS: Products, Effect of UV Irradiation, Water, and Coadsorbed K +[END_REF][START_REF] Josset | UV-A photocatalytic treatment of high flow rate air contaminated with Legionella pneumophila[END_REF]. Recently, efforts in this area have been focused on developing photocatalytic coatings or other functionalized surfaces [START_REF] Jorge | H2 and O2 Evolution from Water Half-Splitting Reactions by Graphitic Carbon Nitride Materials[END_REF][START_REF] Fu | An Amine-Functionalized Titanium Metal-Organic Framework Photocatalyst with Visible-Light-Induced Activity for CO2 Reduction[END_REF][START_REF] Pan | Ab Initio Study on a Novel Photocatalyst: Functionalized Graphitic Carbon Nitride Nanotube[END_REF].

In an energy context, water splitting for H2 production and CO2 reduction to mitigate our carbon footprint are the two main application of photocatalysis [START_REF] Kudo | Heterogeneous photocatalyst materials for water splitting[END_REF][START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF]. Recently, plasmonic photocatalysis has risen as an attractive alternative for efficient light harvesting [START_REF] Linic | Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy[END_REF]. It differs from conventional SC materials because it uses metallic (M) nanoparticles (NPs) (e.g., Au, Pt, Pd, Ag, Cu, etc) on the surface of a photocatalyst (e.g., TiO2, gC3N4, ZnO, etc) to enhance photoactivity. In plasmonics, parameters such as the NP material type, size and morphology, inter-particle spacing, metal loading, surrounding medium, pH, and temperature, are known to influence efficiency [START_REF] Linic | Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy[END_REF][START_REF] Zhang | Plasmonic photocatalysis[END_REF]. Critical aspects and progress in plasmonic photocatalysis will be covered in section 2.

Water splitting

Water splitting (WS) refers to the chemical dissociation of water into H2 and O2. In turn, solar "artificial WS" is used to describe the dissociation of water by an artificial light source. The generation of solar fuels mimics the natural process of photosynthesis not only in the nature of the redox reactions but also in terms of thermodynamics (water splitting 1.23 eV vs. glucose formation: 1.24 eV) (Fig. 9).

Due to its tri-component nature (a light source to activate the SC; the SC to photogenerate the e -/h + pair; and water as the reactant), WC is considered one of the cleanest paths to solar power generation. But despite the simplicity of its underlying principle, the photon-to-product conversion ratios are widely dependent on multiple photophysical, mass transfer, and chemical processes. WS is an endothermic reaction, in theory, it requires a potential of 1.23 V to take place. But in practice, energy losses are unavoidable, due to dispersion caused by to the medium's ionic strength or kinetic overpotential. For this reason, the real potential necessary to effectively split a water molecule ranges between 2 and 2.4 V [START_REF] Christoforidis | Photocatalysis for Hydrogen Production and CO 2 Reduction: The Case of Copper-Catalysts[END_REF].

Two approaches are recurrently used for WS: photocatalysis and photo (electro) chemistry. Both comprise two major steps: a) catalyst activation which takes place when the irradiating photons has an equal or greater energy than the SC's bandgap (Eg) and b) interface reactions on the surface of the catalyst [START_REF] Bak | Photo-electrochemical properties of the TiO2-Pt system in aqueous solutions[END_REF] (Fig. 10, equation 1). 

+ ℎ → + ℎ

(1)

In photo (electro) catalytic water splitting, this initial step (step 1, Fig. 10) is followed by the relaxation of the exciton. After overcoming the binding energy determined by the electronic structure, the exciton separates (step 2, Fig. 10) into e -and h + , which then move independently to the bottom of the Conduction Band (CB or lowest unoccupied molecular orbital, LUMO) or the top of the Valence Band (VB or highest occupied molecular orbital, HOMO), respectively. When each species starts its migration, the carriers diffuse and are transported (step 3-4, Fig. 10) to the interface of the catalyst. An interface loss is inherent to the SC/catalyst/electrolyte system due to the different electronic barriers that both the e -and h + must overcome to reach the surface.

Successful charge transfer and diffusion occur within microseconds of photon irradiation. At this stage, the driving force is the difference in chemical potentials and Fermi levels (overpotential (V)) between the e -and the h + that drive the oxygen evolution reaction (OER, equation 2) and the hydrogen evolution reaction (HER, equation 3) consisting of the two essential WS half-reactions happening on the surface of the catalyst. These electrocatalytic redox reactions are limited by the mass transfer phenomenon (step 6, Fig. 10), happening when the reactant approaches the exposed active sites of the catalyst.

In optimal conditions, the OER half-reaction (equation 2), occurring in the anode, consists of the oxidation of water generating O2 in the presence of the photogenerated h + . As a result, a proton is also produced serving as the reactant in the HER half-reaction in the cathode (equation 3).

+ 2ℎ → 1 2 + 2 (2) 2 + 2 → (3) 
To obtain high water splitting efficiencies, the selection of adequate components such as SC photocatalyst, additional bias, co-catalyst, and sacrificial donor/acceptor, is critical. Ideally, the SC used in WC should present two properties: (i) a VB with higher electrochemical potential than the O2/H2O redox couple, to guarantee the oxidation of H2O into O2 and H + , and (ii) a CB with lower electrochemical potential than the H + /H2 redox couple, to guarantee proton reduction and generation of H2. Besides the adequate SC band energy alignment (CB and VB), another important requirement is the magnitude of its Eg. Ideally the SC should be able to efficiently absorb a wide range of wavelengths from the visible and near infra-red spectrum mimicking the standard solar spectrum reported by the National Renewable Energy Laboratory. If the SC is unable to absorb photons in this spectrum, a sensitization method can be applied to increase photon absorption range. However, finding an SC with this broad absorption range remains an important challenge in this field.

In contrast, in the photocatalytic configuration both half-reactions occur in the same reactor (single compartment). Thus, the global process of WS remains difficult to perform and control when a single SC is used. For this reason, the addition of a co-catalyst (e.g., a metal) is often required to act as an electron trap site and to increase charge separation (e -/h + pairs) [START_REF] Grimes | Light, Water, Hydrogen. The solar generation of hydrogen by water photoelectrolysis[END_REF][START_REF] Kudo | Heterogeneous photocatalyst materials for water splitting[END_REF][START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF]. Additionally, a sacrificial electron donor or electron acceptor molecule is often used to limit the back reaction between the newly generated O2 and H2 molecules. Due to these technical constraints, it is often useful to study and separately optimize each half-reaction to design suitable materials for photocatalytic WS.

2 Monometallic nanostructure: Gold (Au)

In the seminal lecture of Michael Faraday back in 1857, he reported achieving the synthesis of colloidal Au NPs via phosphorous-based reduction for the first time. By further studying the response of these Au NPs to light, Faraday discovered that the size of Au NPs heavily influenced their resulting optical properties [START_REF] Faraday | The Bakerian Lecture. -Experimental relations of gold (and other metals) to light[END_REF]. Soon after, the synthesis of Au NPs became widespread and studies bloomed fostered by the development of Transmission Electronic Microscopy (TEM).

In 1945, microscopic technologies finally achieved a resolution of 2 nm, enabling new types of morphological analysis of metallic systems and visualization of individual heavy atoms and atomic lattice spacing [START_REF] Turkevich | Colloidal gold. Part I -Historical and preparative aspects, morphology and structure[END_REF]. As a consequence, the study and application of Au NPs grew exponentially in multiple fields, such as nanomedicine, bio-imaging, sensing, quantum optics, analytical sciences, photovoltaics, solar cells, and heterogeneous catalysis, among others [START_REF] Giannini | Plasmonic nanoantennas: Fundamentals and their use in controlling the radiative properties of nanoemitters[END_REF].

All protocols of colloidal Au synthesis can be divided into top-down or bottom-up strategies. The first consists of the systematic rupture of the bulk state Au down to Au NPs of smaller dimensions. Whereas, the bottom up relies on the formation of Au NPs coming from individual molecules, involving chemical or biological reduction [START_REF] Parab | An anisotropic snowflake-like structural assembly of polymer-capped gold nanoparticles[END_REF]. The reduction methods comprise two sequential steps, i.e., nucleation and growth. The socalled in situ synthesis applies when both nucleation and growth occur at the same stage. On the contrary, if the two steps occur separately, it is referred as the seed-growth method. Undoubtedly, both in situ and seed-growth methods have advantages and disadvantages. Whereof, the major advantage of seed-growth method is the possibility of synthesizing Au NPs controlling shape and size, whilst the top-down strategy only limited control can be exerted in these properties of the NPs. Therefore, in a rational design strategy, the method needs to be selected according to the requirements of the final application.

In 1951, John Turkevich further advanced Faraday's discoveries of colloidal Au synthesis by clarifying the nucleation and growth aspects [START_REF] Turkevich | A study of the nucleation and growth processes in the synthesis of colloidal gold[END_REF]. In his studies, he reported the reaction of chloroauric acid (HAuCl4) with trisodium citrate (Na3C6H5O7), acting both as reductant and nucleating agent. The reaction resulted in colloidal gold micelles with sizes ranging from 10 to 20 nm. Later in 1973, Frens revisited the Turkevich method by varying the concentration of Na3C6H5O7, which caused size variations in the gold micelles (15 to 150 nm). Thus, Frens concluded that controlling the trisodium citrate to Au ratio further influenced the number of nuclei which grew to form particles [START_REF] Frens | Controlled Nucleation for the Regulation of the Particle Size in Monodisperse Gold Suspensions[END_REF]. In the following years, several improvements were achieved on the Turkevich-Frens method.

The seed-growth methodology was proposed by Schmid et al. in 1981 with Au55phosphine cluster to control more precisely the size of the NPs [START_REF] Schmid | Catalytic Properties of Layered Gold-Palladium Colloids[END_REF]. Due to the use of phosphorus based ligand-stabilized Au NPs, the functionalization and preparation of bimetallic cores of Au NPs was thus possible [START_REF] Zheng | One-step one-phase synthesis of monodisperse noble-metallic nanoparticles and their colloidal crystals[END_REF][START_REF] Weare | Improved synthesis of small (dcore ≈ 1.5 nm) phosphine-stabilized gold nanoparticles[END_REF]. Schmid's cluster, his greatest achievement, was based on [Au55(PPh3)12Cl6] (PPh3 represents triphenylphosphine) and exhibited a very narrow dispersity with quantum-dot particle properties [START_REF] Schmid | Au55[P(C6H5)3]12CI6 -ein Goldcluster ungewöhnlicher Größe[END_REF]. In 2000, Weare and Hutchison [START_REF] Weare | Improved synthesis of small (dcore ≈ 1.5 nm) phosphine-stabilized gold nanoparticles[END_REF] further improved Schmid's method by introducing stronger reducing agents such as sodium borohydride (NaBH4) and N(C8H15)4Br in water-toluene.

In 2001, Sau et al. proposed a two-step seed grow method [START_REF] Sau | Size controlled synthesis of gold nanoparticles using photochemically prepared seed particles[END_REF] to improve stability of small NPs. Firstly, using ultraviolet (UV) irradiation and varying the Au ion to stabilizer/reductant ratio (TX-100), small particles (ca. 5-20 nm) were formed. Followed by non-iterative seed-mediated growth of the initial NPs with ascorbic acid, particles with 20-110 nm were obtained [START_REF] Buso | Gold-nanoparticle-doped TiO2 semiconductor thin films: Optical characterization[END_REF][START_REF] Haruta | Low-temperature oxidation of CO over gold supported on TiO2, α-Fe2O3, and Co3O4[END_REF][START_REF] Lin | Gold dispersed on TiO2 and SiO2: adsorption properties and catalytic behavior in hydrogenation reactions[END_REF].

In 1994, Brust-Schiffrin introduced the water/toluene two-phase method. Such a method included redox reagents in the two reaction phases, a phase-transfer agent, and a protected reductant agent, which created a complex reaction medium. The thiolatestabilizer provided a good control of Au sizes (1-3 nm) during in situ condition [START_REF] Brust | Synthesis of thiol-derivatised gold nanoparticles in a two-phase liquid-liquid system[END_REF]. The success of Brust-Schiffrin was mainly to (I) room temperature reaction condition (II) moderate thermal and oxidation resistance (III) no decomposition or aggregation after re-dissolving (IV) easy functionalization (V) Au NPs with size of ≤ 5 nm with cuboctahedral and icosahedral shapes [START_REF] Zhao | State of the art in gold nanoparticle synthesis[END_REF]. In the following years, advancements on the Brust-Schiffrin method were achieved.

By comparing the main abovementioned methods, the strength of reducing agent in Brust-Schiffrin is stronger than that of citrate sodium in Turkevich reaction. Yet, thanks to Marcus theory, reaction rates formation of Au NPs in presence of NaBH4 are faster and the size of the NPs is smaller than those obtained with the Turkevich method. However, one drawback of using Brust-Schiffrin method is the added purification step before separation. Nonetheless, the desired application of the SCs should dictate the type of protocol used for its production.

For more exhaustive details about the development of Au synthesis protocols, please refer to additional references [START_REF] Zhao | State of the art in gold nanoparticle synthesis[END_REF][START_REF] Nascimento | Nobel metal-TiO2 nanocomposites: synthesis, characterization and catalytic activity[END_REF][START_REF] Li | Anisotropic gold nanoparticles: Synthesis, properties, applications, and toxicity[END_REF].

Au properties

Noble and coinage metals (Au, Pt, Pd, Ag, Cu, and Ni) are frequently used as co-catalysts in photocatalytic reactions owing to both their capacity to extract the photogenerated electrons of the SC (electronic property) and their ability for light harvesting in the visible and near infrared (IR) spectrum (optical property), acting as antennas [START_REF] Linic | Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy[END_REF][START_REF] Giannini | Plasmonic nanoantennas: Fundamentals and their use in controlling the radiative properties of nanoemitters[END_REF][START_REF] Maier | Plasmonics : fundamentals and applications[END_REF].

One key criteria to select the most efficient metal is its noble nature [START_REF] Rodgers | Descriptive inorganic, coordination, and solid state chemistry[END_REF][START_REF] Derkachova | Dielectric Function for Gold in Plasmonics Applications: Size Dependence of Plasmon Resonance Frequencies and Damping Rates for Nanospheres[END_REF]. In this context, platinum is by far the highest efficient co-catalyst [START_REF] Maeda | Photocatalytic Activities of Graphitic Carbon Nitride Powder for Water Reduction and Oxidation under Visible Light[END_REF], yet its high cost has limited its use. In contrast, Au due to its unique properties, is a popular alternative to reduce catalyst costs without harming the catalytic efficiency.

Au behaves peculiarly due to quantum size effects [START_REF] Yang | Structural and electronic properties of Au on TiO2 (110)[END_REF], charge transfer to and from the support [START_REF] Van Bokhoven | Activation of Oxygen on Gold/Alumina Catalysts: In Situ High-Energy-Resolution Fluorescence and Time-Resolved Xray Spectroscopy[END_REF], oxygen spill-over [START_REF] Okumura | Chemical vapor deposition of gold on Al2O3, SiO2, and TiO2 for the oxidation of CO and of H2[END_REF], high resistance to oxidation [START_REF] Boyen | Oxidation-resistant gold-55 clusters[END_REF], and to the role of low-coordinated Au atoms [START_REF] Hvolbaek | Catalytic activity of Au nanoparticles[END_REF].

In catalysis, Au has a special status, but has recently received much attention in photocatalysis and optoelectronics [START_REF] Warren | Plasmonic solar water splitting[END_REF]. This preference can be explained by its outstanding electronical and optical properties like a high work function (Φ) ca. 5.0-5.1 eV [START_REF] Ofuonye | Electrical and microstructural properties of thermally annealed Ni/Au and Ni/Pt/Au Schottky contacts on AlGaN/GaN heterostructures[END_REF] under ultra-high vacuum, atomically clean (no impurities), and dielectric constant (ε) [START_REF] Derkachova | Dielectric Function for Gold in Plasmonics Applications: Size Dependence of Plasmon Resonance Frequencies and Damping Rates for Nanospheres[END_REF] which depends on the refraction index (η) according with Drude's (more details in section 2.1.3). However, these properties are susceptible to significant due to the influence of internal or external elements in the resulting electronic and optical structure. For this reason, it is recommended to be highly critical when reporting surface-related properties.

Electron trapping function

Schottky junctions allow the unidirectional and irreversible migration of the photoexcited e -from the CB of the SC towards the M NP in an upward band bending configuration. At this stage, the intimate interface M/SC provides a concurrent acceleration of both charge separation and transfer and the M NP acts an electron trapping site [START_REF] Zhou | Tuning the size of photo-deposited metal nanoparticles: Via manipulating surface defect structures of TiO2 nanocrystals[END_REF]. The advantage of Schottky junctions and corresponding electronic concepts will be covered in section 2.2.

Co-catalyst

Metals in general can act as surface sites [START_REF] Van Hardeveld | The statistics of surface atoms and surface sites on metal crystals[END_REF] and as charge-trap centers [START_REF] Zhang | Plasmonic photocatalysis[END_REF] to capture the photoexcited e -migrating from the CB of the SC. These two roles involve different etypes: either intrinsic metal e -or trapped e -originated from the SC, respectively. Undoubtedly, irrespective of the origin of the e -, both scenarios offer vast possibilities of multiple interfacial reactions.

Surface Plasmon Resonance (SPR)

Plasmonic photocatalysis has driven a paramount enhancement in photocatalytic efficiencies, resulting in a tremendous shift in visible and near infrared light-absorbing materials [START_REF] Linic | Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy[END_REF] (see section 1.3).

The vast applications of plasmonic photocatalysis are possible thanks to knowledge gained by the establishment of different physical models derived from different systems.

For instance, back in the XX century, Paul Drude proposed an electrical conduction model for metals at the nanometric scale. He based his model on the principle of the kinetic theory of gases but applied it to electrons in a solid medium to deduce the metal dielectric permittivity [START_REF] Drude | Zur Elektronentheorie der Metalle[END_REF][START_REF] Drude | Zur Elektronentheorie der Metalle; II. Teil. Galvanomagnetische und thermomagnetische Effecte[END_REF]. A plasmon is characterized by the plasma frequency or pulsation (ωp) depending on the electronic density (n), elementary charge (e), metal permittivity (ε0), and electron mass (m) as shown in equation 4.

=

Drude's model describes how the free electrons oscillation cloud resonates after an external electrical field has been applied. The number of oscillations of a plasmon, also known as the plasma wave (fp), represents the electrical charges present in conductive media. The plasma wave in plasmons can be calculated according to equation 5.
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In 1920, plasmons were classified as waves. The plasma oscillation (plasmon) can be calculated by applying the Maxwell's equations using strict boundary conditions [START_REF] Rahm | Optical design of reflectionless complex media by finite embedded coordinate transformations[END_REF]. For a single spherical particle, Mie theory accurately describes the properties when there is an electrodynamic response [START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF].

The localized surface plasmon resonance (LSPR) can be described with the extinction (absorption + scattering) cross section Cext (equation 6) that depends on particle radius (R), excitation wavelength (λ), relative dielectric constant of the medium surrounding the metal nanosphere (εm), imaginary part dielectric function (εi), and real part dielectric function (εr). The following equation is obtained thanks to combination of Mie theory and Maxwell equations creating a solution for a metal nanosphere [START_REF] Mulvaney | Surface Plasmon Spectroscopy of Nanosized Metal Particles[END_REF].
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An interesting physical parameter of the plasmon is the quality factor (Q) (equation 7), which determines the width and strength of a resonance knowing the LSPR frequency ( ,-) and the plasmon decay rate (.) [START_REF] Fan | Light scattering and surface plasmons on small spherical particles[END_REF]. Q indicates the number of oscillations taking place before heat dissipation of the light. A study on the Q of different metals demonstrated that the plasmonic properties were different in function of the metal but also in function of their wavelength. Mostly Au, Ag, Al, and Li display an attractive Q (Q ≥1) in the work region wavelength. Yet, the ideal minimum requirement for plasmonic applications is Q ≥ 10, although some ultrahigh Q-factors have been reported [START_REF] Chorsi | Tunable plasmonic substrates with ultrahigh Q-factor resonances[END_REF].
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The formation of the localized surface plasmon (LSP) occurs when an M NP is irradiated with a wavelength that wider than its size. Thus, the electron density decomposes, resulting in a decreased density on the illuminated side and increased density on the opposite side of the NP. The phenomenon causes a displacement of the metal's electronic cloud in one direction along the applied field [START_REF] Li | Influence of localized surface plasmon resonance and free electrons on the optical properties of ultrathin Au films: a study of the aggregation effect[END_REF][START_REF] Kim | Hot-Electron-Mediated Photochemical Reactions: Principles, Recent Advances, and Challenges[END_REF]. Concomitantly, the electron cloud is redistributed in an asymmetrical shape and a coulombic force operates on the negative electrons and positive nuclei as illustrated in Fig. 11. Due to the resulting charge density dynamic, oscillations of free electrons take place in the surroundings of the M NP. Yet, the total mechanic energy is preserved with no energy dispersion. Accordingly, a plasmon is defined as a collective coherent oscillation of free electrons in a M NP [START_REF] Rycenga | Controlling the synthesis and assembly of silver nanostructures for plasmonic applications[END_REF].

Surface plasmons (SP) are waves that propagate along the interface between a conductor and dielectric materials [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF]. When a beam of light travels in a non-conductor media, also known as dielectric (air, water, glass), and reaches the surface of a conductor material (Au, Ag, M), a surface wave is generated at the interface of the M and the dielectric material. Under specific resonance conditions, a travelling surface wave is generated in an impinging point of light. The wave travels along the interface generating an intensity contour of the associated electromagnetic field, called the SP polaritron. Its generation creates, in turn, a propagation wave extending away from its initial surface point. Three characteristic distances can be identified in the SP: the evanescent field in the dielectric (δdiel), the evanescent field in the M (δmetal), and the surface plasmon propagation (SPP) (δSPP), as illustrated in Fig. 12. Each distance has a different physical meaning, the δdiel describes how far the SP wave extends in the dielectric material, the δmetal describes how deep the SP wave reaches in the M, and the δSPP describes how far from the exaltation point the SP can travel along the M/dielectric interface [START_REF] Lindquist | Engineering metallic nanostructures for plasmonics and nanophotonics[END_REF].

The LSPR takes place when a working plasmon resonance frequency meets a single M NP at maximum functionality of its optical extinction, in which its frequency enables conduction electrons within the NP to suffer minimal energy dissipation while oscillating [START_REF] Warren | Plasmonic solar water splitting[END_REF]. When this condition is fulfilled and the frequency of the incident light matches the LPSR, it is thus possible for the M NP to generate intense and localized electric fields on their surfaces benefiting photocatalytic applications.

Surface plasmon benefits for photocatalysis

Nanoplasmonic systems are increasing the light harvesting capacity and simultaneously reducing material thickness. This trend is advantageous because it diminishes both bulk recombination and cost, making M NPs promising materials for boosting energy conversion efficiencies.

The creation of the resonant M NP high-energy electron, or the so-called "hot" electron, comprises several steps, namely (I) excitation of LSP, (II) their decay to hot carriers (III) transport, and (IV) injection [START_REF] Kim | Hot-Electron-Mediated Photochemical Reactions: Principles, Recent Advances, and Challenges[END_REF]. The multiple light absorption interactions and energy transfer mechanisms between an M NP and SPR can be reasonably predicted by knowing the energy level positions of each individual system in contrast to the Fermi level, i.e., NP, adsorbed molecule, and SC. The precise hot electron mediated chemical contribution (still a debate within the field) can be associated with three scenarios: (i) electron-hole pair separation, where the hot electrons induced by the SPR jump through the Schottky barrier inject into the SC CB, (ii) injection of hot electrons from the plasmonic NP to adsorbed molecules on the metal's surface, and (iii) thermal heating provoked by LSP.

For the sake of simplicity, this review will briefly explain the generation of hot carriers, SC light absorption exaltation (M/SC interface), and hot electron injection (M/SC and M/molecule interfaces). No details on LSP decay and its associated thermal heating effect will be covered.

a) Generation and relaxation of hot carriers

Before referring to the utility of hot carriers, the generation and relaxation will be briefly covered to understand how they are created and transported.

The excited SP decay emits a photon via a radiative path or generates an e -/h + pair via non-radiative path by Landau damping means. The adjective "hot" for the charge carriers is used to indicate the larger energy amount of these types of carriers compared to the ones near the Fermi energy. Consequently, one can understand that a hot electron is merely an electron generated after the SP decay with a considerable amount of energy. Thus, the generation of e -/h + pairs via SP decay can undergo either by inter or intraband transitions. The case of a direct transition, a ground state electron is excited from the VB to the CB with no modification of the crystal momentum, requiring a minimum contained energy to surpass the interband threshold energy. One can highlight that the d band regarding the Fermi level plays a key role in defining the energy distribution of excited hot carriers, i.e., high or low-energy carriers. Contrarily, the indirect transition cannot occur since their momentum is too small compared to that of the electrons. For this reason, a mediator is needed to achieve the momentum difference. In this context, two mediators can be found, e.g., phonons or confinement of the electron cloud [START_REF] Kim | Hot-Electron-Mediated Photochemical Reactions: Principles, Recent Advances, and Challenges[END_REF].

Phonons, emitted from the SP decay, possess a significant energy to help the intrinsic intraband transition energy and together promote an exited electron to a hot electron [START_REF] Brown | Nonradiative plasmon decay and hot carrier dynamics: Effects of phonons, surfaces, and geometry[END_REF]. The second mediator is the physical confinement of the electron cloud. This electron cloud extends along the nanostructure axis and contains a finite size, inducing an uncertainty in the momentum thanks to the uncertainty principle. In light of the large electric field gradient obtained in the vicinity of the M surface, it provides sufficient momentum to transform an excited electron in a hot electron [START_REF] Brown | Nonradiative plasmon decay and hot carrier dynamics: Effects of phonons, surfaces, and geometry[END_REF]. For instance, these two mediators or predominant indirect energy transitions are equivalent since both are found below the interband threshold.

Regarding the relaxation of hot carriers, the excited hot electrons tend to diffuse when trading their energy with either other hot electrons or phonons. When excited electrons exchange energy between themselves, a remaining thermal magnitude is release in the order of 100 fs via Fermi-Dirac distribution [START_REF] Brongersma | Plasmon-induced hot carrier science and technology[END_REF]. In the following step, electrons are scattered by phonons until the electron and lattice temperature reach a common ground.

The interaction/exchange between electron-phonon scattering will accelerate or slow the needed equilibrium between the electron and lattice temperature compared to interelectron scattering [START_REF] Narang | Plasmonic hot carrier dynamics in solid-state and chemical systems for energy conversion[END_REF]. Yet, these theoretical studies have been performed only in tiny particles or bulk materials, due to the complexity of an accurate description of hot carrier dynamics on electron-electron and electron-phonon scattering. However, one can extrapolate that the low-energy carriers have longer lifetimes and longer average diffusion distances. When carrier energy increases, the electron-phonon scattering remains constant. Whilst, for the electron-electron scattering case, increases result in lower lifetimes and diffusion distances [START_REF] Saavedra | Hot-Electron Dynamics and Thermalization in Small Metallic Nanoparticles[END_REF].

b) Semiconductor light absorption exaltation

The SC light absorption exaltation mechanism (Fig. 13) comprises two effects. The first effect comprehends the electromagnetic field intensification in the surroundings of the M NP. The second effect consists in the photonic diffusion on the SC's surface coming from the relaxation of the plasmon from the surface of the M NP. In other words, when the electronic cloud of the NP resonates due to the influence of incident electromagnetic field, the field near the NP intensifies significantly, even for several nanometers around the NP. The formation of e -/h + pairs within the SC is proportional to the squared of the incident field (E-field 2 ). In turn, this new intense field on its surface leads to an increase in the number of e -/h + pairs. Only a few photogenerated charge carriers are located on the surface, where they are ideally placed to react with species in solution before recombining. One can notice that for the occurrence of the SC light absorption exaltation, a condition must be fulfilled. The SC absorption window has to overlap with the resonance wavelength range of the M NP, to leverage the antenna functionality of the M NP [START_REF] Jimenez-Calvo | Synthesis, characterization, and performance of g-C3N4 based materials decorated with Au nanoparticles for (photo) catalytic applications[END_REF].

c) Hot electron injection

When hot electrons are on the edge of the metal's surface and have enough energy to surpass the barriers, they can jump either to an adsorbed molecule or the CB of the SC. Besides this conventional viewpoint of electron transfer, another direct electron excitation may occur in the absence of hot electron states. This new direction proposes a different channel for both M/SC and M/molecule interfaces [START_REF] Kim | Hot-Electron-Mediated Photochemical Reactions: Principles, Recent Advances, and Challenges[END_REF].

c) i. Hot electron injection into a semiconductor

The hot electron injection mechanism starts with an associated energy resulting from the electronic cloud of a irradiated M NP in oscillation [START_REF] O'regan | A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films[END_REF]. Such injection in the NP's edge can be transported to the CB of the SC by charge transfer [START_REF] Ru | Surface Enhanced Raman Scattering Enhancement Factors: A Comprehensive Study[END_REF] via two possible paths: direct excitation of the metal-generated electron into the CB of the SC (Fig. 14. 1), or indirect charge transfer (tunnel effect) via hot electrons formed by the SP decay followed by injection into the CB of the SC (Fig. 14. 2) [START_REF] Persson | Theory of photon emission in electron tunneling to metallic particles[END_REF][START_REF] Shiraishi | Quantum tunneling injection of hot electrons in Au/TiO2 plasmonic photocatalysts[END_REF].

The hot electrons and holes are not equivalent to the photogenerated e -/h + pairs of a SC. But like other excited electrons, hot electrons can relax if a lower energy state is available and be transferred to the CB of the SC if their energy level is lower energy than that of the plasmonic resonance. Noble metal nanoparticles are characterized by an excellent electronic mobility and efficient absorption capacity, 10 5 times higher than organic dyes, making them a potential candidate for this type of indirect energy transfer [START_REF] O'regan | A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films[END_REF]. The hot h + generated in the M NP, has been more poorly described. But since the hot e -transfer follows the same principle as the metallic band diagram, the same can be applied to the hot h + that migrates from the VB of the SC to the interior of the M NP. This charge transfer happens when the M NP is in intimate contact with the SC, oscillating and creating a positive charge deficit. Assuming the charge carrier's direction, the hot h + might behave like a Z-scheme dynamic. It must be underlined that this transfer is merely a hypothesis that may explain a path on how to compensate the global generation of hot charges within the M NP. In the water splitting reaction, either of the described hot e -would be injected into a water molecule to oxidize the chemical entity and undergo the first half reaction enabling the production of H2 in the second half reaction (H + reduction). 3 Binary nanostructures: Schottky M NP/SC junctions and Z-scheme SC1-SC2 heterojunctions

Schottky M NP/SC junction's general principle

When a M and a SC are in intimate contact at the nanoscale, a M/SC junction is formed. The quality of this junction is defined by the type of interactions formed between the two components, driven by their corresponding work function and Fermi levels. The work function (ɸ) is defined as the energy difference between the Fermi level and the vacuum level. It also represents the minimum energy required to transfer an e -from the solid to a position in the vacuum beyond the surface of the M [START_REF] Kahn | Fermi level, work function and vacuum level[END_REF].

When combining a M NP with a n-type SC junction, where the latter contains electron acceptor impurities with 5 valence electrons in its crystal lattice, three cases can happen:

(1) ɸM = ɸSC, the Fermi energy level of the metal (EF,M) and the SC (EF,SC) are aligned before contact. But, after contact, there is no exchange of charge carriers.

(2) Ohmic junction -ɸM < ɸSC, after contact, the M (e -) on the interface has higher energy than the SC (e -), therefore the M (e -) will transfer from the SC to the EF,M / EF,SC alignment.

(3) Schottky junction -ɸM ˃ ɸSC, after contact, the SC (e -) on the interface has higher energy than that of the M NP, causing the SC (e -) to transfer to the Fermi alignment.

M/n-type SC Schottky junction (3rd case) is one of the focal points of this review; the other two cases are merely informative. In this case, a solid M/SC system must fulfill two electronic conditions to enable the occurrence of the Schottky junction. One was already mentioned and it pertains the magnitude of ɸM being larger than the ɸSC. The second condition relies on the magnitude of EfSC being larger than of the EfM. If the M/SC system fulfills these conditions, the synchronization of their Ef takes place and the upward band bending can undergo the migration of photoexcited e -from the SC towards the M.

Au/TiO2 and Au/gC3N4 are two systems able to fulfill these electronic conditions, and thus presenting efficient Schottky junctions.

In these cases, theoretically the M NP can act as e -pump and thanks to this electronic advantage, a better charge carrier's separation is induced within the M/SC system. This condition also decreases direct recombination of e -/h + pairs and ensures the migration of the photogenerated e -from the CB in the TiO2 towards the M NP. That is, assuming that the Schottky barrier height allows e -migration from one component to the other [START_REF] Kocha | Study of the Schottky barrier and positions of band edges at the n-electrode 1 electrolyte interface determination of the energetic and p-type gallium indium phosphide[END_REF][START_REF] Subramanian | Semiconductor-Metal Composite Nanostructures. To What Extent Do Metal Nanoparpcles Improve the Photocatalytic Activity of TiO2 Films?[END_REF].

But to meet any of these conditions, the photogenerated e -in the bulk must first migrate to the surface and be transferred to the M NP. However, if having reached the surface, the photogenerated e -easily recombines with an h + , it reduces the overall activity. If it evades recombination, the e -becomes trapped within the M NP, undergoing beneficial reduction reactions, e.g., proton reduction to hydrogen (Fig. 16) which improve overall activity.

The M/SC junction is broadly used to build the space-charge region or depletion layer (Schottky barrier) inside M/SC interface upon illumination. At the M/SC, electron transfer from one component to the other occurs, aligning the Fermi energy levels, avoiding charge recombination, and ultimately enhancing the photocatalytic performance [START_REF] Zhao | Graphitic carbon nitride based nanocomposites: a review[END_REF]. Hence, the electrons and holes are forced to move in different directions once they are created inside or near the Schottky junction [START_REF] Wang | Plasmonic Ag/AgBr nanohybrid: synergistic effect of SPR with photographic sensitivity for enhanced photocatalytic activity and stability[END_REF]. On top of the Schottky junction, the M NP also provides a fast lane for charge transfer [START_REF] Lombardi | A Unified Approach to Surface-Enhanced Raman Spectroscopy[END_REF], and its surface acts as a charge-trap center hosting multiple active sites with more reaction possibilities. It is only at this point that both the Schottky junction and the fast-lane charge transfer work together to hamper the electron-hole recombination.

Before contact, both components, M (our case Au) and SC, (our case TiO2 or gC3N4, both n-type) have different Fermi levels or electropotentials. A condition must be fulfilled to get the Schottky layer formation at the interface -ɸM ˃ ɸSC. If the opposite situation takes place (ɸSC ˃ ɸM), an Ohmic contact is formed instead of a Schottky junction.

When the equilibrium is reached (without illumination), a Helmholtz double layer forms, balancing the Fermi level of the SC (Ef,S) and the work function of the metal (ɸM). The balancing effect makes charge transference across the Schottky barrier unfeasible due to insufficient concentration of free charge carriers in the SC. The electric field between the M and SC interfaces cannot effectively function as a bridge to transfer the carriers from one side to the other. Nevertheless, these free charge carriers near the SC's surface are unbalanced in comparison to the bulk, also known as space charge region. For example, with an n-type SC (e -as the majority of charge carriers), the e -are depleted in the space charge region (also known as depletion layer) characterized by excess positive charges.

Illumination alters the equilibrium state. It is thus possible to generate a higher charge carrier's concentration which will consequently be transferred across the Schottky barrier, resulting an upwards band bending due to the repulsion from the negatively charged layer on the metal surface and the positively charged layer on the SC. The three mentioned cases are illustrated in a detailed scheme in Fig. 17. 

Au-TiO2 composites

TiO2: relevance, physical-chemical properties, and synthesis

TiO2 is the most studied photocatalyst. Its importance stems from being the most active SC for photon-induced applications. For this reason, it is the benchmark material in environmental and energy fields [START_REF] Nakata | TiO2 photocatalysis: Design and applications[END_REF] and thus recommended as an internal reference material.

TiO2 presents interesting features such as strong oxidizing abilities [START_REF] Hoffmann | Environmental Applications of Semiconductor Photocatalysis[END_REF] under irradiation, chemical stability, long term durability, biocompatibility, reasonable cost, and strong mechanical resistance. Thanks to these features, it is a very attractive material for photocatalytic water splitting) [START_REF] Chen | Semiconductor-based Photocatalytic Hydrogen Generation[END_REF], dye-sensitized solar cells (DSSCs) or even photovoltaic cells (Grätzel cell) [START_REF] O'regan | A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO2 films[END_REF][START_REF] Hou | Highly crystallized mesoporous TiO2 films and their applications in dye sensitized solar cells[END_REF], lithium-ion batteries [START_REF] Szeifert | Ultrasmall Titania Nanocrystals and Their Direct Assembly into Mesoporous Structures Showing Fast Lithium Insertion[END_REF], photocatalytic oxidation, especially for water [START_REF] Cazoir | Hydrocarbon removal from bilgewater by a combination of air-stripping and photocatalysis[END_REF][START_REF] Helali | Methylamine and dimethylamine photocatalytic degradation-Adsorption isotherms and kinetics[END_REF][START_REF] Karkmaz | Photocatalytic degradation of the alimentary azo dye amaranth: Mineralization of the azo group to nitrogen[END_REF] and air [START_REF] Bourgeois | Characterization of a new photocatalytic textile for formaldehyde removal from indoor air[END_REF][START_REF] Vildozo | Photocatalytic oxidation of 2propanol/toluene binary mixtures at indoor air concentration levels[END_REF] decontamination processes, super hydrophilicity [START_REF] Wang | Light-induced amphiphilic surfaces[END_REF], electrochromic [START_REF] Hashimoto | Lifetime of Electrochromism of Amorphous WO3-TiO2 Thin Films[END_REF], biomedical coatings, and sensors.

TiO2 is a n-type SC with a wide band gap of 3.1-3.2 eV, a working function (Φ) of 4.9-5.2 eV, and its band edges positions are found at -0.5 and 2.7 V vs. Normal Hydrogen Electrode (NHE) at pH = 7 for CB and VB [START_REF] Cui | Metal-free activation of H2O2 by g-C3N4 under visible light irradiation for the degradation of organic pollutants[END_REF], respectively. These light absorption and energy potential characteristics attribute TiO2 two main practical limitations hampering its use at large scale for solar light-driven water splitting: (i) exclusive UV-light absorption, and (ii) limited reductant character to undergo the proton reduction half reaction by itself. Other disadvantages of TiO2, are the fast recombination rate of photoexcited electron-hole pairs and the insufficient ionic/electrical conductivity [START_REF] Nakata | TiO2 photocatalysis: Design and applications[END_REF][START_REF] Zhang | Role of Parpcle Size in Nanocrystalline TiO2-Based Photocatalysts[END_REF][START_REF] Masao | Photocatalysis: Science and Technology[END_REF]. In this context, several photosensitization strategies are developed to solve simultaneously the abovementioned limitations [START_REF] Daghrir | Modified TiO2 For Environmental Photocatalytic Applications: A Review[END_REF] and expanding the functionality of TiO2 in applications such as dye grafting [START_REF] Rochkind | Using Dyes for Evaluating Photocatalytic Properties: A Critical Review[END_REF], surface functionalization [START_REF] Park | Surface modification of TiO2 photocatalyst for environmental applications[END_REF], ion doping [START_REF] Roy | TiO2 Nanotubes: Synthesis and Applications[END_REF][START_REF] Christoforidis | Photocatalytic Hydrogen Production by Boron Modified TiO 2 /Carbon Nitride Heterojunctions[END_REF], plasmonic M NPs deposition [START_REF] Hvolbaek | Catalytic activity of Au nanoparticles[END_REF][START_REF] Choi | The Role of Metal Ion Dopants in Quantum-Sized TiO2: Correlation between Photoreactivity and Charge Carrier Recombination Dynamics[END_REF], and coupling with lower band gap SCs [START_REF] Marschall | Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve Photocatalytic Activity[END_REF].

TiO2 presents mainly four polymorphs, anatase (tetragonal, space group I 41 / amd), rutile (tetragonal, space group P 42 / mnm), brookite (orthorhombic, space group Pbca), and TiO2 (B) (monoclinic, space group C2m) [START_REF] Spitzer | Bio-Inspired Nanostructured Sensor for the Detection of Ultralow Concentrations of Explosives[END_REF][START_REF] Zhang | Titanate and titania nanostructured materials for environmental and energy applications: a review[END_REF]. Among these polymorphs, the most active in low temperature photocatalysis is anatase due to its significant specific surface area, which is beneficial for technological implementation aspects [START_REF] Hanaor | Review of the anatase to rutile phase transformation[END_REF][START_REF] Primo | Titania supported gold nanoparticles as photocatalyst[END_REF][START_REF] Connelly | Photoreaction of Au/TiO2 for hydrogen production from renewables: a review on the synergistic effect between anatase and rutile phases of TiO2[END_REF]. Hence, commercial TiO2 P25 is still the benchmark photocatalyst, and the most used for preliminary studies or proof-of-concept ideas because it is largely characterized and its peculiar physical-chemical properties. In fact, TiO2 P25 contains 80:20 anatase/rutile proportion resulting in a stable heterojunction, which efficiently separates the photogenerated electron-hole pairs [START_REF] Ohtani | What is Degussa (Evonik) P25? Crystalline composition analysis, reconstruction from isolated pure particles and photocatalytic activity test[END_REF][START_REF] Ma | Titanium dioxide-based nanomaterials for photocatalytic fuel generations[END_REF][START_REF] Scanlon | Band alignment of rutile and anatase TiO2[END_REF].

TiO2 synthesis method will define important physical-chemical properties, which makes it a useful and important parameter. In function of the selected synthetic method, key properties will be tuned and therefore oriented for specific reactions/applications. The synthetic methods can be divided into two main groups: physical and chemical. Within physical methods, sputtering, cathodic pulverization, or Atomic Layer Deposition are considered precise thin layer deposition methods, but they require either high temperature treatment, partial vacuum, and sophisticated equipment, making them relatively expensive [START_REF] Armelao | Au/TiO2 Nanosystems: A Combined RF-Sputtering/Sol-Gel Approach[END_REF]. Furthermore, those preparation methods are mainly limited to small-scale synthesis. Contrarily, the chemical methods are simpler, thus more used for preparing higher amounts of catalyst. One can mention the most used methods: chemical vapor deposition [START_REF] Zhang | Preparation of anatase TiO2 supported on alumina by different metal organic chemical vapor deposition methods[END_REF], microemulsion [START_REF] Sui | Self-organization of spherical PANI/TiO2 nanocomposites in reverse micelles[END_REF], electrochemical anodization [START_REF] Venkatachalam | Sol-gel preparation and characterization of nanosize TiO2: Its photocatalytic performance[END_REF][155], sol-gel [START_REF] Hench | The sol-gel process[END_REF] [157], and hydrothermal [START_REF] Kasuga | Formation of Titanium Oxide Nanotube[END_REF] synthesis. Every synthetic protocol provides different TiO2 morphologies, thus allowing the control of particle size and distribution, shape, crystalline phase, and specific surface area, which are the determining properties with an immediate impact in TiO2 activity.

Despite of the TiO2 advantages, its wide band gap requires UV energy photons for its activation, thus hindering the use of large part of the solar spectrum. For this reason, TiO2 nanomaterials are not used for visible-light applications yet. Nevertheless, several TiO2 photosensitization strategies had been proposed to maximize visible and near IR light harvesting. Among countless strategies, one can briefly mention coupling [START_REF] Marschall | Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve Photocatalytic Activity[END_REF] with lower band gap SCs (to form SC1/SC2 heterojunctions, preferably with a Z-scheme mechanism), deposition of plasmonic metallic NPs [START_REF] Moakhar | Recent Advances in Plasmonic Perovskite Solar Cells[END_REF] (to form also M NP/SC Schottky junction), doping with impurities [START_REF] Brancho | Challenges in Co-Alloyed Titanium Oxynitrides, a Promising Class of Photochemically Active Materials[END_REF] (anion, cation, co-doped, and co-alloyed) Fig. 18, and dye grafting [START_REF] Chen | Nanomaterials for renewable energy production and storage[END_REF][START_REF] Nazeeruddin | Dye-sensitized solar cells: A brief overview[END_REF][START_REF] Grätzel | Dye-sensitized solar cells[END_REF] for surface activation with anchoring useful molecules exposed, e.g. photosensitizers.

Au/TiO2 binary composite

Plasmonic Schottky Au/TiO2 junctions have been one of the most studied systems of this type. Numerous parametric studies have been conducted to achieve interesting performances and provide a good understanding of the mechanistic operating steps. As a matter of fact, typical studies on Schottky TiO2-based junctions report at least three metals, not only necessarily Au, but Pt, Pd, and Ag, which have been used for longer in water splitting. Herein, we will focus on Au/TiO2 as binary composite since is an immediate reference of the multi-phasic composite Au/TiO2-gC3N4, the core material of this review.

Table 1 shows a comparative assessment of distinctive works. Similar materials, Au/TiO2, to produce H2 under different working conditions such as mass of photocatalyst, metal loading, sacrificial agent, reaction temperature, a synthesis method of metal deposition, and calcination (among other) are introduced aiming at identifying major differences. One can notice, that the H2 rates were reported in different units, thus, whenever cumulative H2 was reported, rates were normalized per time and mass units to homogenize rates and achieve a more accurate comparison. The scientific community still debates whether H2 formation rates should be normalized by specific surface area (SSA) or by mass of catalyst used. On this review, H2 rates were normalized per mass of catalyst since it is currently the most accepted option. The preference for this method can be explained by the intrinsic limitations of normalizing per SSA. In this case, rates would only reflect the intrinsic structural property of the materials (bearing in mind the wide range of SSA's in different materials) and disregard experimental conditions.

The second parameter that varies significantly among the studies is the lamp optical characteristics. Whilst most articles report the power, only a few reported the irradiance. In this context, the need for further benchmarking regarding optical characteristics of the lamp will be thus desirable. The system temperature while acquiring the data is also of great importance since H2 can also be produced by thermal processes. For that reason, it is advised to use room temperature as the optimal working condition with constant monitoring to avoid thermal catalysis contribution. Regarding the use of a sacrificial agent, cited studies used mostly methanol (MeOH), ethanol (EtOH), and in less extend isopropanol (IPA), which are part of the conventional alcohols for such application when using TiO2 based materials. Given the significant variations in experimental conditions, one can conclude that no direct comparison of materials' performance is possible. Regarding the twenty-nine studies in Table 1, the comparison will be made between studies reporting H2 rates in µmol h -1 g -1 and quantum yields in percentage, which are the standard units used in all tables of this review. This criterion aims at uniformizing results, even though, results remain heterogeneous. Given the heterogeneity due to lack of standardization of photocatalytic results prevents accurate international comparison of materials. By consequence other promising materials may not be identified during this analysis.

It must be noted that optical analysis should be given a closer look while calculating quantum yields. The precise expression and recommended is internal quantum yield. While irradiated area or reactor geometry are often reported, it limits to calculate apparent quantum yield. Yet, for accurate measurements the absorbed photons of the catalyst should be known to enable internal quantum yield calculations, independently of using a poly or monochromatic light. For that purpose, a spectroradiometer or photodiode should be used (expensive devices), or the classic actinometry approach (less expensive but time consuming).

Among the selected Au/TiO2 studies, considered the most prominent catalysts, one can see that the four used MeOH as a sacrificial agent. The preparation methods of Au deposition ranged from solid grinding, radiolysis, and photo-deposition. Another relevant parameter is the Au loading, which surprisingly was found to be between 0.5-1 wt.%, a narrow loading for unbiased comparison of this parameter. At last, all the studies used calcination treatment at different temperatures to either crystallize the support material or simultaneously guarantee a strong attachment of Au NPs on the surface of the catalyst while reducing Au I or Au III to Au 0 .

Marchal et al., showed an optimal 0.5 wt.% Au/TiO2(P25) catalyst photo-producing H2 at a rate of 500 µmol h -1 g -1 . This photo activity correlated to the mild air treatment performed during the synthesis of the catalyst known to allow a good contact between the Au NPs and TiO2 and minimize the recombination of charge carriers [START_REF] Marchal | Activation of solid grinding-derived Au/TiO2 photocatalysts for solar H2 production from water-methanol mixtures with low alcohol content[END_REF]. In a different study, Marchal et al., compared the impact of two different Au precursors using the equivalent solid grinding method. The most active Au/TiO2 composite exhibited a 590 µmol h -1 g -1 production after calcination at 400 ºC. This activity was ascribed to intimate interaction between the two components resulting in photogenerated electron transfer from TiO2 to Au NPs, enhancing its co-catalytic and charges separation functionalities [START_REF] Marchal | Au/TiO2 photocatalysts prepared by solid grinding for artificial solar-light water splitting[END_REF]. Following the increased activity, Luna et al. introduced an Au/TiO2 photocatalyst obtained via radiolysis displaying a production rate of 784 µmol H2 h -1 g -1 . Such photoactivity was assigned to long lifetimes of mobile e -compared to the TiO2 reference and a slower decay, evidencing the capacity of Au to avoid fast charge carrier recombination [START_REF] Luna | Synergetic effect of Ni and Au nanoparticles synthesized on titania particles for efficient photocatalytic hydrogen production[END_REF]. The most active Au/TiO2 photocatalyst of the selected series was attributed to Zhou et al. [START_REF] Zhou | Tuning the size of photo-deposited metal nanoparticles: Via manipulating surface defect structures of TiO2 nanocrystals[END_REF]. The authors reported a photo deposited Au NPs onto TiO2 with a relatively low loading and reduced MeOH content. This binary composite was able to photoproduce 1600 µmol H2 h -1 g -1 . Among the activity-structure relationships, one can highlight the manipulation of TiO2 surface nanocrystals by photo-deposited Au NPs, allowing oxygen vacancies and serving as efficient defect structures, namely e-trap sites. Therefore, the authors advised to pre-treat TiO2 at high temperatures to provide a suitable anchor for the photo deposited Au NPs, leading to a good distribution along the support surface while enhancing the catalytic performance. Carbon nitride (C3N4) belongs to a large family of carbon and nitrogen materials with hydrogen impurities. Recently, Melchionna and Fornasiero pointed out the fast-growing number of publications on C3N4 photocatalysis over the last decade, attributing it to the high relevance of the emergent, tunable, and interesting material [START_REF] Melchionna | Updates on the Roadmap for Photocatalysis[END_REF].

C3N4 is also considered the oldest synthetic polymer, first produced via solid-state synthesis by Berzelius in 1834. He synthesized C3N4 using mercury (II) thiocyanate (Hg(SCN)2), which resulted in a yellow pale solid, amorphous, insoluble product, more commonly known as Pharaoh's snakes due its analogue pyrotechnic growth. It was named "melon" by Liebig due to its color. The second attempt took place one year after (1835), when Gmelin synthesized potassium hydromelonate (K3C6N7NCN) by heating potassium ferricyanide and sulphur [START_REF] Gmelin | Ueber einige Verbindungen des Melon's[END_REF]. Nevertheless, the elucidation of both C3N4 and K3C6N7NCN structures was not possible due to the lack of advanced analytical and characterization tools at the time. In 1922, Franklin introduced the concept of carbon nitride (C3N4)x. By Hg (SCN)2 thermolysis, he produced an amorphous C/N compound as the final polymerization product while deaminating the amino-carboxylic acid [START_REF] Franklin | The ammono carbonic acids[END_REF]. He proposed the 2, 5, 8 triamino-tri-s-triazine (C126H21N175) structure, amongst several structures too, but the experimental results lacked strong evidence. An X-ray diffraction (XRD) study was needed to demonstrate the different phases inside the polymeric structure of graphitic (g-)C3N4. In this context, Pauling and Sturdivant suggested for the first time the coplanar tricyclic tri-s-triazine (s-heptazine) unit as the elementary structural motif with XRD evidence. Three years later, Lucas and Redemann found an inconsistency in melon's composition proposed by Liebig and Franklin. Thus, the authors proposed the alternative structures of melam, melem, and melon. Still, their major contribution was to report that the "melon" structure was graphite [START_REF] Redemann | Some Derivatives of Cyameluric Acid and Probable Structures of Melam, Melem and Melon[END_REF]. From 1950 to 1980, Finkel'shtein and co-workers carried out a series of experiments to confirm the different derivates of gC3N4 mentioned so far [START_REF] Finkel'shtein | Chemical properties and molecular structure of derivatives of sym-heptazine [1,3,4,6,7,9,9b-heptaazaphenalene, tri-1,3,5-triazine[END_REF]. A theoretical study conducted by Teter and Hemley in 1996, also suggested a triazine-based structure for gC3N4 [START_REF] Teter | Low-Compressibility Carbon Nitrides[END_REF]. In 1989, a theoretical prediction drawn by Liu and Cohen, of an ultra-hard carbon nitride material (β-C3N4, sp 3 ) harder than diamond, help foster research on C3N4 materials [START_REF] Liu | Prediction of new low compressibility solids[END_REF]. Nevertheless, it was only in 2008 that Wang and Antonietti et al. published a milestone work regarding the photocatalytic capacity of C3N4 for H2 and O2 production under visible irradiation using a co-catalyst and a sacrificial agent [START_REF] Wang | A metal-free polymeric photocatalyst for hydrogen production from water under visible light[END_REF].

Seven different crystalline polymorphs (allotropes) are well described in experimental and theoretical literature, six of them are 3D: α-C3N4, β-C3N4, cubic-C3N4, pseudocubic-C3N4, g-h-triazine, and g-h-heptazine; while the last allotrope is two dimensional (2D): graphitic gC3N4, the most stable of the seven [START_REF] Liu | Prediction of new low compressibility solids[END_REF][START_REF] Rignanese | First-principles study of vibrational and dielectric properties of C3N4 polymorphs[END_REF][START_REF] Ong | Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts for Artificial Photosynthesis and Environmental Remediation: Are We a Step Closer To Achieving Sustainability?[END_REF]. The graphitic phase presents a chemical structure analogue to graphene. Several in-plane ̟ conjugated systems, which are based on perpendicular weak interactions (Van der Waals) with both top and bottom sheets, are stacked in a 2D network of hexagons based on aromatic rings.

Graphitic carbon nitride (gC3N4) has emerged among the polymorphs' family in material chemistry for several reasons. Due to its facile and rapid synthesis, cheap and abundant N2-rich precursors, scalable method, and ease of modification [START_REF] Wang | A metal-free polymeric photocatalyst for hydrogen production from water under visible light[END_REF][START_REF] Wang | Polymeric graphitic carbon nitride as a heterogeneous organocatalyst: from photochemistry to multipurpose catalysis to sustainable chemistry[END_REF]. Besides, it's unique electronic band gap, high thermal and chemical stability, make it the most stable allotrope at room temperature and the most amenable to complex band gap engineering strategies [START_REF] Ong | Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts for Artificial Photosynthesis and Environmental Remediation: Are We a Step Closer To Achieving Sustainability?[END_REF].

gC3N4 is attractive due to its specific features, it is a n-type SC with a medium band gap of ca. 2.7 eV exhibiting a partial visible absorption, working function (Φ) of 4.65 eV [START_REF] Zhu | First principle investigation of halogen-doped monolayer g-C3N4 photocatalyst[END_REF], and band edges positions at -1.3 and 1.4 V vs. NHE at pH = 7 for CB and VB [START_REF] Cui | Metal-free activation of H2O2 by g-C3N4 under visible light irradiation for the degradation of organic pollutants[END_REF][START_REF] Zhang | Synthesis of a Carbon Nitride Structure for Visible-Light Catalysis by Copolymerization[END_REF], respectively. The crystallographic structure is based on tri-s-triazine or s-heptazine units, that are hexagonal sheets bonded by covalent bonds between C and N atoms, which are analog to the graphite/diamond system with a graphitic 2D form (sp 2 hybridized system. These heptazine units are connected via tertiary amines in the gC3N4 skeleton, explaining its high thermal (up to 600 °C in air) and chemical stability (against acid, base, and organic solvents) [START_REF] Wang | Polymeric graphitic carbon nitride as a heterogeneous organocatalyst: from photochemistry to multipurpose catalysis to sustainable chemistry[END_REF].

Several gC3N4 synthesis methods have been reported, namely physical vapor deposition, chemical vapor deposition, solvothermal, thermal condensation, microwave irradiation, and solid-state reaction [START_REF] Méndez-Medrano | Surface Modification of TiO2 with Au Nanoclusters for Efficient Water Treatment and Hydrogen Generation under Visible Light[END_REF]. Of all methods, thermal condensation is the most widely used due to its simplicity. Typically, the organic precursors used for the thermal polycondensation are cheap nitrogen-rich species, e.g., urea, thiourea, melamine, cyanamide, dicyandiamide (DCDA), and others like ammonium thiocyanate, etc. For each precursor, the thermal decomposition transformation might occur with a different poly addition and polycondensation mechanistic paths, all leading to an equivalent melamine formation step. Debate exists in the research community of whether the existence of these intermediates can be experimentally proved by crystallography due to the lack of in situ measurement and considering the difficulty of measuring in the presence of ammonia, corrosive gas. Despite the lack of experimental confirmation, this model is the most widely accepted thermal polycondensation mechanism [START_REF] Jimenez-Calvo | Synthesis, characterization, and performance of g-C3N4 based materials decorated with Au nanoparticles for (photo) catalytic applications[END_REF] (Fig. 19).

In spite of the advantages of gC3N4, it exhibits intrinsic drawbacks, such as fast recombination rates of the charge carriers, limited absorption (below 460 nm), reduced surface area, tight active sites for interfacial (photo)reactions, moderate oxidation ability, and low charge mobility due to its low electrical conductivity [START_REF] Zhang | Sulfur-mediated synthesis of carbon nitride: Band-gap engineering and improved functions for photocatalysis[END_REF]. To overcome these limitations, different modifications strategies have been proposed and implemented in its nanoarchitecture design, such as templates (hard [START_REF] Zhao | Highly-Ordered Mesoporous Carbon Nitride with Ultrahigh Surface Area and Pore Volume as a Superior Dehydrogenation Catalyst[END_REF][START_REF] Kailasam | Mesoporous carbon nitride-silica composites by a combined sol-gel/thermal condensation approach and their application as photocatalysts[END_REF][START_REF] Li | Photocatalytic Hydrogen Evolution from Silica-Templated Polymeric Graphitic Carbon Nitride-Is the Surface Area Important?[END_REF][START_REF] Li | Condensed Graphitic Carbon Nitride Nanorods by Nanoconfinement: Promotion of Crystallinity on Photocatalytic Conversion[END_REF][START_REF] Wang | Environment-friendly preparation of porous graphite-phase polymeric carbon nitride using calcium carbonate as templates, and enhanced photoelectrochemical activity[END_REF][START_REF] Zheng | Nanoporous Graphitic-C3N4 @Carbon Metal-Free Electrocatalysts for Highly Efficient Oxygen Reduction[END_REF], soft [START_REF] Wang | Facile One-Pot Synthesis of Nanoporous Carbon Nitride Solids by Using Soft Templates[END_REF][START_REF] Yang | Soft and hard templating of graphitic carbon nitride[END_REF][START_REF] Wang | Boron-and Fluorine-Containing Mesoporous Carbon Nitride Polymers: Metal-Free Catalysts for Cyclohexane Oxidation[END_REF][START_REF] Liu | Bio-inspired NADH regeneration by carbon nitride photocatalysis using diatom templates[END_REF][START_REF] He | The facile synthesis of mesoporous g-C3N4 with highly enhanced photocatalytic H2 evolution performance[END_REF], free [START_REF] Cui | Construction of Conjugated Carbon Nitride Nanoarchitectures in Solution at Low Temperatures for Photoredox Catalysis[END_REF][START_REF] Huang | Hydrogen from Water over Openly-Structured Graphitic Carbon Nitride Polymer through Photocatalysis[END_REF][START_REF] Xu | High yield synthesis of nano-size g-C 3 N 4 derivatives by a dissolve-regrowth method with enhanced photocatalytic ability[END_REF][START_REF] Gu | Template-free synthesis of porous graphitic carbon nitride microspheres for enhanced photocatalytic hydrogen generation with high stability[END_REF], and self-assembly [START_REF] Shalom | Improving Carbon Nitride Photocatalysis by Supramolecular Preorganization of Monomers[END_REF][START_REF] Jordan | Caffeine Doping" of Carbon/Nitrogen-Based Organic Catalysts: Caffeine as a Supramolecular Edge Modifier for the Synthesis of Photoactive Carbon Nitride Tubes[END_REF][START_REF] Jun | Three-Dimensional Macroscopic Assemblies of Low-Dimensional Carbon Nitrides for Enhanced Hydrogen Evolution[END_REF][START_REF] Bhunia | Harvesting Solar Light with Crystalline Carbon Nitrides for Efficient Photocatalytic Hydrogen Evolution[END_REF]), copolymerization [START_REF] Zhang | An Optimized and General Synthetic Strategy for Fabrication of Polymeric Carbon Nitride Nanoarchitectures[END_REF][START_REF] Zhang | A Facile Band Alignment of Polymeric Carbon Nitride Semiconductors to Construct Isotype Heterojunctions[END_REF][START_REF] Zhang | Engineering monomer structure of carbon nitride for the effective and mild photooxidation reaction[END_REF][START_REF] Ye | Ferrocene-Modified Carbon Nitride for Direct Oxidation of Benzene to Phenol with Visible Light[END_REF][START_REF] Fan | Construction of Graphitic C3N4 -Based Intramolecular Donor-Acceptor Conjugated Copolymers for Photocatalytic Hydrogen Evolution[END_REF][START_REF] Chu | Band Structure Engineering of Carbon Nitride: In Search of a Polymer Photocatalyst with High Photooxidation Property[END_REF], and exfoliation [START_REF] Geim | The rise of graphene[END_REF] (thermal [START_REF] Niu | Graphene-Like Carbon Nitride Nanosheets for Improved Photocatalytic Activities[END_REF], chemical [START_REF] Sano | Activation of graphitic carbon nitride (g-C3N4) by alkaline hydrothermal treatment for photocatalytic NO oxidation in gas phase[END_REF][START_REF] Papailias | Chemical vs thermal exfoliation of g-C3N4 for NOx removal under visible light irradiation[END_REF], and liquid [START_REF] Zhang | Enhanced Photoresponsive Ultrathin Graphitic-Phase C3N4 Nanosheets for Bioimaging[END_REF]).

Au/gC3N4 binary composite

Plasmonic Schottky Au/gC3N4 junctions are very recent composites prompted by studies on gC3N4 materials [START_REF] Wang | A metal-free polymeric photocatalyst for hydrogen production from water under visible light[END_REF]. Despite its recency, numerous parametric studies have been conducted reporting good performances and increasing our understanding of the mechanistic operating steps. Typical studies with Schottky TiO2-based junctions report at least three metals, not necessarily Au, since Pt, Pd and Ag, have been used for longer in water splitting. Therein, we will focus on Au/gC3N4 as a binary composite since it is an immediate reference of the multi-phasic composite Au/TiO2-gC3N4.

Table 2 shows a comparative assessment of Au/gC3N4 studies under different experimental conditions. Like Table 1, one can notice that key parameters were reported in different units hampering unbiased comparison. For that reason, the H2 rate (central column) reported in Table 2 was normalized per mass of catalyst (when necessary) to obtain comparable results. Furthermore, one can notice that only one study [START_REF] Jiménez-Calvo | Influence of the gas atmosphere during the synthesis of g-C3N4 for enhanced photocatalytic H2 production from water on Au/g-C3N4 composites[END_REF] reported the irradiance of the lamp and the internal quantum yield (IQY), parameters that established the relationship between the photon-to-product conversion.

In this context, the present authors reiterate on the need for reporting further optical characteristics to calculate crucial quantum yields. Regarding the sacrificial agent, two main agents were used, MeOH and triethanolamine (TEOA), the latter with high affinity towards gC3N4, probably due to carrying three instead of one OH group [START_REF] Pellegrin | Sacrificial electron donor reagents for solar fuel production[END_REF].

Among the nine reported studies (Table 2), three Au/gC3N4 composites exhibited less than 300 µmol h -1 g -1 [START_REF] Di | Making Metal Carbon Nitride Heterojunctions for Improved Photocatalytic Hydrogen Evolution with Visible Light[END_REF][START_REF] Ruan | Ultrafast spectroscopic study of plasmon-induced hot electron transfer under NIR excitation in Au triangular nanoprism/g-C3N4 for photocatalytic H2 production[END_REF][START_REF] Cheng | Synergetic enhancement of plasmonic hot-electron injection in Au cluster-nanoparticle/C3N4 for photocatalytic hydrogen evolution[END_REF] and were thus classified as low activity. Two additional studies reported a similar activity [START_REF] Jiménez-Calvo | Influence of the gas atmosphere during the synthesis of g-C3N4 for enhanced photocatalytic H2 production from water on Au/g-C3N4 composites[END_REF][START_REF] Tian | Gold nanorods/g-C3N4 heterostructures for plasmon-enhanced photocatalytic H2 evolution in visible and near-infrared light[END_REF], yet both presented different experimental/material features. For instance, Tian et al. described unique Au nanorods with near infra-red (NIR) light harvesting capacity. This NIR absorption ability results from their longitudinal SPR enabling hot e-injection into the CB of gC3N4, hampering charge carrier recombination, and ultimately benefiting the composite photocatalytic activity [START_REF] Tian | Gold nanorods/g-C3N4 heterostructures for plasmon-enhanced photocatalytic H2 evolution in visible and near-infrared light[END_REF]. In the second study, Jiménez-Calvo et al. reported a series of Au/gC3N4atm and demonstrated that synthesis of gC3N4 in pure NH3 with only 0.3 wt.% Au loading resulted in a significant production of H2, considering its atypical experimental/material parameters. Such enhancement was attributed to a higher degree of crystallization, surface area, larger volume of mesopores, and more intimate interface contact with 3.2 nm Au NPs. It must be highlighted that this study obtained satisfactory activity (324 and 26 µmol h -1 g -1 at full lamp spectrum and visible light) by using 3-6 times less Au loading and 10-25 times less sacrificial agent in comparison to the other eight studies. Since Au acts mostly as a co-catalyst in this Schottky junction, it is known to enhance activity by 10-100 fold [START_REF] Dubi | Hot" electrons in metallic nanostructures-non-thermal carriers or heating?[END_REF]. In the same process, the hole scavenger molecule (sacrificial agent) can serve as source of photo (thermal) reforming, contributing to the overall H2 production. So, the idea is to keep direct conversion of H2 using a low amount of these two components during the operational test.

Regarding the studies with higher H2 rates, Guo et al. synthesized 18 nm-sized Au nanospheres/gC3N4 photocatalyst exhibiting an activity of 540 µmol H2 h -1 g -1 . This activity correlates to the electron sink and plasmonic effects of Au nanocrystals in different spectral regions further improving the photocatalytic activity [START_REF] Guo | Understanding the roles of plasmonic Au nanocrystal size, shape, aspect ratio and loading amount in Au/g-C3N4 hybrid nanostructures for photocatalytic hydrogen generation[END_REF]. Quantum Yield (%), d at 380 nm, e at visible.

SC1/SC2 heterojunction's general principle

The formation of heterojunction systems occurs at the nanoscale and consists of the creation of an interface between two SC's (ideally with different Eg, CB and VB energies). The resulting hybrid junction modifies their theoretical Fermi level, band edge positions, and e -/ h + generation and transfer processes.

When a heterojunction forms between two SCs of different band gap magnitudes, three types can be described (Fig. 20): (I) Straddling gap, (II) Staggered gap, and (III) Broken gap [START_REF] Low | Heterojunction Photocatalysts[END_REF]. Type I happens when a junction forms between a larger (SC1) and a smaller (SC2) band gap SCs. At the interface, both VB and CB potentials of the SC2 are confined within the larger band gap of SC1, creating the straddling band alignment. When light with sufficient energy irradiates (equal or greater than the Eg of the SC's), the photogeneration of e -/h + occurs, resulting in one direction transfer and thus accumulation of all charge carriers in a single component within the hybrid structure owing to the band edge positions. Since the charge carriers are accumulated in one SC, there is no enhancement of charge separation, impairing the photoredox efficiency. In type II interfaces, the band edge potentials are staggered between SC1 and SC2. Because of a difference in chemical potential between both SC's, upward or downward band bending is formed, leading to the migration of charge carriers in the opposite direction. This process enhances the e -/ h + spatial separation on several parts of the heterojunction and retards charges recombination prolonging the lifetime of free e -and h + . In this case, the oxidation / reduction reactions take place in different regions of the two different SC's.

To date, the most widely studied heterojunctions can be classified as type II. Type III interface happen when both VB and CB edges of the SC2 are above the CB potential of the SC1 without crossing each other. The two SC's work alone with no enhancement of charge transfer [START_REF] Marschall | Semiconductor Composites: Strategies for Enhancing Charge Carrier Separation to Improve Photocatalytic Activity[END_REF][START_REF] Yuan | Hetero-nanostructured suspended photocatalysts for solar-to-fuel conversion[END_REF].

Several reasons explain why the scientific community has been focused on studying the design and synthesis of heterojunction Z-scheme hybrid systems. The first reason is that, when one of the SCs has a medium band gap, these hybrid systems absorb more photons from the visible range. Another reason stems from the increased charge separation of the photogenerated species. In the ideal configuration, it is possible to obtain both visible photons absorption and enhancement of spatial charge separation. The final advantage relies on the beneficial performance on two half reactions of water-oxidation and proton reduction, requiring adequate VB and CB positions in reference to the electrochemical potentials of the half reactions.

TiO2-gC3N4: a study case for its synergistic effect towards the use of visible-light and better charge carrier separation

TiO2 coupled with lower band gap and different energy level SCs preferentially forms a type II heterojunction or Z-scheme with two simultaneous benefits. The first one is the extension of its light-absorption capacity towards the visible region. The second one is the reduction of the recombination of carriers [START_REF] Daghrir | Modified TiO2 For Environmental Photocatalytic Applications: A Review[END_REF]. It has been reported that an adequate matching of the CB and VB positions of the SCs could guarantee an efficient vectorial transfer of the charge carriers from one to the other. TiO2 as a wide band gap SC, is preferably coupled with smaller band gap SCs (CdS, CdSe, WO3, SnO2, gC3N4, etc.), that absorb photons from the visible-light range (Eg TiO2 ˃ Eg SC2). The medium band gap SCs needs to have a more negative CB then the electrons generated in the SC2 to enable the injection of electrons into the TiO2 CB. By respecting this condition, the VB position of the SC2 will be at a lower energetic level than the VB of TiO2, so that the TiO2 can transfer h + from its VB to the VB of the SC2. These two paths are shown in Fig. 21 when TiO2 is coupled specifically with gC3N4 in a staggered heterojunction type. In this optimal configuration, besides the visible-light activation of composite materials, the overall separation between the photogenerated e -/h + pair is enhanced. TiO2-gC3N4 heterojunction synthesis can take place [START_REF] Zhou | The preparation, and applications of g-C3N4/TiO2 heterojunction catalysts-a review[END_REF] by mixing the precursors of both SCs, adding the precursors of one SC to the second already-synthesized SC, or by mixing both fully synthesized SCs. To enhance physical proximity between the two SCs and promote an efficient and stable interface, an additional thermal treatment is recommended for evaporating any residues of solvents used in synthesis and create the desired binary heterojunction. The success of any thermal treatment depends on the atmosphere, temperature, and treatment time. Each condition will influence the final electronic and chemical contact at the heterojunction and the structure, morphology, and even defects of individual SCs. Hence, conventional synthesis methods to obtain TiO2-gC3N4 heterojunction are wet impregnation [START_REF] Jiménez-Calvo | Au/TiO2(P25)-gC3N4 composites with low gC3N4 content enhance TiO2 sensitization for remarkable H2 production from water under visible-light irradiation[END_REF][START_REF] Marchal | Au/TiO2-gC3N4 Nanocomposites for Enhanced Photocatalytic H2 Production from Water under Visible Light Irradiation with Very Low Quantities of Sacrificial Agents[END_REF][START_REF] Miranda | Improved photocatalytic activity of g-C3N4/TiO2 composites prepared by a simple impregnation method[END_REF][START_REF] Pan | Dramatic Activity of C3N4/BiPO4/ Photocatalyst with Core/Shell Structure Formed by Self-Assembly[END_REF], hydrothermal [START_REF] Rather | A C3N4 surface passivated highly photoactive Au-TiO2 tubular nanostructure for the efficient H2 production from water under sunlight irradiation[END_REF], ball milling [START_REF] Yan | TiO2-g-C3N4 composite materials for photocatalytic H2 evolution under visible light irradiation[END_REF], and electrospinning [START_REF] Wei | Facile in situ synthesis of plasmonic nanoparticles-decorated g-C 3 N 4 /TiO 2 heterojunction nanofibers and comparison study of their photosynergistic effects for efficient photocatalytic H 2 evolution[END_REF].

4 Ternary nanostructure M/SC1-SC2: Z-scheme and Schottky hybrid systems together Heterostructured multi-phase catalysts combining plasmonic M NPs and dual-phase SC systems have received substantial attention in the material's research field lately. They have been explored for photo (electro) catalysis, plasmon-enhanced spectroscopy, photovoltaics, optics, solar cells, nanomedicine, and biotechnology applications [START_REF] Jiang | Metal/semiconductor hybrid nanostructures for plasmonenhanced applications[END_REF]. It is hoped that such composites become benchmark materials for multiple applications.

The multifunctionality of these nanocomposites relies on the synergistic interactions between their different components. For the dual-phase SC system, a staggered type II configuration is expected, assuming an effective intimate electronic and chemical contact. This configuration enhances charge separation by hampering the recombination of charge carriers and transferring generated charges in opposite directions in the two SCs. The effect further extends the charge carriers' lifetime and enhances light harvesting capacities by combining the optical absorption of the two SCs. For the plasmonic M NPs, assuming an effective contact with the support, the improvement of light absorption capacities is expected, particularly towards visible-to-near-infra-red. The mechanism occurs via SC light absorption exaltation which retards the encounter between the e -and the h + by acting as e -trap sites for SC-originated e -and as co-catalyst (i.e., photo (electro) catalysis) of both conventional and hot e -. Multi-phase of Au/TiO2-gC3N4 apply both Z-scheme dynamics and plasmonic Schottky junctions within the same material (see section 3). The junction significantly enhances the performance of individual components, as reported in several studies.

Au/TiO2-gC3N4 composites

Table 3 depicts four studies with Au/TiO2-gC3N4 composites synthesized via different routes. One of these composites exhibited a particularly low activity, even though it was synthesized via a sophisticated electrospinning method [START_REF] Wei | Facile in situ synthesis of plasmonic nanoparticles-decorated g-C 3 N 4 /TiO 2 heterojunction nanofibers and comparison study of their photosynergistic effects for efficient photocatalytic H 2 evolution[END_REF]. In another study, Rather et al. reported an interesting tubular TiO2 nanostructured coupled with gC3N4 and decorated with Au NPs which exhibited a reasonable performance [START_REF] Rather | A C3N4 surface passivated highly photoactive Au-TiO2 tubular nanostructure for the efficient H2 production from water under sunlight irradiation[END_REF]. But since the irradiance or quantum yield were not included in these two studies, direct comparison with others is difficult to achieve. The two remaining studies [START_REF] Jiménez-Calvo | Au/TiO2(P25)-gC3N4 composites with low gC3N4 content enhance TiO2 sensitization for remarkable H2 production from water under visible-light irradiation[END_REF][START_REF] Marchal | Au/TiO2-gC3N4 Nanocomposites for Enhanced Photocatalytic H2 Production from Water under Visible Light Irradiation with Very Low Quantities of Sacrificial Agents[END_REF] N.r. = not reported, a Quantum Yield (%).

Despite using the same wet impregnation (dual-phase heterojunction) and chemical reduction (Au NPs) protocols, Jiménez-Calvo et al. [START_REF] Jiménez-Calvo | Au/TiO2(P25)-gC3N4 composites with low gC3N4 content enhance TiO2 sensitization for remarkable H2 production from water under visible-light irradiation[END_REF] accomplished a faster and simpler Au/TiO2-gC3N4 synthesis in comparison to the other study based on similar protocols [START_REF] Marchal | Au/TiO2-gC3N4 Nanocomposites for Enhanced Photocatalytic H2 Production from Water under Visible Light Irradiation with Very Low Quantities of Sacrificial Agents[END_REF]. In this case, the authors used commercial TiO2-P25 (Evonik) instead of TiO2 sol-gel, suggesting TiO2 morphology has a high impact in composite synthesis. Besides the impact in the synthesis process, the two composites exhibited different dynamics of charge carriers, evidenced by Time-Resolved Micro Conductivity (TRMC). Jiménez-Calvo et al. [START_REF] Jiménez-Calvo | Au/TiO2(P25)-gC3N4 composites with low gC3N4 content enhance TiO2 sensitization for remarkable H2 production from water under visible-light irradiation[END_REF], who reported composites with varying gC3N4 abundances (2.5, 5, and 10%. Fig. 22, a-c), revealed an unprecedented TiO2 photosensitization at 360, 450, and 500 nm (UV-A + visible) based on TRMC measurements. This new property seems thus to correlate with the textural and structural characteristics of TiO2-P25 that enhances contact between both SCs. Interestingly, both studies show that the optimal relative proportion between TiO2 and gC3N4 remains at 95-5, independently of TiO2 morphology.

. Thus, 0.3 wt.% Au/TiO2(P25)-gC3N4 (95-5) [START_REF] Jiménez-Calvo | Au/TiO2(P25)-gC3N4 composites with low gC3N4 content enhance TiO2 sensitization for remarkable H2 production from water under visible-light irradiation[END_REF] exhibited a 16% higher H2 production yield under visible light compared to its TiO2 sol-gel homolog [START_REF] Marchal | Au/TiO2-gC3N4 Nanocomposites for Enhanced Photocatalytic H2 Production from Water under Visible Light Irradiation with Very Low Quantities of Sacrificial Agents[END_REF], with almost half of Au content and a lower lamp irradiance. To the best of our knowledge, this is the highest H2 production (5 mL after 2.5 h of visible-light irradiation) ever reported among studies with comparable experimental conditions (Fig. 22 d) [START_REF] Jiménez-Calvo | Au/TiO2(P25)-gC3N4 composites with low gC3N4 content enhance TiO2 sensitization for remarkable H2 production from water under visible-light irradiation[END_REF]. The new composite using gC3N4, an inexpensive and emergent material, and M NPs as e -trap site and co-catalyst, has the potential to serve as a new benchmark hybrid material in further studies. Moreover, if future studies aiming to boost TiO2 efficiencies via photosensitization, employ other metals besides Au, 10-100 fold production rate increases may be achieved [START_REF] Dubi | Hot" electrons in metallic nanostructures-non-thermal carriers or heating?[END_REF].

Conclusions and outlook

H2 is an ideal energy vector, but its application is currently limited or non-existent in sectors with a high environmental cost, such as transportation, construction, and power generation. The adoption of H2 in these sectors would ensure a smooth transition to a clean energy and circular economy model. However, before that can happen, H2 production must shift from steam methane reforming to a more sustainable method and current limitations, associated with storage and distribution, must be surpassed.

This transition to an H2-driven economy is currently hindered by the lack of standardization found across multiple photocatalytic studies. As noted in tables 1 to 3, light-source parameters are not reported in a standard or comparable way, which hinders any attempt to critically assess efficiencies between the different plasmon Aubased systems. For instance, many studies report only the output light power in Watts (W), whereas others report irradiance (mW cm -2 ) including the respective irradiance light spectra, which is more precise and critical than W measurements alone, specifically for calculating the process efficiency. A deeper problem concerns the lack of information on the quantum yield, which represents the photon-conversion from the energy input to the formed product. While only a few groups reporting it, most of them express the apparent quantum yield and not necessarily the internal quantum yield (precise one). In tables 1, 2, and 3 only 35%, 44%, and 50%, respectively, studies reported the quantum yield. This trend provides a scientific evidence and a visual proof of the lack of reproducibility of expressing a determining activity factor in different sub-field communities. To change this, it is important that researchers and reviewers abide by the same standards and ensure that all studies report the same essential parameters. Since photocatalysis implies the use of photons to activate catalysts, it remains imperative to report the photon conversion in quantum yield, associating optics, reactor engineering, surface catalysis, and ultimately materials' performance.

Plasmonic Au-based junctions make up a class of promising materials, which can undoubtedly play a vital role in the conversion of solar into chemical energy. Among the noble and coinage metals, Au is of great interest for photocatalytic water splitting due to its potential to obtain efficient H2 production rates or CO2 reduction into C1/C2 products.

In the foreseeable future, the use of bimetallic catalysts will probably play a crucial role in the development of next generation plasmonic photocatalysts. In these advanced systems, the association of Au with a second metal (Pd, Pt, Ag, Ni, Cu, etc.), needs to be designed with two objectives in mind: the bimetallic system must enhance the optical absorption of the system, towards longer wavelengths (i.e., visible range), and it must also lead to more efficient reactions rates compared to monometallic reference systems. Thus, the pre-requisites for the rational design of plasmonic-based systems will comprise the optimization of the plasmonic response by controlling bimetallic composition, loading, and morphology (core-shell, embedded, alloys, islands, pyramids, bipyramids, or rods…), in addition, to the typical parameters that are recurrently optimized in monometallic systems (i.e., size, shape, environment, and distribution of metal NPs).

Single-atom characterization of metal-based systems with plasmon properties is becoming essential to obtain fundamental insights. Characterization at this level should employ state-of-the-art techniques such as surface-enhanced Raman (SERS) [START_REF] Jeanmaire | Surface raman spectroelectrochemistry. Part I. Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode[END_REF] and infrared absorption (SEIRAS) [START_REF] Osawa | Dynamic Processes in Electrochemical Reactions Studied by Surface-Enhanced Infrared Absorption Spectroscopy (SEIRAS)[END_REF] spectroscopies, as well as, electron-energy loss spectroscopy (EELS) [START_REF] Kociak | Mapping plasmons at the nanometer scale in an electron microscope[END_REF]. SERS and SEIRAS allow the observation of single molecules by Raman or IR spectra. The techniques raise their scattering intensities thanks to the strong near-field enhancement when interacting with light. In contrast, EELS can demonstrate plasmon mode and influence of the metal environment via eventual shifts on its energy loss values. Due to capturing different properties of the composites, it is highly recommended to use several of the abovementioned single-atom analysis to better understand the plasmon behavior and the surrounding atomic vicinity. Comprehensive characterization will help researchers establish structure-activity relationships and better tune the performance of M/SC junctions by rational design.

Despite being the most widely studied SC, TiO2 has been known for a series of limitations, specifically its limited UV-A light-harvesting capacity and insufficient energy overpotential to undergo H + reduction. The deposition of metal particles and coupling with SCs is recurrently used to compensate for these limitations. In this context, gC3N4 emerges as an exceptional candidate to be coupled with TiO2 for several reasons: cheap and versatile N-rich precursors, high thermal and chemical stability, suitable CB and VB positions, and most importantly, its visible light harvesting capacity. Although, M/SC Schottky junctions and TiO2-gC3N4 heterojunctions have brought new and interesting developments, the combination of both strategies has the potential to further boost the development of next generation of sun-driven photocatalytic systems.

The rational design of plasmonic Au-based Schottky junctions for SPR chemical transformations and solar fuels production needs improvement. Future approaches should focus on developing predictive and including first principles analysis. The models can serve as tools to narrow down the number of different synthesis approaches that need to be tested in the lab; they should focus on describing the interconnecting physicalchemical properties of the two or three individual components, specifically at the nanoscale interface. This interface is where the charge carriers are generated, separated, recombined, and transferred from one component to the other under the influence of many and complex factors. Thus, the development of comprehensive predictive models is crucial to better understand the behavior and the parameters with the greatest influence in energy conversion, reaction efficiency, and recombination. Additionally, first principles analysis and transition state theory applied to the M/SC surface reactions can serve as powerful tools to predict the quantum chemical behavior. This can be done by using existing protocols as the density functional theory or any alternative models allowing the prediction of opto-electronic properties on complex systems. In sum, rational first principles analysis has the potential of bridging the gap between experimentalists and theoretical scientists working towards the common goal of producing more efficient materials.

The comprehension of multi-phase photocatalytic systems is driven by the identification of key driving-forces in each optical, photophysical, photochemical, and redox reactions taking place on the component's interface. Therefore, precise elucidation of such nanoscale events should be accomplished using state-of-the-art techniques such as EELS, STEM, high-angle annular dark field (HAADF), TRMC, time-resolved spectroscopies, photoluminescence, UPS, XPS, XANES, EXAFS techniques, and DFT simulations, including in situ and in-operando studies, as well as synchrotron radiation.

In light of these findings, multidisciplinary teams will be crucial to tackle current challenges, identify gaps, and accelerate the development of multi-phase, heterojunctions, and plasmonics nanocomposites for even broader applications.
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 3 Figure 3. a) Renewable energies and solar energy output per year. Adapted with permission. [5] IEA (2009) A Fundamental Look at Supply Side Energy Reserves for the Planet. All rights reserved. b) The solar energy potential perspective [19].
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 5 Figure 5. Hydrogen economy chart. Reproduced with permission. [32] Copyright 2018, EnergiMedia.
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 6 Figure 6. Worldwide hydrogen production sources. Reproduced with permission. [33] IEA (2016) Technology Roadmap Hydrogen and Fuel Cells. All rights reserved.
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 71235 Direct electrolysis (electricity) Thermolysis (temperature) Photolysis (light) 4-Al-H2O reaction (corrosion of aluminum in alkaline media)[START_REF] Soler | Aluminum and aluminum alloys as sources of hydrogen for fuel cell applications[END_REF][START_REF] Wang | A review on hydrogen production using aluminum and aluminum alloys[END_REF][START_REF] Xu | Liquid metal activated aluminum-water reaction for direct hydrogen generation at room temperature[END_REF] Photo-(electro) catalysis (light and/or electricity)
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 7 Figure 7. Hydrogen production processes. Reproduced with permission. [31]. Copyright 2016, Elsevier.
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 23 Adsorption of the reactants to the surface of the photocatalyst (Catalyst activation by absorption of photons from the SC. This step can be divided into 4 sub-steps: (3-a) Photons absorption and exciton generation (3-b) Exciton disruption into e -(in the SC's conduction band, CB) and h + (in the SC's valence band, VB) (3-c) Migration of the charge carriers (e -/ h + ) to the surface. In this step, if the charge carriers are in the bulk instead of the SC's surface, recombination is triggered, a process known to hamper the activity of the photocatalysts (3-d) Surface oxidation and reduction reactions with adsorbed chemical species (4) Desorption of the products and reactants (5) Diffusion of the products from the photocatalyst surface to the liquid phase Steps 1, 2, 4, and 5 are equivalent to those observed in thermally activated catalysis. Yet, step 3, comprising the redox reaction, is unique to the photocatalytic process.
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 8 Figure 8. Photocatalytic principle scheme. Example of water splitting reaction.
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 9 Figure 9. Natural vs. artificial photosynthesis.
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 11 Figure 11. Scheme of a sphere with plasmon oscillation after an electrical field is applied, showing the formation of an electronic cloud due to the conduction electron charge relative to the nuclei. Reproduced with permission. [102]. Copyright 2003, American Chemical Society.
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 12 Figure 12. Characteristic lengths of M NP Surface Plasmon in contact with a dielectric material.Reproduced with permission.[START_REF] Lindquist | Engineering metallic nanostructures for plasmonics and nanophotonics[END_REF]. Copyright 2012, PubMed Central.

Figure 13 .

 13 Figure 13. Scheme of the electromagnetic field intensification on M NPs deposited onto a SC, where red circles stand for hot e-generated by the resonant M NPs and green circles stand for conventional excited egenerated by the SC. Blue and orange schemes stand for the charge carriers separation illustration of SC and M NP, respectively.

  c) ii. Hot electron injection into an adsorbed molecule.The hot electron injection from the M into an adsorbed molecule can occur in two different cases. The first one relies on the direct transfer of the excited electron of the M NP to the lowest unoccupied adsorbate state (Fig.15 a), whilst the second comprehends an indirect charge transfer. The diffusion length and lifetime are longer for the lowenergy hot electrons compared to the high-energy electrons, thus providing a more efficient path for molecules with unoccupied adsorbate states near the M Fermi level (Fig.15 b)[START_REF] Linic | Photochemical transformations on plasmonic metal nanoparticles[END_REF].

Figure 14 .

 14 Figure 14. The hot electron injection mechanism from the metallic / plasmonic nanoparticle into the semiconductor conduction band.

Figure 15 .

 15 Figure 15. Plasmon-mediated inducing charge transfer at M/molecule interface: a) a photoexcited electron is generated in the M and is transfer to the lowest unoccupied adsorbate state b) Decay of SP exciting directly an electron at adsorbate. Reproduced with permission. [114]. Copyright 2015, Springer Nature.

Figure 16 .

 16 Figure 16. Metal nanoparticle deposited onto a SC nanoparticle surface, showing the different mechanisms and photogenerated charge carriers transfer paths.

Figure 17 .

 17 Figure 17. Scheme of ideal energy band diagram of M and n-type SC contact, evidencing the Schottky barrier in the M/SC interface, before contact, in equilibrium and when it is illuminated. Adapted with permission. [121]. Copyright 2012, American Chemical Society. For the nomenclature: ɸm, ɸS, and ɸSB, stands for the work function of metal, semiconductor, and Schottky barrier, respectively; EF,m, EF,s, stands for Fermi energy level of the metal and SC, respectively; Evac, EC, EV stands for vacuum, conduction, and valence, respectively; VBB stands for bending of the energy band of the SC at the interface (VBB = | ɸm -ɸS |).
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 18 Figure 18. Density of states scheme of TiO2 energy bands for the different doping types. Orange represents several energy states below the CB, blue represents several energy states above the VB, A stands for orbital p of the anion, and D stands for the metal. Adapted with permission. [160]. Copyright 2015, American Chemical Society.
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 19 Figure 19. Thermal polycondensation mechanism of melamine. Adapted with permission. [181]. Copyright 2003, American Chemical Society.
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 20 Figure 20. General three types of heterojunctions between two SCs with different band gaps and band edges positions. Reproduced with permission. [248]. Copyright 2017, Wiley.

Figure 21 .

 21 Figure 21. TiO2 coupled with gC3N4 in a heterojunction type II (staggered type). The photosensitization mechanism, under visible-light irradiation, is shown. Also, the possibility of transferring h + from TiO2 (VB) to gC3N4 (VB).

Figure 22 .

 22 Figure 22. TRMC signals of Au/TiO2-gC3N4 (95-5) composite compared with TiO2-gC3N4 (95-5), gC3N4, TiO2 (P25), TiO2(P25) 550C, Au/gC3N4, Au/TiO2(P25), and Au/TiO2(P25) 550C samples at a) 360, b) 450, and c) 500 nm, d) Charge transfer pathways on 0.3 wt% Au/TiO2-gC3N4 (95-5) ternary composite showing the two possible H2 reduction paths, H2O oxidation and TEOA reduction. Reproduced with permission. [251]. Copyright 2020, Elsevier.

  

  

  

Table 1 .

 1 Comparison of some Au/TiO2 photocatalysts' activity and experimental conditions for H2 production from water splitting in presence of alcohols used as sacrificial agent.

	H2 rate			Temp.	Sacrificial agent		Loading	Calcination	
	µmol h -1 g -1 AQY b	Light source	° C	Molec ule	Conce on ntrati	Method	wt.%	° C	Ref.
	1600						Photo-		Not calcined	
			300 W	25	MeOH	20 v/v	depositio	1.0		[90]
	1200	N.r					n			
	784 a	10	N.r.	N.r.	MeOH	50 v/v	Radiolysi s	1.0	30	[166 ]
	470 590	N.r.	30 mW cm -2	25	MeOH	1 v/v	Solid griding	0.5 0.5		[165 ]
	500	N.r.	12.5 mW cm -2	15	MeOH	1 v/v	Solid grinding	0.5		[164]
	17.5									
	µmol	0,2	300 W	25	IPA	5 v/v	Colloidal	0.5		[167]
	s -1 g -1									
	~350									
	µmol min -1	N.r.	90 mW cm -2	150	EtOH	10 v/v	Impregnatio n/reduction	1.8		[168]
	g -1									
	~20									
	µmol min -1	N.r.	23 mW cm -2	20	EtOH	20 v/v	Impregnatio n/reduction	1.8		[169]
	g -1									
	~20									
	µmol min -1	N.r.	23 mW cm -2	20	EtOH	20 v/v	Impregnatio n/reduction	1.8		[170]
	g -1									
	15.8									
	µmol min -1	20,8	12 W	20	EtOH	10 v/v	Impregnatio n-reduction	1.0		[171]
	g -1									
	212									
	µmol h -1	1-2	80 mW cm -2	25-60	EtOH 10 molar	two-phase Brust	0.9		[172]
	cm -3									
	34 mmol h -1 g -1	N.r.	6.5 mW cm -2	N.r.	EtOH	80 v/v	Deposition/p recipitation	2.0		[173]
	33.4 mmol h -1 g -1	N.r.	~6.5 mW cm -2	N.r.	EtOH	80 v/v	Deposition/p recipitation	2.0		[174]
	33 mmol	N.r.	7.2 W	25	MeOH	50 v/v	Deposition precipitation	1.0	25	[175]

Table 2 .

 2 Thereafter, Chinh-Chien et al., introduced another Au/gC3N4 catalyst with large nitrogen defects, obtained via post calcination. The process resulted in nitrogen vacancies promoting stronger interactions with Au NPs and facilitating the SPR effect[START_REF] Nguyen | Nitrogen Vacancies-Assisted Enhanced Plasmonic Photoactivities of Aug-C3N4Crumpled Nanolayers: A Novel Pathway toward Efficient Solar Light-Driven Photocatalysts[END_REF]. Zhang et al. reported an optimal 2.1 wt.% Au/gC3N4 achieving 3308 µmol H2 h -1 g -1[START_REF] Zhang | Over two-orders of magnitude enhancement of the photocatalytic hydrogen evolution activity of carbon nitride: Via mediator-free decoration with gold-organic microspheres[END_REF]. Such activity was ascribed firstly to the electron sink functionality, where AuNPs reduce the radiative recombination of e -/h + in the gC3N4 matrix and secondly to the high concentration of hot electrons generated from the larger AuNPs. But the most remarkable result on Au/gC3N4 binary junction was reported by Samanta et al. via deposition-precipitation. The authors reported that size, shape and fine dispersion of Au NPs over the gC3N4 layer was highly beneficial for photoactivity with a significant plasmonic effect. Thus, by the unique visible-light absorption of Au NPs, a noticeable number of photogenerated e-/h+ pairs were produced evidencing the suitability of polar SC/noble M interfaces for these reactions[START_REF] Samanta | Facile Synthesis of Au/g-C 3 N 4 Nanocomposites: An Inorganic/Organic Hybrid Plasmonic Photocatalyst with Enhanced Hydrogen Gas Evolution Under Visible-Light Irradiation[END_REF] Comparison of some Au/gC3N4 photocatalysts' activity and experimental conditions for H2 production from water splitting in presence of sacrificial agent.

	H2			Temp. Loading	Sacrificial agent		Temp.	Time	
	rate μmol	QY c	Light source	° C	wt.%	Molec	Concentrat	gC3N4 precursor	° C	h	Ref.
	h -1 g -1					ule	ion				
	8850 a N.r. 125 W	N.r.	1.0	TEOA	10 v/v	Melamine	550	2	[247]
	3308 N.r. 300 W	N.r.	2.1	TEOA	20 v/v	Cyanoguanadine	550	4	[246]
	1250 a N.r. 150 W	N.r.	1.5	TEOA	10 v/v	DCDA	500	4	[245]
	540	1.2 300 W	20	2.0	TEOA	2.5 v/v	Urea	550	3	[244]

  showed promising photocatalytic-based H2 production, mainly at visible-light irradiation and full lamp spectra with very low quantities of sacrificial agent and Au loading.

	H2 rate		Light	Temp.	Loading	Sacrificial agent	Proportion		
	μmol h -1 g -1	QY a	source	° C	wt.%	Molecule	Concentration	TiO2/gC3N4	Method	Ref.
	1839 419	0.1 23.6 mW cm -2 0.02 3.6 mW cm -2	20	0.3	TEOA	1 v/v	95-5	Wet impregnation	[251]
	1750	0.6 12.5 mW cm -2	20	0.5	TEOA	1 v/v	95-5	Wet impregnation	[252]
	350	0.3	5.1							
	450	N.r.	330-750 W m -1	25	0.75	MeOH	25 v/v	90-10	Hydrothermal [255]
	1	N.r. 100 mW cm -2	N.r.	1.0	TEOA	30 v/v	N.r.	Electro-spinning	[257]

Table 3 .

 3 Comparison of Au/TiO2-gC3N4 photocatalysts' activity and experimental conditions for H2 production from water splitting in presence of sacrificial agent.
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