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Solar hydrogen production from ethanol-water vapours over metal/TiO2 photocatalysts supported on β-SiC alveolar foams

In this work, we have explored the feasibility of alveolar open-cell β-SiC foams as catalyst support for solar hydrogen production. For that purpose, Pt and Ru nanoparticles have been obtained, by means of photoassisted synthesis, on TiO2-coated foams and tested in gas-phase hydrogen production from water-ethanol mixtures in a tubular reactor coupled to a compound parabolic solar collector (CPC). Subnanometre-sized metal or metal/oxide nanoparticles are obtained for Pt/TiO2/SiC and Ru/TiO2/SiC foams, respectively, where co-catalyst nanoparticles decorate the TiO2 coating which in turn is attached to the SiC foam through an amorphous SiO2 washcoat formed by SiC pre-calcination. In solar photocatalytic reactions, all of the assayed foam-supported photocatalysts are active for the production of hydrogen, with Pt/TiO2 ones being the most active and foam pore size exerting little influence on hydrogen outcome. In the best conditions, 14% UV-tohydrogen (equivalent to 0.49% solar-to-hydrogen) conversion efficiency, with photonic efficiency higher than 30%, is attained.

Introduction

In view of a full integration of hydrogen as a cost-effective vector in a future renewable energy system, direct methods for the conversion of solar energy into hydrogen energy are particularly interesting, and the decomposition of water by means of photocatalysis appears as an appealing alternative [START_REF] Dufour | Life cycle assessment of alternatives for hydrogen production from renewable and fossil sources[END_REF]. However, the oxygen evolution half-reaction, with the kinetically hindered four-electron transfer per produced oxygen molecule, dramatically limits the efficiency of photocatalytic water splitting [START_REF] Melchionna | Updates on the Roadmap for Photocatalysis[END_REF]. Therefore, a sacrificial agent is usually added to water in research works to scavenge the photoproduced holes and thus alleviate the inherent inefficiency of pure water splitting and focus on the hydrogen evolution (water reduction) half-reaction [START_REF] Schneider | Undesired role of sacrificial reagents in photocatalysis[END_REF][START_REF] Costantino | Do Sacrificial Donors Donate H2 in Photocatalysis?[END_REF]. However, in practice, this addition results in the consumption of reagents other than water and in the unavoidable generation of waste, and therefore only makes sense, in terms of energy efficiency and environmental friendliness, if aqueous waste or renewable feedstock are used. Regarding the former, the medium-low concentrations of pollutants in water at which photocatalytic oxidation is efficient [START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: The pilot plants of the Plataforma Solar de Almeria[END_REF] may limit the actual applicability of wastewater as a matrix for hydrogen production. Consequently, the study of biomass derivatives for this purpose has grown significantly in the last decade to become one of the most rapidly evolving applications of photocatalysis [START_REF] Skillen | Photocatalytic Reforming of Biomass: What Role Will the Technology Play in Future Energy Systems[END_REF], and the term photobiorefinery has been recently coined to account for all photocatalytic processes for biomass valorization, including not only hydrogen production coupled to the oxidation of biomass-derived organics, but also lignocellulose depolymerization, partial oxidations, hydrogenolysis and (de)hydrogenation [START_REF] Butburee | Beyond Artificial Photosynthesis: Prospects on Photobiorefinery[END_REF]. Ethanol appears there as an interesting platform, since it can be obtained from waste biomass and, in addition to its direct use as biofuel, alternatively used to obtain fully renewable hydrogen.

Concerning photocatalytic materials, the concourse of co-catalysts in heterogeneous photocatalysis can significantly enhance critical aspects of the process, like light absorption, charge transfer to adsorbed species, reaction selectivity and stability of the catalyst [START_REF] Yang | Roles of cocatalysts in photocatalysis and photoelectrocatalysis[END_REF]. Amongst the different existing methods for the decoration of photocatalysts with co-catalyst nanoparticles, photoassisted synthesis stands out as an elegant and green alternative to obtain well-defined, highly dispersed and size-controlled nanoparticles of metals and metal oxides on the surface of semiconductor photocatalysts in the absence of strongly reducing reagents and without the need for high temperature or applied potential, with light (ideally solar) as the only energy source driving the reaction. For instance, platinum, gold or silver nanoparticles obtained by photoassisted synthesis on TiO2 or CdS have been shown as very attractive catalytic systems for photocatalytic reactions [START_REF] Wenderich | Methods, Mechanism, and Applications of Photodeposition in Photocatalysis: A Review[END_REF].

Regarding oxides, although scarcer, examples like those of lead or ruthenium can be highlighted [START_REF] Kobayashi | Effective surfaces of semiconductor catalysts for light-induced heterogeneous reactions evaluated by simultaneous photodeposition of both oxidation and reduction products[END_REF][START_REF] García-Muñoz | Irradiance-Controlled Photoassisted Synthesis of Sub-Nanometre Sized Ruthenium Nanoparticles as Co-Catalyst for TiO2 in Photocatalytic Reactions[END_REF].

Open-cell alveolar foams have attracted significant interest as supports for immobilizing photocatalysts because of their ability of acting as an active static mixer while working at an ultralow pressure drop and maintaining a better light transmission than packed-bed supports [START_REF] Kouamé | β-SiC foams as a promising structured photocatalytic support for water and air detoxification[END_REF][START_REF] García-Muñoz | Ti-Modified LaFeO3/β-SiC Alveolar Foams as Immobilized Dual Catalysts with Combined Photo-Fenton and Photocatalytic Activity[END_REF]. Self-bonded β-SiC foams stand out compared to polymer, metallic, and other ceramic foams [START_REF] Martín-Sómer | Novel macroporous 3D photocatalytic foams for simultaneous wastewater disinfection and removal of contaminants of emerging concern[END_REF][START_REF] Švagelj | Titania-Coated Alumina Foam Photocatalyst for Memantine Degradation Derived by Replica Method and Sol-Gel Reaction[END_REF] in terms of thermal/chemical stability, allowing them to withstand harsh conditions for catalyst immobilization or for the reaction of application, and of density of oxygenated surface groups for catalyst anchorage, since their surface consists of an amorphous SiO2 overlayer, formed upon thermal treatment and characterized by a high density of hydrophilic hydroxyl groups [START_REF] Rico-Santacruz | Coating-free TiO2@β-SiC alveolar foams as a ready-to-use composite photocatalyst with tunable adsorption properties for water treatment[END_REF].

In this work, we have explored the feasibility of alveolar open-cell β-SiC foams as catalyst support for gas-phase solar hydrogen production from water-ethanol mixtures. In this particular application, these foams appear as an excellent possibility due to the mentioned static mixer effect that enhances the turbulence in the reactor, giving rise to higher reaction rates than a coated wall [START_REF] Kouamé | β-SiC foams as a promising structured photocatalytic support for water and air detoxification[END_REF], especially at the usual low space velocities in gasphase photocatalytic hydrogen evolution reactions [START_REF] Molins | Reaction Condition Effects on the Photocatalytic Production of H 2 from Ethanol in the Gas Phase over Pt/TiO 2[END_REF]. For this purpose, Pt and Ru nanoparticles have been photo-synthesized on TiO2-coated foams. Platinum is known to be the most active metal for hydrogen evolution reactions [START_REF] Meng | Dual Cocatalysts in TiO2 Photocatalysis[END_REF] and therefore appears as the ideal candidate for the purpose of this work, while ruthenium, photo-deposited most frequently in the form of an oxide or metal/oxide mixture [START_REF] García-Muñoz | Irradiance-Controlled Photoassisted Synthesis of Sub-Nanometre Sized Ruthenium Nanoparticles as Co-Catalyst for TiO2 in Photocatalytic Reactions[END_REF], is regarded as a good oxidation (hole transfer) co-catalyst [START_REF] Meng | Dual Cocatalysts in TiO2 Photocatalysis[END_REF] that can boost the oxidation sacrificial reaction of the biomass-derivative-assisted hydrogen evolution process. The so-obtained foamsupported photocatalytic systems have been tested in a tubular reactor coupled to a compound parabolic solar collector (CPC), and using natural sunlight as the irradiation source, which has been scarcely reported for H2 production from water and biomass derivatives [START_REF] Skillen | Photocatalytic Reforming of Biomass: What Role Will the Technology Play in Future Energy Systems[END_REF][START_REF] Maldonado | Hydrogen generation by irradiation of commercial CuO + TiO2 mixtures at solar pilot plant scale and in presence of organic electron donors[END_REF]. To the best of our knowledge, this is the first report on the use of this kind of foams as photocatalyst support for this application.

Materials and methods

Preparation of photocatalysts

Self-bonded β-SiC alveolar foams were synthesized by the SICAT SARL company (Strasbourg, France) using the SMS replica method, in which a pre-shaped polyurethane foam is transformed into the corresponding β-SiC carbide [START_REF] Nguyen | Innovative porous SiC-based materials: From nanoscopic understandings to tunable carriers serving catalytic needs[END_REF]. The shape of the β-SiC foams can thus be adjusted to the reactor geometry. In this work, cylindrical foams with 45 mm diameter and 40 mm length, with two different PPI (pores per inch) values of 8 and 13, were used [START_REF] Masson | β-SiC alveolar foams as a structured photocatalytic support for the gas phase photocatalytic degradation of methylethylketone[END_REF]. The as-obtained foams were calcined in air at 1000 ºC to remove any residual carbon species and to form an amorphous silica washcoat that favours the anchorage of the TiO2 catalyst [START_REF] Allé | Efficient photocatalytic mineralization of polymethylmethacrylate and polystyrene nanoplastics by TiO2/β-SiC alveolar foams[END_REF]. The so-obtained pre-calcined foams were dip-coated with an automatized system, using a suspension of 15 g L -1 Aeroxide P25 TiO2 from Evonik in ethanol containing titanium isopropoxide (8 mL L -1 ), which acts as a binder for the suspended commercial powder [START_REF] M'bra | Heterogeneous photodegradation of Pyrimethanil and its commercial formulation with TiO2 immobilized on SiC foams[END_REF]. After 35 dip-wash-dry cycles, the foam was dried at 100 ºC and calcined in air at 450 ºC. Metal nanoparticles (Pt, Ru) were synthesized on the TiO2-coated ceramic foams by means of photoassisted synthesis. For that purpose, the appropriate amount of RuCl3•xH2O or H2PtCl6 for nominal 0.5 wt.% metal with respect to TiO2 was dissolved in an aqueous 10 vol.% methanol solution, in which the foam was immersed and maintained with vigorous magnetic stirring in the dark for 1 h at 20 ºC.

Irradiation was then provided by a box equipped with five UV lamps (Philips, λmax= 365 nm, 70 mWm -2 UVA total irradiance). The metal concentration drop in solution was followed with a VWR UV-1600 PC UV-vis spectrophotometer.

Characterization techniques

The metal contents were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) carried out on a Perkin Elmer Optima 7000 DV spectrometer after digestion of the solid samples with a HNO3:HCl:HF 3:2:3 mixture in a microwave oven. Transmission electron microscopy (TEM) was performed in a JEOL 2100F microscope with a point resolution of 0.2 nm working at 200 kV. X-ray photoelectron spectroscopy (XPS) was performed on a SPECS GmbH system equipped with Al Kα anode (hν= 1486.6 eV) and a PHOIBOS 150 9MCD energy analyzer. Data were analyzed with the CasaXPS software. The C 1s peak of adventitious carbon was used for energy calibration. Surface atomic ratios were determined using the peak areas of high-resolution spectra and the CasaXPS sensitivity factors. X-ray diffraction (XRD) patterns were recorded with a PANalytical X'Pert Pro equipment using Ni-filtered Cu Kα radiation and a 0.04 º step.

Solar photocatalytic reactions

Solar hydrogen production tests were carried out between June and August 2021 in a tubular reactor (50 mm ø, 400 mm long) made of borosilicate glass and coupled to a compound parabolic collector (CPC) with anodized aluminium mirrors and concentration factor 1. The reactor is placed on the rooftop of the IMDEA Energy Institute, Móstoles (Madrid), Spain (40.34º N, 3.88º W), and the inclination angle with respect to the horizontal plane equals the local latitude for maximum solar collection efficiency. Two pieces of catalyst-loaded foam were placed in the centre of the reactor, which was fed in continuous mode with an argon flow (40 mL min -1 ) bubbled through a 10 vol.% aqueous ethanol solution kept at 60 ºC. In these conditions, the gas-phase concentrations of ethanol and water are 1.5 and 16 vol.%, respectively, according to Raoult's law and Antoine's equation [START_REF] Sapsanis | Insights on Capacitive Interdigitated Electrodes Coated with MOF Thin Films: Humidity and VOCs Sensing as a Case Study[END_REF]. The reactor was kept in the dark until air was completely removed, then it was uncovered and kept under sunlight for at least 5 h. Solar UVA irradiance (300 -400 nm wavelength) was measured with an ACADUS 85-PLS radiometer, while the outlet gas was analyzed with an Agilent 490 micro-GC equipped with an MS5A column and a TCD detector. A scheme of the whole reaction system is shown in Supplementary Material, Fig. S1.

Results and discussion

Catalyst characterization

SiC alveolar foams show in X-ray diffraction patterns (Supplementary Material, Fig. S2) the cubic structure of the β-SiC phase. After the pre-calcination step described in Materials and Methods, a wide feature corresponding to an amorphous SiO2 washcoat, with the incipient formation of a cubic cristobalite phase, appears. This washcoat favours the anchorage of the TiO2 catalyst during the dip-coating process [START_REF] Allé | Efficient photocatalytic mineralization of polymethylmethacrylate and polystyrene nanoplastics by TiO2/β-SiC alveolar foams[END_REF]. After dip-coating and calcination, white foams with average 3.2 wt.% TiO2 are obtained. These TiO2-coated foams contain, in addition to the phases of the support, the expected mixture of anatase and rutile in a similar weight ratio as that present in the used TiO2 Aeroxide P25, as observed in XRD (Fig. S2 and Table S1). Crystal sizes are also essentially unchanged upon deposition of P25 on the foam (Table S1). Additionally, comparison of the positions of the reflection peaks of the XRD patterns with the reference patterns suggests that the lattices corresponding to the different crystalline phases have not been modified upon TiO2 coating and calcination, indicating that the interaction between titania and the support is limited to the surface, in line with the XPS discussion below. As reported in previous works [START_REF] M'bra | Heterogeneous photodegradation of Pyrimethanil and its commercial formulation with TiO2 immobilized on SiC foams[END_REF], the TiO2 coating is obtained with a homogeneous morphology thanks to the addition of titanium tetraisopropoxide acting as binder. Regarding surface areas (Table S2), the BET value of the titania-coated foam increases with respect to the naked one in a proportion equivalent to the mass percentage of Aeroxide P25 (SBET = 44 m 2 g -1 [START_REF] Fresno | Influence of the structural characteristics of Ti1-xSnxO2 nanoparticles on their photocatalytic activity for the elimination of methylcyclohexane vapors[END_REF]) it holds. X-ray photoelectron spectra of the TiO2/SiC foams (Fig. 1 a-d) confirm the formation of the SiO2 washcoat on the foam surface and its interaction with TiO2. Thus, the Ti 2p region shows, in addition to the doublet corresponding to Ti 4+ in TiO2, another component at higher binding energies that has been ascribed to Ti-O-Si linkages [START_REF] Rico-Santacruz | Coating-free TiO2@β-SiC alveolar foams as a ready-to-use composite photocatalyst with tunable adsorption properties for water treatment[END_REF], indicating a chemical interaction between the TiO2 layer and the SiO2 washcoat at their interface. In line with this, three contributions are observed in the Si 2p region, which include, in addition to those corresponding to SiC and SiO2, a signal with intermediate binding energy that has been interpreted both as SiOxCy silicon oxycarbide from the oxygen-rich natural washcoat of the SiC foam [START_REF] Kouamé | β-SiC foams as a promising structured photocatalytic support for water and air detoxification[END_REF], and as Si-O-Ti linkages in SiO2/TiO2 composites [START_REF] Dulski | Innovative Bioactive Ag-SiO2/TiO2 Coating on a NiTi Shape Memory Alloy: Structure and Mechanism of Its Formation[END_REF]. This last feature can be seen more clearly in the high-resolution O 1s spectrum, in which a component ascribed to interfacial Si-O-Ti cross-linking bonds appears with a binding energy intermediate to those of the SiO2 and TiO2 photopeaks [START_REF] Sahu | Synthesis, analysis and characterization of ordered mesoporous TiO2/SBA-15 matrix: Effect of calcination temperature[END_REF]. Photoassisted syntheses of Ru and Pt co-catalysts on the TiO2/SiC foams starting from metal salt solutions leads to a progressive decrease of the metal precursor in the reaction medium that is considerably slower in the case of ruthenium than in the case of platinum (Fig. S3). Thus, after nearly 7 h of reaction the concentration of the Ru precursor has dropped to ca. 50% the initial one, while in the case of Pt a thirty-minute reaction is long enough for the precursor concentration to drop to virtually zero. 1) gives a bulk Ru/Ti atomic ratio corresponding to ca. 33% photosynthesis yield. The difference between the absorbance drop and reaction yield suggests that some Ru species remain undetected in the solution.

In contrast, the bulk Pt/Ti ratio obtained from ICP/OES is considerably closer to the practically stoichiometric photosynthesis yield indicated by UV-vis spectroscopy, in line with the higher reactivity of platinum for this process [START_REF] Wenderich | Methods, Mechanism, and Applications of Photodeposition in Photocatalysis: A Review[END_REF]. As expected from the low metal nominal contents, neither Ru/TiO2/SiC nor Pt/TiO2/SiC foams give rise to additional reflections in their XRD patterns compared to those of the TiO2/SiC foams (Fig. S2). In turn, the features of the XRD patterns corresponding to the TiO2 phases show no displacement in the reflection angles with respect to the TiO2/SiC sample, as well as no significant difference in crystal size, suggesting that doping of titania with Ru or Pt does not occur. TEM images, on the other hand, do show the obtained Ru or Pt nanoparticles, as observed in Fig. 2, located selectively on TiO2 as expected from the photocatalytic synthesis process, with subnanometre size and a narrow size distribution according to the histograms included in Fig. 2 obtained over several images. This demonstrates that not only photoassisted synthesis gives rise to very small nanoparticles, with the interest this involves for catalytic reactions, but also it produces co-catalyst/catalyst systems with homogeneous coverage and good dispersion of the co-catalyst nanoparticles. Analysis of the high-resolution Ru 3d (plus C 1s) and Pt 4f XPS spectra (Fig. 1 e andf) resulted in the parameters collected in Table 1. Ruthenium nanoparticles show to be mostly in the metallic oxidation state, even though contributions of oxidized species appear in a significant amount, as is common for this metal when obtained by photoassisted synthesis [START_REF] García-Muñoz | Irradiance-Controlled Photoassisted Synthesis of Sub-Nanometre Sized Ruthenium Nanoparticles as Co-Catalyst for TiO2 in Photocatalytic Reactions[END_REF][START_REF] Wojciechowska | Light-driven synthesis of sub-nanometric metallic Ru catalysts on TiO2[END_REF]. The high-resolution spectrum of Pt/TiO2/SiC in the Pt 4f region is highly distorted by the presence of a Ti 3s energy loss peak that is usually negligible but becomes significant due to the low platinum amount [START_REF] Torres-Garcia | Effect of the TiO2 Nanocrystal Dispersion Over SBA-15 in the Photocatalytic H2 Production Using Ethanol as Electron Donor[END_REF]. Once this is considered, the spectrum fits well with the only contribution of metallic platinum, without any contribution of oxidized species. Metal/titanium surface atomic ratios are in both cases one order of magnitude higher than the bulk ones obtained from ICP-OES analyses, in good agreement with the low particle sizes determined from TEM, by virtue of which essentially all metal atoms should be detected by XPS against only the first surface layers of titanium atoms.

In line with this, the smaller ruthenium nanoparticles show a higher surface exposure of Ru as revealed by the higher relative surface/bulk metal content. Regarding surface areas (Table S2), no modification is observed upon deposition of Ru with respect to the TiO2/SiC foam, while only a slight decrease occurs after platinum decoration.

Solar photocatalytic hydrogen production

The SiC-foam-supported photocatalysts described above were tested for gas-phase hydrogen production from ethanol-water mixtures in a tubular reactor coupled to a compound parabolic collector (CPC) under sunlight irradiation, in the conditions described in section 2.3. In blank photocatalyst-free experiments, naked pre-calcined SiC foams gave rise to a negligible amount of hydrogen (0.6 µmol W -1 h -1 ), indicating that the SiC foam acts only as a macroscopic support, without a role in the reactivity of the catalysts. Fig. 3 shows the results of hydrogen evolution reactions over the three different TiO2, Ru/TiO2 and Pt/TiO2 foam-supported catalysts in clear, sunny days during the summer of 2021 in Madrid. The hydrogen produced has been quantified per unit of received energy (insets of Fig. 3) in order to make results on different days, with slightly different solar irradiance, comparable.

Once photocatalysts are loaded onto the foam supports, hydrogen evolution is detected as soon as the reactor is uncovered after the dark stabilization period (sudden increase in irradiance in Fig. 3), and then follows a curve that is essentially parallel to that of solar UV irradiance, which is more clearly observed in the graphs corresponding to metaldecorated TiO2-loaded foams (Fig. 3 b andc). As a result of this, cumulative hydrogen productions follow in all cases good linear correlations against received energy, revealing a truly photocatalytic regime and the absence of catalyst deactivation, the latter further proved by maintained activity after three consecutive reactions (Fig. S4). These results show, in the first place, that the employed SiC alveolar foams are suitable supports for gas-phase solar photocatalytic hydrogen production. Regarding the photocatalyst materials themselves, photoassisted synthesis is demonstrated to be an appropriate method to include a co-catalyst in these foam-supported photocatalytic system. Quantitatively, it is observed that photoassisted decoration with ruthenium increases the hydrogen production activity of TiO2 by an order of magnitude, extending what had been already observed in the laboratory [START_REF] Gu | Constructing Ru/TiO2 Heteronanostructures Toward Enhanced Photocatalytic Water Splitting via a RuO <sub>2</sub/TiO2 Heterojunction and Ru/TiO2 Schottky Junction[END_REF] to truly solar reactions. However, the best results in this study are obtained with photoassisted decoration with Pt, which improves the activity of TiO2 by a factor of ca. 165 and reaches a hydrogen production over 1.2 mmol per gram of catalyst and received Wh, as represented by the slope of the linear fit in the inset of Fig. 3 c. Again, this result insists in the well-known high activity of Pt/TiO2 photocatalysts for hydrogen evolution [START_REF] Skillen | Photocatalytic Reforming of Biomass: What Role Will the Technology Play in Future Energy Systems[END_REF][START_REF] Younas | An Overview of Hydrogen Production: Current Status, Potential, and Challenges[END_REF], demonstrating it in this solar approach. In this respect, this high activity of Pt/TiO2 is essentially due to its large work function and low overpotential for the reduction of protons [START_REF] Meng | Dual Cocatalysts in TiO2 Photocatalysis[END_REF]. For its part, Ru (RuOx)

is more likely to act as a hole transfer component and, therefore, as an oxidation cocatalyst [START_REF] Meng | Dual Cocatalysts in TiO2 Photocatalysis[END_REF]. The present results highlight the higher influence of a reduction co-catalyst on the rate of the reaction studied here.

Fig. 4a shows the hydrogen yields per unit energy obtained with Pt/TiO2/SiC foams with different PPI as a function of the gas flow rate in the reactor. Comparing both curves, it is observed that the influence of gas flow is lower in the case of the foam with larger pore size (lower PPI), revealing a lower limitation with respect to mass transfer. In both cases, an optimum activity is obtained at 75 mL min -1 , which can be interpreted as a compromise situation between residence time and reactants transfer. As observed in Fig. 4b, overall hydrogen yields are higher in the 8 PPI foam for all three studied catalysts, although differences are relatively smaller in TiO2 and Ru/TiO2 coated foams. This can be related both to the improved mass transfer in large-pore foams and to the better light transmission through the length of these foams compared to the smaller-pore ones [START_REF] Masson | β-SiC alveolar foams as a structured photocatalytic support for the gas phase photocatalytic degradation of methylethylketone[END_REF]. Hydrogen yields per unit energy obtained with the different catalysts supported on 8 and 13 PPI foams, at 75 mL/min gas flow.

Regarding photonic efficiency, this is defined as [START_REF] Braslavsky | Glossary of terms used in photocatalysis and radiation catalysis (IUPAC recommendations 2011)[END_REF]:
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An estimation of the number of incident photons by applying the AM1.5 spectrum to the average irradiance obtained from the radiometer during the reaction gives a x300-400 nm value of 32 %, which is the line of previously reported laboratory-based reports [START_REF] Guayaquil-Sosa | Photocatalytic hydrogen production using mesoporous TiO2 doped with Pt[END_REF][START_REF] Fontelles-Carceller | Measuring and interpreting quantum efficiency for hydrogen photo-production using Pt-titania catalysts[END_REF].

In terms of energy efficiency, a first approximation to the efficiency of the conversion of light energy into hydrogen energy, considering only the photocatalytic reaction, can be estimated as: h 6789 = : ;<= × ? 9 @ × AAB 9 @ where:

h 6789 : UV-to-hydrogen efficiency : ;<= : mass of catalyst used (g) ? 9 @ : hydrogen yield (mol [Wh] -1 g -1 ) AAB 9 @ : higher heating value of hydrogen (= 78.89 Wh mol -1 )

In the case of the best result obtained in this study, this calculation results in a hUVTH of 14% which, considering that the UV region represents approximately 3.5% of the solar spectrum in terms of energy, corresponds to a solar-to-hydrogen conversion efficiency (hSTH) of 0.49%. This can be clearly considered as a low efficiency value in order for photocatalytic hydrogen production to be competitive with more mature hydrogen production technologies [START_REF] Younas | An Overview of Hydrogen Production: Current Status, Potential, and Challenges[END_REF], highlighting the idea that this is still a developing field and there is much room for improvement in order for this technology to be deployed [START_REF] Skillen | Photocatalytic Reforming of Biomass: What Role Will the Technology Play in Future Energy Systems[END_REF]. In this respect, for instance, some approaches have recently been reported to exceed the activity of Pt/TiO2 for this reaction [START_REF] Torres-Garcia | Effect of the TiO2 Nanocrystal Dispersion Over SBA-15 in the Photocatalytic H2 Production Using Ethanol as Electron Donor[END_REF][START_REF] López-Calixto | Hybrids Based on BOPHY-Conjugated Porous Polymers as Photocatalysts for Hydrogen Production: Insight into the Charge Transfer Pathway[END_REF].

Conclusions

We have shown that b-SiC open-cell alveolar foams are suitable catalyst supports for solar photocatalytic hydrogen production, and that dip-coating followed by photoassisted synthesis is an appropriate method to obtain metal/TiO2/SiC foams for that purpose. Thus, subnanometre-sized metal or metal/oxide nanoparticles are obtained for Pt/TiO2/SiC and Ru/TiO2/SiC foams, respectively, where co-catalyst nanoparticles decorate the TiO2 coating which in turn is attached to the SiC foam through an amorphous SiO2 washcoat formed by SiC pre-calcination. The so-obtained TiO2/SiC, Ru/TiO2/SiC and PtTiO2/SiC foams are all active for the production of hydrogen from ethanol and water in a gas-phase reactor coupled to a compound parabolic collector and irradiated with natural sunlight.

The pore size of the foams exerts little influence on the resulting hydrogen yield, while, among the three compositions, Pt/TiO2/SiC is the most active one, reaching in the best conditions 14% UV-to-hydrogen (equivalent to 0.49% solar-to-hydrogen) conversion efficiency, with photonic efficiency higher than 30%.
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 1 Fig. 1. X-ray photoelectron spectra of TiO2/SiC (a-d), Ru/TiO2/SiC (e) and Pt/TiO2/SiC (f) foams.

Fig. 2 .

 2 Fig. 2. TEM images of Ru/TiO2/SiC (a) and Pt/TiO2/SiC (b) foams together with Ru and Pt size distributions, respectively.

Fig. 3 .

 3 Fig. 3. Hydrogen evolution reactions over 8 PPI SiC-foam-supported photocatalysts: (a) TiO2, (b) Ru/TiO2 and (c) Pt/TiO2. Large panels represent the hydrogen evolution rates and solar irradiance (300-400 nm) along the day. The vertical rise of irradiance corresponds to the time when the reactor is uncovered. Insets represent for each reaction the cumulative amount of hydrogen produced vs. the cumulative energy received by the foams, the slope of the linear fit representing the amount of hydrogen produced per gram of catalyst and received Wh of solar energy.

Fig. 4 .

 4 Fig. 4. (a) Hydrogen yield per unit energy obtained with Pt/TiO2/SiC foams with different pore dimension (PPI: pores per inch) as a function of the gas flow through the reactor. (b)

  

  

  

  

  

  

Table 1 .

 1 Characteristics of the metal-decorated TiO2/SiC foams.

	Metal M	M/Ti at. nominal	M/Ti at. bulk a	M/Ti at. surface b	M 0 /(M 0 +M d+ ) b
	Ru	0.0042	0.0013	0.020	0.69
	Pt	0.0022	0.0018	0.015	1

a From ICP-OES b From XPS ICP-OES analyses of the finally obtained foams (Table
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