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During the last decades, environmental and energy issues increased in interest due to the global warming and climate change associated to the CO2 emissions, as well as to the depletion of fossil resources. Therefore, the chemical and energy industry needs to address that societal concern in terms of process sustainability and must operate a difficult albeit vital environmental and energy transition from fossil-based resources towards a sustainable, environmentally benign chemicals and energy economy. This policy aims at reducing the fossil fuels dependency and at moving gradually towards a neutral carbon economy Heterogeneous catalysis can be considered as the science of saving material and energy in chemistry. It is playing a pivotal role to find sustainable and greener pathways to supply energy (fuels) and to produce chemicals with the necessary reduction of the environmental and energetic footprint, with the highest atom efficiency. Heterogeneous photocatalysis emerged in the last decades as a valuable approach to provide sustainable reaction conditions for selectively driving chemical reactions in various environmental or energy-related fields.

However, heterogeneous photocatalysis demonstrated lower production or conversion rates than traditional (thermal) catalysis, what is unfavorable to its application in a wide span of fields, and especially for the chemical industry. Nevertheless, photocatalysis is a process that works at room temperature and demonstrated to be efficient in more sustainable conditions than (thermal) catalysis. In the recent years, the strategy of combining a dual photonic and thermal excitation in a one pot operation emerged for lowering the temperature conditions and enhancing sustainability of processes, increasing the reaction rates and potentially also orientating the reaction selectivity. This approach opened the door to a new field of heterogeneous catalysis, namely photothermal catalysis.

Photothermal catalysis is in consequence an emerging field that can be considered as one of the most promising and sustainable tools to reduce the carbon footprint in the energy and chemical industry. It consists in a simultaneous photonic and thermal activation (light and heat) of a photosensitive catalyst (i.e. light-responsive). Most of the systems rely on semiconductor materials, mostly decorated with metal nanoparticles. Any positive photothermal effect relies on a synergy potentially resulting from a combined (dual) activation of the catalyst that impact the (photo)catalytic behavior and modify catalytic reaction at the surface.

The main objectives of this thesis were first to demonstrate the ability of Ru-based catalysts to be used as photothermal catalysts under UV-A light for two gas-phase reactions of interest, namely the formic acid dehydrogenation to form hydrogen as main reaction and second the hydrogenation/methanation of CO2 (Sabatier reaction). We aimed in consequence at obtaining a proof of evidence of a beneficial photothermal effect under UV-A light for both reactions, and to get better understanding to which extent the properties of the supported Ru catalysts can influence the photothermal behavior and the associated reaction mechanisms taking place under combined photonic and thermal excitation. Our objective was to pave the way for further studies and the development of novel photothermal catalysts.

This thesis was funded by the program (IdEX) of the University of Strasbourg. This work was realised at the (ICPEES, UMR 7515 CNRS/University of Strasbourg, Strasbourg, France) under the supervision of Dr. Nicolas Keller. This PhD thesis manuscript will consist in three main parts in regards to the catalysts used for both reactions of interest. As a result, this thesis is divided in five chapters:

The first chapter is a literature review devoted to the main contextual and topical aspects of this work in the field of photothermal catalysis. In the context of such an emerging field in heterogeneous catalysis, this chapter will describe to which extent photothermal catalysis derived from heterogeneous thermal-and photo-catalysis, with a series of definitions and principles brief description of both catalyses, as well as of the emerging field that is photo-thermal catalysis. The different strategies employed in photothermal catalysis depending on the energy sources are described and related to the catalyst design. The different methodologies reported for distinguishing electron-from thermal-driven mechanisms are summarized as well as the reactor aspects. Selected applications of photothermal catalysis are described, with a focus on formic acid decomposition and CO2 methanation as reactions of interest and on the catalysts used. The chapter will conclude with a rational for the selection of Ru/TiO2 as the reference photo-thermal catalyst in this work.

The second chapter will consist in the description of the main experimental procedures implemented during the thesis. This includes a description of the set up built and used for both photothermal formic acid decomposition and CO2 methanation reactions together with the reaction protocols and the way of calculating the catalytic indicators. It is followed by a description of the different characterization techniques that are used in this work. The last part of the chapter will be devoted to the synthesis methods applied for the elaboration of the catalysts presented in this document and used for both reaction of interests.

The interest of using Ru/TiO2 as photothermal catalyst under UV-A light will be first addressed in the third chapter, taking the gas-phase formic acid decomposition toward hydrogen (dehydrogenation) as first key-reaction. The Ru/TiO2 catalyst prepared through a UV-A driven photo-assisted synthesis method will be used as reference catalyst. The catalytic behaviour will be discussed notably in terms of formic acid conversion, H2 and CO production rates, as well as reaction selectivities. Screening additional studies varying the Ru content and the preparation method will be presented to improve the understanding of the Ru/TiO2 systems under combined photonic/thermal excitation. The last part of the chapter consists in in-situ spectroscopy experiments conducted for getting knowledge on the possible mechanisms taking place at the surface of the Ru/TiO2 catalyst in photothermal conditions.

Based on the results shown on the Ru/TiO2 reference photothermal catalyst in the chapter three, the fourth chapter will examine the influence of the catalyst support in the (photothermal) formic acid decomposition reaction under UV-A light on different Ru-based catalysts. g-C3N4 and SiO2 will be selected as supports of interest for the Ru nanoparticles. The main physico-chemical characterization of the catalysts are presented, as well as their catalytic behaviour at dark and illuminating conditions. The last part of the chapter will include the study of the in-situ infrared spectroscopy to highlight the differences in terms of reaction mechanisms under UV-A light for the hydrogen production for the three kinds of catalysts.

The fifth chapter will consist in investigating the ability of the Ru-based systems to be also used as photothermal catalysts under UV-A light in a second reaction of interest, namely the CO2 methanation reaction. First, methanation experiments are conducted using Ru/TiO2 as reference photothermal catalyst, before the investigations are extended to g-C3N4 and SiO2 supported Ru catalyst. Using a span of commercially available titania materials, the last section will evidence the influence of the nature of the TiO2 used as support for the Ru nanoparticles in the reaction in photothermal conditions, also with the help of an in situ DRIFT spectroscopy study for mechanistic aspects.

The final chapter of this thesis will be a general conclusion, with the main results obtained in these investigations. Some perspectives and the possible future developments open by this work (some having been already successfully conducted but not reported in the PhD manuscript) are presented.

CHAPTER 1: Literature review

During the last decades, environmental and energy issues increased in interest due to the global warming and climate change, as well as to the depletion of fossil resources. The onset of the 3rd Millenium is already notable in regards of meteorological extremes, harbingers of anthropological climate change caused beyond a reasonable doubt by accumulating levels of atmospheric greenhouse gases, principally, carbon dioxide. Important agreements have been achieved like Kyoto Protocol (1997), Paris Agreement rulebook (2015) or Last UN Climate Change Conference (COP26) in 2021 where over 190 countries agreed to reduce the fossil fuel dependence, heading to a clean energy transition. The chemistry field and notably the chemical industry need to address those societal concerns in terms of clean chemical processes, environmental protection and energy transition. A difficult albeit vital transition must in consequence be made from fossil-based resources towards a sustainable, environmentally benign chemicals and energy economy. These objectives are based on concepts such as a neutral carbon economy where the undesired product is the promising reactant, reducing thus greenhouses gases emission and fossil fuels dependence.

To this end, heterogeneous catalysis, which is the science of saving material and energy in chemistry, is playing a pivotal role to find sustainable and greener pathways to supply energy (fuels) and to produce chemicals with the necessary reduction of the environmental and energetic footprint, and the highest atom efficiency. In parallel, heterogeneous photocatalysis appeared in the last decades as a valuable approach to provide sustainable reaction conditions for selectively driving chemical reactions in various environmental or energy-related fields. This introductive chapter is divided into eight sections, with first a brief description of heterogeneous photo and thermal catalysis, followed by the definitions and principles of the emerging field that is photo-thermal catalysis. A third section describes different strategies employed in photothermal catalysis depending on the energy sources to catalyst design, while the potential methodologies to identify mechanisms in photo-thermal catalysis are summarized in the fourth section and reactors aspects are considered in the fifth section. A sixth section is devoted to some selected applications of photo-thermal catalysis, namely the reforming of oxygenates into hydrogen-rich mixtures and the CO2 conversion, while a specific focus is made in the seventh section on formic acid decomposition and CO2 methanation. Finally, the last section is the rational for the selection of Ru/TiO2 as the reference photo-thermal catalyst in this work.

Heterogeneous photocatalysis and thermal catalysis.

Thermal and photo excitations have been perceived generally as different alternatives in overcoming activation energy barriers and driving reactions. Meanwhile thermal catalysis need a temperature increase to be activated, photocatalysis differs and may provide new routes at ambient conditions allowing for a saving in the process energy demand. The idea of combining both excitation processes in a unique catalyst to improve activity and reaction selectivity to desired the reaction products is a motivation for the research and development field, aiming at finding a catalytic solution able to accelerate the rate-determining step (rds) within a multiple elementary steps process.

1.1.Heterogeneous thermal catalysis

Nowadays, catalysis is involved in 95% of the manufactured chemical products [1]. This scientific discipline has been recognized and developed for many applications in the last centuries. Heterogeneous catalysis has been gradually improved in regards of characterization techniques [2] and of materials design, starting from metal powders to highly dispersed catalytically active components on high surface/porosity materials. However, traditional heterogeneous catalysis has limitations in being an efficient process in terms of activity and selectivity.

Most of the heterogeneous catalysts requires extreme conditions of temperature and pressure to carry out catalytic industrial reactions (with rare exceptions), requesting high process energies. The reaction conditions are in consequence often introducing un-wanted side-reactions detrimental to the reaction selectivity as well as to the catalyst activity and stability (e.g., coking, inhibitor poisons, and/or irreversible changes in the physico-chemical properties of the catalysts). Beside selectivity concerns, reversible or irreversible on-stream deactivation can be observed, while the process downtime for the regeneration/replacement of the catalyst is at the expend of a lower process sustainability.

Heterogeneous photocatalysis

In comparison with thermal catalysis, photocatalysis is a recent discipline in the chemistry field, capable to drive thermodynamically uphill reactions and to orientate reactions towards added-value molecules and high-prospect energetic compounds like hydrogen, as well as to drive degradation (environmental) reactions under soft/mild conditions. According to its restrictive definition (i.e. non IUPAC), heterogeneous photocatalysis is based on the absorption of photons by solid semi-conductor materials that promote electrons, also named hot electrons, from the valence band to the conduction band via photo-excitation processes when the photon energy is equal or higher to the semiconductor bandgap. The promotion of an electron generates a charge deficiency at the valence band also named as hole. Such hot carriers can interact with adsorbates after migration to the material surface where they drive reduction/oxidation reactions (Fig. 1) [3].

Fig. 1 Generation of photocatalytic species in TiO2 semiconductor adapted from ref [3] The key limitation of this greener and sustainable process relies on the maximum optical power as natural solar insolation is around 1kW m -2 and on the need of high energetic photon flux utilization due to the large bandgap of the semiconductor materials currently used in photocatalysis. These limitations hinders its practice for industrial applications where the catalytic properties associated to selectivity, conversion and stability patterns plus a realistic space velocity is more than mandatory. Important progresses in the material science and engineering field led to the exploration of new materials and hybrid assemblies, aiming at improving several properties like the absorption rate, the charge separation efficiency, the hot carrier lifetime or the sensitization of catalysts to the visible-light range, which accounts for around 50% of the solar light spectra.

Dual-mode excitation

Therefore, the strategy of coupling both photonic (solar) and thermal excitations in a one-pot operation (i.e. dual thermo/photo excitation) is logically aimed by the potential benefits of such synergetic systems in multiple catalytic applications, with enhanced activity and selectivity patterns. The aim is driven by the imperative of improving the chemical process sustainability with the lowering of the environmental and energetic footprint. This motivation is concretely materialized by the need of obtaining the same product yields at a lower temperature or more globally under milder conditions (softening of the reaction conditions), of accelerating the reaction rates under given reaction conditions for increasing production yields and reducing the processing times, and/or of orientating the reaction selectivities. Additionally, prolonging the lifetime of the catalyst is also a potential positive side-effect of the softening of the reaction conditions.

Photothermal Catalysis: definitions and principles.

In the last decade, research groups started to investigate the combination of a photo-excitation with temperature to probe the catalytic behaviors. This mixture of photo-excitation and thermal ting with the ancient definitions of photocatalysis and thermal catalysis. Up to now, several very different phenomena were associated to field. For example, -thermal term as the synergetic effect of simultaneous illumination under heating process [5]. Tang et al. associated photo thermal catalysis to a thermal acceleration of a photocatalytic reaction and to the photo-enhancement of a thermocatalytic reaction [6]. Nair et al. (Colmenares, Fernández-García and Luque) prefer to discriminate between photo-thermo-catalysis and thermo-photo-catalysis terms, where the first descriptor refers to a photo-effect on thermal catalysis and the second to a thermo-effect on photocatalysis [7]. In fact, the thermo-prefix is suitable for catalytic systems driven by heat to overcome an activation barrier, meanwhile the photo-prefix reveals more complexity because it strictly depends on the different reactions mechanisms involved, frequently unknown or illunderstood. Nair et al. summarized the key significance of their approach (howsoever named) as the implementation or processes.

localized heating process resulting from light absorption followed by a non-radiative relaxation [8].

Therefore, it is mandatory to search for and to adopt definitions able to take into account the different phenomena involved in photo-thermal catalysis and in the photo-thermal effect.

Kinetically-speaking, different synergistic (cooperative) effects that can operate under combined excitation in photothermal catalysis, may be distinguished through kinetics experiments :

-Type I. Meanwhile a reaction is driven by photo-excitation process through a low-energy sequence. In this case, the apparent activation energy (Eapp) is expected to be lowered.

-Type II. The photo-excitation affects the steady-state equilibrium and modify the surface coverage by the intermediates species. This can be translated to an improvement of the rate due to a higher supply of the limiting reactant(s) on the catalytic surface or to the suppression of accumulated catalyst poisons. In this situation, no apparent activation energy change is expected.

-Type III. In this last scenario, the photo-excitation acts as a delivery mechanism of localized heat (via non-radiative relaxation process) and provides additional heating to the base (bulk) temperature, for a thermal catalytic process. It is important to mention that the apparent activation energy is not expected to be modified in this type.

Type III collects every process where photo-excitation is converted into an increase of temperature, in consequence supplying thermal energy as an internal source. Thus, several routes can be utilised in the photo-thermo catalytic process to provide thermal energy, by contrast to the light source, which is always an external irradiation (energy) source, either natural (sun) or artificial (UV lamps):

-through traditional heating by conventional operations, viz., conductive/convective transfer modes from reactor walls. --absorbing component that dissipates thermal energy into the surrounding media due to non-radiative relaxation mechanisms of hot carriers generated by photonic energy absorption, also defined as photothermal effect. In that latter case, the thermal energy is supplied as internal energy source.

To sum up, photo-thermal catalysis is a combination of dual photo and thermal excitation in one pot operation where photo and thermocatalytic processes coexist to provide a synergetic effect over the different mechanisms and kinetics that are involved in the chemical reactions. However, it is important to remark the need of a classification of the different strategies where the photo-thermal effect is directly influenced by several factors such as the light source, the nature of the materials, etc.

Strategies in photo thermal catalysis: from energy source to catalyst design.

The essential property of a photo-thermal catalyst is that, at least one component must interact with light. Starting from this point, any design strategy must study the impact of photo-excitation with simultaneous heat.

It is possible to classify the different strategies according to a wide span of possibilities. For instance, Ma et al. classified the photo-thermal synergistic modes into 4 categories depending on the different contributions of both photo and thermochemical processes [9]:

-Thermal-assisted photo catalysis (TAPC) corresponds to the enhancement of photocatalytic processes by temperature increase, -Photo-assisted thermal catalysis (PATC) where the light improves the thermal catalysis process, -Photo-driven thermal catalysis (PDTC) is based on the photon-induced process to convert light energy to localized heat and drive thermal catalysis. -Finally, photo-thermal co-catalysis (PTCC) where both photocatalysis and thermal catalysis coexist enhancing a higher conversion than the sum of them dividedly.

However, this kind of classification can be at the end quite chaotic, because of the similar names the strategies have and the overlapping between different groups in some situations. Thermalization process via photon absorption is part of the non-radiative decay phenomenon of excited electron-hole pairs. However, these charge carriers also can interact with molecular orbitals of the adsorbate at metal-adsorbate interface, promoting the conversion of the adsorbate into other chemical species. Both processes are commonly occurring simultaneously, what makes difficult to differentiate between them. Even thermalization (PDTC) can enhance the photocatalytic processes via an increase of the local temperature (TAPC). Then, there are some situations were several categories can co-exist simultaneously and this classification will not be suited. Therefore, to be able to classify several strategies that can be used simultaneously to perform photo-thermal catalysis, we propose a classification that depends on the different indirect and direct energy sources used. There are 3 different possibilities on how light and thermal energy sources can be combined:

-Unique photonic and thermal energy suppliers: The strategy consists in the use of a unique energy supplier that can provide photonic and thermal energies (such as sun or simulated solar light source), as it is shown in Fig. 2A. High energy photons (UV-Vis) interact with the photothermal catalyst with the promotion of hot carriers, while low-energy photons (Vis-NIR) increase globally the temperature at the catalytic surface. In this case, the global temperature is controlled and limited by the optical power and dispersion of the light source (filters, monochromatic devices, etc.). Nonetheless, optimizing the reactor design can enhance the temperature increase, notably through suited solar concentrators [10].

-Distinct photonic and thermal energy suppliers: This strategy (see Fig. 2B) is similar to the previous one with the exception that globally the temperature is not dependent on the light irradiance but can be better adjusted by conduction and convection processes from the reactor walls to the place where photo-thermal catalyst is located.

-Internal heat source by photon-flux irradiation (see Fig. 2C): As it has been previously described, some materials can increase the local temperature by non-radiative relaxation process after photon flux absorption [11]. In this case, the thermal energy source comes from the interaction between the materials and the photons. Under steady-state photon irradiation, a heat gradient will be established at the catalytic surface that depends on the thermal (diffusion) properties of the catalyst and the reactants. To ensure photo-thermal light-to-heat efficiency, mostly plasmonic nanostructure materials have been reported. However, it is important to mention the ability of several non-plasmonic materials to generate an increase of temperature.

Nevertheless, it is mandatory, before to distinguish among all the photochemical and thermochemical processes that can occur simultaneously or cooperatively and which are predominating in each photo-thermal reaction, to identify the different interactions that the catalyst can have with photons. Therefore, the next part of the section includes a classification based on the photonic properties of the materials (plasmonic, non plasmonic) and on their nature (noble and nonnoble metals, metal oxides, etc.), that takes into account the phenomena associated with and arising from the absorption of the photon energy. Fig. 2 (A) First strategy with a unique photonic and thermal energy supplier, adapted and reproduced from ref [10], (B) second strategy with distinct photonic and thermal energy suppliers, and (C) third strategy with internal heat source by photon-flux irradiation, adapted and reproduced from ref [15].

Plasmons and plasmonic materials for photothermal catalysis: Mechanisms.

The physics of the localized surface plasmon resonance (LSPR) phenomenon has been introduced through Gustav Mie and Drude-Maxwell models in 1908 [12,13]. According to these theories, free metal electrons can oscillate against a background of positive ion cores under the influence of the electromagnetic field of an external incident photonic irradiation. This produces an electron cloud as the sum of all the individual electron motions. This collective electron oscillation on the metal is named as surface plasmon [14]. Normally, the plasmon frequency, p, is given by equation 1.1:

(1.1)
Where N is the density of charge carriers, m* their effective mass, e the electron charge and 0 the electric permittivity. In a metal nanoparticle surface, electrons are confined in a very limited area where the incident wavelength is larger than the nanoparticle size. Then, all electrons are subjected to the same electromagnetic field producing a positive and electron region as shown in Fig. 3 [15]. In addition, if the incident electromagnetic field and the mode of electron cloud resonance oscillate at the same frequency, strong electric fields are created by the interaction of the resonant photons and the electrons on the metal surface. The amplification of these maximized local electric fields is named raman and photocatalysis.

However, the plasmonic effect is not only related to the metal nature. Morphology properties like shape [16] and particle size [17], as well as the metal environment (dielectric constant), can also strongly influence the photon absorption properties by widening or narrowing the absorption range, modifying the plasmon intensity to lower values and blue or red-shifting maximum absorption peaks.

Several processes must be taken into account following the excitation:

-First, the energy stored by plasmons can decay as radiative process that emits photons with same wavelength as the resonance conditions.

-Secondly, the decay can occur through non-radiative processes: Electron-electron collisions, that increase the temperature [1], and electron-hole pair excitations. In this last process, the absorbed photon energy is used for the excitation of the ground state level electrons of the metal, with the associated formation of holes. Then, electron and hole can interact with the the process where the charge carriers recombine after the electron promotion via electronelectron scattering that increase locally surface temperature, as shown in Fig. 2C, followed by electron-phonon scattering and lastly with phonon-phonon scattering that dissipates the thermal energy through the lattice. Charge carriers in plasmonic materials have several pathways where they can migrate or recombine depending on the metallic surface. There are three different scenarios: clean metal, metal/adsorbate and metal/semiconductor.

In a clean metal surface (see Fig. 4A), hot carriers are induced (photo-excitation) in a non-thermal distribution. Then, charge carriers can recombine (relaxation) generating inelastic coulombic electronelectron scattering, converting energy into heat in a 100 fs to 10ps period. At a different timescale, (low energy) electrons-lattice collisions increase the temperature of the metal lattice by the coupling of electrons and phonon modes. Then, heat is spread over the lattice via phonon-phonon scattering in a period of 100 ps to 10 ns (see Fig. 5A), producing the thermalization process. This thermalization pathway has been already analyzed for potential application in cancer therapy [11,18]. However, in photocatalytic reaction conditions, other parameter can affect in this process like the presence of adsorbates on metallic surface.

In the case of metal/adsorbate systems, as shown in Fig. 4B, electrons can migrate from metal NPs if there is an electron-accepting orbital. In fact, reactants can be adsorbed at the metallic surface allowing electron migration from metal to the lowest unoccupied molecular orbital (LUMO) via direct or indirect transfer [15]. For an indirect transfer, hot electrons are first promoted in the metal nanoparticle and further transferred to the unoccupied molecular orbitals of the adsorbed molecules. On the contrary, if there is a strong interaction between the adsorbate and the metal, hot electrons can be directly generated at LUMO (electron-accepting state) of the adsorbate molecule by an additional dephasing channel called chemical interface damping (CID), induced by the coupling of unpopulated adsorbate states and excited surface plasmons (direct transfer) [15,19]. It is important to remark that only direct transfer really needs a strong orbital hybridization between the adsorbates and the metallic surface, which makes the indirect migration more favorable. Hot electrons can also thermalize through chemical interface scattering (CIS) where electrons scatter into and out of nearby unoccupied electronic states introduced by the coupling. In addition, hot electrons can deposit part of their energy at adsorbate molecular orbital. This remaining energy affects to the adsorbates that acquire a vibrational energy level higher than the equilibrium state, also named as hot adsorbates. These hot adsorbates can use their energy state level to overcome the reaction barrier and be converted into products at the metal surface. Otherwise, this energy can be also recovered back by the electrons when they are transferred back to adsorbate molecular states prolonging the time needed for thermalization processes (Fig. 5B) [1,9,15,19 21]. In each scheme, the left side (relative to energy, y-axis) depicts the Fermi level (EF) of the plasmonic metal. The right side (relative to energy y-axis) illustrates the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for the adsorbate (b), or the position of both conduction and valence bands of the semiconductor. The grey parts represent the population of electronic states. Figure based on ref [15]. Fig. 5 Time scales of the plasmon-induced hot carrier generation, the hot electron transfer, and the thermalization processes in the case of a clean metal NP as well as in the presence of an adsorbate or a semiconductor. From top to bottom: a series of time scales corresponding to the fate of hot carriers in a clean metal NP, additional events in a metal NP capped with an adsorbate, and the processes involved in a metal NP loaded on a semiconductor support via a Schottky contact are shown. Note: el stands for electron and ph stands for phonon. Figure based on ref [15].

In the last scenario with a composite metal/semiconductor (Fig. 4C), hot electron migrates from the metal to the SC conduction band by indirect or direct transfer, as it occurs with adsorbates. In this particular case, the spatial separation between the holes (in the metal) and the electrons (in the semiconductor) prevents from charge carrier recombination and prolongs the electron lifetime to carry out chemical reaction at the catalyst surface [22]. When a junction between the semiconductor and the metal nanoparticle is formed, both materials Fermi levels align to enhance the charge redistribution. This valence and conduction band bending create the Schottky Barrier at the interface (SB), whose energy can be measured as the difference between the metal Fermi level and the conduction band at the semiconductor/metal interface.

When an electron is photo-excited, it can migrate from the metal to the semiconductor conduction band if its energy is higher than the Schottky barrier (see Fig. 4C). This process is the indirect transfer pathway. In addition, an adequate Schottky barrier is highly important to enhance the electron transfer and to inhibit the transfer back to the metal nanoparticle, for guaranteeing the spatial separation of the electron-hole pair. White and Catchpole have calculated that an overall quantum efficiency in indirect hot electron transfer from plasmon metal to semiconductor material below 8% [23]. Several research groups have evaluated the possibility of a single-step electron transfer based on the hot electron transfer to the acceptor orbital in the semiconductor upon plasmon dephasing in hybrid materials [24,25]. In comparison with the hot carrier transfer from the metal to the adsorbate, this pathway is more efficient due to the absence of electron-electron and electron-phonon scattering within the metal nanoparticle [26]. Although different studies have been performed and different theories reported, it is important to mention that there is actually no current method to discriminate between the electron transfer mechanisms in metal/semiconductor heterojunctions.

Last advances in LSPR highlighted that not only metals can be plasmonic materials. Semiconductor nanostructures [27,28] and 2D materials can have a behaviour similar to plasmonic effect on noble metals. For instance, ReO3 type oxides, telluride or nitride materials present plasmonic properties in the visible-NIR region [27]. LSPR can be tuned by modifying the charge carriers density of these materials via doping and/or creating structural defects, shifting the absorption spectra to higher energy values. 2D materials proved to have a tuneable LSPR effect like in the case of graphene [14,29], which plasmon is localized in middle IR and terahertz regions. The overall plasmonic response of 2D materials is weaker than that of metals because of the thin atomic dimension, but it can be enhanced by electrostatic or chemical doping techniques. Modifying the carrier concentration with external electric gates, the dispersion and lifetime of surface plasmon in two-dimensional materials can be adjusted [30 32].

Non-plasmonic materials for photothermal catalysis.

Even if plasmonic structures have been grown in interest for photo-thermal application during the last absorption. As it was previously described, electron promotion in plasmonic materials derived from the plasmon energy non-radiative decay process. Non-plasmonic elements can promote electrons via photon absorption through interband electronic transitions without the need of a prior surface plasmon resonance [15,33]. Among this group, metals such as Pd [34] or Ru [35] have been the most widely reported. However, we can cite materials as varied as e.g. carbon-based materials [36 39], metal-organic frameworks (MOFs) [40,41] and metal oxides.

In case of non-plasmonic metals, the photo-excited hot carriers can be transferred from the metal surface to an accepting orbital if the electrons have the enough energy to be injected in, as it similarly occurs in plasmonic metal materials [34]. For instance, Sarina et al. studied Pd, Pt, Rh and Ir supported nanoparticles on ZrO2 as photocatalyst for several reactions [33]. In those cases, rate enhancement with light irradiation is mainly assigned to electrons transfer from metal NPs to unoccupied molecular orbital of the adsorbates as it was described in Fig. 4C. In addition, the photon wavelength plays an important role in the electron transfer because the electron can promote to higher or lower energy state depending on the energy of the photon and, therefore, can overcome the energy barrier to be transferred into the adsorbate. For this reason, with a higher photon energy (short photon wavelengths), the excited electron overcomes the energy barrier to be injected into the molecular orbital of the adsorbate. However, the promoted electrons cannot have enough energy to overcome the energy barrier if they have been excited by photons with not enough energy (normally corresponding to longer photon wavelengths), which contributes to the enhancement of reaction rates by means of thermal effects. Nevertheless, it is exceptionally possible that two photons promote one electron that can be transferred to the adsorbate at higher photon wavelength and high irradiance conditions. as substrate materials. In this case, direct photo-excitations occurs in the gas-phase molecule as shown in Fig. 6. When the molecule is adsorbed onto the metal surface it can be bonded by strong and weak interactions [42,43]. When the molecule is weakly chemisorbed, as shown in Fig. 6A, the primary mechanism to drive photochemistry is the intraband promotion of electrons from the highest occupied molecular orbital (HOMO) to the LUMO. In comparison with non-chemisorbed gas phase molecules, slightly decreased excitation energies are needed due to metal-induced perturbation of the molecular electronic states. This electron promotion is characteristically dependent of the photon wavelength. Strong chemisorption occurs through hybridization of metal and adsorbate orbitals to form bonding and antibonding states [44]. Then, the photoexcitation is targeted to the transition of electrons from bonding states to antibonding ones. This photoinduced excitation generally carries out selective heterocatalytic processes.

Fig. 6 Schematic of the metal-adsorbate bond photoexcitation processes over metal surface adapted from ref [44]. A) Direct photoexcitation from the HOMO to the LUMO in the molecule when it is weakly chemisorbed with the metal surface. B) Direct photoexcitation of resonant hybridized bonds between metal and adsorbates when the molecule is strongly chemisorbed onto the metal surface.

Metal oxide non-plasmonic materials can carry out photochemical process after charge generation. However, non-radiative decay compete with it. There are mainly two main possible recombination pathways in metal oxide non-plasmonic materials: Auger and Schockley-Read-Hall recombinations. Both are responsible of energy emission into the material lattice by phonon vibrations. The Auger recombination produces energy transfer, instead of light emission or heat dissipation, to a third charge carrier that thermalizes back emitting phonon vibrations in a scale of time from 10 to 100 ps [1,5]. The Shockley-Read-Hall recombination consists in two steps: first, a fast step where hot carriers thermalize back in a mid-gap energy state caused by defects and vacancies in the lattice. Then, a second step where the electron recombined at the valence band. When the charge carrier is at mid-gap state, its life-time is prolonged and it can interact with molecular adsorbates driving photocatalytic reactions [5,45].

To sum up, photo-thermal catalysis involves a broad range of materials that can absorb photoirradiation to carry out photochemical and thermochemical reactions through different mechanisms and processes depending on their electronic properties and chemical nature. This diversity might provide promising results for catalysis and further applications like photovoltaics and solar thermal energy [46].

Methodologies to identify mechanisms in photo-thermal catalysis

Different computational and experimental methodologies can be used to distinguish between photochemical and thermochemical contributions in photo-thermal catalysis and to state which pathway drives mainly the process.

For instance, Density functional theory (DFT) framework is a computational quantum mechanical modelling method allowing for the investigation of the electronic structures of many systems, including here notably condensed phases (e.g. semiconductor/metal interface) or molecules (e.g. adsorbates at active sites).

Besides computational methodologies, the implementation of suited experimental procedures has been proved to be a powerful tool through the study of the influence of the light on photocatalytic systems, especially in plasmon-induced photocatalysis [47,48]. Those experimental procedures rely on:

-the implementation of specific reaction conditions for the catalytic tests. They are based on the identification of the electron-driven or thermal-driven processes through the modification of parameters such as light irradiance, photon-wavelength, and light beam radius or temperature. -the use of external characterization technique setups like a spectrometer or a microscope in order to follow the features of the photo-thermal effect.

This section collects the main experimental methodologies that have been reported to distinguish between photo and thermochemical processes during photo-thermal catalysis.

Experimental conditions as methodologies.

The implementation of suited experimental conditions for the catalytic tests is a powerful tool for providing information about which process is dominant in photothermal catalysis. For example, a linear dependency between the reaction rate and the light intensity is sign of identity of an electrondriven process for plasmonic reactions [49 51]. The relationship between the reaction rate and the photon flux irradiance can be considered as representative of the electron-driven chemical transformations or the thermal enhancement at the catalytic surface. Four different kinetic regimes have been proposed by Christopher et al. depending on the relationship between the reaction rate and the photon flux irradiance [48]:

-Linear regime (rate I), shown in Fig. 7 as blue line, is characteristic of electron-driven chemical transformations [49].

-Super-linear regime (rate I n , n>1 ) ), shown in Fig. 7 as red line, is also characteristic from chemical reaction driven by photo-generated hot carriers.

[52] -Sublinear regime (rate I n , n<1), shown in Fig. 7 as green line, has only been reported in semiconductor materials and it corresponds to a high recombination of hot carriers [48]. -Exponential regime (rate e f(I) ), shown inFig. 7 as violet line, corresponds to a thermally driven transformation [49,53].

Nevertheless, it is important to highlight operation conditions as a key-factor to determine the prevalence of each regime. For example, the Linic group and Zhang et al. observed at higher light intensity levels that turned into superlinear. This behavior was ascribed in Zhang et al. to multiples excitations of the vibrational modes of adsorbed intermediates species by plasmon-induced hot electrons [49,52,54,55]. In addition to the dependence with the light irradiance, an agreement between the action spectra of the catalyst (i.e. the wavelength-dependent reaction rate) and the absorption spectrum of the catalyst is also proposed as an evidence for electron-driven processes. As plasmonic and nonplasmonic materials can absorb photons with a determined wavelength to promote hot carriers, a variation of the photon wavelength within the UV-Vis-IR spectrum may provide useful information about which processes prevail over others if there is a correlation between the catalytic rate and the wavelength of the absorbed photons. For instance, Ye et al. studied the influence of the wavelength on the photo-thermal methanation with several supported metallic catalysts from group VIII [56]. No dependency of the CH4 production rate on the photon wavelength was observed, so that they excluded any electron-driven mechanism and ascribed the photo-thermal enhancement to pure thermal effects. By contrast, the same group observed a direct agreement between the optical absorption spectrum of a Rh/TiO2 catalyst and the quantum efficiency in the case of the photocatalytic steam reforming of methane, and suggested the role of the hot electrons from interband transition in the Rh nanoparticles [57]. Other groups [58,59] found also a correlation between the optical absorption of the photocatalyst and the reaction rate, in favor of electron-driven reaction mechanisms.

Both dependencies of the reaction rate with the wavelength and light irradiance might in consequence provide information on the hot electron-induced reaction mechanisms. Nevertheless, there are some controversial opinions in the field, arguing to which extent the direct implication of plasmonic hot-electrons in the drive of photo-thermal reactions is appropriately considered. For instance, Dubi and Sivan have done a theoretical study where only a small fraction of the catalytic rate thermal-driven processes, and only an small part of the hot carriers in plasmonic materials are not thermalized and interact with the reactants [60]. Moreover, this group has compiled and re-treated experimental data from other research publications (see ref [61,[START_REF] Dubi | Thermal effects an alternative mechanism for plasmon-assisted photocatalysis[END_REF]) according to their theoretical work. Of course, the relevance of these studies rapidly increases, and generates comments and additional discussion with researchers from the field [START_REF]an alternative mechanism for plasmon-assisted 11 , 5017[END_REF][START_REF]1039/D0SC02914A[END_REF].

Additionally, the analysis of selectivity patterns might be a way of evidencing the main pathway. Heat-mediated reactions lead to provide energy to all the different freedom degrees available, like vibrational, translational or rotational states, activating simultaneously many reaction pathways, while electron-driven processes may inject hot carriers to a selected adsorbate-metal bond modulating the reaction yield to a desired product [54] selectivity in the artificial photosynthesis over Au/TiO2 was influenced by the irradiation wavelength, and was switching from full CH4 production to some derivatives like ethane, formaldehyde or methanol when the photon wavelength was lowered from 532 nm to 254 nm [START_REF] Hou | Photocatalytic conversion of CO2 to hydrocarbon fuels via plasmon-enhanced absorption and metallic interband transitions[END_REF].

Alternative experimental procedures based on the variation of the light beam diameter have been proposed as useful tools to distinguish between the different contributions [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF], following two different protocols: at a constant irradiance and by increasing the beam diameter with a proportional increase of the photon flux rate, or at a constant power while the photon flux irradiance keeps identical. Non-thermal and thermal contributions are proportional to the light beam radius when the photon irradiance is constant ; electron-driven processes rate has no relation with beam diameter at constant-power conditions and thermal driven reactions are inversely proportional to the beam area. Therefore, the bigger the beam radius is, the lower the local temperature. Thus, the variation of the beam diameter might appear to be successful to elucidate the underlying reaction mechanisms [START_REF] Baffou | Simple experimental procedures to distinguish photothermal from hot-carrier processes in plasmonics[END_REF].

The determination of the Activation Energy can also provide valuable information on the reaction mechanism, and the activation barriers at illuminating and dark conditions can be compared. In general, a reduction of the activation energy is connected to a hot carrier driven-mechanism [54,57,[START_REF] Zhou | Light-driven methane dry reforming with single atomic site antenna-reactor plasmonic photocatalysts[END_REF][START_REF] Song | Light-Enhanced Carbon Dioxide Activation and Conversion by Effective Plasmonic Coupling Effect of Pt and Au Nanoparticles[END_REF].

The implementation of isotopic labelling experiments was also reported as a suited strategy. Electron-driven processes can also have a significant effect with. Introducing labelled reactants as heavy isotopes results in a variation of the reaction rate in thermal catalysis, as a higher energy input is necessary for the heavy isotopes to reach the transition state. This gives rise to the kinetic isotope effect (KIE). Isotopic labelling can thus be a suited analytical tool for mechanistic studies, as electrondriven processes show higher KIE values (upon irradiation) than thermal catalysis (in the dark) [49,[START_REF] Bonn | Phononversus electron-mediated desorption and oxidation of CO on Ru[END_REF][START_REF] Funk | Desorption of CO from Ru(001) induced by near-infrared femtosecond laser pulses[END_REF]. This difference is obtained, because of the hot electrons, generated upon photon flux irradiation, that migrate from the metal to unoccupied molecular orbitals of the adsorbates. Then, they charge negatively the adsorbate that reaches a new equilibrium position. As the electron-residence time in the orbital is the same for both heavy and light isotopes, this pseudo-equilibrium position is different in lighter isotopes than in the heavier ones, because they are being accelerated faster and they tend to traverse longer distances. Once the electron is transferred back to the substrate, lighter isotopes are farer from their original equilibrium position. As result, they still conserve vibrational energy available for overcoming reaction barrier. Hence the higher KIE values. Therefore, comparing KIE values obtained upon irradiation and in dark conditions might be a good methodology to differentiate the different electron-driven and thermal-driven processes during photo-thermal catalytic reactions [49,57].

For instance, Linic et al. utilised labelled oxygen 18 O2 during kinetic isotope studies, hypothesizing that the O2 dissociation over metal controls the overall catalytic rate for ethylene epoxidation on silver nanostructures [49]. They reported that, at steady state, the KIE effect ( 16 O rate/ 18 O rate) at 450K with light irradiation is higher than in dark conditions, with values of 1.19 ± 0.01 and 1.06 ± 0.02, respectively. They suggested that an electron transfer from silver to the antibonding O-O 2 charge negatively the adsorbate, causing a change of the equilibrium position in favour of a larger O-O bond distance. During the electron back-transfer to the metal, additional vibrational energy remains in the O-O vibrational mode, what allows the molecule to react before the vibrational energy is dissipated, boosting in consequence the molecular dissociation of O2 at a lower temperature than in dark conditions. Interestingly, Fang et al. employed isotopic labelling experiments to explain the important H2 production rate obtained from methanol/water mixtures under visible light irradiation ( > 420 nm) over a Rh (1 wt.%)/TiO2 (photo)catalyst at the temperature of 260°C compared to the corresponding rate value measured at room temperature [START_REF] Fang | Photocatalytic hydrogen production over Rhloaded TiO2: What is the origin of hydrogen and how to achieve hydrogen production from water?[END_REF]. The authors suggested that methanol, commonly used as sacrificial agent, was the main provider of H2 at room temperature, while H2 was mainly produced from water when coupling thermal and photo excitations. The same group explored a system consisting in NiOx (metal core/oxide shell) on TiO2 in the photo-thermal steam reforming of methanol, using Aeroxide TiO2 P25 as support, with a final reductive treatment at 500°C under H2 [START_REF] Fang | Insights into the Thermo-Photo Catalytic Production of Hydrogen from Water on a Low-Cost NiOx-Loaded TiO2 Catalyst[END_REF]. The optimal catalyst contained 5 wt.% Ni, and achieved a H2 evolution rate of 54 mmol h -1 gcat -1 under simulated AM 1.5 G sunlight at 260°C, 2.5 higher production than in dark conditions. In mechanistic investigations, isotope tracer experiments underlined that the enhancement of the H2 production upon light irradiation was mainly by H-atom abstraction from water rather than dehydrogenation or reforming of methanol. Apparent quantum efficiencies (AQE) were wavelength-dependent, ranging from 66 % at 380 nm but falling to 15 % at 500 nm. Nonetheless, visible-light excitation still generated H2 at a rate (27 mmol/h/gcat) five orders of magnitude greater than at room temperature.

For the same photo-thermal reaction, Nikitenko et al. studied a metal-free Ti@TiO2 core-shell catalyst, composed of 20-80 nm diameter quasi-spherical Ti particles coated by 5-15 nm crystals of defect-free anatase (with small amounts of rutile) [START_REF] Nikitenko | Photothermal Hydrogen Production Using Noble-Metal-Free Ti@TiO2 Core-Shell Nanoparticles under Visible-NIR Light Irradiation[END_REF]. Using isotopic studies with methanol-D2O solutions, they proposed a mechanism involving a Ti inter-band transition followed by charge transfer to the semiconducting TiO2 shell through the core-shell junction. The best catalytic performance in H2 evolution from water, using methanol (25%) as sacrificial agent, was observed under the joint effect of Vis/NIR light, at an incident irradiance of 0.5 W/cm 2 (absorbed power = 0.38 W/mL), with mild heating at 60°C. The low value estimated for the apparent activation energy (17 ± 4 kJ.mol -1 ) implied that the heating effect might be linked to a diffusional process (intermediate migration) as being ratelimiting. Nonetheless, since the oxidation (of methanol) was arrested at formic acid, the overall process appears as only partial reforming.

Experimental characterization techniques

In the previous subsection, several methodologies were discussed to provide useful information about photochemical and thermochemical contributions. However, external devices can be additionally used to characterize several features that are linked with electron-driven processes or thermal surface enhancement. Globally, techniques based on microscopy, spectroscopy or luminescence have been reported as promising methods to distinguish both photo and thermochemical contributions.

The charge carriers, following their generation and recombination processes via the three different possible scenarios (clean metal, metal-adsorbate and metal/semiconductor), are characterized by their lifetime. Therefore, a study of charge carriers lifetime upon photo-irradiation at different photon wavelengths may suggest different photo and thermo-chemical processes. For instance, transient absorption spectroscopy (TAS) is a useful technique to study the dynamics of electron transfer phenomena. This technique consists on the study of the photo-generated excited absorption energies and corresponded lifetime of materials, molecules and devices. TAS can be used for metalsemiconductor materials at different wavelengths to observe the intensity of the electron transfer signal and the lifetime of the charge carriers, indicating several processes like successful migration of electron to semiconductor overcoming the Schottky Barrier or electron-hole recombination if the excitation energy of the photo-induced charge is not high enough. Ye and coworkers analyzed the ultrafast electron transfer from the metal to semiconductor material through the Schottky barrier in a Rh/TiO2 catalyst upon laser excitation at 450 nm, what increased the hot carrier lifetime and consequently the possibility of an electron-driven reaction [57].

Direct, accurate and sensitive thermal measurements at the nanoscale at the catalytic surface (nanothermometry), are considered as high-prospect tools for discriminating between the thermochemical and photochemical contributions in photo-thermal catalysis processes. However, the development and implementation of such tools is still a highly challenging objective. They usually are itemized as non-luminescent or luminescent methods.

Among the different available tools, nanoscale probe tips for scanning thermal microscopy measure the surface temperature with a high spatial resolution in the range of 10 nm and a precision as good as 60 mK [START_REF] Cahill | Nanoscale thermal transport. II. 2003[END_REF][START_REF] Menges | Temperature mapping of operating nanoscale devices by scanning probe thermometry[END_REF]. Also, scanning transmission electron microscopy (STEM) was used to obtain local temperature maps with a nanoscale resolution through the analysis of the temperature-dependent energy shift of plasmon peaks [START_REF] Mecklenburg | Nanoscale temperature mapping in operating microelectronic devices[END_REF].

As Infrared (IR) thermography measures the temperature by detecting the energy emission of the sample, a thermal mapping by means of an IR camera can provide useful information about global and localized temperature at the catalyst surface. However, the low penetration of light and the nonuniform heat diffusion can lead to undesired temperature gradients [61,[START_REF] Zhou | fying hot carrier and thermal contributions in[END_REF].

Additionally, thermoreflectance and optical interferometry are methods using the light reflection for measuring the temperature, with a micro-and submicrometer scale, and with a high temporal and thermal resolution of about 10 -1 s and 10 -2 K [START_REF] Brites | Thermometry at the nanoscale[END_REF].

Photo-luminescence (PL) anti-Stokes (AS) nanothermometry is another useful technique to employ at the nanoscale. For instance, Barella et al. studied the photo-thermal response of a single Au nanoparticle by detecting the AS intensity variation under 532 nm laser irradiation through hyperspectral photoluminescence confocal images [START_REF] Barella | Situ Photothermal Response of Single Gold Nanoparticles through Hyperspectral Imaging Anti-Stokes Thermometry[END_REF]. Using hyperspectral imaging (seeFig. 8A), they observed a linear dependency between the light irradiance and the local temperature (see Fig. 8B), with a photo-thermal coefficient (i.e. the slope) being influenced by the particle diameter and not by the external temperature (Fig. 8C). They showed further that the nature of the underlying support (glass, sapphire, graphene) was influencing the photo-thermal coefficient, with apparently no predominant role played by the heat dissipation feature of the support (Fig. 8D). Espinosa et al. did a revolutionary work to determine the local temperature of single gold nanostructures and of hybrid Au-Fe2O3 systems (Fe2O3 core branched with Au nanoparticles in a Janus configuration) using X-Ray Absorption spectroscopy (XAS), when they are irradiated under a NIR laser beam (808 nm) with a irradiation power from 0.05 to 0.6 W [START_REF] Espinosa | Photoactivated Nanoscale Temperature Gradient Detection Using Xray Absorption Spectroscopy as a Direct Nanothermometry Method[END_REF]. Through extended X-ray absorption fine structure (EXAFS), they correlated the thermal movement of the atoms by the EXAFS Debye-Waller factor ( , which is intrinsically temperature-dependent, with the temperature in the 10K to 350K range in dark conditions. Fig. 9A demonstrates a linear dependency between 2 and T. It was observable a linear tendency between the irradiation power and the 2 , related to the local temperature increase on the gold surface under the NIR photons irradiance. Then, they attributed this change in the Fig. 9B, which depicts the linear trend of irradiation power with the temperature by the Debye-Waller factor. Moreover, they used an IR thermographic camera at front and profile particle perspective to observe the different temperature gradients during laser excitation (Fig. 9C) obtaining similar values as in the EXAFS results, proofing two different and trustful approaches to be used as nanothermometry. Raman spectroscopy can identify the temperature changes due to a linear response in the Raman shift. When the surface temperature increases, the vibrational mode peaks shift towards lower energy values together with an intensity loss. Therefore, any surface temperature increase should also be antimonene nanosheets [START_REF] Fickert | Phonon properties and photo-thermal oxidation of micromechanically exfoliated antimonene nanosheets[END_REF]. First, they stepwise recorded the spectra each 20K from 298K to 633K range at a constant 532 nm laser power (Fig. 10A), and further studied the influence of the laser power from 0.14 to 14 mW (Fig. 10B). By analyzing both A1g and Eg modes at each temperature and laser power, they established a clear correlation between the laser power and the (local) temperature (Fig. 10C). Even though the Raman spectroscopy principles are accurate and suitable for correlate light irradiance with thermal enhancement on the material surface, the use of low-percentage plasmonic metal nanostructures on the surface of the photo-thermal catalysts remains a limitation, due to a lack of sensitivity. Then, other characterization techniques based on Raman spectroscopy emerged to solve this problem such as tip-enhanced Raman spectroscopy (TERS) and Surface-enhanced Raman spectroscopy (SERS). Tip-enhanced Raman spectroscopy allows to elaborate precise local temperature maps at the nanometer scale and, therefore, enables the detection of thermal-driven processes. Surface-enhanced Raman spectroscopy can be also applied to observe the hot electron behaviors [START_REF] Yang | Probing Hot Electron Behaviors by Surface-Enhanced Raman Spectroscopy[END_REF] through the coverage of metal nanostructures with molecules as adsorbates. When hot carriers are produced by non-radiative decay process using a probe with a wavelength that corresponds to the plasmon resonance, they can react with adsorbates on the surfaces, producing a difference in the intensity of the signal. Unfortunately, SERS is only useful for noble metals like Au, Pt or Ag, which when nanosized, tend to agglomerate during the reaction obstructing the analysis [START_REF] Tan | Noble-Metal-Free Materials for Surface-Enhanced Raman Spectroscopy Detection[END_REF].

Reactors

Historically, the design and engineering of catalytic reactors has been a strong function of the primary excitation mode, viz., photonic or thermal, with little or no consideration for secondary activation options. Nonetheless, a photoreactor is under geometric design constraints, in terms of power optimization, spatial distribution, and delivery of the incident photon flux, certifying an appropriate access for reactants to optical excited states at the nano-dispersed absorber surfaces (high quantum yields), etc. Such considerations will clearly play a vital role in any realistic approach to design a photothermo reactor that can provide effective dual-mode excitation. Regardless of whether the photons are considered as a (immaterial) reactant an aspect that remains a matter of debate , the absorption of photons must be meticulously optimized in any system where the observed events are activated by photon irradiation [START_REF] Roda | Chapter 6. Special needs and characteristic features of (photo)catalytic reactors with a review of the proposed Solutions[END_REF].

In addition, the several choices available to supply heat offer good flexibility in respect of incorporating the thermal component. These include external (resistive) heating in radial symmetry (as per conventional jacketed tubular thermal catalytic reactors), heating from external absorber coatings, as in traditional solar-thermal units, or direct heat dissipation at the surface of an absorber catalyst (or support) working in photo-thermal conversion mode. Additional design factors and ancillary equipment must also be integrated according to the experimental objectives, be these of fundamental (mechanistic) concern or of a more applied type [3].

Solar thermal heating

In a reactor with no external resistive heating source, the main objectives in the design for optical heating are focused on the optimization of the capture geometry for increasing the incoming light flux and facilitating a rapid and highly efficient internal heat absorption. Solar thermal heating technologies use light-absorber materials and an associated infrastructure to collect selectively the heat resulting from the more abundant power components, i.e., the vis-IR components in the solar spectrum. The amplitude and spatial distribution of the localized temperature rise can be adjusted by suitable selection of light-absorber, receiver geometry and thermal (flow) characteristics. When the sun is the only source of photons, the optical element responsible for the harvesting and efficient channelling of solar photons in . For instance, Malato et al. did extensive and well-documented studies on the use of this typology and applications, although the group s work focuses on the engineering of photocatalytic reactors for wastewater. They fall into 3 main categories offering different ranges of operating temperature, depending on the concentration factor (C), and thence on the suitability for specific types of catalytic application [START_REF] Rabl | Active solar collectors and their applications[END_REF]. The concentration degree of a solar collector is numerically equivalent to the ratio between the collector aperture area and absorber area. These are defined, respectively, as the area that intercepts the radiation and the area of the component that receives it. Solar collectors are usually classified into 3 main types:

(i)
Non-concentrating, low concentration or low temperature collectors (T < 150°C). They are generally low-cost and easy to use. When non-concentrating, they are usually static, flat, facing the equator at fixed inclination and with no solar tracking. They can also be distinguished from others by a low concentration value (C < 1.5), and in that case very typical examples are the compound parabolic collectors (CPCs), given that these are ideal [START_REF] Malato Rodr Guez | Engineering of solar photocatalytic collectors[END_REF][START_REF] Welford | The Optics of Nonimaging Concentrators: Light and Solar Energy[END_REF]. (ii)

Medium-concentrating, or medium-temperature collectors (150 < T < 400°C). Concentration factors from 5 to 50 are typical and a single-or two-axis solar tracking system is mandatory to maintain stable and high levels of integrated optical input.

Examples are parabolic-trough collectors, linear Fresnel lenses and holographic collectors. Tracking CPCs have the advantage of collecting diffuse light in the visible/near infrared wavelength range, which can amount to over half the annual total of terrestrial insolation depending on latitude and humidity level [START_REF] Berrizbeitia | Empirical Models for the Estimation of Solar Sky-Diffuse Radiation[END_REF]. (iii)

High-concentrating, or high temperature collectors (T > 400°C). These are based on a paraboloid with solar tracking, and demand a use of high-precision/quality optical components and rugged receiver materials for stable operation under concentration degrees as high as 10,000. Examples include parabolic dishes, central receiver (tower) systems and solar furnaces [START_REF] Malato Rodr Guez | Engineering of solar photocatalytic collectors[END_REF][START_REF] Geyer | Solar thermal power: the seamless solar link to the conventional power world[END_REF].

Depending on the scale of application and on the maximum working temperature, a typical layout for solar-thermal devices consists of a collector of suitable C value and a dimensionality compatible with that of the receiver. As shown in Fig. 11A, a popular selection is of the medium concentrating type (ii) combining a 2-dimensional parabolic trough and a tubular reactor receiver in annular configuration with the receiver positioned at the concentrator focus [ 90 92]. For an effective light-to-heat conversion, it is required a black material that not only absorbs along the wide range of the solar spectrum (ideally extending into the NIR), but also has high thermal diffusivity (to promote rapid and efficient heat transport to the central thermal fluid), and low thermal emissivity to minimize reradiation losses. Well-designed tubular flow reactors heated by low-power (x5 -x10) solar concentrators can attain 240°C [10]. A recent advance in heat management has been to dispense with the conventional (external absorber layer) coating and to generate heat volumetrically throughout the ) absorbers offering a more efficient direct optical heating mode. Plasmonic noble metals are preferred over nanocarbon blacks as the latter have high thermal emissivity [START_REF] Chamsa-Ard | Nanofluid Types, Their Synthesis, Properties and Incorporation in Direct Solar Thermal Collectors: A Review[END_REF]. Fig. 11B collects various configurations for solar reactor systems. In these cases, they include layouts where the catalyst/reactor is physically remote, or decoupled, from the receiver (left), where the reactor/receiver is integrated with opaque side walls (middle), or where the catalyst itself is the exclusive or partial absorber exposed to direct illumination (right). This last case also provides prospects for photo/-thermal catalytic synergies depending on the chance of optical stimulation of electronic processes, which is a function of the absorber type. 

Photo-thermo microreactors

In recent years, advances in 3D printing technology has enabled flexibility in the design and the rapid, inexpensive and reproducible manufacture of structured reactors containing sub-millimetre-scale microchannel arrays, thus driving the development of process intensification. Compared to conventional ("macro") reactors, this small design largely reduces problems related to mass and heat transfer limitations, resulting in higher energy efficiency, higher conversion rates and yields, and increased safety (by facilitating the handling of high pressure conditions), as well as in a more precise definition of the reactor parameters and in a better control of the process [START_REF] Castedo | Silicone microreactors for the photocatalytic generation of hydrogen[END_REF]. For photocatalysts, such wide sideways dispersion and shallow depths serve to promote reactant/photon/catalyst encounters. A traditional inconvenience in the design of photo-reactors is how to minimize or delete the darkened section of the catalyst, i.e., sub-surface and bulk nanoparticle layers positioned below , the terminology for the condition of full extinction because of absorption and scattering. For common indirect band-gap semiconductors like TiO2, infinite depth is established already in the top few microns, i.e., the dimensional regime of single particles or agglomerates of nanoparticles. A bed ) can be efficient using external sunlight as photonic source, either as a direct beam or re-directed and intensified by a concentrator. Micro-channel reactors provide a good framework for catalyst dispersion (shallow depths and narrow cross-sectional sub-division), and are proven to offer high efficiencies in solar synthesis applications [START_REF] Oelgemöller | Solar Photochemical Synthesis: From the Beginnings of Organic Photochemistry to the Solar Manufacturing of Commodity Chemicals[END_REF].

In Fig. 12 it is illustrated an example of a photothermal microreactor with an authentically sunlightdriven structure. Castedo et al. have exploited 3D printing to obtain broad-spectrum (UV vis-NIR) transparent silicone microreactors in both 9--out ) versions, as it is shown in Fig. 12A [START_REF] Castedo | Effect of temperature on the gasphase photocatalytic H2 generation using microreactors under UVA and sunlight irradiation[END_REF][START_REF] Taboada | Dynamic photocatalytic hydrogen production from ethanol water mixtures in an optical fiber honeycomb reactor loaded with Au/TiO2[END_REF]. These were compared in photo-dehydrogenation of ethanol/water vapour mixtures over Au/TiO2, in a laboratory set-up (inside an oven with LED lamp (UV-A) irradiation), and in the field under concentrated sunlight from a parabolic dish (Fig. 12B). Very respectable H2 evolution rates (30-350 mol.min -1 gcat -1 ) were achieved over a range of temperatures from 323 to 423 K (the stability limit of the silicone) that resulted from optical heating in the solar concentrator system, as shown in Fig. 12C. Consistency in the apparent activation energies (25 ± 1 kJ mol -1 ) between the Labbased and field systems (see insert of Fig. 12C) certified the operational rigour of the latter (large) assembly. Further consistency in the H2 evolution rates (~1 mmol.h -1 .cm -2 ) between the 9-and 32channel microreactors on an area-normalized irradiation basis was good evidence that a simple -out principle may apply to these modular devices. 

Photo-thermo reactors with resistive heating

When external (resistive) heating is applied with light irradiation, a photo-thermo reactor must incorporate a window of similar dimension and aspect ratio to those of the catalyst bed and of the incident beam. It should preferably be made out of a strong thermal shock-resistant material like fused quartz. A good example from the work of Han and Hu is shown in Fig. 13A, in which the catalyst is dispersed on a light-diffuse-reflection-SiO2 surface as substrate [START_REF] Han | Highly Efficient Temperature-Induced Visible Light Photocatalytic Hydrogen Production from Water[END_REF]. In another configuration from Ghuman et al., a borosilicate glass tubular reactor is heated by conduction using a copper block channel fastened within a custom-fabricated stainless steel brace, that enables the reactor heating from the walls and below (Fig. 13B) [START_REF] Ghuman | Illuminating CO2 reduction on frustrated Lewis pair surfaces: investigating the role of surface hydroxides and 14623 14635[END_REF]. Alternatively, a more holistic arrangement for light exposure is to make the reactor by a transparent material and incorporate narrow bands of heat element tracery. Unfortunately, quartz is a brittle material not so amenable to machining (shaping), and so Pyrex glass usually serves instead, despite having an optical (UV) absorption starting below 350 nm. The group of Fernández-García developed a continuous flow annular Pyrex-glass thermo-photo-reactor using a centrally-positioned heater cartridge of extended length with a catalyst-coated inner wall [START_REF] Caudillo-Flores | Hydrogen thermophoto production using Ru/TiO2: Heat and light synergistic effects[END_REF][START_REF] Muñoz-Batista | Thermo-photo degradation of 2-propanol using a composite ceria-titania catalyst: Physico-chemical interpretation from a kinetic model[END_REF] .

As shown in Fig. 14, good illumination was achieved by 4 lamps symmetrically arrayed around the reactor.

Windows incorporated in thermo-photo reactors allow the main body to be fabricated from stainless steel, with the benefit to use a tough and chemically inert material classically employed in thermal reactors, and suited particularly for high-pressure work, so that they can work indifferently at atmospheric pressure or under pressure. The use of quartz windows also provides flexibility in regulating the optical properties (spectral range and intensity) of the incoming light, e.g., with interposition of monochromators, cold mirrors and/or various kinds of optical filters. For instance, coated 100 mg of catalyst at the bottom of a stainless steel reactor comprising a quartz window of 110 mm of diameter to provide the irradiation of a simulated sunlight lamp to the reactor [ 103 105] and using iced water as a cooling down temperature system. Fig. 13 (A) Continuous flow annular thermo-photo reactor used for the temperature-induced photocatalytic H2 production from H2O with methanol as a sacrificial agent, with (1) thermocouple, (2) Pt/TiO2 on SiO2 substrate (used as light diffusereflection-surface, (3) quartz wool, (4) quartz tube reactor, and (5) electrical tube furnace. (reproduced from ref [START_REF] Han | Highly Efficient Temperature-Induced Visible Light Photocatalytic Hydrogen Production from Water[END_REF]) (B) Gas-phase thermo-photo catalytic packed bed flow reactor comprising a borosilicate tube (3 mm outer diameter and 2.5 mm inner diameter) packed with 1 cm length catalyst bed, with quartz wool as support at both ends. A heated copper block was used to heat the tubular reactor via conduction, while the top of the reactor was exposed to light irradiation from a 300 W Xe lamp at a distance of 2 cm, with a light intensity of 1000 W/m 2 . (reproduced from ref [START_REF] Ghuman | Illuminating CO2 reduction on frustrated Lewis pair surfaces: investigating the role of surface hydroxides and 14623 14635[END_REF]) Fig. 14 Photo-thermal annular reactor from Fernandezview, where 1) and 2) are the inlet and outlet of the reactor, 3) are the UV light lamps, 4) is the catalyst coating and 5) is the heat cartridge. (reproduced from ref [START_REF] Muñoz-Batista | Thermo-photo degradation of 2-propanol using a composite ceria-titania catalyst: Physico-chemical interpretation from a kinetic model[END_REF]).

High Temperature (/pressure) reaction chambers

High Temperature (/pressure) reaction chambers are probably the most versatile and rugged commercial range of devices. They were designed originally for in-situ spectroscopic research of small powdered solid beds under extreme conditions. For instance, the High-Temperature reaction chamber series available from Harrick Technology can be used as photo-thermal reactors when the sample is a 2 ) through which light may be directed (as from a lamp/filter/fibre optic combination). Built from stainless-steel alloy 316, models HVC-MRA-4 and -5 are the product of design evolution over 3 decades. By allowing operation from vacuum to 34.4 bar and 910°C, they are still continuing to prove invaluable in the hands of catalysis experts, although it has to be mention that at temperatures above 450°C, the heater lifetime is significantly reduced, and they can only operate at the maximal temperatures under vacuum conditions [54,106 108]. A snapshot of a typical plumbed-in Harrick device is shown in Fig. 15 and details are provided in the suited section in chapter 2. The aim of conducting photo-thermo reactor testing along with in-situ or operando spectroscopic characterization (by Raman, FTIR, UV vis, etc.) of reaction mechanisms via intermediate(s) detection, reactant-induced surface (structural and/or electronic) changes, etc., is as exciting as it will be challenging. This is partly due to its easy integration into complex on-line flow analysis configurations allowing e.g., mass spectrometric (MS) detection of products at very low levels. However, as a warning it must be pointed out that a good temperature definition, i.e., the absence of any thermal gradients in the catalyst bed is necessary for deriving accurate kinetic data, and is a serious challenge even having a well-positioned thermocouple in contact with the surface layer. The notoriously poor heat transport properties of powdered solids was the original motivation for implementing early solutions, such as the use of a continuous recycle reactor with a larger charge of catalyst in the loop having better temperature definition via tubular heating [START_REF] Highfield | In-situ drift spectroscopy in a continuous recycle reactor: a versatile tool for catalytic process research[END_REF]. More recently, Li et al. [START_REF] Li | Effective bulk and surface temperatures of the catalyst bed of FT-IR cells used for in situ and operando studies[END_REF] evaluated the temperature definition problem in studies on 3 different in-situ FTIR cells, and suggested effective correction methods. The tested cells were of both diffuse reflectance (DRIFTS) and transmission modes, custom-built and supplied from commercial sources (Harrick and Spectra-Tech.). The geometric layout of the different configurations is shown schematically in Fig. 16. With the aid of an optical (IR) pyrometer, they revealed by surface emissivity measurements from the catalyst bed that these three IR cells showed a significantly lower temperature than that of the corresponding thermocouple located in or close to the sample bed. The discrepancy amounted to some 35 degrees (Tcontr =280 °C, Tsurf =245 °C) in the Harrick cell, related mainly to the larger dimensions of its powdered bed (see Fig. 16C,D). The presence of significant thermal gradients, giving rise to variable effective mean reactor temperatures, were indicated by different methanation rates under identical (control) conditions. Fortunately, they also demonstrated that a systematic temperature correction was workable (e.g., Teff = Tcontr -20°C for the Harrick cell) using calibration curves derived from rate measurements (CO methanation over 16 wt% Ni/Al2O3) obtained in a traditional packed-bed tubular (non-spectroscopic) reactor having a well-defined temperature. However, more complex cases of competing reactions (selectivities < 100 %) having different activation energies are bound to result in indissolubly-mixed kinetics and unreliable data under such temperature gradients. 

Applications of photo-thermal catalysis

This section is an overview of last advances in photo-thermal catalysis, the default term we will use henceforth to describe the combination of dual (photon-and heat) excitation of the catalyst and any synergies issuing from it.

First of all, we can stress that the photothermal effect in the sense of a light-to-heat phenomena finds interest in high-prospect, emerging technologies such as cancer therapy, photovoltaic solar cells or even solar steam [36,41]. For instance, some groups have already used advantageously a photothermal effect in solar cells, which is a novelty in the field, as heat is commonly considered as a negative factor in classical photoelectric devices. The thermoelectric effect, based on the so-called Seebeck effect, has been recently applied in solar cells for heat recycling, and therefore, a new type of solar cell based on a photothermoelectric (PTE) effect was investigated [46]. In Fig. 17, it is represented a schematic illustration of a PTE device where gold nanoparticles absorb solar light to increase the local temperature [START_REF] Kosuga | A high performance photothermal film with spherical shell-type metallic nanocomposites for solar thermoelectric conversion[END_REF].

Fig. 17 Schematic illustration of a solar thermoelectric device based on plasmonic collective phenomena, extracted from ref [START_REF] Kosuga | A high performance photothermal film with spherical shell-type metallic nanocomposites for solar thermoelectric conversion[END_REF].

In heterogeneous photo-thermal catalysis, synergies have been already reported in the frame of many reactions of interests, as shown in Fig. 18, in the fields of environmental chemistry (in gas-phase, like the degradation of volatile organic compounds, VOCs, [104,112 114] and in aqueous-phase like the degradation of methylene blue or 4-nitrophenol reduction [ 115 117]), valorization of bio-resources (e.g. biomass gasification, production of 5-hydroxymethylfurfural, lactic acid production) or selective oxidations, with molecular oxygen activation), the Haber-Bosch ammonia synthesis [118 120], methane activation or the Fischer-Tropsch reaction [35,[START_REF] Gao | Photo-Driven Syngas Conversion to Lower Olefins over Oxygen-Decorated Fe5C2 Catalyst[END_REF][START_REF] Wang | Insight into the role of UV-irradiation in photothermal catalytic Fischer Tropsch synthesis over TiO2 nanotube-supported cobalt nanoparticles[END_REF], among others. For more details on these and on other applications, there are excellent recent report works by Mateo et al. [1], Luo et al. [START_REF] Luo | Plasmonic photothermal catalysis for solar-to-fuel conversion: current status and prospects[END_REF] Colmenares et al. [7], Zeng et al. [START_REF] Zeng | Synergetic effect between photocatalysis on TiO2 and thermocatalysis on CeO2 for gas-phase oxidation of benzene on TiO2/CeO2 nanocomposites[END_REF], Li et al. [START_REF] Li | Noble metal free, CeO2/LaMnO3 hybrid achieving efficient photo-thermal catalytic decomposition of volatile organic compounds under IR light[END_REF], Muñoz-Batista et al. [START_REF] Muñoz-Batista | Thermo-photo degradation of 2-propanol using a composite ceria-titania catalyst: Physico-chemical interpretation from a kinetic model[END_REF], Hou et al. [START_REF] Hou | Full solar spectrum light driven thermocatalysis with extremely high efficiency on nanostructured Ce ion substituted OMS-2 catalyst for VOCs purification[END_REF], Ma et al. [9], or Zhou et al. [START_REF] Zhou | Photothermal Catalysis over Nonplasmonic Pt/TiO2 Studied by Operando HERFD-XANES, Resonant XES, and DRIFTS[END_REF]. In this part of the chapter, we focus instead on processes expected to be of strategic importance in the establishment of H2 production and CO2 reduction.

Fig. 18 Scheme of a wide span of applications of photo-thermal catalysis.

6.1.H2 production by simple organic reforming reactions

Reforming of oxygenates into hydrogen-rich mixtures are endothermic processes and, consequently, good candidate reactions to take advantage from any light assistance. As well as a photocatalyst offers the special ability to carry out endergonic (thermodynamically uphill) processes, it became and store light energy in new chemical bonds with broader applications to any process that involves a dehydrogenation component to produce high value-added chemicals. The positive contribution of heating in a photocatalytic process was certified by several reports in the literature. Among them, Ye et al. nicely demonstrated that whereas photocatalytic activity in methanol reforming for H2 production (1.2) over pristine TiO2 under UV vis illumination was low (< 2 mol.h -1 ) and actually decreased with rise in temperature from 10 to 40°C, a loading of 1 wt. % Pt onto TiO2 raised the activity one hundred-fold and established a positive (Arrhenius-type) thermal response in the same temperature range (Fig. 19A) [START_REF] Ye | Noble-metal loading reverses temperature dependent photocatalytic hydrogen generation in methanol water solutions[END_REF]. They interpreted this synergism in light-heat co-induced H2 generation by suggesting that Pt could act as co-catalyst for the TiO2 photocatalyst (to increase the lifetime of charge carriers efficiently upon UV light irradiation), and in its own right as thermal supported noble metal catalyst for (dark) methanol dehydrogenation. They surmised that the overall process efficiency should benefit from broad-band illumination over the entire solar spectrum, in which the short (UV) and longer (vis-IR) wavelength envelopes would in consequence also act in synergy, the second providing thermal enhancement of the catalytic H2 production by localized optical heating. In a follow-up work [START_REF] Liu | Photothermal effect of infrared light to enhance solar catalytic hydrogen generation[END_REF], the same team demonstrated that optical heating, especially by inclusion of the infrared component, was powerful and efficient enough to render external resistive heating unnecessary. Full solar light spectrum irradiation raised the reactor temperature to 54°C (from 35°C under UV vis light), thereby doubling the H2 production rate until 25 mmol.gcat -1 h -1 . Under panspectral excitation, they propose a fortuitous combination of photocatalysis (via electrons generated upon UV A excitation of TiO2 being transferred to surface Pt particles to reduce protons), while only the dark process of methanol oxidation (proceeding independently and in parallel) is enhanced by the heat provided by the vis IR light (Fig. 19B).

Fig. 19 (A) Influence of the temperature (external heating) in the 10-40 °C range on the photocatalytic activity for H2 production from a methanol-water (10 % v/v) solution upon UV vis light (320-800 nm) over a Pt (1 wt.%)/TiO2 catalyst (reproduced from ref [START_REF] Ye | Noble-metal loading reverses temperature dependent photocatalytic hydrogen generation in methanol water solutions[END_REF]) (B) Combination of photonic-and (dark) thermal activation for H2 production upon UV vis IR full spectrum irradiation (pan-spectral excitation) (adapted and reproduced from ref [START_REF] Liu | Photothermal effect of infrared light to enhance solar catalytic hydrogen generation[END_REF]).

CH3OH + H2O 3H2 + CO2 (1.2)

CH3OH 2H2 + CO (1.
3)

The use of the oxygenate methanol for producing H2 is naturally not limited to reactions in the liquid state. Even higher quantum efficiencies (and H2 evolution rates) have been reported in vapour-phase work up to 300°C by Han and Hu [START_REF] Han | Highly Efficient Temperature-Induced Visible Light Photocatalytic Hydrogen Production from Water[END_REF]. TiO2, a surface disorder-engineered material obtained by high-pressure hydrogenation of TiO2 nanocrystals at temperature under H2, that caused a media stir upon discovery a decade ago [START_REF] Chen | Increasing Solar Absorption for Photocatalysis with Black Hydrogenated Titanium Dioxide Nanocrystals[END_REF], even though interest cooled thereafter and debate is still open on this subject. However, it must be stressed that the H2 treatment of their Pt/TiO2 catalyst was not performed at high pressure. Over 1 wt.% Pt/TiO2, the rate of H2 evolution reached 700 mmol.h -1 g -1 at 280°C with an overall (AM 1.5) quantum efficiency = 0.78, that corresponds to a 5-fold photo-enhancement of a dark process offering a viable rate by thermal activation alone. Photo-thermo-catalysis of methanol decomposition (2) , targeting syngas (CO/H2) production, was explored over a Pt/SrTiO3 catalyst by Han et al. [START_REF] Han | Light-driven low-temperature syngas production from CH3OH and H2O over a Pt@SrTiO3 photothermal catalyst[END_REF]. Highly dispersed Pt at 1-3 wt.% loading, acted as both co-catalyst and, due to its quasi-continuum absorption across the vis-NIR region, a thermal sensitizer, enabling the reactor temperature to reach 150°C in the absence of external heating under illumination from a 300 W Xe lamp at 530 mW/cm 2 . The use of bandpass filters proved that most of the thermal effect was due to absorption of the NIR component beyond 800 nm. Sustainable and high H2 evolution rates (~1 mmol.h -1 over 100 mg catalyst) at such a low temperature, roughly 3-4 times higher than the analogous SiO2-supported Pt control, was clear evidence of substantial photo-assistance. In batch recirculation tests, a high methanol conversion of 95.5 % was attained over 3% Pt/SrTiO3, with a peak (initial) selectivity of 94.4 % towards syngas.

Caudillo-Flores et al. used their 4-lamp array photoreactor (see section 4.3) to assess the photo-thermo synergy in reforming of aqueous methanol vapour mixture over 1 to 10 wt.% Ru/TiO2 catalysts in a continuous flow mode via combined UV-A light and external (resistive) heating [START_REF] Caudillo-Flores | Hydrogen thermophoto production using Ru/TiO2: Heat and light synergistic effects[END_REF]. They quantitated values (rates and quantum efficiencies, QE), given by any positive difference between dark and illuminated hydrogen production as compared to the sum of individual rates from each activation mode applied separately. Despite the performances obtained with their Ru/TiO2 catalysts and notably the excess reaction rate resulting from dual UV-A light and thermal excitation of the catalysts were by far lower than those reported by Han and Hu with a Pt (1 wt.%/TiO2) catalyst under solar light [START_REF] Han | Highly Efficient Temperature-Induced Visible Light Photocatalytic Hydrogen Production from Water[END_REF]. Nevertheless, they identified a strong synergy in coexcitation where the excess values reached maxima at 240°C. Heating above 200 °C enhanced the QE of photo-reforming (over ambient) by two orders of magnitude, while addition of illumination increased the dark rate at 240°C by a 40 50%. They attributed the synergy to the promotion of individual steps in the same overall mechanism, as studied by DRIFTS, in which a progressive conversion of methanol to CO occurs via formaldehyde and formate-type surface species, followed by water-gas shift conversion to H2 and CO2. From the perspective of global resource sustainability, there is now an encouraging trend towards the use of cheaper, earth-abundant non-noble metals as viable co-catalysts for H2 production instead of noble metals based materials.

CO2 conversion

The idea of convert anthropogenic carbon dioxide into synthetic fuels is a promising solution for reducing greenhouse gases (GHG) emissions and avoiding the use of fossil fuels in a carbon-neutral economy system where the undesired product is the reactant for another reaction. Therefore, emerging technologies like photo-thermal catalysis have been employed to face the arduous stability of CO2 into promising chemicals that can act as fuels like methane, methanol, hydrogen, etc. Despite all the interesting and promising reactions such as Fischer-Tropsch synthesis [10,121,122,132 134], methane dry reforming [135 140] and artificial photosynthesis [141 145], Reverse Water Gas Shift (RWGS) [100,146 151], Methanol production [107, 152 154] only a selection are commented in this subsection remarking interesting processes than occur during dual photo-thermal excitation.

CO2 can be reduced through hydrogenation via Sabatier reaction (1.4), also named as methanation, reverse water gas shift reaction (RWGS) (1.5) and methanol production (1.6):

CO2 + 4H2 4 + 2H2O 0 = -113 kJ mol -1 (1.4) CO2 + H2 CO + H2O (1.5) CO2 + 3H2 CH3OH + H2O (1.6)
Last advances in the field of CO2 hydrogenation stress that VIII elements (Rh, Ru, Co, Ni, Pt, Pd, Ir, and Fe) based catalysts may rise reaction rate to several orders of magnitude in comparison with classical photocatalysis systems improving the optical absorption along the solar light spectrum [3,[START_REF] Luo | Plasmonic photothermal catalysis for solar-to-fuel conversion: current status and prospects[END_REF]. Ye and co-workers analysed different M/Al2O3 (where M=VIII group metal) catalyst for methanation and water gas shift reaction to obtain CH4 and CO as solar fuels. Under a 300 W Xenon lamp irradiation they reached maximum values of CO2 conversion higher than 90% (except in Pt, Fe and Ir) with special mention to Ru/Al2O3 being the less expensive noble metal reporting conversion and selectivity values to CH4 of 95.75% and 99.22%, respectively [56]. A temperature monitoring over light irradiation demonstrated a temperature increase (see Fig. 20A), hypothesizing that hot carriers thermalization process was enhancing the CO2 conversion via increasing local temperature, acting the metal nanoparticles as optical heating source after light absorption and any electron-driven mechanisms were involved. This hypothesis was strongly supported after the CH4 evolution remained stable during a photon-wavelength study over Ru/Al2O3 catalyst using a monochromatic light source. Meanwhile, for an electron-driven chemical mechanisms, the CH4 production rate should change in order to the UV-Vis spectrum of Ru/Al2O3 shown in Fig. 20B. In terms of advancing long-term sustainability in materials resources, it is essential that the development of plasmonic metals that are not based on expensive rare metals. Therefore, plasmonic transition metals like Fe, Co, Cu, Ni, Zn or weak metals like Al are promising materials for CO2 reduction.

A core/shell photo-thermo catalyst composed of earth-abundant elements (Al@Cu2O) has been developed by Halas and colleagu harvesting (Al) and catalysis (Cu2O) components are separated but act in synergy [START_REF] Robatjazi | Plasmon-induced selective carbon dioxide conversion on earthabundant aluminum-cuprous oxide antenna-reactor nanoparticles[END_REF]. Both thermaldriven and electron-driven processes were reported during the hydrogenation. For instance, HR-TEM imaging (Fig. 21A) demonstrates an increase of temperature at catalytic surface over a visible light illumination from a super continuum fibre laser at 10 W/cm 2 (equivalent to 100 suns), corresponded to a temperature monitoring (Fig. 21B) measuring a temperature increase till 175°C in Al particles caused by the thermalization of hot carriers at catalytic surface. However, thermal-driven process in dark conditions demonstrate to reduce carbon monoxide into a mixture of CO/CH4 products, meanwhile over light-irradiation selectivity to CO production is ca 100%, suggesting electron-driven reaction a unique pathway for chemical bond activation that is based on effective hot-carrier migration from catalyst to adsorbate(s) species rather than photothermal heating. Additionally, photonwavelength study proved a CO2 conversion rate dependency with the photon-wavelength, increasing specially in the Al@Cu2O plasmon range. The authors suggests that the abundant generation of hot carriers might result from LSPR damping in the Al core or from near-field excitation in the Cu2O shell, in both cases as a result of the Al/Cu2O energy band alignment. Lu et al. have recently made an interesting study of the RWGS reaction over Au/CeO2 and with an unusual finding (Fig. 22) [START_REF] Lu | Photothermal reverse-water-gas-shift over Au/CeO2 with high yield and selectivity in CO2 conversion[END_REF]. We believe it is the first reported case of a Type B effect (see section 2), in which a strong photo-enhancement seems to be connected with the favourable perturbation of pressure in reaction conditions. As shown in Fig. 22A, CO2 conversion in the dark was quite poor, reaching only 3.2 % at 400 °C. Under irradiation, the conversion across the same temperature °C) was higher than an order of magnitude, reaching more than 40 % at 400 °C. Nevertheless, unlike the previous report of Ghuman et al. (Fig. 22C) [START_REF] Ghuman | Illuminating CO2 reduction on frustrated Lewis pair surfaces: investigating the role of surface hydroxides and 14623 14635[END_REF], there no remarkable difference in Eapp but a strong influence of the rate dependence on partial pressure of H2. The exponent in P n H2 rose from n = 0.63 in the dark to n = 1.52 under illumination Fig. 22D). Such a strong effect is clear proof that the dark process is H-supply-restricted, while photo-excitation eludes this limitation, possibly by promoting the growth of surface Au H bonds, which was observed by in-situ DRIFTS. By can enhance the same reaction via different mechanisms (type I [START_REF] Ghuman | Illuminating CO2 reduction on frustrated Lewis pair surfaces: investigating the role of surface hydroxides and 14623 14635[END_REF] and/or type II [START_REF] Lu | Photothermal reverse-water-gas-shift over Au/CeO2 with high yield and selectivity in CO2 conversion[END_REF]), possibly catalyst-dependent, which is a clear advance in the field. Artificial photosynthesis (AP) refers to the simulating-natural process to yield end-products of greater value and versatility in chemical industrial processing by reducing carbon dioxide with water as hydrogen provider by photonic excitation. This ambitious light-to-chemical process is marked by the advantage of employing unlimited reactants in natural resources as water and carbon dioxide are. However, it is important to take into account highly endergonic process of water splitting that is implicitly involved in the overall mechanism, which represents a technical obstacle for the advance of this process. In the domain of AP derived solar fuels are found methane, CH4, carbon monoxide, CO, or methanol, CH3OH, as the simplest chemical of valuable interest. Methanol production via artificial photosynthesis (1.7) is strongly dominated by the electron production from the water (1.8) that can reduce the CO2 to produce methanol (1.9).

CO2 + 2H2O CH3OH + 3/2O2 E 0 = + 1.21V (1.7) 3H2O 6H + + 6e + 3/2O2 E 0 = + 1.23V (1.8) CO2 + 6H + + 6e CH3OH + H2O E 0 = -0.02V (1.9)
It is possible to find research articles that reported methanol production under dual photo/thermal excitation. For instance, the group of Zhao et al. [START_REF] Wang | Mesoporous WO3 modified by Mo for enhancing reduction of CO2 to solar fuels under visible light and thermal conditions[END_REF] produced selectively methanol by CO2 reduction with water over a Mo-modified WO3. In general, methane have been more reported as solar fuel product from artificial photosynthesis than methanol [START_REF] Ha | 3DOMthe thermal and photothermal reduction of CO 2 with H 2 O to CH 4[END_REF][START_REF] Zheng | LaNixFe1photothermal catalysts for hydrocarbon fuels production from CO2 and H2O[END_REF][START_REF] Yu | Revisiting Pt/TiO2 photocatalysts for thermally assisted photocatalytic reduction of CO2[END_REF][START_REF] Wang | Modeling the effect of Cu doped TiO2 with carbon dots on CO2 methanation by H2O in a photo-thermal system[END_REF]. Alternatively, methanol can be sustainably generated by a two-step process. It consists of generating green hydrogen via water splitting that is after transferred for the followed carbon dioxide reduction, being the main reaction in this case CO2 + 3H2 CH3OH. This two-step process is closer to the classical catalytic industrial methanol synthesis. Wang et al. and Xie et al. did some advances in this reaction over Cu/ZnO and Cu/ZnO/Al2O3 based catalyst, respectively [START_REF] Xie | Synergistic ultraviolet and visible light photo-activation enables intensified low-temperature methanol synthesis over copper/zinc oxide/alumina[END_REF][START_REF] Wang | Photo-assisted methanol synthesis via CO2 reduction under ambient pressure over plasmonic Cu/ZnO catalysts[END_REF]. Both studies highlighted the importance of the photon-induced carriers that activate key intermediate species adsorbed on the catalytic surface.

Photo-thermal CO2 reduction has also been researched from the conversion of CH4 and CO2 to produce syngas products. This reaction is named as CO2 dry reforming of methane (DRM) (1.10).

CO2 + CH4 2CO + 2H2

(1.10)

DRM is an endothermic reaction ( H°298K=247 kJ/mol). Hence, the drawback of working at high temperatures and the need of photothermal catalysis as alternative process to lower the temperatures for avoiding undesired products as pollutant carbon species while syngas yield is kept or even improved. Group VIII metals have been used for this reaction like based materials on supported rhodium [57,[START_REF] Cho | Visible-light-driven dry reforming of methane using a semiconductor-supported catalyst[END_REF][START_REF] Shoji | Photocatalytic uphill conversion of natural gas beyond the limitation of thermal reaction systems[END_REF], platinum [START_REF] Pan | A Novel Photo-thermochemical Approach for Enhanced Carbon Dioxide Reforming of Methane[END_REF][START_REF] Han | Efficient Visible Light Photocatalytic CO2 Reforming of CH4[END_REF][START_REF] Mao | Solar-light-driven CO2 reduction by methane on Pt nanocrystals partially embedded in mesoporous CeO2 nanorods with high light-to-fuel efficiency[END_REF], nickel [161 164] or supported bimetallic structures such as Pt-Au [START_REF] Song | Light-Enhanced Carbon Dioxide Activation and Conversion by Effective Plasmonic Coupling Effect of Pt and Au Nanoparticles[END_REF] or Rh-Au [START_REF] Liu | Conversion of Carbon Dioxide by Methane Reforming under Visible-Light Irradiation: Surface-Plasmon-Mediated Nonpolar Molecule Activation[END_REF]166] among others.

Beyond the importance of the supported metal as charge carrier promoter and the reforming metal catalyst, it is important to take into account the influence of the support. For instance, the use of semiconductor TaN as support have been reported as a beneficial for the lifetime prolongation of photo-induced charge carriers due to the transfer of electrons from metal to semiconductor, being CO2 capable to be reduced and CH4 by holes on the catalyst surface [8].

Photo thermal catalysis for formic acid dehydrogenation and CO2 methanation.

Photo-thermal catalysis emerged as a promising process to reduce the energy consumption to carry out chemical conversion without efficiency and selectivity losses and its increase in interest by researchers from the field are solidifying its position as hot topic in the last years. However, it is still needed a long pathway to develop all the benefits of this new field into classical thermo and photochemical applications. For this purpose, we selected two different reactions of interest in the chemical field where light-assisted processes may result beneficial.

Formic acid dehydrogenation

This organic acid is abundant in biomass derivatives products and is a promising and renewable hydrogen carrier for hydrogen storage and as internal hydrogen source (hydrogen donor) for performing catalytic transfer hydrogenation reactions [START_REF] Han | Anchoring Pt Single Atoms on Te Nanowires for Plasmon-Enhanced Dehydrogenation of Formic Acid at Room Temperature[END_REF]. Hydrogen utilization as energy fuel has very well-known advantages such as high energetic combustion with zero carbon emissions after combustion (only H2O as byproduct). However, its main limitations are associated with storage and delivering process. Then, formic acid, a glucose derivative issued from the lignocellulose biomass hydrolytic conversion chain, gained in interest as, in contrary to hydrogen, it is appropriate for storage and shipping. It has a high volumetric hydrogen content under ambient conditions, namely 53 gH2/L [START_REF] Guan | An Update on Formic Acid Dehydrogenation by Homogeneous Catalysis[END_REF] and H2 can be produced via dehydrogenation/decarboxylation reaction (1.11). As shown in the scheme of Fig. 23, FA can be employed as energy storage molecule with the conversion of H2, sustainably produced as solar fuel via water splitting, with captured CO2. In this way, FA can be transported or stored in liquid medium as hydrogen source and be decomposed whenever it is needed to supply H2. Its alternative application as hydrogen donor-mediated approach instead of using external pressurized hydrogen is a step forward in the design of sustainable hydrogenation processes enabling the production of high value-added chemicals. Nevertheless, formic acid can alternatively decompose as carbon monoxide and water via dehydration/decarbonylation (1.12).

HCOOH CO2 + H2 (1.11)

HCOOH CO + H2O (1.12)

The absence of molecular hydrogen production and the presence of compounds that poison catalysts such as CO through the dehydration process makes it necessary to design a catalytic pathway that inhibits this reaction and favors the dehydrogenation one.

In the last years, FA dehydrogenation has increased in interest for heterogeneous catalysis processes, with studies devoted to noble metal based catalysts like Au [171 173], Pd [174 176], Pt [START_REF] Solymosi | Production of CO-free H2 from formic acid. A comparative study of the catalytic behavior of Pt metals on a carbon support[END_REF] or Ru [START_REF] Zacharska | Ruthenium Clusters on Carbon Nanofibers for Formic Acid Decomposition: Effect of Doping the Support with Nitrogen[END_REF]. Recently some non-noble metal based materials have increased in interest for this reaction [START_REF] Tang | A Stable Nanocobalt Catalyst with Highly Dispersed CoNx Active Sites for the Selective Dehydrogenation of Formic Acid[END_REF][START_REF] Li | On the Structure Sensitivity of Formic Acid Decomposition on Cu Catalysts[END_REF]. This heterogeneous catalytic reaction have been widely reported with formic acid in liquid phase, what limits the temperature range below 373K to avoid the evaporation of the reactant [START_REF] Wang | Recent progress in hydrogen production from formic acid decomposition[END_REF]. However, vapor-phase (gas-phase) formic acid by vapor saturation of the organic compound with an inert gas such as argon, helium, nitrogen, etc. have been proved as efficient process for unravelling the decarboxylation and decarbonylation reactions over catalytic materials due to advantages such as tuning the mass flow rate, modifying the FA concentration or widening the temperature range till 673K [START_REF] Gray | Unravelling the reaction mechanism of gas-phase formic acid decomposition on highly dispersed Mo2C nanoparticles supported on graphene flakes[END_REF][START_REF] Solymosi | Production of CO-free H2 from formic acid. A comparative study of the catalytic behavior of Pt metals on a carbon support[END_REF][START_REF] Bhandari | Reaction Mechanism of Vapor-Phase Formic Acid Decomposition over Platinum Catalysts: DFT, Reaction Kinetics Experiments, and Microkinetic Modeling[END_REF].

There are only a few studies devoted to the FA decomposition by photo-thermal catalysis. Han et al. studied the enhanced LSPR on Pt single atoms dispersed throughout Te nanowires (d=4-7nm) materials reaching a decomposition of formic acid (FA) via dehydrogenation process [START_REF] Han | Anchoring Pt Single Atoms on Te Nanowires for Plasmon-Enhanced Dehydrogenation of Formic Acid at Room Temperature[END_REF]. The authors stressed that the enhancement of formic acid decomposition under UV-light irradiation (Xe lamp, 250 mW/cm²) in comparison with dark conditions (Fig. 24A,B) reaction at 25°C is carried mainly by photo-electron driven process than by a thermal-driven process caused by optical heating. However, they noted that the solution temperature increased after 40 min irradiation to values of 39°C, 38°C and 36°C with 1.1, 4.6 and 32% wt Pt/Te NWs catalysts, respectively, what is typical of the photo-thermal effect. Under dark conditions with a temperature value of 80°C, the higher the Pt loading, the higher the HCOOH decomposition. The behavior was different under light, where an optimal Pt wt. content of 1.1% on Te nanowires was observed. To distinguish between photochemical and thermochemical processes, they used some methodologies previously described in section 4. First, it is shown a correlation between the apparent quantum efficiency, AQE, and the UV-Vis spectrum (Fig. 24C), as well as a linear photon dependency with the reaction rate (Fig 20D ) for the 1.1 wt% Pt/Te catalyst, that is related to electron driven mechanism. Nevertheless, this tendency is missing when the Pt loading increases to 32.0 wt.% (Fig. 24E,F), having a sublinearity which is more characteristic of thermal-driven processes. In addition, in-situ spectroscopy analysis were carried out by DRIFTS and XPS techniques to understand the different reaction steps at the catalytic surface. Then, researchers proposed the following mechanisms steps were indicated step (1.13) is the rds:

HCOOH* HCOO* + H* (1.13) HCOO* CO2 -*+ H* (1.14) CO2 -* CO2 (1.15) 2H* H2 (1.16) 
In a follow up work, the same group synthesized a noble metal free thermal catalyst to control the HCOOH adsorption tuning the oxygen coverage surfaces [38], lowering the energy barrier of HCOO* to CO2* conversion and speeding up the HCOOH dehydrogenation process weakening the CO2 and H2 adsorption energy. Moskotiv and coworkers design nanocubes and nanosheets made of Pd to use its LSPR effect to produce hot charge carrier via non-radiative decay that improve formic acid dehydrogenation in an aqueous media [START_REF] Wu | Plasmon-Mediated Photocatalytic Decomposition of Formic Acid on Palladium Nanostructures[END_REF]. In these conditions, water can provide some protons (H + ) to enhance the oxidation of CO2 -to CO2 and then desorb generating an H atom adsorb on the catalyst surface (1.17), which can react with other H atom to produce H2.

H + * + CO2 -* CO2 + H* (1.17)
As it is shown in Fig. 25A, even if white light (AM 1.5) and visible light (>420 nm) irradiation conditions improve H2 and CO2 production values 5 and 120 times over nanosheets than in the absence of photons, stoichiometry between both products are far from the stoechiometrical one. For instance, H2/CO2 ratios were 0.59 and 0.54 in the dark and under AM1.5 illumination, respectively, in the case of Pd nanosheets. This phenomenon is mostly attributed to the properties of palladium to capture H2, which also explains the decrease of the hydrogen production at longer times, as it is visible in Fig. 25B.

In Fig. 25C. it is presented a proposed mechanism to explain the important gain in hydrogen production between dark and illuminating conditions, where photo-induced electrons and holes generated via plasmonic non-radiative decay participate in the reaction. Hot electrons reduced the protonic ions at catalytic surface, meanwhile holes neutralize adsorbed CO2 -species, which should also increase the CH bond breaking rate. 

Sabatier reaction (methanation)

The CO2 methanation (Eqn. 1.3) is a very challenging catalytic process in current chemistry advances. The hydrogenation of CO2 to produce methane, also named as Sabatier reaction, is a spontaneous exothermic reaction that converts CO2 into the valuable gaseous fuel SNG (synthetic natural gas) albeit at the expense of a high consumption of renewable H2 [START_REF] Frontera | Supported catalysts for CO2 methanation: A review[END_REF]. Nevertheless, thermodynamic threshold does not allow carrying out carbon dioxide conversion at high-temperature range, and process intensification is in consequence necessary.

Moreover, we have to draw attention to the energetic request of CO2 methanation, which needs a lot of process energy in terms of renewable H2 supply, thus compromising process sustainability. Further advances in applied photo-thermal catalysis is also driving a reorientation in catalytic/optical materials design and synthesis. Traditional large-gap semiconductors (classically responsive to ultraviolet light irradiation) are increasingly absent or redundant components, although insulating (thermally stable) oxide supports remain important [START_REF] Kho | A review on photo-thermal catalytic conversion of carbon dioxide[END_REF][START_REF] Meng | Nanometals for Solar-to-Chemical Energy Conversion: From Semiconductor-Based Photocatalysis to Plasmon-Mediated Photocatalysis and Photo-Thermocatalysis[END_REF][START_REF] Wang | Full-Spectrum Solar-Light-Activated Photocatalysts for Light-Chemical Energy Conversion[END_REF]. A significant exception is the study of Ru on black Si nanowires (Ru/SiNW) [151]. A photo-enhancement of the CO2 methanation rate to ~1 mmol.h 1 .gcat 1 at 150 °C, roughly double the activity at dark conditions, was investigated in more precisely with no resistive heating but thermal equilibration over 3 hours under illumination instead. Under increasing optica °C), the photo-enhancement over the dark case was more pronounced (x5 x6) even though the apparent activation energy remained the same at ~54 kJ.mol 1 . They went on to show that only irradiation with super band-gap photons, i.e., those by the Ru across the visible-NIR had no effect. The semiconductor photo-effect was attributed to heterolytic photoactivation of molecular H2, and ensuing Ru-H surface bond enrichment, by charge carrier migration from the Si nanowires to the metal. The rate-determining step in the dark mechanism is believed to involve homolytic cleavage of H2 directly on Ru and multi-step H-transfer to the active carbide Ru Cx, itself obtained from successive dissociation of CO2 and CO. The implied favourable alteration in the balance of steady-state (competitive) occupancy by Ru-H and Ru Cx intermediates due to illumination should be verified by kinetic studies on the pressure exponents. This will allow -thermo synergy (see Section 3).

In stark contrast, Sastre et al. have reported an extremely high photo-thermo-activity in CO2 methanation over a similar catalyst -Al2O3 surface attributing this activity to shape-dependent visible-NIR plasmon optical absorption in Ru [START_REF] Sastre | Sunlight-Fueled, Low-Temperature Ru-Catalyzed Conversion of CO2 and H2 to CH4 with a High Photon-to-Methane Efficiency[END_REF]. Under 1 sun irradiation at 150 °C the photo-enhancement was a factor of two, but on top of a very high dark conversion rate of ~50 mmol.h 1 .gcat 1 . This was ascribed mainly to optical heating, whereas at higher intensities up to 8.5 suns (leading to temperatures above 200°C in combined heating mode) an excellent photo-thermo synergy became evident, producing rates 3 times higher than estimates for dark controls. The photon-to-methane conversion efficiency was high and temperaturedependent, ranging from 22.3 %, 25.0 %, to 54.8 % at catalyst temperatures of 212°C, 221°C, and 231°C, respectively. A similar photo-enhancement was observed by Wang et al. on Ru/TiO2 catalysts upon AM1.5 sunlight illum C temperature range, with a strong increase in CH4 yield and the ability of the thermo-photo catalyst to produce CH4 even at low temperature of 150 °C, while no CH4 was formed in the dark [START_REF] Wang | Thermo-photo catalytic CO2 hydrogenation over Ru/TiO2[END_REF]. The semi-conductor nature of the TiO2 support was proposed to play a role, as no photo-enhancement was observed on a Ru/Al 2 O 3 catalyst with large (> 8 eV) band bap support within an analogous temperature range. The results were explained in terms of thermodynamics and kinetics. The authors proposed that the insufficient driving forces for H2 oxidation might be the main cause of the negligible activity obtained at room temperature for CO2 hydrogenation. Then, they further suggested that the introduction of thermal energy, such as global temperature increase, can enhance the kinetic energy of the reactants, thus increasing the overall driving force and giving rise to substantially higher activities of CO2 reduction in photo-thermo process mode over 150°C.

-thermal CO2 methanation are based on the use of transition metals like Co or Ni on metal oxide materials supports widely reported for methanation like La2O3 and TiO2 [ 189 193]. For instance, lanthanum promoted nickel catalyst (NiOx/La2O3@TiO2) is an excellent photo-thermal catalyst to selectively convert CO2 into methane from 50°C to 400°C, having 8 times more CH4 under solar light irradiation than in dark conditions at 200°C [START_REF] Tan | Unlocking the potential of the formate pathway in the photo-assisted Sabatier reaction[END_REF]. In-situ 13 CO2 DRIFTS revealed a strong photoactivation of HCO2* intermediate specie. In fact, they attributed a dual function of La2O3, capturing CO2 as proxy adsorption site and secondly sustaining the HCO2* conversion by a strong interaction with NiOx particles.

Rational for the selection of Ru/TiO2 as reference photo-thermal catalyst in this work.

A photo-thermal catalyst must contain at least a photo-responsive material or component. For the two reactions of interest that have been described in the previous section, nanostructures of group VIII metals have been reported to be useful catalysts under dark and illuminating conditions. In contrast, a wide variety of supports has been used, ranging from classical bulk metal oxide supports to 2D structures or carbon based materials.

Ru is a metal catalyst of choice for several reactions (examples), including both reactions of interest selected, namely the formic acid decomposition and the CO2 methanation. Ruthenium based catalysts have been reported for the formic acid decomposition in both homogeneous [194 196] and heterogeneous [START_REF] Deng | Conversion of levulinic acid and formic acid into -valerolactone over heterogeneous catalysts[END_REF][START_REF] Gan | Heterogeneous Silica-Supported Ruthenium Phosphine Catalysts for Selective Formic Acid Decomposition[END_REF] phases. Its lower cost in comparison with other noble metals such as platinum or gold makes it more affordable to carry out industrial processes. It has been widely proved as an excellent metal catalyst for hydrogenation reactions (ref here), which makes it suitable for further applications of formic acid as internal hydrogen donor source. Furthermore, ruthenium is the most active unsupported metal for CO2 methanation reaction [199]. In comparison with other metals, this high activity is related to the absence of deterioration during the reaction and absence of poisoning carbon deposition [START_REF] Lunde | Carbon Dioxide Methanation on a Ruthenium Catalyst[END_REF]. Extensive works on ruthenium demonstrate the possibility to tune its morphological shape, being found as spherical nanoparticles, nanorods or even doped into the support lattice [START_REF] Upham | CO2 methanation by Ru-doped ceria: the role of the oxidation state of the surface[END_REF].

Ruthenium based catalysts show evidence of being suitable for photothermal applications such as the CO2 hydrogenation [56,151,[START_REF] Wang | Thermo-photo catalytic CO2 hydrogenation over Ru/TiO2[END_REF] or the valorization of biomass, with the conversion of microcrystalline cellulose into the 5-hydroxymethylfurfural (HMF) platform molecule [START_REF] Upham | CO2 methanation by Ru-doped ceria: the role of the oxidation state of the surface[END_REF]. However, there is not a clear consensus about the chemical processes occurring during light irradiation with these materials. For instance, Wang et al. reported a gain in the HMF yield from 18.7% to 31.0% over a Ru/HY-SO3H catalyst when is irradiated under visible light (300W Xe lamp with 420 nm cut-off filter) [START_REF] Wang | Plasmon-Enhanced 5-Hydroxymethylfurfural Production from the Photothermal Conversion of Cellulose in a Biphasic Medium[END_REF]. They assigned this improvement in the yield to the plasmon resonance effect by the supported Ru nanoparticles, promoting charge carriers to high-excited bands followed by a thermalization process. This hypothesis was supported by an increase of overall temperature on the surface from 36°C to 94°C during IR measurements. However, Guo et al. demonstrated a higher activity during Fischer Tropsch synthesis over supported Ru-wormlike particles on graphene under visible light irradiation (400-800 nm, 300 W Xe lamp) [35]. They assigned this enhancement to the photo-excited electron transfer from the metal to the 2 * orbital of the adsorbed carbon monoxide, which can promote the C-O dissociation and then improve the catalytic activity. In addition, their selectivity values related to C5+ hydrocarbons increased under light irradiation, but decreased when the overall temperature were higher, what excludes any local temperature increase by light irradiation.

In contrast to the formic acid decomposition, there are some studies on CO2 methanation with photothermal Ru based catalysts. For instance, Ye and co-workers demonstrate Ru/Al2O3 is enhancing the methane production via Sabatier reaction over light irradiation because the nanocatalyst is acting as an optical heater [56] production to the electron transfer from the silicon nanowire to metallic ruthenium that promotes the hydrogen activation on metal surface, considered as the rate-determining-step in dark conditions [151]. Therefore, the different photochemical and thermochemical processes that can influence a reaction over ruthenium active sites under light irradiation makes this metal interesting to be studied for FA dehydrogenation and CO2 methanation reactions.

As far as the support is concerned, titanium dioxide, TiO2, is a support of interest in thermal catalysis for several kinds of reactions. It has been studied for over the last decades for a huge variety of applications, in more details in the photocatalysis field with a UV-A activation due to its photoelectronic properties as semiconductor material [4,[START_REF] Bagheri | Titanium dioxide as a catalyst support in heterogeneous catalysis[END_REF]. Nevertheless, TiO2 is a support of interest in thermal catalysis for several kinds of reactions such as oxidation reactions [204 206], dehydrogenation reactions [207 209] or even industrial applications as the hydrodesulfurization of hydrocarbon oils [START_REF] Palcheva | TiO2 nanotubes supported NiW hydrodesulphurization catalysts: Characterization and activity[END_REF] or selective catalytic reduction of NO by NH3 [START_REF] Okazaki | Effect of sulfate ion on the catalytic activity of molybdenum oxide-titanium dioxide (MoOx-TiO2) for the reduction of nitric oxide with ammonia[END_REF], among others. TiO2 presents nontoxicity, good mechanical resistance and stabilities in different environments such as acidic and oxidative ones [START_REF] Bagheri | Titanium dioxide as a catalyst support in heterogeneous catalysis[END_REF], which make it suitable for use as heterogeneous catalyst support. As it is known that the properties of the support can strongly influence the performance of the catalysts, among others, reducible titania supports are considered as a versatile tool given a driving force for modifying the properties of the supported metal nanoparticles and consequently the activity of the catalysts.

For instance, in the case of the --valerolactone, Ru catalysts with different properties in terms of mean particle size, metal-support interaction strength or acidity were elaborated depending on the physico-physical properties of the titania support, including notably its rutile or anatase crystallographic nature, with direct influence on the catalytic behavior [212]. In the case of the hydrogenation of succinic acid, the presence of the rutile polymorph phase within the TiO2 support was proposed not only to favor the formation of small Ru particles, but also to promote stronger metal support interaction compared to the anatase polymorph, both features being key factors driving the performances of the Ru/TiO2 catalysts [START_REF] Brzezinska | TiO2 supported Ru catalysts for the hydrogenation of succinic acid: influence of the support[END_REF].

Obviously, we have to say that the direct influence of the TiO 2 support nature does not remain restricted to Ru-based catalysts. Indeed, for the same reaction, the groups of Pinel and Epron showed that the nature of the TiO2 support influenced the conversion obtained on Pd catalysts rather than the selectivity, the highest conversion being observed for anatase-supported samples and ascribed mainly to a good dispersion of the metal, while lower conversions were obtained using a mixed phase anatase/rutile TiO2 support [START_REF] Tapin | Study of Monometallic Pd/TiO 2 Catalysts for the Hydrogenation of Succinic Acid in Aqueous Phase[END_REF].

Photonic-thermal combination of the acetone oxidation reported good results over commercial pristine TiO2 reported recently the enhancement by Lyulyukin et al. [START_REF] Lyulyukin | Thermo-photoactivity of pristine and modified titania photocatalysts under UV and blue light[END_REF]. This relates to the higher bulk recombination, as well as to well known adsorption/desorption limitations for reactants and intermediates. This is a typical behavior of thermal intensification of pure photocatalysis, and should not be assigned to any photothermal effect. . The authors observed a good response in CO2 production when they increased the temperature under UV-light irradiation. However, temperatures higher than 80-100 °C (depending on the TiO2) caused a decrease in the conversion of acetone.

The benefit of a visible-light induced photothermal effect for the lactic acid production from a wide span of carbohydrates molecules (fructose, glucose, xylose, arabinose) was also reported by Cao et al. over a carbon-coated N-TiO2 catalyst [START_REF] Cao | Visible-light-driven prompt and quantitative production of lactic acid from biomass sugars over a N-TiO2 photothermal catalyst[END_REF]. In this case, lactic acid yields raised over 84.9% at full conversion depending on the sugar substrate, and up to 98.9% in the particular case of pyruvaledhyde at 60°C with 10 W of simulated solar light. The authors suggested that carbon layers resulting from the incomplete burning of urea used for anionic doping of TiO2 with nitrogen during the calcination process and wrapped around N-TiO2 crystallites, were acting as light-to-heat antenna upon visible light irradiation. In addition to visible light absorption, nitrogen doping was shown to favor charge separation and transfer. A thirty times upscaling experiment was successfully carried out over the carbon-coated N-TiO2 photothermal catalyst using 3 g of saccharide substrate, that retained 71.8% of the yield to lactic acid originally obtained at the small lab-scale.

It is therefore worth investigating the combination of Ru as supported metal and of TiO2 as support, namely by studying Ru/TiO2 photothermal catalysts. The dual potential nature of TiO2, that is here not only a semiconductor activable by UV-A light, but also a support of high interest in thermal catalysis, combined with the premises reported with supported Ru nanoparticles might favor positive synergistic effects upon combined photonic and thermal excitation. Further, Ru/TiO2 systems are reported as excellent thermal catalysts for several applications as well as succinic acid hydrogenation [START_REF] Brzezinska | TiO2 supported Ru catalysts for the hydrogenation of succinic acid: influence of the support[END_REF], CO methanation [START_REF] Panagiotopoulou | Mechanistic study of the selective methanation of CO over Ru/TiO 2 catalyst: Identification of active surface species and reaction pathways[END_REF][START_REF] Panagiotopoulou | Mechanistic aspects of the selective methanation of CO over Ru/TiO 2 catalyst[END_REF] and hydrogenolysis of glycerol [START_REF] Feng | Effect of base additives on the selective hydrogenolysis of glycerol over Ru/TiO2 catalyst[END_REF]. For instance, Ru/TiO2 was recently reported as a very promising system capable of meeting the challenge of thermally catalyzing both the dehydrogenation of FA to H2 and the hydrogenation of the levulinic acid biomass-derived platform molecule into the high value--valerolactone (GVL) at dark conditions [217]. Ru/TiO2 systems are in consequence valuable to be studied as photothermal catalysts for the FA dehydrogenation, in view of their potential ability to favor the use of gas phase formic acid as internal hydrogen donor in a combined hydrogenation/dehydrogenation process. For instance, very recently, Bunrit et al. promisingly showed that Pt/TiO2 can act as thermo-and photo catalyst for converting levulinic acid and its ester into -valerolactone in mild conditions using 2-propanol as hydrogen donor [START_REF] Bunrit | Photo Thermo-Dual Catalysis of Levulinic Acid and Levulinate Ester to -Valerolactone[END_REF]. Unfortunately, they did not exploit this dual-functional character to explore the reaction under a dualmode excitation.

In addition, as it was described in the previous section 7.2, Ru/TiO2 could be used for convert CO2 with high selectivity to methane production [START_REF] Wang | Thermo-photo catalytic CO2 hydrogenation over Ru/TiO2[END_REF]. Further studies are needed to get a better understanding on the different mechanisms that occur during the photonic irradiation and how they can affect to the methanation enhancement. For instance, Wang et al. proposed electron-driven mechanisms for the CO2 hydrogenation into methane on a Ru/TiO2 catalyst. In this study, ruthenium is promoting hot electrons than can react with the adsorbates meanwhile the temperature conditions affects the kinetics, explaining the absence of methane at room temperature [START_REF] Wang | Thermo-photo catalytic CO2 hydrogenation over Ru/TiO2[END_REF].

Additionally, and in parallel to the versatility of supports in thermal catalysis, the impact of the support materials on different properties during photo-thermal catalysis, like hot carrier lifetime, reactant adsorption or electron density in metal surface through hot carrier injection, can make appealing the study of ruthenium supported on other surfaces. For instance, it can be semiconductor materials like graphitic carbon nitride, g-C3N4, a 2D material that gained attention during the last decades due to its narrow band gap (2.7 eV), absorbing photons over the visible light spectra and it has been proved for photo-thermal catalysis for environmental applications [START_REF] Chen | Synergistic photo-thermal catalytic NO purification of MnOx/g-C3N4: Enhanced performance and reaction mechanism[END_REF]. Insulator materials are also worth supports. For instance, silicon dioxide share similar properties to TiO2 as both are bulk metal oxide catalyst with strong surface basicity. Therefore, it can be interesting to take into account different catalytic supports to discuss on the different mechanisms that occur when formic acid is dehydrogenated, or CO2 reduced.

The catalytic tests were performed in a continuous-flow mode in a photo-thermo reactor consisting in a Harrick Scientific HVC-MRA 5 reaction chamber made from SS-316 alloy material, as it is represented in Fig. 26. The catalyst is placed into the reactor as a thin layer at a given surface density (depending on the catalyst mass used) on a stainless meshed grid (400 x 400 mesh, pore size 0.038 mm, 6.3 mm diameter), which is homogeneously heated using an external cartridge heater monitored by a K-type thermocouple (±1 °C), and using a high flow rate water cooling system for maintaining a constant (bulk) temperature. The location of both inlet and outlet flows makes the catalyst operating in a downstream flow-through mode. The catalyst was irradiated via a SiO2 window (13 x 2 mm) using a Thorlab M365LP1 LED ( = 365 nm) with tuneable and calibrated irradiance within the 0-400 mW/cm 2 range. The emission spectrum of the Thorlab M365LP1 LED is shown in Fig. 26A.

The photon flux to which the catalyst was exposed, was measured by locating the sensor of a radiometer (1919-R optical power meter, Newport) at the place of the catalyst bed. 

Dehydrogenation of formic acid to H2

A scheme of the set-up used for conducting the catalytic tests is presented in Fig. 27. The catalytic tests were carried out with a FA concentration of 4600 ppmv and employing argon as carrier gas with a total flow rate of 14.7 mL/min. The FA-containing inlet flow was obtained by diluting a concentrated FA/Ar flow with a pure Ar carrier flow. To achieve this, an Ar flow (Air Liquide, ALPHAGAZ was bubbled in a temperature-controlled saturator containing liquid-phase formic acid (HCOOH, FA, Sigma Aldrich, >95 %) at 15 °C and atmospheric pressure conditions. Therefore, the concentration of gas phase HCOOH was related to the vapour pressure of HCOOH at the working temperature and pressure conditions. This concentrated FA/Ar flow was further mixed with an additional Ar flow to obtain the required FA concentration at the working flow rate, corresponding to a Weight hourly space velocity (WHSV) of 4.24 h -1 , calculated as follows:

WHSV= (2.1)
Where [FA]0 is the initial concentration of formic acid in the flow, MWFA is the molecular weight of formic acid and mcatalyst is the mass of the catalyst.

In-Flow Bronkhorst flow meter (Bronkhorst® High-Tech, the Netherlands) allowed the control of the FA-containing air flow, while the main Ar carrier flow was controlled via a Brooks 5850 massflow meter.

Most of the tests were performed with a catalyst mass of 1.8 mg, that corresponded to a surface density of 5.77 mg/cm 2 and to a FA specific molar rate of 67.2 mmol g -1 h -1 .

Prior to any experiment, residual oxygen was removed by flushing the reactor under Ar. All lines were thermostated to avoid adsorption of reactants or products, or water condensation. The photo-/thermo-catalytic behavior was obtained by on-line quantification of the outlet flow using a R3000A gas micro-chromatography (SRA instruments), equipped with micro-TCDs, and allowing the quantification of CH4, HCOOH, H2, O2, CO, CO2 and organics on 5A molecular sieve, OV1, PoraPlotQ and Stabilwax columns. The activity of the catalyst was expressed in terms of FA conversion, H2 selectivity, as well as of H2, CO2 and CO production in mmol g -1 h -1 , calculated as follows (Eqs. 2.2-2.4).

(2.2)

(2.3) (2.4)
Where [X] corresponds to concentration of the product X in the flow, namely here H2, CO and CO2.

The carbon balance was calculated as follows:

(2.5)

where [FAin] and [FAout] are, respectively, the inlet and outlet FA concentrations, while [H2], [CO] and [CO2] correspond to the concentrations of hydrogen, carbon monoxide and CO2, respectively, in the outlet flow.

It must be said that whatever the reaction conditions (temperature and light irradiance), H2 and CO2 were formed with an equimolar ratio associated to the dehydrogenation path (see the corresponding figures in both Chapters 3 and 4), so that H2 or CO2 can be independently chosen for calculating both FA conversion and H2 selectivity. The carbon balance was calculated within the 98 102 % range for all catalytic tests. 

CO2 methanation

In the methanation catalytic tests, gas cylinders of 2% CO2 in Ar (Air Liquide) and pure H2 (Air products, 99.995%) were used. Both flows were mixed following a 12.5:1 flow ratio, resulting in a CO2 and H2 concentrations of 1.9% and 7.7%, respectively, with a total flow of 5.1 ml/min. An in-Flow Bronkhorst flow meter (Bronkhorst® High-Tech, the Netherlands) was utilised for the control of the pure hydrogen flow, while the 2%CO2/Ar flow was controlled via a Brooks 5850 massflow meter.

For the methanation tests, the catalyst mass was 5 mg, corresponding to a surface density of 16 mg/cm 2 .

The photo-/thermo-catalytic behavior was obtained by on-line quantification of the outlet flow using a R3000A gas micro-chromatography (SRA instruments), equipped with micro-TCDs, and allowing the quantification of CH4, H2, O2, CO, CO2 and organics on 5A molecular sieve, OV1, PoraPlotQ and Stabilwax columns. The activity of the catalyst was expressed in terms of CO2 conversion, CH4 selectivity, as well as of CH4 and CO production in mmol g -1 h -1 , calculated as follows (Eqs. 2.5,2.6,2.7).

(2.6)

[X] corresponds to the concentration of the product X in the flow, namely here methane or carbon monoxide.

(2.7)

(2.8)

The carbon balance was calculated as follows:

(2.9)

where 

Characterization techniques

2.1. X-ray diffraction X-ray powder diffraction (XRD) is a non-destructive analytical technique that allows notably identifying the different crystallized phases of a material. The principles are based on the constructive interferences generated by the diffraction of monochromatic X-rays by a crystalline sample. A metallic anode generates X-rays that are filtered to get a monochromatic incident beam, collimated to concentrate and further directed to the sample. Constructive interferences are in terms of diffracted X-rays, as follows:

(2.10) and d is the interplanar spacing for lattice planes. The crystallographic structure of the powders has been characterized by X-ray diffraction patterns (XRD) recorded on a D8 Advance Bruker

N2 physisorption

The specific surface area, SSA, of a material is a physical property that affects to reactant-catalyst surface interactions. Adsorption techniques can be used to characterize catalyst surface. Among them, N2 physisorption allows to identify not only SSA, also the porosity of the sample by the Brunauer-Emmet-Teller (BET) theory. This technique consist on the physical adsorption of nitrogen at 77K (-196°C) at different pressure conditions, performing hysteresis loops into the isothermal experiment. SSA is determined using the BET equation: (2.11) where:

Va -Volume of specific gas adsorbed at standard temperature and pressure, in mL/g P -Partial vapour pressure of adsorbate gas in equilibrium with the surface at boiling point of liquid nitrogen, in Pa. P0 -Saturated vapor pressure of adsorbate gas at given temperature, in Pa Vm -Volume of a monolayer of gas adsorbed per gram of solid, in mL/g C adsorption constant

The specific surface area measurements have been carried on a Micromeritics ASAP 2420 using N2 as 150°C overnight in order to desorb the impurities or moisture. The Brunauer-Emmett-Teller (BET) specific surface area values has been obtained from the N2 adsorption isotherm.

Chemical adsorption

Chemisorption, or chemical adsorption, is a traditional characterization technique used in material science and catalysis to provide information on the material surface, such as acidity and basicity, or active sites.

Chemisorption experiments were carried out in a Micrometrics Autochem II 2920 device (Fig. 29) online with a downstream PFEIFFER VACUUM Prisma TM mass spectrometer (MS). For each test, a catalyst amount of about 60 mg was mounted between quartz wool plugs in a U-type quartz reactor. Aside from the additional MS, chemisorption device includes a thermal conductivity detector (Fig. 29D) to analyse gases adsorption/desorption. The experimental results were analysed using the AutoChem II 2920 V3.05 software, which is also used to control the chemisorption device. 

CO chemisorption

Carbon monoxide easy bonds with noble metal surface like Ru, Au or Pt at standard pressure and temperature conditions. CO chemisorption is extensively used to quantify the active metal sites of the catalyst surface. Once it is known the quantity of CO uptake by the metal and the number of active sites on the catalyst, it is possible to calculate the dispersion (Eq. 13) and the particle size (Eq. 14).

CO chemisorption measurements were realized in pulse mode to determine the CO uptake of each catalyst. After submitting the catalyst to a cleaning pre-treatment to remove any pollutant from the metal surface, controlled pulsed CO injections into the flow were carried out and the CO uptake by the catalyst was monitored for each pulse until the output CO peak signal remained constant, that is the surface of the catalyst cannot uptake more CO. CO-pulses tests were carried out following a sample pre-treatment with a 50 mL/min flow of 10% H2/Ar (Air Liquide) at 100°C for 1 h, with a temperature ramp of 10°C/min. Then, the samples were cooled down to 40°C in a 50 mL/min He gas flow. For the pulses analysis, each injection corresponded to a volume of 0.5 cm 3 of 1%CO/He mixture (Air Liquide) or of 4%CO/He (Air Liquide) mixture into the He carrier flow. The outgoing CO gas was detected and quantified by thermal conductivity detector, TCD. The analysis was completed when the output CO pulse signal remained stable. The CO uptake was determined as the sum up of the differences between the CO output concentration in each pulse, , and the CO inlet pulse concentration, , as it is shown below.

(2.12)

To determine the Ru dispersion parameter, the equation is given below:

(2.13)

Where is the dispersion, calculated from experimental moles of CO adsorbed on the catalytic surface divided per total moles of ruthenium in the catalyst with a Ru/CO factor, F, of 1. Once the dispersion is known, it is possible to calculate the mean crystallite/particle size with the following equation:

(2.14)
Where d is the mean crystallite size, Am is the surface area occupied by a metal atom and vm the volume occupied by a metal atom with values of 8.6 10 -2 nm² and 13.65 10 -3 nm 3 , respectively [1].

Temperature programmed desorption

Temperature programmed desorption (TPD) experiments provide useful information about the strength of acid and basic active sites on catalytic surface. The principle consists on the covering of the material surface by a gas that is acid or basic. Depending on the strength of the sites on the surface, the adsorbed species are desorbed in a specific temperature. As higher is the temperature, stronger is the active sites on the surface.

TPD experiments are divided in 4 steps:

-Sample pre-treatment: Before the TPD, high temperatures are employed to remove any residual species in the surface like carbonates, formates, etc. Depending on the sample and its properties, the carrier gas can be inert (Ar, He, N2), oxidizing (diluted O2) or reducing (H2). -Pre-adsorption of the gas: At low temperatures, the carrier gas includes basic or acid gases (depending on the test) that are adsorbed on the sample surface. -Evacuation of the gas in the flow: An inert gas is employed in the same temperature as the pre-adsorption process to remove the physisorbed species and the residual adsorption gas in the flow. -Temperature programmed analysis: Once there is no adsorption gas in the carrier flow, the test starts with an increase of the temperature to observe the different desorbed species.

In temperature program desorption (TPD) experiments, NH3 is a basic gas that is widely used for characterizing surface acid sites [2], as CO2 is useful for the basic ones. Prior each chemisorption test, 60 mg of sample mass was submitted to a thermal treatment at 300°C for 1 h in He (Air Liquide ALPHAGAZ2, 99.9999%) gas flow using a temperature ramp of 10°C/min to desorb any pollutant molecules on surface and then cooled to 50°C. Then, the samples were exposed to CO2 (Air Liquide, 99.99995%) and 10% NH3 in He (Air Liquide) for CO2-TPD and NH3-TPD, respectively, during 30 min to bond the gases to the surface sites, before a He purge for 1 h was applied to remove not-bonded or weakly-bonded gases (as physisorbed species). Lastly, TPD tests were performed from 50°C to 850°C by ramping the temperature at 25°C/min. NH3 or CO2 desorption was detected by monitoring the mass spectrometry signals for m/z = 17 and m/z = 44, respectively. A final temperature of 500°C was applied for the g-C3N4 based catalysts to avoid the support decomposition.

2.5.Temperature programmed reduction

Temperature programmed reduction, TPR, has been widely reported as an efficient method to identify the different oxidized species at the catalyst surface. In TPR experiments, the catalyst is submitted to a flow of a reducing agent, commonly hydrogen, with thermal heating until high temperature values. The reduction of oxidized species generates water and are associated with hydrogen consumption, which produces a difference of thermal conductivity visible by a TCD. In TPR, the same mass quantity as in section 2.4. is used for the experiments. First, the sample was submitted to a thermal pretreatment at 200°C under synthetic air flow (50 ml/min) during 30 min with a temperature ramp of 10°C/min to clean the surface and to oxidize the catalyst. Then, the quartz reactor was cooled down to 50°C and the gas flow was changed to 10% H2/Ar (Air Liquide) at 20 ml/min until stabilization. The water trap downstream of the reactor consisted in dry ice mixed with acetone solution (Fig. 29B) to condense any water molecule, so that any TCD signal variation was related to hydrogen consumption.

The temperature was increased till 800°C in the case of catalysts based on metal oxide supports with a ramp temperature of 10°C/min. Similarly to the TPD, a final temperature of 500°C was applied for the g-C3N4 based catalysts to avoid the support decomposition.

Spectroscopy techniques

Diffuse Reflectance Infrared Fourier Transform Spectroscopy

As it is shown in Fig. 30A, employing an IR beam over a fine particle material, light can be reflected from the top of the sample or it can penetrate into sample particles followed by a scattering of the matrix of sample, which is the diffuse reflectance process. In situ Diffusion Reflectance Infrared Fourier Transform (DRIFT) spectroscopy provide useful information about which organic functional groups are present and the different adsorbed species on the material surface. In DRIFTS, sample preparation properties such as the shape of particles and surface, compactness, etc. play an important role on the spectra quality. That is the main reason of a good sample preparation using e.g. grinding process or IR transparent material to dilute the sample, allowing a deeper light incidence over sample cup and higher diffusion.

DRIFTS experiments were conducted in a homemade elevated-pressure cell with a Fourier Transform infrared spectrometer (Bruker Vertex 70). The top cell was composed of a dome (Harrick Scientific) with two KBr windows for both inlet and outlet infrared beams, and a UV quartz window for UV-A light irradiation (Fig 5B). The sample was carefully placed in the cup until it overflowed the top of the cup. The sample was homogenously heated using a halogen lamp with reflector MR16 (OSRAM 64635 HLX) monitored by K-thermocouple (±1°C), and using a water-cooling system with a high flow rate for a constant (bulk) temperature maintenance. The experimental results were analysed using the OPUS 8.5 Software. The monitoring of the formic acid decomposition in dark and illuminating conditions by In situ DRIFTS aims at observing the differences between pure thermal driven reaction and light-induced derived processes on the catalyst surface, including aspects like how formic acid is adsorbed, which species predominate during the decomposition, intermediates, etc. In these experiments, the objective is to understand how the formic acid is adsorbed and decomposed over the catalyst surface and the different possible mechanism under light irradiation and dark conditions.

For these experiments, the catalyst was submitted to an argon flow (Air Liquide, ALPHAGAZ 1, >99.999%) at a flow rate of 14.7 ml/min for 30 min at 25°C and further for 30 min at 100°C, before the background spectrum was recorded. Then, 14.7 ml/min Ar gas flow was allowed to bubble in liquidphase HCOOH (Sigma-Aldrich, >95%) in an ice bath and atmospheric pressure to generate the inlet FA/Ar flow to flow through the IR cell for 30 min at 25 °C to determine the gas-phase FA continuous flow spectrum and the adsorbed species onto the catalyst surface. Then, a 10°C/min temperature ramp rate was set until 150 °C with 30 min of plateau at 110°C, 130°C and 150°C temperature values at dark and illuminating conditions for Ru based catalysts. In case of bare TiO2, the temperature ramp was until 350 °C. Spectra were recorded from 6000 cm -1 to 600 cm -1 with a resolution of 4 cm -1 , every spectra was the result of 32 scans meanwhile the background was recorded with 64 scans.

CO2 methanation followed by In situ DRIFTS

CO2 conversion into methane is based on several intermediate steps where DRIFT spectroscopy can provide information on the different surface species. Similarly to the previous subsection, the reaction is studied at illuminated and dark conditions to observe any differences at the catalyst surface. For this group of experiments, CO2 (ALPHAGAZ N48, Air Liquide) and H2 (Air Products, 99.995%) were mixed with Ar (Air Liquide, ALPHAGAZ 1, >99.999%) in a 1:4:5 proportion with a total 10 ml/min flow rate, to provide a CO2/H2 ratio of 1:4. The catalyst was diluted in a KBr matrix (8.5 % wt.) by grinding both materials in an agate mortar. A pre-treatment with argon (10 ml/min) flow at 110°C for 1 h with a ramp rate of 10°C/min was applied to desorb pollutants from the surface, and the flow was subsequently turned to H2/CO2/Ar at 25°C. Then, the methanation reaction was performed from 120°C to 200°C with a stability of 30 min at each dark and illuminated conditions. Spectra were recorded from 4000 cm -1 to 1100 cm -1 with a resolution of 4 cm -1 , every spectra was the result of 32 scans meanwhile the background was recorded with 64 scans.

2.6.1.3. CO2 adsorption and desorption followed by In situ DRIFTS DRIFTS can also be used to observe the different CO2 based adsorbed species on the catalyst surface such as bicarbonates, carbonates, formates, etc. Adsorption and desorption studies can indicate species stability at different conditions in CO2 or inert gas atmosphere and how they are desorbed from the surface.

In case of CO2 adsorption, sample pre-treatment consisted on inert argon flow into the reactor with a flow rate of 10 ml/min at 25 °C during 30 min. Then, the temperature was set at 400°C for 30 min with a temperature ramp of 20°C/min to desorb any pollutant molecules on surface followed by a cooling down process to achieve a temperature of 25°C in the reactor cell. After an argon flush for 1 h, the reactor was submitted at 25°C to a CO2/Ar flow (1:10) with a total flow rate of 5.5 ml/min for 20 min to observe the CO2 adsorbed species. The reactor was further submitted to Ar flow at 10 mL/min and the CO2 desorption was monitored. A temperature ramp of 10 °C/min was set until 400 °C to observed the different species desorbed by the infrared detector. Spectra were recorded from 4000 cm -1 to 1100 cm -1 with a resolution of 4 cm -1 . Each spectra is the result of 32 scans, while the background spectra is recorded with 64 scans.

X-Ray Photoelectron Spectroscopy

X-ray Photoelectron spectroscopy (XPS) is a semi-quantitative and non-destructive technique currently used for analysis of the surface of solid materials, to get information on the elemental composition and the chemical and electronic state of the elements at the surface of samples. The chemical environment of atoms impacts on their electronic and oxidation state, what leads to a chemical shift, explained by electronegativity differences in the electrostatic model of atoms. The principle is based on the measurement of the kinetic energy of electrons that are emitted from a solid under the impact of a photon beam of X-rays of energy hv. Any electron (from core or valence state) having a binding energy less than hv will be ejected. Classical analysis depth is less than 10 nm (but depending on the inelastic mean free path), and the detection limit is of 0.1 atom %.

X-ray photoelectron spectroscopy measurements were performed on a ThermoVG Multilab ESCA 3000 spectrometer (ultra-high vacuum, base pressure P=1x10 -9 mbar), equipped with a RESOLVE 120 MCD5 -ray source was used as incident radiation. The constant pass energy mode, with pass energies of 100 and 20 eV values, was used to record survey and high resolution spectra, respectively. The samples powders were mounted on the sample holders using carbon tapes. No pre-treatment was applied on the samples before or during measurements. The experimental results were analysed using the CasaXPS 2.3.23 software. Decompositions were obtained using contributions with Doniach Sunjic shape [3] and a S-shaped Shirley [4] type background. The energy shift due to electrostatic charging was adjusted using the adventious sp2 carbon C 1 s band at 284.6 eV.

The Ru/Ti surface atomic ratio (SAR) was calculated as follows:

(2. 15) where SRu correspond to the total integrated surface in the spectrum that are related to ruthenium species, STi for titanium species and FRu and FTi the empirically sensitivity factors as determined by Wagner et al. at 2.15 and 1.2, respectively [5].

Inductively coupled plasma optical emission spectroscopy

The ruthenium loadings were determined by chemical analysis through inductively coupled plasma optical emission spectroscopy (ICP-OES) carried out on a Optima 7000 DV spectrometer (Perkin Elmer) at the IPHC analytical platform for inorganics, Strasbourg. The samples were subjected first to a microwave-assisted acidic dissolution in aqua regia at 185 °C under autogenic pressure.

UV-Vis spectroscopy

Solid-state UV-Vis spectroscopy is widely used to analyse the electronic properties of a photosensitive material such as the bandgap or the plasmonic resonance range.

The measurements were performed with a PerkinElmer Lambda 950 UV-Vis spectrometer equipped with a dual light source of deuterium and tungsten to cover the wavelength spectrum from 800 to 200 nm. Every test were done with a sensitivity of 1 nm with a preliminary calibration of the device with BaSO4. Data treatment was done with the UV Winlab software.

Transmission Electron Microscopy (TEM)

Electron microscopy is based on the use of an electron beam to pass through a column in ultra-high vacuum conditions where the sample is placed. Electron beam is focused and magnified by lenses before and after the sample. The imprinted image is a result of the beam variation caused by the sample interaction. This technique provides information about morphology, size and distribution of nanomaterials in a fine scale. A JEOL 2100F electron microscope with a point-to-point resolution of 0.2 nm was used to obtain TEM images. The sample preparation consists first in sonicating the sample in ethanol, before to deposit a drop of the suspension onto a copper grid covered by holey carbon membrane. The particle size distribution histograms, with mean particle size and standard deviation values calculations, were derived from the analysis of 250 particles using the ImageJ software.

Supports and catalysts

Supports

Graphitic carbon nitride, g-C3N4, was synthesized by thermal polycondensation of melamine (99%, Aldrich) in a covered alumina crucible at 550°C for 4h under static air within a muffle furnace using a heating ramp of 5°C/min. In a typical experiment, 14 g of melamine was used in a 60 mL ceramic crucible. After natural cool-down to room temperature, the as-synthesized bulk g-C3N4 was further thermally exfoliated at 550°C for 4 h in similar conditions. Aeroxide® TiO2 P25 and Aeroxide® TiO2 P90 were obtained from Evonik® (Evonik Resource Efficiency GmbH, Germany). TiO2 MPT625 and TiO2 UV-100 (Hombikat) were obtained from ISK (Japan) and Sachtleben (Germany), respectively. Fumed silicon dioxide, SiO2, was purchased from Sigma-Aldrich (>99.98%).

Cerium dioxide, CeO2, was purchased from Solvay (HSA 5)

Catalysts prepared by wet impregnation

The wet impregnation method was used for preparing Ru/SiO2 and Ru/TiO2 catalysts. Typically, 500 mg of SiO2 or TiO2 was dispersed in a 15 ml aqueous solution of ruthenium (III) chloride hydrate (RuCl3•xH2O, 40% Ru min. content, Sigma-Aldrich) under vigorous stirring till solvent evaporation at room temperature (ca. 24 h). Then, the remaining solid was dried under air in a drying oven at 100°C for 1h, and further submitted in an open crucible in a tubular furnace to a reductive treatment at 500°C for 1 h under pure hydrogen flow (18 mL/min) using a temperature ramp of 5°C/min. Fig. 31 shows a scheme of the wet impregnation synthesis process. 

Catalysts prepared by the photo-assisted synthesis method

Ru/TiO2 and Ru/g-C3N4 photo-thermal catalysts were prepared with a nominal Ru content ranging from 0.25 wt.% to 5 wt.% according to a UV-A light-assisted synthesis method that allows a fine control of the Ru nanoparticle size distribution [6].

In a typical experiment, ruthenium (III) chloride hydrate (RuCl3•xH2O, 40% Ru min. content, Sigma-Aldrich) in the appropriate amount was used as Ru precursor and dissolved under stirring in 100 mL of an aqueous solution with 10% v/v methanol as sacrificial agent in a beaker-type glass reactor. Then, 100 mg of semiconductor support, TiO2 or g-C3N4, was dispersed into the solution at a concentration of 1 g/L and maintained under vigorous stirring for 1 h in dark conditions to ensure the establishment of the adsorption/desorption equilibrium. After, saturated NaOH solution was employed to modify pH of the dispersion to a value of 8. The pH modification was followed by a pH-meter (METLER TOLEDO). Once it is determined a pH 8, the dispersion is stirring during one hour more. After, the suspension was exposed under stirring to UV-A light at 69.6 W/m² irradiance within an irradiation chamber max = 365 nm, Philips 24 W/10/4P). Fig. 32shows a scheme of the photoassisted synthesis process. In addition, tracing of ruthenium precursor concentration in solution via UV-vis spectrophotometry (VWR UV-3100 PC, Radnor, PA, USA) was used sampling 0.5 ml of dispersion and filtering to remove the solid phase each test at different irradiation time to determine the absence of precursor in solution.

Once there is no ruthenium precursor signal detected, the suspension was filtered in vacuum followed by washing several times with distilled water and stored in drying oven at 100°C under air atmosphere during 12h. 

Introduction

This chapter is focused on the study of Ru/TiO2 systems as photothermal catalysts for the gas-phase formic acid decomposition. It includes the first evidence that a dual photonic/thermal excitation can boost the hydrogen production via dehydrogenation.

It is divided into 5 sections. The first section is devoted to the proof of concept of the ability of Ru/TiO2 materials to be used as photothermal catalysts, and to which extent the catalytic behavior is affected by a dual photonic/thermal excitation.

Second and third short sections are presenting the influence of some synthesis parameters (namely the irradiation time, the synthesis method and the Ru loading), and investigate to which extent the catalytic behavior and the photothermal effect are influenced by the surface properties of the catalyst.

Fourth section is devoted to an in-situ DRIFTS study of the photothermal decomposition of formic acid, conducted on bare TiO2 and Ru/TiO2 systems under illuminating and dark conditions to increase the knowledge on possible mechanisms. Finally, fifth section briefly concludes and summarizes the chapter.

1. Formic acid decomposition over the Ru(0.5%)/TiO2 (PA) reference catalyst

The first study conducted in order to demonstrate the interest of a dual photonic (UV-A) and thermal activation of a Ru/TiO2 catalyst via the occurrence of a beneficial photothermal effect, has been performed using TiO2 P25 Aeroxide (Degussa-Evonik) as reference TiO2 support and a weight content in Ru of 0.5 %. TiO2 P25 is an anatase-rutile mixed phase material with a micropore-free specific surface area of 55 m 2 /g. Composition among crystalline phases is 80% and 20% of anatase and rutile polymorphs, respectively. It was measured to contain ca. 7% of amorphous phase, as determined by the method developed in the group of Lillo-Rodenas and Roman-Martinez [1]. TiO2 P25 Aeroxide is indeed one of the reference TiO2 in the field of photocatalysis under UV-A light. It was also reported to be an advantageous support in comparison to many other TiO2 materials (other commercial titania, sol-gel titania, hydrothermally-prepared tit reactions, including hydrogenation ones [2 6], mainly in the case of supported metal nanoparticles prepared with a final thermal reduction in hydrogen.

The reason for that is still being investigated by many research groups, but it has been proposed that this might result from several factors, lying to both the way of preparing the supported nanoparticles, the phase composition of the support with notably the co-existence of both anatase and rutile phases, and the catalytic activity itself of the nanoparticles in contact with the support phase. For instance, it has been shown that using thermal reduction in hydrogen requires the presence of the rutile phase within the TiO2 support for synthesizing relatively small-size Ru nanoparticles ; the presence of the rutile phase in the support is also reported to reduce the reducibility of the supported Ru phase during the preparation of the catalyst [4]. A stronger Support Metal Support Interaction (SMSI) effect has already been reported for the anatase polymorph in comparison to its rutile counterpart, what can reduce the availability of the supported active phase, and in consequence the catalyst activity. The beneficial co-presence of both anatase and rutile polymorphs results in some cases in the existence of a composition optimum, that in several cases corresponds to the TiO2 P25 Aeroxide material.

For the reference catalyst, a weight loading of 0.5% of Ru was selected, by reference to previous works in the laboratory [7]. As reference, the catalyst was prepared through a photo-assisted synthesis method, that is an elegant and sustainable alternative to classical methods for preparing small size supported metal nanoparticles, provided that the support is a semi-conductor material. The method uses the redox photoactivity of the host TiO2 semiconductor under UV-A light for promoting electrons to the conduction band of the semiconductor, further able to reduce pre-adsorbed Ru-based ions at the surface. This offers a potential control over the supported nanoparticle size, their distribution and their oxidation state [8]. This is of importance, as classical wet impregnation method is usually providing a badly-defined control of the dispersion and/or size in the case of the Ru/TiO2 systems [2,7]. This reference catalyst is labeled as Ru(0.5%)/TiO2 (PA).

1.1. Synthesis and characterization of the Ru(0.5%)/TiO2 (PA) reference catalyst.

The synthesis of the Ru(0.5%)/TiO2 (PA) catalyst is monitored through photo-spectrometry, by following the evolution with time under irradiation of the relative concentration of the Ru precursor and of the corresponding UV-vis absorbance spectra upon UV-A light illumination (Fig. 33). The favored adsorption at pH 8 is visualized by the strong decrease in the absorbance at =324 nm, due to the negative charge of the TiO2 surface at a pH above the IEP of TiO2, and the positive charge of chlorocomplexes, as the Ru species are most probably present as a mixture of RuCl3(H2O)3, and of RuCl2(H2O)4 + and RuCl(H2O)5 2+ species [ 9 11]. Complete disappearance of the Ru precursor was observed upon UV-A illumination of the TiO2 support suspension for a reaction time of 2 h. The content of 0.46 wt.% Ru was determined by ICP-OES, in agreement with the nominal targeted value of 0.5 wt.% Ru (see Table 1).

Fig. 33 Photo-assisted synthesis of the Ru(0.5%)/TiO2 (PA) reference catalyst followed by UV-Vis spectrophotometry where the remaining Ru precursor was assigned to the peak at wavelength =324 nm.

Fig. 34 shows TEM pictures of the Ru(0.5%)/TiO2 (PA) catalyst. They evidenced that the catalyst is characterized by a very high and homogeneous nanoparticle dispersion (no formation of aggregates being observed). The synthesis led to sub-nanometric particles of Ru with an extreme narrow particle size distribution of 0.6 nm, with a Full With at Half Maximum (FWHM) of 0.16 nm, which does not differ significantly from crystallite size obtained by chemisorption, taking into account the approximation of the method. Indeed, the CO pulses chemisorption study (shown in Fig. 35) provided CO uptake values indicating a ruthenium dispersion onto the titania surface of 90%, with a crystallite size of 1.1 nm (see Table 1). We are aware that the dispersion value and the crystallite size remain indicative, due to the assumptions of the model used for the calculations. For instance, a theoretical value of 0.6 nm of mean particle size corresponds to a dispersion value higher than 100%. Nevertheless, this dispersion value is interesting to keep for further comparison with other catalysts. The metallic nature of the Ru nanoparticles was confirmed by XPS surface characterization and high resolution TEM (performed on slightly larger Ru nanoparticles). The 2.1 Å interplane distance characteristic of the ( 101) planes of metallic Ru [7,12,13] was visualized. As far as X-Ray photon spectroscopy measurements are concerned, shown in Fig. 36A., the binding energy overlap between both C 1s and Ru 3d regions, as well as that between both Ti 2p and Ru 3p regions, is known to complexify the investigation on the surface state of Ru/TiO2 systems, and complex multi-contribution envelopes are usually observed [ 14 18]. However, the Ru 3d primary region spectra exhibit two doublet contributions at 280.4 and 282.0 eV with a 4.1 eV spin orbit splitting constant, corresponding to Ru 3d5/2-Ru 3d3/2 orbital doublet contributions, in addition to the multicontribution environment attributed to atmospheric carbon species adsorbed (adventious carbon). [19] They are assigned to Ru 0 and Ru species, respectively. A Ru 0 /Ru surface concentration ratio was calculated at 79/21 ± 6. The presence of Ru species resulted from the natural surface oxidation of the metallic Ru species, as metallic Ru undergoes oxidation very easily when exposed to the air, and more globally as reported for many supported noble metals. It might also find its origin in the formation of interfacial bonds Ti-O-Ru upon the irradiation and the related reaction between the adsorbed Ru complexes and the promoted electrons. Both the high intensity Ru metal peak in the Ru 3d orbital spectrum and the high surface atomic ratio Ru/Ti value of 0.037 for this Ru loading are commonly related to a high dispersion of the elemental species onto the surface and to the very small size of the Ru nanoparticles.

The Cl 2p XPS spectra (Fig. 36B) did not reveal the presence of any residual chlorine species, evidencing the efficiency of the synthesis and of the washing protocols, although we have to stress that ultratraces of chlorine species were analysed by ToF-SIMS. This discrepancy probably finds its origin in the by far smaller analysis thickness in ToF-SIMS when compared to that of XPS. Analysis of selected ions suggested that the residual top-surface Cl species are in interaction with the TiO2 support rather than with the Ru nanoparticles, as evidenced by the detection of the characteristic TiO2Cl -ion and the absence of any characteristic RuxCly -and RuO2Cly -ions (data not shown). The values of metal dispersion, distribution and chemical state demonstrated the successful synthesis of highly dispersed ruthenium metal nanoparticles onto the titania surface with the desired loading, by a green and sustainable synthesis method that does not require any high temperature conditions or any external reducing agent to prepare the catalyst.

wt. % Ru 1.2. Thermal decomposition of FA over the Ru(0.5%)/TiO2 (PA) reference catalyst.

Formic acid decomposition was first performed in the dark over the Ru(0.5%)/TiO2 (PA) reference catalyst prepared by the photo-assisted synthesis method. The results obtained as a function of the reaction temperature over the 25-210°C range are shown in Fig. 37A, and expressed as FA conversion, and productions of H2, CO and CO2. First it must be said that no deactivation was observed with time on stream whatever the temperature conditions. The increase in temperature was accompanied by an increase in the FA conversion and in the production of CO, CO2 and H2, as a result of dehydration and dehydrogenation reactions, respectively. Values of H2 and CO2 production were always obtained in an equimolar ratio, meaning that no side reactions that would contribute to lower the selectivity to H2 occurred (Eqs 3.1-3.3) in the reaction conditions [17]. Sum up of the CO and CO2 formed and unconverted FA provided a carbon balance within the 98 102 % range regardless of the temperature.

CO + 3H2 4 + H2O (3.1)

CO2 + 4H2 4 + 2H2O (3.2)
No product formation could be observed in the 25-110°C range, and the reaction products started to be detected for temperatures above 130°C, at which a FA conversion of 1.6% was obtained, reaching exponentially values of 37% at 190°C, and 64 % at 210°C. The reaction products increased as well exponentially in the temperature range, to reach at 210°C a production of 20.4, 21.4 and 21.5 mmol g - 1 h -1 for H2, CO2 and CO, respectively. The increase in the conversion with the temperature is accompanied by an increase in the selectivity to dehydrogenation (H2 and CO2), from 8.3% at 130°C up to 48.7% at 210°C (Fig. 37B). All data are summarized in Table 2. The dehydrogenation reaction takes place at the metal surface, producing metal-formate species, that -hybride elimination with the formation of CO2 and H -that bonds with a previously adsorbed H + to get H2 production [20,21].

Temperature FA conversion H2 production CO production CO2 production H2 selectivity °C % mmolg -1 h -1 mmolg -1 h -1 mmolg -1 h -1 % 25 0 0 0 0 - 70 0 0 0 0 - 90 0 0 0 0 - 110 0 0 0 0 - 130 
The Fig. 37C depicts the Arrhenius plot used for deriving the apparent activation energy, AEapp, for dehydrogenation and dehydration reactions, as it represents the slope of the logarithmic rate of both decomposition reactions versus the inverse of the temperature. Apparent activation energies of 64 ± 8 and 106 ± 11 kJ/mol were obtained for the dehydration and dehydrogenation reactions, respectively. This reflects the fact that the Ru(0.5%)/TiO2 (PA) reference catalyst is a relatively poor thermal catalyst when considering the selectivity to H2, and favors the dehydration pathway in dark conditions, with the extensive formation of CO. 1.3. Light-effect on FA decomposition. Fig. 38 depicts the influence of the reaction temperature and of the UV-A light irradiance (0-365 mW/cm²). All data are summarized in Table A 1 in annex (to not duplicate here with the different graphs).

Regardless of the temperature reaction, the results showed that the formic acid conversion is clearly enhanced under illumination in comparison to dark conditions. In addition, it is important to mention that, the higher the light irradiance, the stronger the enhancement upon illumination. For example, at 130°C, FA conversion was 1.6% at dark conditions, and it raised a value of 70% at 365 mW/cm² (Fig. 38A). This enhancement allows FA conversion to be observed under illumination even for temperatures at which no reaction products were observed in the dark, like at 25°C, with a conversion of 9% at a 365 mW/cm² irradiance.

Whatever the temperature and the light irradiance, carbon balances within the 98 102 % range are calculated. The enhanced conversion is associated to an increase in both H2 and CO productions (H2 and CO2 productions are still obtained in an equimolar ratio, as it is shown in Fig. 38B,C). Independently of the temperature, the enhancement of the FA conversion under photon flux irradiation conditions was accompanied by a strong increase in the selectivity to H2, as it is shown in Fig. 39A. For instance, FA conversion reached 86% with 46.4 mmol/g/h and 11.7 mmol/g/h of H2 and CO formation, respectively, at 170°C with 365 mW/cm², which corresponds to an important H2 selectivity increase up to 80%.

The different catalytic indicators can also be presented as a function of the light irradiance as it is shown in Fig. 39B-D. Based on the regimes reported in the literature [22 24], it is possible to distinguish different regimes depending on the reaction temperature. We propose that the regime is turning from a superlinear regime at low temperatures to a sublinear regime at high temperatures, and potentially a linear regime at intermediate temperatures. In the specific case of the production of CO, the change of regime remains less visible, as the CO production values are smaller than those of H2. The results evidenced that a dual-mode excitation allows for the increase in the FA conversion, and therefore the H2 production, in comparison to the thermocatalytic conditions in the dark. The higher the irradiance, the stronger the enhancement. It means that similar H2 levels and FA conversions can be obtained at a lower bulk temperature upon illumination, namely under milder operating conditions. For example, the H2 production at 170°C in dark conditions corresponded to that obtained at room temperature at a 290 mW/cm² irradiance, and the CO production at 170°C in dark conditions corresponded to that obtained at 130°C at a 126 mW/cm² irradiance.

The low-temperature shift and the gain in selectivity to H2 obtained when the Ru/TiO2 catalyst operates at a lower temperature for achieving a similar conversion than that obtained in the dark, can be extrapolated from Fig. 38. They are quantified and depicted in Fig. 40. Fig. 40A proves that the lowtemperature shift under illumination conditions is all the more pronounced when the irradiance is high, but also when the reference temperature in the dark is low (within the range of tested temperatures). In addition, this low-temperature shift was positively accompanied by an important gain in H2 selectivity (Fig. 40B), which is globally more pronounced since irradiation is high. The strongest increase in H2 selectivity upon illumination was observed at 150°C. As a result of the lowtemperature shift while keeping the same FA conversion and the simultaneous increase in H2 selectivity, the gain in catalytic activity upon illumination allowed in consequence for an even more pronounced lowering of the temperature, obtaining under light the same H2 production level than was reached in the dark conditions at a far higher reaction temperature value (Fig. 40C). Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

It must be said that performing the reaction under light did not change the performances of the catalyst in the dark. Indeed, after a cycle of tests at different irradiances, no significant differences were observed when performing again the tests at dark conditions. Only excursion at high temperatures (>190°C) resulted in small changes in conversion and H2 production, associated to a slight increase and broadening of the nanoparticles size distribution.

1.4.FA decomposition over bare TiO2 (P25) Fig. 41 -A 2

) on the catalytic activity of the pure TiO2-P25 support in the gas phase formic acid decomposition. The results obtained revealed that the FA decomposition only occurred through the dehydration pathway, CO being the only reaction product detected, neither H2 nor CO2 being formed, independently of the reaction temperature, and whether the reaction is performed in the dark or under irradiation. Higher the reaction temperature, higher the FA conversion, with an increase of the conversion from 3% to 33 % accompanied by an increase in the CO formation from 2 to 22 mmol/g/h when the reaction temperature was increased from 130°C to 190°C in the dark. Performing the reaction under irradiation enhanced the conversion and the corresponding CO formation, both being all the more pronounced as the irradiance is high. Here, the FA conversion reached 85 % with a CO formation of 57 mmol/g/h at a temperature of 190°C with an irradiance of 365 mW/cm 2 . Literature has already reported some possible formic acid decomposition mechanisms over titanium dioxide. For instance, Henderson proposed a mechanism involving a complex set of chemical reactions, with the formation of water and the creation of oxygen vacancies by the reaction of the acid proton with the oxide lattice (Eqs. 3.4,3.5), and subsequently with the decomposition of the adsorbed formate with the release of CO (Eqs. 3.6-3.8) [25]. Taking into account the above-mentionned equations, we can also put forward the capacity of light to activate lattice oxygen. This effect is nowadays reported as one of the factors explaining most of the recent advances in the field of environmental remediation (e.g. mineralization of volatile organic compounds) obtained by photothermal catalysis. In thermal catalysis, the activation of the oxygen species occurs with the implementation of Mars-van Krevelen redox mechanism where the surface reducible oxygens of the catalyst directly participate in the oxidation. This was put forward by Palmisano and coll. who demonstrated notably that brookite TiO2-CeO2 composites considerably lower the conversion temperatures for a variety of volatile organic compounds under light [26]. Similarly, Fiorenza et al. reported that the T90 temperature was also decreased on noble metal-free MnOx-ZrO2 catalysts in the case of gaseous toluene and ethanol [27]. In Zhang et al., the light was proposed to activate oxygen lattice in Pt-embedded CoO/g-C3N4 ternary multifunctional catalysts for the degradation of gaseous toluene under simulated solar light (300 W Xe lamp) [28]. The positive role of the photoactivation of lattice oxygen was also suggested for a LaTi0.6Mn0.4O photothermal catalyst in the toluene degradation [29].

which consist of five-coordinate Ti (Ti5c) and two-coordinate O (O2c) on the surface. Kwon et al.

analysed by kinetics and isotopics methods with DFT the different transition steps during the formic acid decomposition at the surface of rutile [START_REF] Caudillo-Flores | Hydrogen thermophoto production using Ru/TiO2: Heat and light synergistic effects[END_REF] and anatase (101) crystalline phases [30]. With the theoretical and experimental results obtained in their study, they proposed the FA decomposition over TiO2 surface scheme that is shown in Fig. 42. They indicated that the cleavage of C-O and O-H bonds in molecularly adsorbed formic acid (HCOOH*) is the kinetically-relevant step. They also observed by infrared spectroscopy that this molecularly adsorbed species can also dissociate into bidentate formate (*HCOO*) with a coadsorbed proton on a O2c atom. These species are more thermodynamically stable than HCOOH*. However, large DFT-derived energy barriers were calculated for the CO formation via *HCOO* decomposition, which inhibits kinetically this route for the dehydration reaction. In this case, the authors suggested back reaction to *HCOOH species from *HCOO that finally decompose into CO and H2O as shown in the scheme of the Fig. 42. Last step is the water formation from the recombination (condensation) of H/OH* at Ti5c-O2c pair and its desorption to obtain back the bare surface.

Therefore, considering the activation of the oxygen lattice by light (previously mentioned), the involvement of the O2c atoms in the formic acid adsorption and decomposition (with water formation/desorption from the surface) might also be proposed to explain the enhancement of the formic acid decomposition under light irradiation conditions.

Fig. 42 Proposed scheme from ref [30] about the mechanistic steps of formic acid adsorption and decomposition into dehydration products over titanium dioxide surface.

Possible light-induced mechanisms in FA photothermal decomposition

Methodologies used to discriminate electron-driven from thermal-driven reaction pathways during dehydrogenation and dehydration processes in photo-thermal reaction (see Introduction section 4) are useful tools for mechanistic aspects. Superlinear and linear regimes in light-dependency plots indicate electron-driven processes prevalence above thermal driven to carry out catalytic reaction under illuminating conditions [23].

Literature reports that selectivity changes upon illumination can also be the sign of electron-driven mechanisms [31]. In our case, dehydrogenation reaction have been more benefited from the irradiation than the dehydration reaction. However, selectivity to H2 under dark conditions is also temperature-dependent as shown in Fig. 37B, so that looking on selectivity aspects cannot provide us clear information whether electron-driven or termalization mechanisms are predominant.

According to literature, apparent activation energy values are lowered through electron-driven processes [31 34] where the combined (dual) excitation is taking advantage of the photonic excitation for allowing the reaction to be conducted through an alternative low-energy transition state, and the thermal excitation to subsequently operate on a new dark-type rate-determining-step. Fig. 43 depicts Arrhenius equation plot graphs of both dehydrogenation (Fig. 43A) and dehydration (Fig. 43B) -driven reaction, no change in apparent activation energy is expected, and the reaction would process under combined excitation through a similar mechanism than that operating in the dark, but not at the bulk temperature. As shown in Fig. 43C, the apparent activation energy for the dehydrogenation reaction decreased from 106 kJ/mol in the dark down to 18 kJ/mol at the highest irradiation of 365 mW/cm 2 , while the same trend was observed for the dehydration reaction, for which the apparent activation energy was reduced from 64.1 kJ/mol in the dark down to 17.3 kJ/mol at 365 mW/cm 2 . While the apparent activation energy for dehydrogenation overcomes strongly that for dehydration in the dark, the increase in the light irradiance strongly reduced this gap, so that the selectivity to H2 significantly enhanced, with values in the 8 40% range in the dark increasing up to the 60 80% range under light depending on the reaction temperature.

If we consider that most of the CO formed resulted from the dehydration activity of the TiO2 support itself, the enhancement of the H2 selectivity upon illumination might result from the occurrence of two fully different mechanisms for the CO and H2 formation, that are in consequence differently enhanced under light. The more pronounced enhancement of the Ru-based pathway over the TiO2-based one, could explain the strong increase in the H2 selectivity upon illumination.

We must stress that the change of the regime into a sublinear regime observed in some conditions (at very light conversion) cannot be used to derive a mechanism change, due to the very high conversions achieved. To sum up, we demonstrated for the first time that a photothermal effect can be used on a Ru(0.5 %)/TiO2 (PA) catalyst to boost the decomposition of gas-phase formic acid into H2 under UV-A photon flux irradiation. Enhanced catalytic formic acid conversion and selectivity to dehydrogenation products were achieved under light and resulted from new possible phenomena induced by the photo excitation. The photon-dependency and the lowering of activation energy values suggest a predominance of electron-driven processes over thermal-driven ones. The occurrence of two different mechanisms for CO and H2 productions (both being enhanced under combined excitation) taking place on two different surfaces (namely the TiO2 support and the Ru nanoparticles, respectively) might explain the positive change in selectivity upon irradiation.

The performances of the Ru(0.5%)/TiO2 (PA) reference catalyst are however suffering from the intrinsic activity of the TiO2 support as dehydration catalyst, further enhanced in photothermal conditions. Therefore, further studies about the catalyst have to be conducted to gain knowledge on the different processes that occur during the dual photo/thermal excitation.

Complementary study on the influence of synthesis aspects.

This complementary (additional) study has been conducted in order to investigate to which extent the catalytic behavior and the photothermal effect are influenced by the surface properties of the catalyst, as both Ru and TiO2 materials that compose the catalyst are photo-sensitive to UV-A light, and exhibited photothermal effects upon irradiation.

The properties of both the Ru nanoparticles and the Ru/TiO2 catalysts can be influenced by the synthesis protocols. For instance, previous studies on Ru/TiO2 catalysts synthesized via the solar lightassisted method demonstrated that the nanoparticle growth was impacted by the light irradiation time, the longer the irradiation time, the larger the particle size [9]. As it has been reported in the case of plasmonic materials, particle size of metal nanoparticles may influence the light absorption properties as photon wavelength range or absorption intensity [35]. Therefore, this section is studying the influence of two synthesis factors on the behavior of the Ru/TiO2 photothermal catalysts and the H2 production under dual photo/thermal excitation, namely the irradiation time used for the photoassisted synthesis, and the preparation method itself.

2.1. Influence of the irradiation time in the light-assisted synthesis of the Ru/TiO2 catalysts.

Ru(0.5%)/TiO2 (PA) catalysts were synthesized as described in Chapter 2 following three different irradiation times, i.e. 1, 2 and 7 h. CO pulses chemisorption demonstrated a lower adsorption of CO on the catalyst prepared with larger irradiation time in comparison to that observed for the reference catalyst prepared for 2 h, as shown in Fig. 44. The calculated dispersion value in the 7 h irradiation time sample is 20 %, largely lower than irradiation time of 2 h (90 %). We know from previous studies conducted in the lab that shorter irradiation times led to smaller-size Ru nanoparticles. Unfortunately, here questionable, as maybe nano-clusters might be preferred ?) makes difficult their characterization via classical techniques, and we can just assume the smallest Ru size for the sample prepared for 1 h vs. 2 h of synthesis. Fig. 44 CO pulses chemisorption tests over Ru (0.5%)/TiO2 (PA) catalysts synthesized by the photo-assisted method with an irradiation time of 2 h (black) and 7 h (red).

Fig. 45 and Fig. 46 depict respectively the H2 and CO production from formic acid decomposition within the 110-150°C temperature range obtained on the three different Ru (0.5)/TiO2 catalysts. It must be said that a photothermal effect was observed for all catalysts, as both H2 and CO produced increased upon irradiation, the effect being all the more pronounced than the irradiation was high. However, it was worth nothing that their behavior differed strongly whether the H2 or the CO production was concerned. Indeed, whatever the temperature and the light irradiance, the same CO production level was obtained for the three Ru/TiO2 catalysts, meaning that the CO production and its enhancement through photothermal effect were not influenced by the size of the Ru nanoparticles. By contrast they were both influenced in the case of the H2 production. This difference is well visualized in Fig. 47 and Fig. 48, in terms of Arrhenius plots for both the H2 and CO productions.

This was in agreement and supported our suggestion that H2 and CO productions (i.e. dehydrogenation and dehydration reactions) might occur through two fully different mechanisms, involving the Ru nanoparticles and the TiO2 support surface, respectively, both being enhanced under light. 

2.2.Influence of the synthesis method : wet impregnation vs. light-assisted method

A wet impregnation method with final thermal reduction under H2 has been used as a classical catalyst preparation method to be compared to the photo-assisted synthesis method for getting knowledge to which extent the surface metal properties can affect to H2 production and the photothermal effect.

Table 3 shows the main properties of the Ru(0.5%)/TiO2 catalysts prepared via both methods. The catalyst prepared by Wet Impregnation (WI) method has a Ru loading of 0.53 wt. %, in agreement with the desired (nominal) value of 0.5 wt.% close to that of 0.46 wt.% obtained through the photo-assisted synthesis method.

TEM pictures, shown in Fig. 49B, reveal a larger Ru particle size with a broader size distribution at the surface of the titanium dioxide compared to the sample prepared by the photo-assisted synthesis method, namely a mean particle size of 1.2 nm vs. 0.6 nm. Fig. 49A depicts the X-ray photon spectra of the catalyst prepared by wet impregnation (C1s and Ru 3d orbital energy range). In comparison to the catalyst prepared following the photo-assisted method, the binding energy of metallic Ru is shifted towards lower binding energy values from 1.2 eV, at 279.2 eV. This downward energy shift of the Ru (0) binding energy observed with respect to the accepted value of 279.9 eV for bulk metallic Ru [36 38], was proposed to result from the existence of metal support interactions, which have been ascribed to a charge transfer in the substrate (support) to the supported nanometer-size metallic particles, as usually observed for TiO2 support after a high-temperature reduction step in H2, notably due to the high mobility of surface titanium atoms. Even if we have no high-resolution microscopy evidence of the partial decoration of Ru nanoparticles by titanium atoms, this metal support interaction could correspond to the well-admitted Strong Metal-Support Interaction, SMSI, effect [39], caused by hightemperature reduction processes during the catalyst preparation. This SMSI effect have been reported for Ru/TiO2 systems, as well as with other noble metals as gold [40 42] and platinum [43 46] , or nonnoble such as cobalt [47 49]. The energy shift strongly depends on the nature of the oxide support and can also be understood from the literature in terms of difference of electronegativity values. In case of systems with a supported metals exhibiting a higher electronegativity than that of the cation (M n+ ) from the metal oxide support (2.2 vs. 1.5, although logically lower than that of the oxygen at 3.5), the supported metal (here Ru) acts as electron acceptor in competition with the surface oxygen atoms, with respect to the titanium cations from the support surface [50].

Table 3 shows that the catalyst exhibits a lower Ru/Ti SAR of 0.017 vs. 0.036 for the catalyst prepared by the photo-assisted synthesis method, in agreement with the larger mean Ru nanoparticle size. Therefore, the high-temperature reduction process generates larger metallic Ru nanoparticles with a broader distribution of the particle size, as well as with a stronger interaction with the TiO2 support in comparison to the photo-assisted method.

Catalyst synthesis method wt. % Ru In regards to the photo-thermal catalytic decomposition, there is a wide difference between the two catalysts. Fig. 50A,B and Fig. 50C,D depict the H2 and CO productions over both Ru(0.5%)/TiO2 catalysts.

In dark conditions, the WI catalyst exhibited performances overcoming those obtained on the catalyst prepared via the photo-assisted method, for both the H2 and CO production levels. For instance, H2 values of 16 mmolH2 g -1 h -1 are obtained at 150°C with the WI catalyst versus less than 1 mmolH2 g -1 h -1 in the absence of UV-A light irradiation on the PA catalyst, respectively. More investigation are necessary to determine if this relates more to a Ru size effect or to a change of the electronic properties of Ru nanoparticles due to the interaction with the TiO2 support. This was not the aim of this short study. However, it was noteworthy that the catalyst prepared by the WI method also benefited from a photothermal effect for boosting its catalytic performances in the FA decomposition, similarly to the case of the Ru(0.5 %)/TiO2 (PA) reference catalyst.

The Arrhenius plots and the associated activation energy graphs shown in Fig. 51 are evidencing that both catalysts seem to follow the same behaviour:

-first, in dark conditions, a higher activation energy for the dehydrogenation reaction vs. that of the dehydration reaction that favours the formation of CO and led to a low selectivity to H2. -a gradual decrease in activation energy for both reactions upon irradiation, being more pronounced in the case of the dehydrogenation reaction, so that the selectivity to H2 was enhanced with the increase of the light irradiance.

It was noted in Fig. 50E,F that the Ru/TiO2 (WI) catalyst allowed a higher selectivity to H2 to be obtained in the dark in comparison to the Ru/TiO2 (PA) counterpart. By contrast the selectivity enhancement upon illumination was more pronounced for the Ru/TiO2 (PA) catalyst, and strongly higher selectivities were achieved for temperatures as high as 170°C-190°C. This is in particular interesting for an application of the FA decomposition such as for use as internal hydrogen carrier, although a slightly lower activity was observed. The reasons of that behaviour still need to be investigated, but are probably related to the role of the Ru-TiO2 interface in the electronic properties of the Ru nanoparticles and/or to a size effect, with different behaviour in terms of photothermal effect. Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 51 Arrhenius plot for H2 production (A) and CO production (B) on the Ru (0.5 %)/TiO2 (WI) catalyst with the apparent activation energies of both reactions as function of the light irradiance (C).

Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Influence of the ruthenium loading

Following the works reported in the previous section, here is reported a short study conducted in order to investigate to which extent the catalytic behavior and the photothermal effect are influenced by the Ru loading, taking the photo-assisted synthesis as reference method for elaborating the catalyst. TiO2 supported ruthenium catalysts with different loadings within the 0-1 wt. % range were synthesized by the photo-assisted method with a similar irradiation duration of 2 h. Chemical analysis values demonstrated a Ru loading similar to the desired (nominal) value for each catalyst, shown in Table 4. Fig. 53A, C, E depicts the Ru 3d and C 1s region spectra in XPS for the 0.25, 0.5 and 1 wt.% Ru/TiO2 catalysts, respectively. The Ru 3d peaks intensity is commonly related to the metal concentration at the support surface and the nanoparticle dispersion (nanoparticle size). No significant difference was observed in terms of binding energy for the Ru 3d5/2-Ru 3d3/2 orbital doublet contributions, as metallic Ru 0 species and its surface oxidized Ru form. The spectra differ in terms of Ru/Ti surface atomic ratios (i.e. relative peak intensities). Ru/Ti surface atomic ratios of 0.011, 0.036 and 0.022 were obtained for Ru contents of 0.25%, 0.5% and 1%, respectively. In regards of Ru nanoparticle size, TEM images (Fig. 34 and Fig. 52) and the corresponding size histograms show mean nanoparticle diameter size of 0.6 nm, 0.6 nm and 0.8 nm, respectively (Fig. 53B, D and F). Both characterization data are in good agreement. In addition, it was possible to observe the metallic Ru (101) planes on the 1% Ru/P25 catalyst. This supports that, even a higher Ru concentration, the photo-assisted method is an efficient method to synthesize metallic Ru nanoparticles over TiO2. wt. % Ru Fig. 54 and Fig. 55 depict the light irradiance dependency of both H2 and CO productions from formic acid decomposition over the three different catalysts at 25, 110, 130 and 150°C. As noticed before, no H2 production was detected over bare TiO2 that acts only as dehydration catalyst whatever the temperature, CO being the main product and with a significant photothermal effect on the CO production level upon illumination. At the low temperatures studied here, no H2 production was obtained in the dark regardless of the Ru content.

By contrast, for instance, a catalytic H2 production rate of 11.1, 23.8 and 20.3 mmolH2 g -1 h -1 was measured on the catalysts with 0.25%, 0.5% and 1 wt. % Ru, respectively, at 110°C with a 365 mW/cm² irradiance. Increasing the Ru content with a mean particle size of 0.6 nm for both 0.25% and 0.5% Ru content, allowed to evidence a strong enhancement of the H2 production level under light. The use of a higher Ru content of 1% led to an increase in the particle size to 0.8 nm, but did not allow for a further photothermal enhancement of the H2 production. In first assumption, the similar binding energy of the metallic Ru 0 species at the surface obtained for the three Ru-based catalysts led to consider the catalytic behavior in terms of number of surface Ru sites exposed at the surface. For the 1% Ru catalyst, we can suggest that the increase in the number of surface Ru sites resulting from the increased Ru loading, might be compensated by its reduction due to the increase in the mean nanoparticle size.

Obviously we cannot fully ruled out the occurrence of a lower intensity electron-driven photothermal effect when increasing the Ru nanoparticle size from 0.6 nm to 0.8 nm.

As far as the CO production was concerned, a similar photothermal enhancement was observed at the four temperatures studied for the three Ru-based catalysts, independently of the Ru content and of the Ru nanoparticle size. This is in agreement with the hypothesis that the CO formation resulted mostly (only) from the catalytic activity of the TiO2 support itself, that is enhanced under light through a specific mechanism.

Superlinear (or linear) regimes were identified for the photon-dependency curves independently of the Ru loading and the reaction temperature, indicating the predominance of electron-driven processes in the photothermal enhancement of the formic acid decomposition at those temperatures. This correlated well with the Arrhenius plots shown in Fig. 56, with a decrease in the apparent activation energies for both H2 and CO productions. 

In-situ DRIFTS study of the formic acid decomposition on Ru/TiO2 photothermal catalysts

In situ diffuse reflectance infrared Fourier-transform spectroscopy is a useful technique to determine the presence and adsorption of organic species at the catalytic surface under operating (working) conditions. UV-A photonic irradiation can induce electron-driven processes that can affect the mechanism by, for example, the generation of new intermediates species. Therefore, the use of Fourier-transform infrared spectroscopy to analyze the catalytic surface during the formic acid decomposition (with preliminary tests on bare TiO2) may provide useful information about the species adsorbed at illuminating and dark conditions.

This section is divided into three parts. First part is focused on the adsorption of the formic acid at the surface of bare titania. Second, the thermal and photothermal decompositions of formic acid over TiO2 P25 are studied. Third, the thermal and photothermal decompositions of formic acid are investigated on the Ru(0.5%)/TiO2 (PA) catalyst.

4.1. Formic acid adsorption over bare TiO2 (P25): gaseous and adsorbed species.

Main absorption bands recorded during the in-situ DRIFTS analysis of FA adsorption over bare TiO2 (P25), with the wavenumbers, the respective vibrational modes and the assigned species according to the literature are collected in Table 5. Fig. 57 depicts the formic acid adsorption over the bare TiO2 material. At early adsorption time over TiO2, three bands at 1684 cm -1 , 1552 cm -1 and 1375 cm -1 are evidenced and assigned to (CO) in molecularly adsorbed (MA) HCOOH, and a(OCO) and a(OCO) in bidentate formate species, HCOOad, respectively [30,51 53]. This indicates how the formic acid is adsorbed at first contact with the titania surface. Spectra baseline is slightly shifted to higher absorbance values until formic acid signal is stable. Beside the increase in absorbance of the bands assigned to MA and bidentate formate at longer adsorption time, bands around 1740 cm -1 and 1215 cm -1 considerably increased in absorbance in the corresponding spectra, related to gaseous dimeric formic acid in the IR chamber [54]. Bands at 1389 cm -1 and 1339 cm -1 can be assigned to the vibrational gas-phase and molecularly adsorbed (MA) formic acid, respectively [52]. Another vibrational mode of monomer gas-phase formic acid has been reported at 1788 cm -1 [55], associated to (CO), indicating a dimeric and monomer equilibrium gas-phase formic acid species. The shift of the v(C=O) band from 1788 to 1684 cm -1 when the formic acid is molecularly bonded to TiO 2 surface can be related to a strong interaction between the O atom from the C=O bond and the protons adsorbed at the O2c centers on the TiO2 lattice. These protons were formed after the formic acid dissociation into bidentate formate [30].

Then, we can conclude that the gas phase is a mixture of both monomer and dimer forms of formic acid. In contact with bare TiO2 surface, formic acid is adsorbed as MA or as bidentate formate. In Fig. 58 it is shown the steps of formic acid adsorption from gas phase to bidentate formate, molecularly adsorbed formic acid being considered both not only as adsorbate species and as intermediate species towards the formation of bidentate formate. [30, 51 53] 1339 MA formic acid (CH) [52] 1215 Dimer formic acid (C-O) [54] Table 5 Main absorption bands recorded during the in-situ DRIFTS analysis of FA adsorption over bare TiO2 (P25), with the wavenumbers, the respective vibrational modes and the assigned species according to the literature. 

Formic acid decomposition over bare TiO2 (P25)

In this part of the study, the spectrum that was recorded with stabilized infrared bands at long time of adsorption at 25°C in the dark (Fig. 57) is used as reference (absorbance=0). From now, the DRIFTS spectra shown in this part of the chapter are differential spectra, namely the spectra recorded at a specific reaction condition subtracted from this reference spectrum. Then, concave curves (absorbance >0) in the spectra correspond to an increase of the population of the related species, and convex curves (absorbance< 0) are associated to a decrease of that population.

First, at dark conditions, Fig. 59A depicts differential FTIR spectra recorded from room temperature to 350°C during the thermal degradation of formic acid. With the temperature ramp, a slight baseline shift to lower absorbance values was observed, so that curves have been adjusted with a baseline correction in the flat 1800-1900 cm -1 region. With the temperature ramp it is possible to appreciate changes in the gas phase equilibrium between dimer and monomer formic acid at low-mild temperatures conditions. With the temperature increase, the bands associated to dimer formic acid (1743 and 1736 cm -1 ) decreased in intensity meanwhile those assigned to the gaseous monomer (1790 and 1774 cm -1 ) increased until reaching maximum absorbance values around 180°C. Above this temperature, both dimer and monomer bands have similar decreasing trend in absorbance. This difference in the equilibrium can be associated to a thermal dissociation of dimer to monomer formic acid in gas phase and/or at the titania surface. The band assigned to the v(C=O) stretching of molecularly adsorbed formic acid at 1684 cm -1 was observable until high temperatures where the FA conversion reach maximum values, however with difficulty to estimate the evolution as being only a shoulder from the main peak.

The differential spectra show as well the emergence of a broad band (1500-1600 cm -1 ) with maximum absorbance around 1524 cm -1 at temperatures above 150-180°C, as also well visualized in the temperature mapping graph of Fig. 59B. This can be assigned to bidentate formates on TiO2, some authors suggesting even a specific adsorption on the rutile [START_REF] Li | Effective bulk and surface temperatures of the catalyst bed of FT-IR cells used for in situ and operando studies[END_REF] phase at that wavenumber [56,57]. The slight increase in intensity at 1352 cm -1 might also be attributed to bidentate formates, however to a lesser extent, so that it is less visible on the temperature mapping. The mapping shows as well an absorbance decrease around 1395 cm -1 , that might correspond to other adsorption modes of formates being temperature-dependent. According to literature, a change in formate bond configuration at the catalyst or support surface can cause significant shift in wavenumbers, without providing more accurate details [51,58]. This remained questionable, as in addition, we have to contemplate the influence of the gas phase formic acid consumption in this region of the spectra, as a band at 1389 cm - 1 can be assigned to this species.

More remarkable is the evidence in Fig. 59C of the presence of two bands at 2177 and 2120 cm -1 that correspond to physisorbed CO at the titania surface. CO bands absorbance values increased with increasing the temperature as shown in the temperature map of Fig. 59D, raising the maximum absorbance values at 350°C. Furthermore, no bands were recorded at 2400-2250 cm -1 , which points out the absence of CO2 production, being the formic acid decomposition completely selective to dehydration products as it was observed and monitored by chromatography in the previous sections. Second, under light irradiation, Fig. 60A depicts the differential DRIFT spectra of the formic acid decomposition on bare TiO2 under UV-A light irradiation (i.e. subtracted from the reference spectrum obtained in the dark after long adsorption time). Upon irradiation, a slight baseline shift to lower absorbance values was observed, so that curves have been adjusted with a baseline correction in the flat 1800-1900 cm -1 region. Under light a strong decrease in the main dimer formic acid band was observed with a simultaneous small increase in the intensity of the monomer formic acid band. The shoulder at 1683 cm -1 was observed whatever the irradiation time, with no significant intensity change in the molecularly adsorbed formic acid.

Similar temperature values have been set as in the experiments of pure thermal catalytic decomposition of formic acid. With the temperature ramp, a slight baseline shift to lower absorbance values was observed, so that curves in Fig. 60B have been also adjusted with a baseline correction in the flat 1800-1900 cm -1 region. Similar spectra patterns were observed in the 1900-1300 cm -1 region in comparison to dark conditions (Fig. 59A).

Remarkable, is the evolution under light at different temperatures of the CO bands located in the 2250-2050 cm -1 range during the formic acid decomposition, as shown in Fig. 60C. In comparison to dark conditions (Fig. 59C,D), higher intensity CO bands were observed for a similar reaction temperature upon the UV-A photon flux irradiation as visualized in Fig. 60D, that compares the band absorbances at 2177 cm -1 of wavenumber recorded during both experiments. The CO band absorbance was higher in photothermal conditions than in thermal conditions until temperatures of ca. 320-350°C at which the formic acid conversion was completed. Similarly to dark conditions, no bands associated to CO2 were observed in the appropriate region, confirming the high selectivity of the reaction toward dehydration at the surface of the bare TiO2 material. Finally, in-situ DRIFTS study of the photo-thermal formic acid decomposition on the Ru(0.5%)/TiO2 (PA) catalyst was conducted. Infrared spectra were recorded at 110°C, 130°C and 150°C after 30 min of stabilization with and without UV-A light irradiation (ca. 365 mW/cm²). Fig. 61A depicts the differential spectra in the wavenumber range of 1900-1300 cm -1 , by subtracting the reference spectrum (after 30 min of FA/Ar flow at 25°C in dark conditions) from the obtained spectra recorded in specific reaction conditions. At dark conditions, the convex envelope with bands assigned to monomer formic acid (1790 cm -1 , 1774 cm -1 ) was visible at each temperature, like the concave peaks associated to the dimer (1740 cm -1 ), with the shoulder at lower wavenumber being molecularly adsorbed formic acid.

Under light, both the monomer and dimer FA bands decreased in absorbance, what can indicate a strong consumption of both monomer and dimer formic acid simultaneously. This behaviour was previously observed with bare TiO2 as (dehydration) photothermal catalyst at high temperatures where CO bands were visible. Possible changes in the wavenumber region corresponding to adsorbed formates in bidentate or monodentate configurations were not clearly evidenced [57].

Remarkable is the possibility, by comparing both dark and light conditions, to discriminate and group bands depending on the conditions where they emerged. Bands that only appear at illuminating conditions (whatever the reaction temperature) are named as (highlighted in blue) and the bands that appear with the temperature increase named as (highlighted in red). When the temperature is high enough, thermal bands are already visible in the dark, and their intensity is enhanced under light. Fig. 61B shows physisorbed CO2 bands in the 2356-2332 cm -1 interval that appear in light irradiation conditions exclusively. By contrast no CO band associated to CO physisorbed on TiO2 was observed at 2177 cm -1 under light, what reflects the improvement of the H2 selectivity in photo-thermal conditions, as well as a possible preferential adsorption at the Ru-TiO2 interface. Indeed, Ru-CO bands have been observed for both photo-thermal and thermal conditions in the range of 2150-1950 cm -1 , obtaining higher absorbance values at illuminating conditions. observed for CO.

The temperature affects directly the absorbance values of

Ru-CO bands. For instance, no Ru-CO bands are reported at 110°C in dark conditions but the temperature increase allows to observe Ru-CO bands at 2085 cm -1 , assigned to linear Ru n+ -CO, and 2005 cm -1 . This second band is composed of overlapped bands at 2020 cm -1 and 1984 cm -1 shoulder, which can be assigned to dicarbonyl CO species on Ru actives sites and to linearly-adsorbed CO on defects sites or on Ru 0 surrounded by partially oxidized Ru [4,59]. 2053 cm -1 and 1950 cm -1 . According to literature [4,60], the band at 2053 cm -1 , which is the most intense under irradiation, can be assigned to linear Ru 0 -CO bands. Other bands assigned to bridgebonded CO Ru2-(CO) or TiO2(Ru)-(CO) and Tricarbonyl CO species on Ru n+ , [Ru n+ (CO)3, n=1-3] appeared during illuminating conditions at 1950 cm -1 and 2138 cm -1 , respectively. The presence of these bands only at illuminating conditions can be related to electron-driven mechanisms where the electron transfer from ruthenium to carbonyl adsorbed at the metallic surface triggers the adsorbate conversion into the dehydrogenation products. An electron transfer back from the adsorbate LUMO to the metal can let remaining energy in the adsorbate that can be used to overcome the energy reaction barrier.

In addition, this back-transfer to the metal can induce electron-electron scattering at the surface, inducing the thermalization process that locally increases the temperature in the surrounding media activating the rest of different Ru-CO bonds in the metal/adsorbate interface. This thermalization effect can also occur by the promotion of hot carriers at metal surface by light irradiation that do not migrate to the LUMO of the adsorbate. Then, these hot carriers recombine converting this absorbed energy to local temperature incre absence. In addition, it is possible to appreciate an increase of absorbance of these Ru-CO bands at high--CO bands absorbance values between dark and illuminating conditions can be a fingerprint of higher temperature over metal surface than overall temperature in the cell by the thermalization effect.

Then, electrons that migrates to the LUMO adsorbate and they are transferred back and the electrons that remain in the metal participates into the mechanisms for the local temperature increase, which ght irradiation.

The observation of both the soelectron-driven and thermalization mechanisms in the case of the Ru(0.5%)/TiO2 (PA) catalyst. 

Conclusions and further aspects

In conclusion, Ru/TiO2 systems demonstrated to be effective photothermal catalysts for the FA decomposition. The combined (dual) photonic/thermal excitation in a one-pot operation was proved to boost the catalytic decomposition of gaseous FA, the H2 production rates and the selectivity towards dehydrogenation. This enhanced performances allowed further to lower the reaction temperature. Particular focus was made on the Ru(0.5 %)/TiO2 (PA) catalyst, but photothermal enhancement was observed independently of the preparation method, of the metal content, as well as of the Ru nanoparticle size and the metal-support interaction. However, those chemical and surface properties influenced the intensity of the photothermal enhancement.

However, not only H2 production but also CO production has been benefited from the synergistic photothermal effect, lowering the activation energy similarly as the dehydrogenation reaction via light-assisted processes. Studies of FA decomposition over different supported Ru catalysts provided insight on the role and predominance of the TiO2 support itself as dehydrating surface limiting intrinsically the performances of the photothermal catalysts. It was proposed that two different mechanisms occurred for H2 and CO productions on the Ru nanoparticles and the dehydrating TiO2 surface, respectively, both being enhanced upon irradiation, explaining the improvement of the H2 selectivity.

Different methodologies have been used to get knowledge on the possible electron-driven and thermal-driven processes during FA conversion, such as photon-dependency experiments, apparent activation energy determination at different light irradiances or in situ DRIFT spectroscopy.

Photon-dependency experiments and apparent activation energy determination at different light irradiances supported the hypothesis of dominant electron-driven processes during the formic acid conversion. In situ DRIFT spectroscopy of FA adsorption and decomposition at the catalyst surface evidenced the photothermal enhancement of the catalytic dehydrating activity of the bare TiO2 support. On Ru/TiO2 catalysts, the evidence of CO (on Ru) and CO2 bands appearing only upon irradiation and CO bands enhanced under light but already observed in the dark, suggested the occurrence of both electron-driven and thermal-driven mechanisms. However, relative quantification of both kinds of processes could not be conducted. We suggested in consequence the co-existence of both processes, with the predominance of electron-driven mechanisms.

Considering the intrinsic limitation of the (dehydrating) TiO2 surface, next chapter 4 will be devoted to the study of alternative materials to be used as supports for Ru nanoparticles.

CHAPTER 4: Influence of the support in photothermal catalysts for FA decomposition Introduction

Following the first demonstration of a beneficial dual thermal/photo excitation of Ru/TiO2 catalysts for the hydrogen production via formic acid decomposition, but also the intrinsic limitation resulting from the dehydration activity of the TiO2 semiconductor support itself, this chapter investigates to which extent the behavior of photothermal catalysts can be modified depending on the support used. To this end, this chapter is devoted to Ru/g-C3N4 (graphitic carbon nitride) and Ru/SiO2 (fumed silicon dioxide) catalysts, in comparison to the Ru/TiO2 reference catalysts from chapter 3.

g-C3N4 has been selected as it is a semiconductor material like TiO2, but with a narrower band gap of 2.7 e.V., that can have promising application under solar irradiation. Being not a metal oxide support and strongly differing from TiO2 in terms of surface properties, it may solve the intrinsic drawback of the use of the dehydrating TiO2 support. For comparison, SiO2 has being selected as support as it is a bulk metal oxide support like TiO2, but that displays insulating properties. In consequence, as it cannot be activated by the incident UV-A photons, it allows for the study of the unique interaction between the UV-A photons and the supported ruthenium nanoparticles.

Both Ru/SiO2 and Ru/g-C3N4 catalysts have been tested in the same conditions as the Ru/TiO2 reference systems in the previous chapter for the formic acid decomposition, as a function of the light irradiance at different reaction temperatures. Like in chapter 3, DRIFTS has been used to characterize in-situ the FA decomposition and the H2 production at the catalyst surface in photothermal conditions.

This chapter is divided into 6 sections. The two first sections are devoted to the main physico-chemical characterization of the supports and of the Ru/SiO2 and Ru/g-C3N4 catalysts, in comparison to the Ru/TiO2 reference system. To have a suited understanding of the properties of the bare supports and of the ruthenium based catalysts that have been used for FA decomposition, characterization techniques such as e.g. BET, XRD, XPS, TPR and TEM are employed, as well as NH3-TPD and CO2-TPD techniques (gas adsorption) to get knowledge on the acidity and basicity of the catalyst surface. The photothermal catalytic properties of the different catalysts for the formic acid decomposition are shown in the following third section, while the fourth section is devoted to the in-situ DRIFT spectroscopy study.

1. The bare supports: g-C3N4, TiO2 and SiO2

Aeroxide TiO2 P25 (Evonik) and SiO2 (Sigma-Aldrich, >99.98%).) were used as received. Graphitic carbon nitride was synthesized via melamine decomposition followed by a thermal exfoliation at 550°C for 4 h, as described in the Chapter 2. Fig. 62A and Fig. 62B show the X-ray diffractograms and the N2 sorption isotherms recorded for the three supports. Obviously, the pattern for the TiO2 P25 support shows the presence of both anatase and rutile phases, with reflexes indexed in the I41/amd and P42/mnm tetragonal unit cells of anatase and rutile TiO2, respectively (21-1272 and 21-1276 JCPDS files, respectively). As expected, the pattern obtained for SiO2 exhibits a very broad diffraction peak located at 22.5°, characteristic of a disordered silica support and with small size particles. As regards of g-C3N4, two main diffraction peaks were identified. The highest intensity peak at 28.0° corresponds to the (002) plane (87-1526 JCPDS) with a d-spacing of 0.319 nm, currently described as the interplanar distance between sheets. The secondary-order peak at 13.1° is ascribed to the (100) reflection, with a d-spacing of 0.675 nm, corresponding to in-plane diffraction (intralayer d-spacing) [1 3]. Fig. 62B reveals the usual aspect of the N2 adsorption/desorption isotherms and of the associated hysteresis form for the three support materials, in agreement with the relative values of specific surface area, SSA. g-C3N4, TiO2 and SiO2 displayed specific surface area of 84 m²/g, 57m²/g and 322 m²/g, respectively. In addition, the surface area from BET model was compared with that of the t-plot external surface area model. It confirmed the non-microporous nature of the TiO2 support. As regards of g-C3N4 and SiO2, the comparison showed that the supports might contain a minority fraction of micropores (ca. 10% of the surface area), that however remained difficult to estimate due to the accuracy of the models. 2. Synthesis and characterization of Ru/g-C3N4 and Ru/SiO2 catalysts.

2.1. Ru/g-C3N4 catalysts.

UV-Vis photospectrometry was used for monitoring the photoassisted synthesis of the Ru/g-C3N4 catalysts, using the time-evolution of the absorbance of the ruthenium precursor in the g-C3N4 methanolic aqueous suspension, as shown in Fig. 2A. After the adsorption step in the dark at the modified pH of 8 (same protocol than for the photoassisted synthesis on the TiO2 support), 60% of the Ru precursor was adsorbed at the surface of the g-C3N4 support. Almost complete disappearance of the Ru precursor (main peak at 324 nm) was observed upon UV-A illumination of the g-C3N4 support suspension for a photoirradiation time of 2 h. The higher charge carrier recombination rate of g-C3N4 compared to TiO2 P25 under UV-A light is proposed to explain the lower rate of disappearance of the Ru precursor in the suspension, as less photo-induced electrons are available to participate in the reduction step of the Ru cations adsorbed at the surface of the semiconductor support.

A content of 0.6 wt.% Ru was determined by ICP-OES, in good agreement with the nominal targeted value of 0.5 wt.% Ru. Fig. 63B and Fig. 63D show TEM images of the Ru/g-C3N4 material where welldispersed ruthenium nanoparticles are observable on the surface of the semiconductor. No formation of aggregates was observed. Statistical analysis of the Ru nanoparticle diameter (size) is shown Fig. 63C, with a mean particle size of 1.6 nm 0.7 nm, being slightly larger than that of the Ru/TiO2 reference catalyst, and with a broader particle size distribution. Interplanar spacing in the dispersed ruthenium nanoparticles was observable in Fig. 63F with values of 0.21 nm that corresponds to the (101) planes of metallic Ru. This confirmed the efficiency of the photoassisted synthesis to form metallic Ru nanoparticles in the case of the Ru/g-C3N4 materials.

Fig. 63E depicts the X-Ray Photoelectron spectrum in the C 1s and Ru 3d orbital energy range. Two doublet contributions were evidenced at 280.8 and 282.2 eV with a 4.1 eV spin orbit splitting constant, corresponding to Ru 3d5/2-Ru 3d3/2 orbital doublet contributions, assigned to Ru 0 and Ru species, respectively. At higher binding energies is possible to observe the adventitious carbon peak (284.6 eV) and the main core level peak at 287.6 eV. that corresponds to sp² carbon (C-(N)3) from the tri-s-triazine rings, in agreement with the literature [1,4,5].

Metallic ruthenium peaks were shifted to higher binding energy values in comparison to the Ru(0.5%)/TiO2 (PA)catalyst (280.4 eV). Ru/C surface atomic ratio (calculated from the Ru 3d orbitals and the C1s orbital contribution associated to the sp² carbon (C-(N)3) from g-C3N4) was calculated at 0.044. The catalyst surface displayed a lower Ru 0 /Ru + ratio compared to the Ru/TiO2 (PA) counterpart catalyst, at 54:46, vs. 79:21. This can be seen as resulting from the larger Ru nanoparticle size compared to the sub-nanometric ones for the Ru/TiO2 (PA) reference, taking into account the analysis depth for those kinds of samples. Therefore, oxidized Ru species could be present, for example, as amorphous particles on the surface or as isolated atoms in the g-C3N4 lattice.

Table 6 shown in the next section summarizes the main properties described here for the three Rubased catalysts investigated. Obviously, no change in the XRD patterns was observed for the three catalysts in comparison to those of the bare supports, due to the small size of the nanoparticles and the very low loading. ). E) X-ray photoelectron spectrum of the C 1s + Ru 3d orbitals where red, green and black lines are related to Ru 0 , Ru + and carbon species, respectively. C 1s contributions correspond to both adventious carbon at 284.6 eV and that from the g-C3N4 surface at 287.6 eV.

Ru/SiO2 catalysts.

Ru nanoparticles were synthesized at the surface of the SiO2 support by the wet impregnation method with an external H2 gas flow at 500°C. A content of 0.5 wt.% Ru was determined by ICP-OES, in agreement with the nominal targeted value of 0.5 wt.% Ru. TEM pictures in Fig3A and 3C show spherical well-dispersed ruthenium particles at the silica surface. Compared to the Ru/TiO2 synthesized via wet impregnation with similar H2 treatment at 500°C, a higher mean particle size was observed for the Ru/SiO2 catalyst with a mean diameter value of 1.7 nm 0.7 nm. Fig. 64B depicts the X-Ray photoelectron spectrum in the Ru 3d + C1s orbital energy range. Ru 0 and Ru + peaks are located at 280.3 eV and 281.7 eV, respectively. Ru/Si surface atomic ratio (calculated from Ru 3d and Si 2p orbital signals) was calculated at 0.022, while a Ru 0 /Ru + ratio of 52:48 was obtained. Ru nanoparticle size and distribution analysis derived from TEM was in agreement with the CO-pulses chemisorption study, that estimated the dispersion of ruthenium at the surface of the supports.

Results confirmed the better dispersion of Ru nanoparticles on TiO2 than over g-C3N4 and SiO2, with calculated values of dispersion of 90 %, 28.7 % and 20.8 %, respectively, as shown in Table 6, in agreement with the mean particle size derived from electron microscopy, considering the accuracy of the measurements. Catalyst Dispersion (%) 1 Mean particle size (nm) UV-Vis reflectance spectrophotometry was performed for the bare supports and the Ru-based catalysts, as shown in Fig. 66. Ruthenium nanoparticles are reported be a light-sensitive material that can absorbs photon from the IR [6] and visible light [7,8] to the UV [9].

Fig. 66 UV-Vis spectra of the bare TiO2 and g-C3N4 supports, and of both Ru/TiO2 and Ru/g-C3N4 catalysts.

Additional complementary characterization

For obtaining more information about the ruthenium state at the support surface, temperatureprogramed reduction, TPR, experiments have been further carried out. Fig. 67 depicts the TCD signal recorded during the TPR experiments performed on the Ru/TiO2, Ru/SiO2 and Ru/g-C3N4 catalysts after an in-situ oxidation pre-treatment at 200°C under air. Such a pre-treatment was necessary for cleaning (as much as possible) the surface from residual atmospheric CO2, as Ru can catalyse the CO2 methanation in the TPR conditions, without altering too much the surface properties (except its oxidation). The increase of the TCD signal corresponds to the consumption of H2 from the H2/Ar gas flow. In pre-oxidized Ru/TiO2, ruthenium oxide particles are clearly reduced at 125-200°C with a maximum TCD signal at 157°C. In the case of the Ru/g-C3N4 systems, a broad band was observed, that resulted from the reduction of the ruthenium oxide nanoparticles and the progressive degradation of the g-C3N4 supports with release of CH4 that started already at low temperature (ca. 150°C), although a peak maximum was observed around 350°C. In the case of the Ru/SiO2 catalyst, the reduction occurred at 80-175°C with a peak maximum at 120°C, at slightly lower values than for Ru/TiO2. Generally, the nanoparticle reduction temperature is influenced by the metal size and the interaction with the support [10]. As a smaller ruthenium particle size was determined by electron microscopy in the Ru/TiO2 (PA) catalysts (see Chapter 3), this might suggest a stronger interaction between the TiO2 support and the metal, that will cause a higher reduction temperature [11]. For instance, we know that this shift to higher reduction temperature is favored on titania supports containing the rutile phase vs. pure anatase-based supports. So, even a slight oxidative treatment at the temperature of 200°C might a priori not only influence in the chemical state of the Ru species but also the metal/support interface. This was confirmed by performing TPR analysis on Ru/TiO2 (PA) sample with a pretreatment at 100°C as shown in Fig. 68, as well as XPS analysis (see below). Effectively, the reduction temperature was shifted to lower temperatures with a maximum intensity peak at 95°C, which supports the hypothesis of an increase in the support-metal interaction during the oxidative pre-treatment for the TiO2 support. At higher temperatures, additional peaks were found in the 250-370°C range. These peaks were attributed to the conversion of residual CO2 non-removed from the surface into methane as shown in Fig. 68B. In addition, the surface chemical state of the ruthenium species was followed by X-Ray photon spectroscopy, which verified changes in the ruthenium 3d. In Table 7 is possible to find the Ru:Ru + ratio and the Ru 0 3d5/2 orbital binding energy values for the Ru(0.5%)/TiO2 (PA) catalyst after a series of treatments (in-situ oxidative pre-treatment at 100°C and 200°C, and after the TPR analysis of the sample pre-treated at 200°C). It must be said that the binding energy of the Ru 3d5/2 orbital for the Ru 0 contribution was shifted to lower values, from 280.6 eV to 280.1 eV, with the increase of the pre-treatment temperature (the Ru:Ru + ratio also logically slightly decreased after the oxidative pretreatment at 200°C). The binding energy decreased further down to 279.7 eV after the TPR analysis (till 500°C), as a result of the subsequent increase in the temperature-driven interaction with the support surface. 

Sample

CO2-TPD and NH3-TPD experiments

Among the gases that are commonly used for surface adsorption, CO2 is an amphoteric molecule used to analyse the basicity of metal oxides, but that also could be used for surface acidity of titania [12] as their oxygen atoms are weakly basic and the carbon is acidic. On metal oxides, CO2 can act as acid compound if the carbon interacts with the oxygen atom on the surface to produce bonds. In addition, this carbon can be bonded to the surface generating M-C bonds that are favourable when the metal acts as a basic Lewis site and it provides electron to the carbon of CO2 (acidic site). CO2 can also act as a basic species if the oxygen atoms (one or two) bonds the metal sites producing monodentate and bidentate species.

For evaluating the basic Lewis sites on the surfaces and to which extent the ruthenium presence affects them, CO2-TPD experiments were carried out. The CO2 desorption graphs are depicted in Fig. 69, for bare supports and the Ru-based catalysts. In regards of g-C3N4-based systems, no significant differences were observed between the support and the catalyst. Bare g-C3N4 and the Ru/g-C3N4 catalyst desorbed CO2 at the same temperature, namely 142°C as shown in Fig. 69A. In both cases, at higher temperature, the MS signal m/z = 44 might not result only from CO2 desorption, but also from the possible thermal decomposition of the surface of the graphitic carbon nitride. Therefore, only the CO2 desorbed at 142°C is considered. According to literature, CO2 can be adsorbed on the basic sites of the g-C3N4 such as -N-C six-membered rings, and at the surface edges on the groups -NH2 [13]. The slight differences observed (tail at higher temperatures, slight lowtemperature shift) might suggest that the ruthenium species might act as catalyst for degrading the support. So, in the Ru/g-C3N4 catalyst, the basicity is directly provided by the support itself and the creation of interfaces with Ru does not create any new surface basicity.

For SiO2 and TiO2-based systems, the difference in basicity for the surface is more evident when it contains Ru particles. For instance, Ru/SiO2 improved the CO2 adsorption, which is observable from lower to higher temperatures ranges. Higher CO2 desorption temperatures corresponded to stronger bonds between CO2 and the surfaces. As soon as the strength of the bond is related to the basicity of the surface sites, higher CO2 desorption temperatures are linked to the presence of stronger basic sites at the catalyst surface [14 16]. Ru/SiO2 presented stronger interaction with CO2 than bare SiO2 material, which did not adsorb a significant quantity of CO2 as shown in Fig. 69B. Beside the desorption peak at 120°C that can be assigned to CO2 adsorbed on the SiO2 surface, the two main desorption peaks at 400°C and 650°C corresponded to mild and strong basicity sites at the catalytic surface [17]. This enhancement can be attributed to the adsorption of CO2 on the ruthenium metal surfaces and/or at the Ru-support interfaces. Zagli and Falconer suggested that the activated ruthenium surface can dissociate CO2 into CO and O [17]. However, this dissociation can be reversible, with the oxidation of the carbon monoxide species to CO2 and desorption from the catalyst surface. Similarly to Ru/SiO2, Fig 8C depicts the CO2 desorption on Ru/TiO2 and TiO2, where the Ru presence enhances the CO2 adsorption. In contrary to SiO2, TiO2 has been reported as a metal oxide that bonds to CO2 onto the surface as this molecule can interact with both acidic and basic centers [18]. The peak observed at ca. 150°C corresponds to linearly-physisorbed CO2 at the catalyst surface. When ruthenium nanoparticles are synthesized on the support surface, two high-intensity CO2 desorption peaks appeared at 370°C and 620°C, with a larger amount of CO2 is adsorbed after the Ru deposition, also associated to stronger basic centers.

To sum up, the metal surface (including the metal-support interface) is suggested to enhance the CO2 adsorption, where the CO2 is preferentially adsorbed with stronger bonds than on the bare support surface for Ru/SiO2 and Ru/TiO2. This enhancement is not visible for the Ru/g-C3N4 material, for which the bare support surface is already basic for CO2 adsorption. Fig. 71 depicts the ammonia desorption from Ru/SiO2 by TCD and mass spectrometry. In this case, the influence of the surface hydroxide condensation with release of water (m/z=18) is strongly visible in the TCD signal. This difference with the Ru/TiO2 can be related to the higher specific surface area of the material and hence the higher concentration of surface hydroxide species. However, the desorption peak at 200°C detected by TCD correlates with the m/z=17 peak, with a higher intensity than the parent m/z=18 in that temperature range, so that it can be attributed to ammonia desorption. In addition, the intensity of m/z=2 and 28 signals does not increase as strongly as in the case of Ru/TiO2, suggesting that the decomposition of ammonia is less favourable on this catalyst. According to literature, the maximum ammonia desorption peaks are observed at temperatures lower than 250°C [24], and are attributed to weak acid sites on the Ru/SiO2 surface. The TCD signals recorded during the ammonia-TPD measurements over g-C3N4-based materials are gathered in the following Fig. 72. Like for CO2-TPD analysis, no significant difference was observed at low temperature, with a desorption peak centered on 175°C for both the support and the catalyst. At higher temperatures, the thermal decomposition of the surface of the graphitic carbon nitride was observed, at a slightly lower temperature and with higher intensity in the presence of Ru nanoparticles, that can be associated with Ru acting as catalyst, as described above. The surface decomposition of the g-C3N4 material and the release of water are here also complexifying the analysis, but the low temperature TCD peak was associated to a broad band for m/z=16 fragment, that was ascribed to ammonia desorption. 

Photothermal FA decomposition on Ru/g-C3N4 and Ru/SiO2 catalysts

This section presents and compares results obtained in the FA decomposition over both Ru/g-C3N4 (PA) and Ru/SiO2 catalysts. This subsection shows the results of formic acid decomposition obtained on the Ru(0.5%)/g-C3N4 catalyst. First Table 8 reports the results obtained in dark conditions over the 25-150°C range, and expressed as FA conversion, and productions of H2, CO and CO2. Like for the counterpart based on TiO2, no deactivation was observed with time on stream whatever the temperature conditions. Values of H2 and CO2 production were obtained in an equimolar ratio, meaning that no side reactions occurred (in the reaction conditions). In dark conditions, independently of the reaction temperature, higher FA conversions and higher H2 productions were achieved in comparison to the Ru/TiO2 reference catalyst reported in the Chapter 3, e.g. 36.9% and 24.5 mmolg -1 h -1 at 150°C vs. 5.1% and 0.5 mmolg -1 h -1 , respectively. By contrast to the Ru/TiO2 catalysts, the decomposition of formic acid was totally selective to the dehydrogenation reaction, no CO production being recorded, producing only CO2 and H2 as products. Carbon balance within the 97 102 % range was calculated regardless of the temperature.

Temperature FA conversion H2 production CO Production CO2 production H2 selectivity Fig. 73 show the influence of the reaction temperature and of the UV-A light irradiance (0-365 mW/cm²). All data are summarized in Table A 2 in annex (to not duplicate here with the different graphs). Fig. 73A and Fig. 73B depicts the FA conversion dependency with light irradiance and temperature, respectively, while the evolution of the H2 production is shown in Fig. 73C and Fig. 73D, respectively. The results showed that the FA conversion and the H2 production are strongly enhanced under illumination in comparison to dark conditions, independently of the temperature reaction. The higher the light irradiance, the stronger the enhancement of both the FA conversion and the H2 production upon illumination. For instance, a conversion higher than 80% was achieved at 150°C with maximum light irradiance (365 mW/cm²), while it remained at 36.9% in dark conditions.

°C % mmolg -1 h -1 mmolg -1 h -1 mmolg -1 h -1 % 25 
Bare g-C3N4 was tested as (photo)-thermal catalyst for formic acid decomposition in similar reaction conditions of temperature (25-150°C) and irradiance (0-365 mW/cm²) Reaction conditions were

[FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of g-C3N4 support, FA specific molar rate of 67.2 mmol g -1 h -1 . It must be said that, in contrary to the TiO2 P25 reference support, that g-C3N4 did not exhibit any activity, no H2, CO or CO2 products being observed, neither at dark or at illuminating conditions, whatever the temperature and the irradiance.

The highest performances for the Ru(0.5%)/g-C3N4 catalyst in the dark benefitted from the inactivity of the support itself, a clear asset, that can be related to the absence of network oxygen as mentioned in the proposed mechanisms. We must said that the highest performances in the dark can origin from several factors that are still under investigation in thermal catalysis nowadays (size-effect, metalsupport interaction, surface poisoning, etc.). We know from the literature that too small-size Ru nanoparticles are not necessarily beneficial for FA dehydrogenation, as notably (i) they can induce specific electronic properties resulting from the exposed facets and edges, and also related to the interaction with the support surface, and potentially driving the reaction towards CO, (ii) they can be more easily poisoned by the CO molecules (if formed). In the case of Ru(0.5%)/g-C3N4, the slightly larger Ru nanoparticle size might therefore be favourable. The slightly + (electro-deficient) nature of the surface metallic Ru atoms could also act positively to provide beneficial electronic properties to the active metal, as well as the specific acido/basic properties of the g-C3N4 support itself.

So, strongly higher FA conversion and H2 production values were obtained with the Ru(0.5%)/g-C3N4 catalyst in comparison to the Ru(0.5%)/TiO2 reference, whatever the way of preparation (photoassisted synthesis or wet impregnation with thermal reduction in H2). For instance, 60% of FA conversion was achieved at 90°C at 365 mW/cm² irradiance with the carbon nitride based catalyst, while only 55% was obtained at 110°C on the Ru/TiO2 reference at similar irradiance (see Chapter3). It must be said that similarly to dark conditions, full H2 selectivity was observed, with only the formation of the dehydrogenation products H2 and CO2 in an equimolar ratio.

As far as the H2 production was concerned, the superiority of the Ru(0.5%)/g-C3N4 catalyst is even more significant, as the FA conversion is fully selective to H2, no CO being formed. For instance, 23.8 mmolg - 1 h -1 of H2 were produced at 110°C at a 365 mW/cm² light irradiance with the Ru/TiO2 catalyst while 46.4 mmolg -1 h -1 was produced with the Ru/g-C3N4 catalyst under same photo-thermal conditions. At 70°C under 290 mW/cm², the H2 production over the Ru/g-C3N4 catalyst was even more than three times higher than that obtained over the Ru/TiO2 reference, at 16.7 and 4.8 mmolg -1 h -1 of H2, respectively.

In this case, in terms of light irradiance dependency, superlinear regimes were observed from room temperature to 90°C, before turning into linear and further sublinear for higher temperatures. The superlinear and linear regimes can suggest the predominance of an electron-driven mechanism.

Similarly to the case of the Ru/TiO2 catalysts, the change towards a sublinear regime could result from the very high conversions of formic acid achieved in those conditions.

The influence of the light irradiance on the H2 production was analysed as Arrhenius plots as shown in Fig. 73E and the apparent activation energies for the dehydrogenation reaction derived from those data are reported in Fig. 73F. The apparent activation energy for the dehydrogenation reaction is clearly dependent of the photon irradiance and decreased from 68.4 kJ/mol at dark conditions to 13.3 kJ/mol at the highest irradiance of 365 mW/cm². The decrease in activation energy upon illumination is relatively linear over the full irradiance range, in contrary to the trend observed for the Ru/TiO2 reference that is only linear for the irradiances within the 38-365 mW/cm² range.

To sum up, the Ru(0.5%)/g-C3N4 catalyst has been demonstrated to be a very performant photothermal catalyst for the fully selective production of H2 through the decomposition (dehydrogenation) of formic acid. It overcomes clearly the Ru(0.5%)/TiO2 reference catalyst both in terms of conversion and H2 selectivity, and in consequence of H2 production. The inactivity of the g-C3N4 support it-self at dark conditions and under light is promising for inhibiting the CO formation and achieving a H2 selectivity of 100% in photothermal conditions. Thanks to the photothermal enhancement, FA dehydrogenation into CO-free H2 flow could also be obtained at by-far more sustainable reaction conditions.

The surface of the Ru/g-C3N4 systems will be further investigated by in-situ DRIFTS in the next section as a possible way to get information on the mechanisms taking place in photothermal conditions.. 

Ru(0.5%)/SiO2 photothermal catalysts

Table 9 shows the results of FA conversion into H2, CO2 and CO products from 25°C to 190°C obtained in dark conditions on the Ru(0.5%)/SiO2 catalyst. No deactivation was observed with time on stream, H2 and CO2 production values were obtained in an equimolar ratio. Carbon balance within the 98 102 % range was calculated regardless of the temperature. FA conversion was observed in the dark for reaction temperatures higher than 130°C, with a 6.7 % conversion and a selectivity of 62.8 % towards dehydrogenation reaction (H2). FA conversions and H2 productions were globally higher than those achieved with the Ru/TiO2 reference catalyst reported in the Chapter 3, e.g. 31.7% and 15.7 mmolg -1 h - 1 at 190°C vs. 12.2% and 2.9 mmolg -1 h -1 , respectively. This might result from the larger Ru nanoparticle size, less sensitive to potential CO poisoning, or to specific interaction with the support surface. They were however lower than those obtained with the Ru(0.5%)/g-C3N4 catalyst.

In contrary to Ru/g-C3N4 catalyst, CO production was obtained in the dark. Selectivity toward H2 of 62.8 % was obtained at 130°C, which very moderately increased with the temperature to reach 76.9 % at 190°C.

It must be said, that bare SiO2 did not exhibit any activity neither at dark conditions nor under light in photothermal conditions. In our experimental conditions, the absence of dehydrating properties of the bare SiO2 surface in the dark can be attributed to the surface properties of the SiO2 support, as in general the surface properties of metal oxides (e.g. IEP around 3 for SiO2, acido/basic properties) are known to orientate (or not) the catalytic activity towards dehydration in the case of formic acid. It means that in this case, the CO formation resulted from the electronic properties of the supported Ru nanoparticles, and not from the dehydration properties of the support. Under illuminating conditions, FA conversion considerably increased as it is shown in Fig. 74A and Fig. 74B. The values obtained demonstrate that; the higher the light irradiance, the higher the conversion of formic acid. For instance, the conversion at 130°C in dark conditions (6.7 %) is boosted to values as high as 16.5 % and 64.5 % when the catalyst is illuminated with a UV-A light irradiance of 126 mW/cm² and 365 mW/cm², respectively. FA conversion was observed at lower temperatures values under light illumination. In consequence, in the case of SiO2 also, the combined photonic/thermal excitation allowed the reaction temperature to be lowered. For instance, a conversion of 0.5% was detected at room temperature (25°C) at 365 mW/cm², while at 126 mW/cm², a conversion of 8.2 % was obtained at 110°C, lowering in both cases the temperature to get the same conversion values at dark conditions. The enhancement under light is also visible for the H2 production, as it is shown in Fig. 74C and Fig. 74D. For instance, the value of 15.7 mmol H2 g -1 h -1 obtained at 170°C in dark conditions is boosted to 30.5 and further 43.7 mmol H2 g -1 h -1 when the light irradiance raised values of 126 mW/cm² and 365 mW/cm², respectively. Therefore, the lowering of the temperature under illuminating conditions was also observed for the hydrogen production. For instance, a value of 2 mmolH2 g -1 h -1 obtained at 130°C in dark conditions is lower than those obtained at 110°C with the moderate irradiance of 126 mW/cm² (2.5 mmol H2 g -1 h -1 ) or at 90°C at 290 mW/cm² (5.7 mmol H2 g -1 h -1 ).
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Fig. 74E and Fig. 74F depict the CO production achieved with the Ru/SiO2 catalyst as a function of both light irradiance and temperature, respectively. Similarly to the H2 production, the CO values obtained increased under illuminating conditions whatever the reaction temperature. At high conversion and H2 production rate, the enhancement of the CO production rate was hindered by the high FA conversion achieved at high irradiance. In general, the light irradiation does not affect in a large extent the selectivity with the Ru/SiO2 catalyst, the selectivity to CO (dehydration) being not strongly impacted by the additional photonic excitation .

The CO selectivity at dark conditions (22-38%) remained mainly unchanged over the whole light irradiance range, as it is shown in Fig. 75A. This is particularly visible when the temperature is increased. For instance, the CO selectivity values oscillate slightly from 26.0 % to 24.7 % at 170°C from 0 mW/cm² to 365 mW/cm², respectively. At lower temperatures, i.e. at lower FA conversions, a slight decrease in CO selectivity may be observed, but we must say that the amount of CO produced remained low, so that the accuracy of the data also. These results may suggest that the photon absorption and the following processes such as local heating, electron-driven reaction, etc. equally contributed to the production of hydrogen and carbon monoxide. The relative absence of sensitivity to light irradiance of the CO selectivity was in agreement with the fact that the support surface was not playing directly an active role in the CO formation. No photothermal enhancement being observed at the support surface, the enhancement was only taking place at the surface of the catalytic Ru nanoparticles, by contrast to the case of the Ru/TiO2 catalyst.

Fig. 75B and Fig. 75C depict the linear tendency of the Arrhenius plot graphs for both CO and H2 productions, respectively. The derived apparent activation energies in Fig. 75D linearly for both dehydration and dehydrogenation reactions with increasing the light irradiance from dark conditions to 365 mW/cm², following a stronger slope for the dehydrogenation reaction. To sum up, Ru/SiO2 demonstrated also to benefit from a combined photonic/thermal excitation and inconsequence can be considered as a photothermal catalyst for FA conversion into H2 and CO2 products via dehydrogenation. The obtained results showed that catalysts based on isolating supports like SiO2 can be considered as photothermal catalysts. In contrast to the Ru/g-C3N4 catalysts the Ru/SiO2 systems unfortunately also catalysed the dehydration reaction, producing CO and H2O. While both H2 and CO productions were enhanced under UV-A light excitation, selectivity is not dependent on the light irradiance. These similar selectivity values from dark conditions to 365 mW/cm² is quite different of what it was observed when FA decomposition on Ru/TiO2 catalyst.

Summary graphs for the photothermal catalytic decomposition of FA over the three Ru catalysts

The low-temperature shifts for achieving similar FA conversion and H2 production rate under combined photonic/thermal excitation than that obtained at dark conditions are represented in Fig. 76 for the three catalysts. As previously observed for the Ru/TiO2 catalysts, the lowering of the temperature was well evidenced with Ru/g-C3N4 and Ru/SiO2 catalysts.

It was worth noting that the low-temperature shift upon irradiation remained independent of the reaction temperature (in the dark) in the case of the Ru/g-C3N4 catalysts, the slopes being identical whatever the temperature plotted in the 100-150°C range. Obviously, on the Ru/g-C3N4 catalyst, similar trend has been observed for FA conversion and H2 production rate as the reaction was fully selective towards the dehydrogenation route (see Fig. 76E). We suggested for the first time, that this behaviour could be the evidence of a thermal-driven mechanism, with thermalization of hot carriers from the Ru nanoparticles.

In the case of the Ru/SiO2 catalyst, Fig. 76F depicts the different slopes at each temperature for H2 production, and Fig. 76C for the FA conversion. In contrary to the Ru/TiO2 catalyst, the lowtemperature shift observed for the FA conversion was not much depending on the reaction temperature, while the low-temperature shift observed for the H2 production was depending on the temperature. In our case, for instance, in the case of the Ru/g-C3N4 catalyst, a decrease of the apparent activation energy for the dehydrogenation reaction has been observed, and what is more with a linear relationship, what suggest the predominance of electron-driven mechanisms. However, the lowtemperature shift we observed with maintain of a similar H2 production rate was very interestingly independent of the bulk temperature at which we operated, what might suggest the predominance of thermalization mechanisms. This confirmed that unravelling mechanistic aspects in photothermal catalysis require implementing a wide span of (advanced) characterization tools.

Influence of the Ru content in Ru/g-C3N4 catalysts

Similarly to the Ru/TiO2 (PA) catalyst, it must be said the a Ru loading of 0.5 wt.% was optimal in terms of H2 production also in the case of the g-C3N4-based catalysts. Without providing here details, Fig. 78 depicts the influence of the light irradiance at different temperatures for Ru loadings of 0.25% and 1.5% (using a similar UV-A light driven photo-assisted synthesis method). Additional TEM and XPS analyses displayed that the mean Ru nanoparticle size and the distribution were not significantly influenced, probably due to the large specific surface area of the g-C3N4 support. A beneficial photothermal enhancement was observed in terms of H2 production rate, whatever the Ru loading, here again with no formation of CO by-product. The evolution of the apparent activation energy upon irradiation is also reported.

We can suggest that under light the activation of the g-C3N4 support by UV-A photons is playing a role for modifying the electronic properties of the Ru nanoparticles, e.g. through electron transfer from the semiconductor surface to the supported Ru nanoparticles. Indeed, in the absence of any specific role, except that to support and stabilize the nanoparticles, the increase in the Ru loading should lead to an increase in the conversion and H2 production rate upon irradiation. By contrast an optimum content was observed, as often reported for semiconductors decorated with noble metal nanoparticles, due to an optimum charge transfer at the different support/metal interfaces. 

In-situ DRIFT spectroscopy study of the formic acid decomposition

This section is subdivided into three parts, namely first the study of the adsorption of formic acid in the dark on the three catalysts, and subsequently the in-situ DRIFTS study of the formic acid decomposition over the Ru/SiO2 catalyst, and over the Ru/g-C3N4 catalyst, in both cases in the dark and in photothermal conditions. As in the previous study, in-situ infrared spectroscopy has been used to provide useful information on the way formic acid interacts with the catalytic surface and further how it is catalytically decomposed.

Adsorption of formic acid

In Fig. 79, the different spectra of in-flow formic acid over the Ru/SiO2, Ru/g-C3N4 and Ru/TiO2 catalysts are collected after the subtraction of the bare catalyst spectra. Unfortunately, bare SiO2 material absorbs infrared light at wavenumbers values lower than 1700 cm -1 [27]. Therefore, any signal below this value would not be visible the differential spectra that does not allow any absorbance band to be distinguished. Similar limitation was observed for the Ru/g-C3N4 catalyst, for which the saturation ranges are between 1750 cm -1 and 1250 cm -1 -heterocycles of the g-C3N4 support that absorb in that region, and between 900 cm -1 and 600 cm -1 for the tri-s-triazine vibrations [1]. In consequence, we extended the range of the different spectra for trying to analyse the adsorption, as the wavenumber region that corresponds to carbonates and formates is unobservable.

At high wavenumbers (4000-2500 cm -1 ) it is possible to observe the O-H bonds at the surface of the metal oxide materials. Negative absorbance values at 3750-3680 cm -1 can correspond to the consumption of surface hydroxyl groups [28,29], being this band assigned to the O-H stretching of free silanol (in the case of Ru/SiO2 catalyst) [28] and isolated hydroxyl groups coordinated with Ti 4+ atoms (in the case of Ru/TiO2) [29]. In addition, a broad (ill-defined) band was observed in the range of 3500-2500 cm -1 . This band is attributed to the hydrogen bond formation between the hydroxyl groups of the formic acid and the oxygen atoms of the metal oxide surface [28]. Therefore, formic acid is adsorbed at the oxygen of the free silanol (or from hydroxide of TiO2), breaking the O-H bond of the surface, meanwhile its hydroxyl groups is hydrogen bonded to other oxygen atom, this two mechanistic steps are visual in the spectra. In addition, the band at 2940 cm -1 is assigned to the gas-phase formic acid, concretely to the vibrational frequency of the C-H stretch, and the band at 2875 cm -1 is assigned to the vibrational frequency of the stretch C-H of adsorbed formate species onto the surface [34].

As the absorbance bands for carboxylate and formate species are in the 1900-1300 cm -1 range, observing adsorbate and intermediate species over both Ru/SiO2 and Ru/g-C3N4 catalysts remained difficult. However, there is a narrow range, namely between 1220 cm -1 and 900 cm -1 , where it was possible to observe bands at 1217 cm -1 and 913 cm -1 in the case of the g-C3N4 based catalyst, which are attributed to dimer formic acid in gas phase, and the band at 1104 cm -1 assigned to gaseous HCOOH monomer species [30 33]. Similarly to in-situ formic acid decomposition over Ru/TiO2, a mixture of formic acid as monomer and dimer species was observed in the gas flow with absorbance bands at 1790 cm -1 and 1740 cm -1 . 4000 3500 3000 2500 2000 1500 1000 Ru/TiO 2 Ru/SiO 2 Wavenumber (cm -1 ) 0.5 Ru/g-C 3 N 4 Fig. 79 Differential DRIFT spectra (after subtraction of the reference spectrum recorded in the absence of FA flow) in the case of the Ru/SiO2 (blue), Ru/g-C3N4 (red) and Ru/TiO2 (black) catalysts in the dark at 25°C (Formic acid flow: 14.7 ml/min, 0.044 bar).

4.2.

In-situ DRIFTS study of the formic acid decomposition over the Ru/SiO2 catalyst in photothermal conditions. Fig. 80 shows the differential infrared spectra recorded in-situ during the photothermal FA decomposition over the Ru/SiO2 catalyst (subtracted from the spectra recorded at 25°C at dark conditions). Spectra in dark conditions are first shown in Fig. 80A-B. There, it is possible to appreciate the high absorbance values of the silanol band at 3734 cm -1 that occurs during the decomposition of formic acid, being the -OH species part of the mechanism to produce CO2, H2, H2O and CO. The decomposition of gas dimer formic acid is assigned to the negative values of the bands at 2940 cm -1 , 2580 cm -1 and 1746 cm -1 , while the absorbance of the band assigned to the monomer formic acid species at 1790 cm -1 increased at mild temperatures (110-150°C) and decreased at high temperatures (170-190°C). The absorbance at 2400-2300 cm -1 increased with increasing the temperature, what was assigned to the CO2 production from the dehydrogenation reaction. In the 2100-1900 cm -1 range it was possible to appreciate the increase of absorbance with the temperature, which was assigned to the Ru-CO bonds as part of intermediate species that adsorb at the ruthenium surface to finally produce CO2, CO, H2 and H2O.

Fig. 80C-D show the FA decomposition under UV-A light irradiation in the full spectral range and in the region of interest, respectively. As similarly occurred at dark conditions, a high concentration of hydroxide species occurred over the catalyst surface. In the concrete wavenumber range for the physisorbed CO2 and Ru-CO bands (2400-1900 cm -1 ), bands assigned to CO2 started to raise at temperatures above 130°C to 170°C, the maximum temperature analysed. Ru-CO bands increased in absorbance at illuminating conditions with the temperature with two distinguishable bands at 2080 cm -1 and 2020 cm -1 :

-the band at 2080 cm -1 corresponds to the vibrational frequencies of linear Ru n+ -CO and/or trycarbonyl species CO species on Ru n+ -(CO)n (where n=1-3). The band at 2080 cm -1 was not observed in the dark and only appears at illuminating conditions, so that it can be considered as a light band, as defined in Chapter 3.

-the band at 2020 cm -1 corresponds to dicarbonyl CO species on Ru 0 , Ru 0 -(CO)2, and/or CO linearly adsorbed on Ru defects or isolated Ru 0 atoms over a ruthenium partially-oxidized surface [35]. The band obtained at 2020 cm -1 has been observed in dark conditions also as the broad band at 2100-1900 cm -1 , previously described before. Therefore, it could be considered as a thermal band. However, the intensity of this band is similar under dark and light conditions, which means that, instead of a possible surface thermalization (local temperature), this band emerges with the increase of the bulk temperature.

The co-existence of two kinds of bands suggested that both electron-driven and thermal-driven processes (but without thermalization) might occur under combined photonic/thermal excitation of the Ru/SiO2 catalysts.

Fig. 80 DRIFT differential spectra recorded for the formic acid decomposition over the Ru/SiO2 catalyst (subtracted from the reference spectra at room temperature and dark conditions) at 110-190°C at dark conditions in the range of (A) 4000-1100 cm -1 and (B) 2500-1780 cm -1 , and at 110-170°C at illuminating conditions in the range of (C) 4000-1100 cm -1 and (D) 2500-1780 cm -1 . (Formic acid flow: 14.7 ml/min, 0.044 bar, Irradiance: ca. 365 mW/cm²)

The following Fig. 81 compares directly the differential spectra recorded in-situ in the range of 2400-1780 cm -1 during the FA decomposition over Ru/SiO2 at dark (black) and illuminating (red) conditions. While the absorbance in the physisorbed CO2 bands and the monomer formic acid does not show any clear difference between dark and light conditions, the Ru-CO bonds spectra are influenced. On one hand, the band at 2080 cm -1 was only visible in the spectra under light irradiation conditions, and its intensity increased with the temperature. This suggested an electron-driven mechanism. On the other hand, the broad band at 2020 cm -1 have similar values under light irradiation and at dark conditions, which can be related to a pure thermal-driven mechanism ; however this thermal catalysis was not enhanced upon irradiation, so this mechanism is not considered as thermalization of hot carriers. Therefore, the reaction under light irradiation might be considered as a combination of light-and thermal-driven processes where both photons and heat activate the ruthenium active sites, respectively, to decompose formic acid into dehydrogenation (and dehydration) products. Upon irradiation, the presence of the band at 2080 cm -1 is clearly a sign of photo-enhanced intermediates species over the ruthenium surface, in contrary to the similar intensity of the band at 2020 cm -1 with and without light. The photons would induce an electron-driven mechanism, and no thermalization. Wavenumber (cm -1 )

Fig. 81 DRIFT spectra in the range from 2400-1780 cm -1 recorded during the formic acid decomposition over the Ru/SiO2 catalyst at dark (black) and illuminating (red) conditions. (Formic acid flow: 14.7 ml/min, 0.044 bar, Irradiance: ca. 365 mW/cm²) 4.3. In-situ DRIFTS study of the formic acid decomposition over the Ru/g-C3N4 catalyst in photothermal conditions.

The infrared spectra recorded in-situ during the photothermal FA decomposition on the Ru/g-C3N4 catalyst are shown for the 2500-1900 cm -1 and 1300-800 cm -1 ranges, as shown in Fig. 82. Similar to the previous experiments, the reference spectrum recorded with FA/Ar flow over the catalyst at 25°C was subtracted. Fig. 82A depicts the spectra recorded in the dark in the wavenumber range of bands assigned to physisorbed CO2 and Ru-CO bonds. Bands at 2043 cm -1 and 2016 cm -1 appeared at 150°C. They are assigned to linearly bonded Ru-CO and dicarbonyl species on Ru 2+ [Ru 2+ -(CO)2], respectively. The shoulder appearing simultaneously at 1959 cm -1 was assigned to Ru-CO linearly adsorbed over partially-oxidized ruthenium surface and/or bridge-bonded CO to two atoms of ruthenium [Ru2-(CO)] [35]. Band at 1210 cm -1 indicates the consumption of gas dimer formic acid as it shows negative absorbance at 150°C meanwhile bands at 1125 cm -1 and 1086 cm -1 increased in absorbance with temperature until 130°C. Then, absorbance values decreased at 150°C. Therefore, we can suggest that these bands can be assigned to intermediates of the formic acid decomposition due to their appearance with the temperature increase and their vanishing at 150°C when the conversion of FA reached high values.

At illuminating conditions, Ru-CO bonds were observable even at 110°C with an almost no visible CO2 production. However, the CO2 bands increased in absorbance with the temperature increase. Ru-CO bands increased in terms of absorbance under light but no additional bands were detected. This can suggest the absence of a predominant electron-driven mechanism, and the predominant occurrence of a thermalization (i.e. thermal-driven) mechanism to produce H2 and CO2 from the formic acid decomposition.

Fig. 82 DRIFT differential spectra recorded for the formic acid decomposition over the Ru/g-C3N4 catalyst (subtracted from the reference spectra at room temperature and dark conditions) at 110-150°C at dark conditions in the range of (A) 2400-1900 cm -1 and (B) 1300-800 cm -1 , and at 110-150°C at illuminating conditions in the range of (C) 2500-1900 cm -1 and (D) 1300-800 cm -1 . (Formic acid flow:14.7 ml/min, 0.044 bar Irradiance: ca. 365 mW/cm²)

In Fig. 83, the infrared spectra recorded for the in-situ formic acid decomposition over the Ru/g-C3N4 catalyst are directly compared under illuminating and dark conditions. There, the absorbance of CO2 bands at 2400-2300 cm -1 increased with increasing the temperature only under UV-A photon irradiation, which was not observed at dark conditions. In addition, the absorbance of the bands assigned to the characteristic frequency of Ru-CO bonds are different at 110°C and 130°C (being higher under light irradiation) but similar at 150°C. This could suggest again that Ru-CO bonds activation is produced by the increase in temperature of the metal surface, localized increased under illuminating conditions via photothermal processes. Therefore, the Ru-CO bands observed during the FA decomposition can correspond to thermal bands following our terminology. Then, the light absorption by the metal would increase the local temperature around the Ru nanoparticles and enhance the thermal-driven mechanisms over the catalyst for the FA decomposition into hydrogen. This can be in agreement with the particular constant low-temperature shift reported for the Ru/g-C3N4 catalyst in Fig. 77, only observed Ru/g-C3N4 catalyst, in contrary to the temperature dependent low-temperature shift observed for both Ru/TiO2 and Ru/SiO2 catalysts.

We said that this conclusion differs from what suggested the decrease of the apparent activation energy with the increase in the light irradiance, what is usually assigned to electron-driven mechanisms. This points out that many questions still remained under debate in this emerging field, that unravelling mechanistic aspects in photothermal catalysis require implementing a wide span of (advanced) characterization tools. DRIFTS as an in-situ technique provided useful information on the influence of the light for the formic acid decomposition over the different catalytic surfaces. The support material, being different in Ru/TiO2, Ru/SiO2 and Ru/g-C3N4 catalysts, influences the bonds between ruthenium and the carbonyls during the reaction. In addition, new bonds between ruthenium and carbonyl appeared under UV-A photon irradiation even at low temperature for Ru/SiO2 with an increase of absorbance for the bands assigned to CO2. As this band is assigned to the characteristic frequency of linear Ru n+ -CO, it might be induced by the migration of electrons from the metal to the molecule as intermediate step of the final conversion of formic acid into dehydrogenation and dehydration products. For Ru/g-C3N4, more bonds were detected like bridge Ru2-CO, which can confirm a different mechanism that contributed to the full selectivity to dehydrogenation products in addition to the properties of the support surface. In this case, the bands that were detected under light conditions are similar to those observed at high temperatures at dark conditions; which might indicate that the formic acid decomposition would be mainly activated by thermal-driven processes after thermalization of the light induced-charge carriers.

Conclusions

Following the first evidence of a beneficial photothermal effect under UV-A in the case of the Ru/TiO2 catalysts, this chapter aimed at studying to which extent the performances and the photothermal enhancement effect might be influenced and improved through the choice of other support materials. Mainly Ru/g-C3N4 and Ru/SiO2 catalysts were investigated, even if other supports such as LaFeO3 or -SiC among others have been investigated. The catalysts have been tested in the same conditions as the Ru/TiO2 reference systems in the previous chapter for the formic acid decomposition, as a function of the light irradiance at different reaction temperatures.

We showed that both Ru/g-C3N4 and Ru/SiO2 catalysts exhibited a positive photothermal effect, allowing the H2 production rate to be increased under light in comparison to the dark conditions, and in consequence allowing an important low-temperature shift to be obtained while maintaining a similar H2 production rate.

Medium surface area g-C3N4 prepared by a double-step thermal treatment synthesis at 550°C was shown to allow the elaboration of excellent Ru/g-C3N4 photothermal catalysts, through a UV-A light driven photoassisted synthesis method. We demonstrated for the first time that Ru/g-C3N4 catalysts are remarkable photothermal catalysts, that clearly outperformed the Ru/TiO2 reference catalysts in terms of hydrogen production, as well as selectivity to H2. An optimum Ru content of 0.5 wt.% was observed. The Ru/g-C3N4 catalyst allowed to obtain a selectivity to H2 of 100%, the reaction occurring only via the dehydrogenation route, no dehydration being observed with no CO formed, whatever the reaction temperature and the light irradiance. The surface properties of the g-C3N4 support was proposed to play an important role in the full selectivity towards dehydrogenation, and allowed to overcome the intrinsic limitation resulting from the dehydration activity of the TiO2 semiconductor support itself.

In that case, we suggsted a photothermal enhancement through a thermal-driven process, with thermalization of the light induced-charge carriers generated at the supported Ru nanoparticles. However, this remains under debate are the different results collected might sound contradictory.

Interestingly, an isolating support like SiO2 can also be considered as support in photothermal catalysis, and the photothermal enhancement was attributed to the activation of the Ru nanoparticles upon irradiation with no contribution of the support, in contrary to both Ru/TiO2 and Ru/g-C3N4 catalysts.

We proposed a combined electron-driven and pure thermal mechanism, with the involvement of hot carriers from Ru (with no thermalization). However, the Ru/SiO2 systems unfortunately also catalysed the dehydration reaction, i.e. also producing CO and H2O.

CHAPTER 5: CO 2 Methanation over Ru based photothermal catalysts Introduction

Photothermal heterogeneous CO2 methanation has been reported as a potential emerging process that might boost the methane yield and improve the selectivity to methane in comparison with thermal catalysis [1,2] and photocatalysis. Following the work performed on the photothermal enhancement of gas phase formic acid dehydrogenation into hydrogen, this chapter is a short (preliminary) study investigating the ability of Ru-based catalysts to be also used as photothermal catalysts under UV-A light in a second reaction of interest, i.e. the photothermal CO2 hydrogenation into methane.

First, methanation experiments are performed using Ru(5%)/TiO2-P25 (PA) as our catalyst reference.

The investigations are further extended mainly to Ru/g-C3N4 and Ru/SiO2 catalysts, as well as to a span of commercially available titania materials used as supports for Ru nanoparticles.

Ru/TiO2 (P25) as reference catalyst for the CO2 photothermal methanation

As in the previous studies for the gas-phase decomposition of formic acid, Ru/TiO2 (P25) is selected as reference catalyst for introducing the photothermal CO2 methanation. After a series of screening experiments at different Ru loadings and gas flows, the Ru loading has been increased to 5 wt.% Ru to allow for a suited conversion of CO2 and a sensitive detection of any potential reaction by-products (including CO and light oxygenated hydrocarbons if any).

Synthesis of the Ru(5%)/TiO2 (P25) catalyst

The Ru(5%)/TiO2-P25 catalyst was synthesized via the photo-assisted method described in Chapter 2 and already reported in Chapter 3 for Ru loadings till 1 wt.%, here with a synthesis time under UV-A light of 30 min. The sample is labelled as Ru(5%)/TiO2-P25 (PA). Fig. 84A shows the evolution of the relative Ru precursor concentration in the dark and upon irradiation, with a similar trend than that previously reported for a Ru content of 0.5 wt.%. 15% of ruthenium precursor from aqueous dispersion of Titania P25 (10 % v/v methanol) was adsorbed on the TiO2 surface without adjustment to pH 8, while the Ru precursor signal in UV-Vis spectrophotometry remained negligible at pH 8. ICP-AES results certified a ruthenium loading of 5.9 wt.% in the catalyst. TEM pictures, as the one shown in Fig. 84B, demonstrated the synthesis of well-dispersed, small size ruthenium nanoparticles at the titanium dioxide surface, with a mean diameter size of 0.8 ± 0.3 nm visualized in the histogram of the Fig. 84C, based on the statistical analysis of TEM images. The CO pulses chemisorption study confirmed (Fig. 84D) the high Ru dispersion at the support surface, with a 62 % of dispersion, with a crystallite size calculated from the dispersion value of 1.5 nm. Like previously mentioned in Chapter 3 for lower loadings, this difference finds its origin in the assumption used in the model, and the presence of oxidized ruthenium species surface at the surface of metallic Ru nanoparticles, that resulted from the natural surface passivation when exposed to air. X-ray photon spectroscopy confirmed the metallic and partially oxidized nature of the ruthenium species at the TiO2-P25 support surface with a ratio of 68:32, respectively, as shown in Fig. 84E, with similar conclusion than for the lower loadings in the Chapter 3. Although the Ru loading increased from a magnitude order from the original 0.5 wt.% to 5 wt.%, no peaks assigned to the diffraction of Ru-based phases were observed in the X-Ray diffractograms as shown in Fig. 84F. The Ru(5%)/TiO2-P25 (PA) catalyst was submitted to a temperature-programmed reduction experiment as shown in Fig. 85 in comparison with the Ru(0.5%)/TiO2-P25 (PA) reference counterpart.

In both cases the as-synthesized catalysts were pre-treated under air at 200°C. It must be said that similar TPR patterns were obtained whatever the Ru wt.% content. At high temperature, similar peaks were obtained at 293°C and 364°C, which correspond to the desorption of methane, as a result from the Ru-catalyzed methanation of residual traces of CO2 remaining adsorbed at the catalyst surface despite the pre-treatment applied, as it is evidenced on the mass spectrometry signals for m/z= 16 (production) and m/z=2 (consumption), corresponding to methane and H2, respectively (Fig. 85B). At low temperature, the reduction peak recorded around 160°C (within the 75-220°C temperature range) for the ruthenium oxide species in both samples confirmed a rather similar Ru nanoparticle size distribution and similar interactions with the TiO2 support, and we suggest that the catalysts differ only in terms of Ru content (0.5-5 wt.%), as visualized by the difference in signal intensity. The first series of tests of CO2 photothermal methanation were carried out with a gas concentration of CO2 and H2 in Ar flow at 0.2 %v/v and 0.8 %v/v, respectively, corresponding to the stoichiometrical ratio 1:4. The aim here was to study the influence of the light irradiance within the 40-400 mW/cm 2 range on the catalytic yield to methane over the Ru/TiO2 (PA) catalyst, as depicted in Fig. 86, and in Fig. 87.

for the conversion. We demonstrated that a combined photonic/thermal excitation strongly enhanced both CO2 conversion and yield to methane. No other reaction products were detected, and we can consider the reaction being fully selective to CH4. This enhancement was remarkably visible at low temperature, for which both CO2 conversion and yield to methane were very low at dark conditions. For instance, the CH4 yield at 0.1 mmol g -1 h -1 at 120°C at dark conditions, was increased to 2.4 mmol g - 1 h -1 under light at an irradiance of 400 mW/cm². A strong low-temperature shift was therefore observed. At higher temperatures, for which the conversion was already important, the enhancement was in consequence by far less pronounced. The ratio between the consumed H2 and CO2 reactants is depicted in Fig. 88. The H2/CO2 consumed ratio was calculated to be ca. 3.9, independently of the light irradiance and of reaction temperature, in good agreement with the theoretical value of 4. The minor difference could be most probably attributed to the experimental error, rather than to the formation of traces of compounds that would require less hydrogen, like carbon, CO or HCOOH, as the difference remained relatively independent of the experimental conditions [3]. Physical and chemical deactivation mechanisms have been reported for CO2 methanation [4,5]. Among them, we can find the sintering of the catalyst by the metal agglomeration (which affects to the decrease of the active surface sites) [6,7] and the fouling (physical deposition and blocking of the active sites), in this case, by the carbon deposition [8]. This effect might be enhanced and favoured by the exothermicity of the reaction. To demonstrate that the light irradiation does not contribute to such mechanisms potentially already occurring at dark conditions, a preliminary study was conducted, in which the Ru(5%)/TiO2 (PA) catalyst was tested again at dark conditions after having been previously tested at illuminating conditions for some hours.

Fig. 89 depicts the methane yield at dark conditions, obtained before (black) and after (red) irradiation at the maximum irradiance of 400 mW/cm², within the temperature range from 140°C to 200°C. It must be said that submitting the catalyst to the irradiation of 400 mW/cm² at different temperatures did not result in any significant change in the CH4 yield at dark conditions. This suggested that the photonic excitation of the catalyst had only a positive effect on the catalytic activity. The excursion at high temperatures, especially for an exothermic reaction, can introduce catalyst changes in thermal catalysis (dark conditions), but we can suggest that performing the reaction under light also did not contribute additionally to those changes. By lowering the reaction temperature, and therefore allowing the catalyst to operate at a lower (bulk) reaction temperature, it can further reduce those negative (thermal) effects. The methane yields obtained were used for deriving the influence of the light irradiance on the Arrhenius plots and on the apparent activation energy, as shown in Fig. 90A and Fig. 90B. For the CO2 methanation reaction on the Ru/TiO2 catalyst, the graphs showed the positive influence of the photonic excitation to lower the apparent activation energy for the CH4 formation, that linearly decreased from values around 40 kJ/mol under dark conditions down to less than 10 kJ/mol at 400 mW/cm² irradiance. We are aware that some values, in particular at high irradiances, remain relatively approximate. The results obtained in this subsection demonstrated that Ru/TiO2 can act as photothermal catalyst for the selective CO2 conversion into methane.

1.3.Optimization of the CO2 concentration in gas flow for methanation over Ru/TiO2

This short subsection investigates to which extent the methane yield and the photothermal enhancement were influenced by the carbon dioxide concentration in the flow. In consequence, the photothermal methanation tests have been carried out with two other percentages of CO2 (and H2), namely with 2 and 20 %v/v of carbon dioxide concentration in the flow. It is important to remark that initial hydrogen concentration in flow was always four folds that of carbon dioxide, i.e. with a stoichiometrical ratio. In this comparison, the influence of the light irradiance on the methane yield is shown under the three different conditions in Fig. 91. Higher values of methane yield were obtained at dark conditions with an inlet concentration of 2% CO2 compared to 0.2% CO2, with also a strong photothermal enhancement effect. Values approximately 10 times higher than at 0.2% CO2 were achieved at maximum reaction conditions (T=200°C, I=400 mW/cm²), e.g. 33.1 mmolCH4 g -1 h -1 vs. 3.5 mmolCH4 g -1 h -1 ). Obviously this was accompanied by a drop in the overall conversion with the increase in the CO2 concentration. Higher methane yields can be further achieved at the maximum CO2 concentration of 20 %v (and 80%v H2), also with a remarkable photothermal enhancement, reaching under 400 mW/cm² values of CH4 production of 87.3 mmol g -1 h -1 and 341 mmol g -1 h -1 at 200°C and 240°C, respectively. However experiments in non-diluted reaction conditions were difficult to implement, due to the significant change in the molar flow composition, as four moles of hydrogen are used to convert one mole of CO2 into one mole of methane and of water, as well as to the production of water in high amounts.

In consequence, we selected 2% as initial concentration of CO2, and 8% of H2, for the further experiments in CO2 photothermal methanation. 2. Influence of the supports in the CO2 photothermal methanation: g-C3N4 and SiO2.

As we developed in the previous chapter for the photothermal formic acid decomposition, supported Ru particles on graphitic carbon nitride and SiO2 can have influence on the selectivity and conversion features of the photo thermal reaction. In addition, g-C3N4 have been very recently reported as efficient support for CO2 photothermal reduction in 2021 and 2022 (not necessarily for the methanation reaction) [9 11] as well as SiO2 [12,13].

In this subsection, Ru/g-C3N4 and Ru/SiO2 have been studied as photothermal catalysts for the CO2 methanation. Both catalysts were prepared with the same ruthenium loading of 5 wt.%. Ru. Metallic Ru nanoparticles were synthesized on g-C3N4 by the UV-A driven photo-assisted method, and on SiO2 via wet impregnation, as reported in Chapters 3 and 4.

In regards of the Ru nanoparticles synthesis onto the g-C3N4 surface, after a 2 h adsorption period in the dark to reach the adsorption/desorption equilibrium state at the carbon nitride surface (remaining value of 60%) and the subsequent adjustment of the pH value to 8 (remaining value of 12%), complete disappearance of the ruthenium precursor from the aqueous phase was observed after 2 h under UV-A light irradiation, as shown in Fig. 92A. TEM pictures shown in Fig. 92B demonstrated the presence of well-dispersed ruthenium particles on the graphitic carbon nitride, with a mean particle size of 1.8 nm and a standard deviation of 0.7 nm. Fig. 92C depicts the results of the TPR experiments (performed on the ruthenium species pre-oxidized at 200°C as in chapter 4) for Ru loadings of 0.5% and 5% on the g-C3N4 support. At low temperature, similar patterns are obtained for the TCD signal, with the main difference that the reduction peak is more visible due to the higher loading and therefore is better separated from the foot of the peak corresponding to methane formation (around 175°C). The methane formation might here be observed at slightly lower temperature due to the higher Ru content that acts as catalyst. Moreover, X-ray photon spectroscopy has been performed on the Ru(5%)/g-C3N4 catalyst, as shown in Fig. 92D. A similar pattern for the Ru3d and C1s orbitals region has been observed in comparison to that of the catalyst loading with 0.5 wt.%, the main peak of Ru 0 being observed at a binding energy of 280.8 eV, which is common when Ru nanoparticles are synthesized on g-C3N4 by the photo-assisted synthesis method. It must be said that performing XPS on the sample after TPR revealed a shift of main Ru 0 peak to lower binding energies values, at 280.3 eV. This suggested that the metalsupport interaction was probably strengthen during the overall reduction profile process at higher temperatures (till 500°C). Ru(5%)/g-C3N4 (PA) (red) and D) X-ray photon spectroscopy before (top) and after (bottom) TPR: C1s + Ru 3d orbitals with red: Ru 0 (3d); green: oxidized Ru (3d); black: C 1s carbon species, with contributions corresponding to both adventious carbon at low binding energy and to the g-C3N4 surface at higher binding energy.

The Ru/SiO2 catalyst was synthesized by classical wet impregnation method at 500°C in pure hydrogen flow. TEM pictures in Fig. 93 demonstrated ruthenium nanoparticles on amorphous silica with a uniform dispersion over the surface. A mean particle size was determined by the statistical analysis with 1.5 ± 0.6 nm. Fig. 94 and Fig. 95. depict the influence of the light irradiance at different temperatures for the CO2 methanation on both Ru/g-C3N4 and Ru/SiO2 catalysts, expressed in terms of yield to methane and CO2 conversion, respectively. First, it was shown that both catalysts exhibited similar activity at dark conditions over the whole range of temperatures tested, as it is shown in Fig. 94A and Fig. 95A. But they were characterized by very low conversions and CH4 yields compared to the reference Ru/TiO2 catalyst. For instance, no production of CH4 was obtained in the dark for temperatures lower than 160°C, and the high temperature of 200°C was requested to get a CH4 yield of 0.7 mmol g -1 h -1 vs. 23.7 mmol g -1 h -1 for the reference system. This explained why the temperature range was extended till 240°C in those tests. No other reaction products than CH4 were observed.

However, both catalysts exhibited a different behavior upon illumination (Fig. 94B and Fig. 95B). Indeed, the Ru/g-C3N4 catalyst displayed only a moderate enhancement of the CH4 yield under irradiation in comparison to the performances in the dark, even at the maximum irradiance of 400 mW/cm². For instance, the production of methane slightly increased from 0.7 mmol g -1 h -1 at 200°C up to 1.2 mmol g -1 h -1 at 400 mW/cm². By contrast, a significant enhancement was observed for the Ru/SiO2 catalyst in photothermal conditions, although we have to stress that the CH4 yield and the CO2 conversion remained low in comparison to the reference Ru/TiO2 counterpart. Production of methane is in consequence observable at a lower temperature, while at 200°C, it increased from 0.7 mmol g -1 h - 1 up to 3.1 mmol g -1 h -1 at 400 mW/cm². At illuminating conditions, no formation of additional products was observed, and the reaction was considered to be selective in photothermal conditions. A similar behavior was observed for the CO2 conversion, but with a lower accuracy of the measurement, as the CO2 conversion remained globally low. In consequence, the evolution of the methane yield was more suited for expressing the influence of the light irradiance and deriving the apparent activation energies from the Arrhenius plots at dark and illuminating conditions, as shown in Fig. 96A and Fig. 96B for the Ru/g-C3N4 and Ru/SiO2 catalysts, respectively. Both Ru/g-C3N4 and Ru/SiO2 catalysts differentiate in regards of the influence of the light irradiance on the apparent activation energy. For the Ru/SiO2 catalyst, a decrease from 63 kJ/mol to 41.9 kJ/mol under maximum illuminating conditions was observed, however, this decrease remained moderate upon irradiation in comparison to that obtained with the Ru/TiO2 reference catalyst. By contrast, although a small (but observable) enhancement was obtained under combined photonic/thermal excitation in the case of the Ru/g-C3N4 catalyst, no change was observed in terms of apparent activation energy between dark and illuminating conditions. Therefore, we suggest that the process where light plays a role over these two catalysts might be different. For instance, Zhang and co-workers observed something similar over Au/CeO2 in the photothermal reverse-water-gas-shift reaction [14]. They observed that the CO2 conversion into CO had the same Arrhenius plot slope under dark conditions than when the catalyst was irradiated despite the CO2 conversion was 14 times higher under light. They proposed that this could be related to a different hydrogen dissociation mechanism under light vs. dark conditions, rather than to the carbon dioxide activation. They suggested that H2 is much more easily dissociated over the metal surface through a photon-induced mechanism, in consequence enhancing the production of CO from CO2.

Since the particle sizes over both materials were similar, we might correlate this phenomenon to the support influence (including different Ru-support interfaces) and the different ways that CO2 and H2 could be adsorbed onto the catalytic surface. Furthermore, additional analysis must be done over these catalysts to obtain a more clear conclusion about the mechanism.

Here we can also propose that the Ru/g-C3N4 catalyst is subjected to a thermal-driven mechanism, as the thermalization of hot carriers is reported not to lead to any changes in the apparent activation energy of the reaction. 2.1. CO2 methanation over the Ru/CeO2 photothermal catalyst.

In addition to Ru/TiO2, Ru/g-C3N4 and Ru/SiO2 catalysts, for which the observed photothermal effect benefitted to the CO2 conversion and CH4 yield with no change in terms of CH4 selectivity (100%), CeO2 (ceria) was also tested as support for ruthenium nanoparticles to investigated to which extent the selectivity pattern might also be influence by the combined photonic/thermal excitation. Indeed, itis a known support for CO2 conversion in thermal catalysis [15 17] and also recently in photothermal catalysis [14,18,19], that can lead to CO production.

A Ru/CeO2 catalyst has been prepared via the UV-A light driven photo-assisted synthesis method, with a UV-A irradiation of 2 h. A protocol similar to that used for other supports was implemented. Using CeO2 (HSA 5, Solvay), a Ru content of 3.1 wt.% was obtained. Fig. 97 depicts the influence of the light on the catalytic CO2 methanation over the Ru/CeO2 catalyst. There is a clear evidence of the CO2 conversion enhancement under light irradiation, reaching values at 240°C of 37.8% vs. 5.0 % at dark conditions. The photothermal enhancement was very pronounced for the formation of methane, and remained more limited for the CO formation, with values increasing from 2.8 mmolCH4 g -1 h -1 to 16.8 mmolCH4 g -1 h -1 at 240°C under light in comparison to the small increase from 0.5 mmol g -1 h -1 to 1.2 mmol g -1 h -1 for the CO production. At dark conditions, conversions were observed for temperatures higher than 200°C, with a selectivity largely towards the methane product, reaching values in the 85-97% range, CO being formed in relatively small proportion. By contrast, a low selectivity to methane was observed under light at a low temperature (140-160°C), i.e. 40-45%, CO being formed as secondary product ; the selectivity to methane under light increased with the temperature for reaching approximatively similar values at higher temperatures than those obtained at dark conditions, or even slightly higher at 240°C (94%). The influence of the light on the apparent activation energy for the yield to methane was obtained from the Arrhenius plot shown in Fig. 98. Similar values were obtained at dark and light conditions around 93-99 kJ/mol, although a significant improvement was observed in terms of methane yield upon irradiation. By analogy with the results obtained by with Zhang and co-workers on Au/CeO2 [14], this may indicate an enhancement of the H2 dissociation on the Ru metal under light irradiation rather than an effect in key-limiting step or CO2 activation. The occurrence of a thermalization mechanism is however also possible.

Many factors may explain the difference in activity and selectivity over this catalyst, that behaves differently in comparison to the others, such as e.g. the reactant adsorption, the role of oxygen vacancies [15,17], as well as different mechanisms enhanced by the light irradiation, etc. For instance, other parameters as support-metal interaction or H spillover can affect to the catalytic properties on Ru/CeO2 [16]. Jiang and co-workers suggested that the CO2 methanation enhancement over Ru/CeO2 under light conditions could result from a possible photo-generated electron migration from the ceria to the ruthenium. This migration would increase the electron density at the metal surface and facilitates the H2 dissociation. Then, H atoms could migrate to the ceria surface promoting the oxygen vacancies that facilitates the CO2 dissociation [19]. In another study with 1.5 wt.% Ru/CeO2, Quan et al. observed an improvement of the CO2 hydrogenation being 6 times higher under Xe lamp light irradiation at 160°C than in dark conditions, this enhancement being assigned to the photon absorption of the metal oxide that promotes the activation of intermediates and overcome the energy barrier to the following conversion [18]. The superiority of the Ru/TiO2 photothermal catalyst in comparison to the Ru/g-C3N4, Ru/SiO2 or Ru/CeO2 catalysts, with e.g. 31.3 mmolCH4 g -1 h -1 obtained at 180°C at 400 mW/cm² irradiance with a CO2 conversion of 66%, led us to investigate in the next section to which extent the nature of the TiO2 support might play a role for improving the performances and the photothermal effect. r

3.

Influence of the TiO2 nature in Ru/TiO2 photothermal catalysts.

The TiO2 supports

A wide span of commercially-available TiO2 materials has been used as support for the Ru nanoparticles in this study: Hombikat UV-100 (Sachtleben Chemie GmbH), Aeroxide TiO2 P90 and P25 (Degussa-Evonick) and TiO2 MPT-625 (Ishihara Sangyo Kaisha, ISK). The main physico-chemical properties of the TiO2 supports used are listed In Table 10 and their XRD patterns are shown in Fig. 99. The TiO2 supports differ in terms of phase composition, average crystallite size, as well as with regard to the specific surface area. It has to be mentioned that the phase composition corresponds to the composition among the crystalline TiO2 phases, and differs from pure anatase for UV-100 to pure rutile phase for MPT-625, the P25 and P90 being TiO2 with mixed anatase-rutile phases, with an approximate ratio of 80:20 and 90:10, respectively. No brookite phases were observed in any commercial TiO2 sample. BET specific surface areas were ranging from 56 m 2 /g to 330 m 2 /g, in relationship with the average crystallite size. Difference in the amorphous content was also observed, within the 7-30% range, as determined by the approximate methods used by the group of Lillo-Rodenas and Roman-Martinez for TiO2 samples [20].

Fig. 100A and Fig. 100B show the UV-Vis spectroscopy results as absorption spectrogram and as Tauc plot using the Kubelka-Munk function, respectively. Taking into account the accuracy of the measurements, the main difference lies in the slight red-shift of the absorption edge for the TiO2 MPT625 sample that is composed of pure rutile phase, in comparison to the TiO2 supports composed of pure anatase or of anatase as majority phase. The corresponding bandgap values determined from the Tauc plots are collected in Table 10, in agreement with the phase composition, the narrowest bandgap being for the rutile MPT-625 (3.0 eV), and the others composed of (mainly) anatase being at ca. 3.2. eV. Table 10 Main physico-chemical properties of the TiO2 used as supports for the Ru nanoparticles.

1 the phase composition corresponds to the composition within the crystallized TiO2 phases (without considering the amorphous TiO2) ; 2 determined by using the method developed by the group of Lillo-Rodenas and Roman-Martinez [20]; 3 determined by applying the Scherrer equation to the ( 101) and ( 110) peaks of anatase and rutile, at 25.7° and 27.5°, respectively, A and R representing the anatase and rutile content in the TiO2 phase composition, respectively.

Fig. 101 depicts the CO2 adsorption measurements onto the different titanium dioxide materials after a previous dehydration treatment at 400°C under Ar flow. The band patterns recorded under diluted 10% CO2/Ar with a flow rate of 5.5 ml/min, were in agreement with the species and the adsorption configuration reported in the literature, and collected in Table 11. In general, there is a good match between the specific surface area of the materials and the band intensity for the CO2 adsorption, the larger the absorbance, the higher the specific surface area. Adsorption modes were observed as monodentate carbonates and bicarbonates, as well as monodentate bicarbonates.

At highest wavenumber values, a band with a maximum absorbance at 1673 cm -1 were detected on P90 and P25 materials. As it is explained it corresponds to the presence of bonded bidentate bicarbonates species [21]. However, these species were less clearly detected on pure anatase (UV100) or pure rutile (MPT625), what suggests that these species are favourable onto anatase/rutile frontiers. In addition, these species bands have a high absorbance in particular on P25, whose anatase/rutile interphases are more frequent in the surface as its composition of anatase:rutile is 80:20. Band wavenumber (cm [21,22] during CO2 adsorption over TiO2 followed by DRIFTS analysis.

CO2-TPD experiments (Fig. 102A) have been carried out with bare TiO2 materials as it was described in the previous chapters. In all the samples, a main CO2 desorption peak was observed by MS at low temperature around 150°C. UV100 was the titania sample that desorbed the largest quantity of CO2 in in comparison with the other titanium dioxide materials, as a result of its higher specific surface area. All samples were pre-treated at 300°C before the analysis to clean the surface, so the higher temperature m/z=44 signal was not assigned to CO2 desorption from the measurement, but might find its origin in the oxidative cleaning of the TiO2 surface, that requires higher temperatures than 300°C. However, those values remained low.

In addition, a similar procedure have been implemented by DRIFT Spectroscopy on UV100 as shown in Fig. 102B. Tuning the temperature from room temperature until 500°C as maximum temperature of work of the DRIFTS set-up, it was possible to observe the negative absorbance values at 1586 cm -1 and 1426 cm -1 wavenumbers. These bands are assigned to mono-and bidentate bicarbonates species, respectively, being easier desorbed the bicarbonates in monodentate vs. bidentate configuration. 

The Ru/TiO2 catalysts

The photo-assisted synthesis method was employed for preparing the Ru/TiO2 catalysts with different titania supports, according to a similar protocol as previously described. As in the previous chapters, the relative concentration of the Ru precursor in the support suspension was followed by UV-VIS spectrophotometry along the course of the photo-assisted process (Fig. 103). The adsorption step at dark conditions is related to the specific surface area of the support, as the different TIO2 used did not differ significantly in terms of IsoElectric Point (IEP) and zeta potential (net surface charges), e.g. measured at 6.5 for TiO2-P25 and 5.5. for both TiO2-P90 and UV100. So, larger the specific surface area (and the number of Ti-OH surface group, as TiO -or TiOH2 + ), more pronounced the precursor adsorption in the dark, ranging from 40% to 86%). The syntheses were performed under light for 30-40 min, with the complete disappearance of the Ru precursor signal. Ruthenium chemical state of the different Ru/TiO2 photothermal catalysts was studied by XPS, as summarized in Table 13. Classical XPS patterns were obtained for the Ru 3d and C 1s orbital region, with a similar binding energy of 280.8 eV recorded for the main Ru 0 peak (3d 5/2 orbital) independently of the TiO2 nature. Some differences in terms of Ru 0 :Ru + ratios was observed, the Ru/UV100 sample exhibiting the lowest fraction of the metallic species.

Catalyst

Loading Ru (wt. %) 1 NP size (nm) 2 Dispersion (%) Fig. 105 collects the CO2 temperature-programmed desorption graphs over the different Ru/TiO2 catalysts. In comparison with the bare supports, strongly larger quantity of desorbed CO2 was observed on the Ru-based catalysts. The main fraction corresponded to a mid-and high-temperature desorption, in comparison to the low-temperature desorption observed on the TiO2 surface it-self. This is related to the strength of the interaction with the catalytic surface. The distribution between mid-and hightemperature desorbed CO2 was dependent on the catalyst, and can be related to Ru size effect, location of Ru nanoparticles (e.g. anatase, rutile, anatase/rutile interface, amorphous phase), that influence the adsorption mode and strength of the CO2 adsorption. Also it is known that ruthenium on metal oxide materials can dissociate CO2 into CO and O atom on its surface, and this dissociation can also be reflected on CO desorption. CO desorption was followed by MS in the line m/z=28 as it is plotted in the Fig. A 2 of the Annex. However, the CO desorption will be discarded from the quantification of adsorbed CO2 as m/z=28 can be a fragment of m/z=44 [22]. The values obtained from the integrated CO2-TPD signals are collected in Table 14, normalized with the reference Ru/P25 catalyst. While Ru/P90 did not have strong adsorption bonds with CO2 (no high-temperature contribution), it showed the larger quantity of CO2 adsorbed, with 2.6 times that of Ru/P25, followed by Ru/UV100 with 2.1 times and Ru/MPT625 with 1.2 times the reference. The apparent activation energies have been calculated from the Arrhenius plot graphs of the methane yield for each catalyst, as shown in Fig. 107. They have been calculated based on the real Ru wt.% content. For all the catalysts, a linear decrease in the apparent activation energy was observed with increasing the light irradiance, as also shown in Table 15 with the appropriate slope obtained for each catalyst. A similar slope was observed when using P25, MPT625 and P90 as support, meanwhile UV100

3.4.In-situ DRIFT spectroscopy study over the Ru/TiO2 catalysts for CO2 methanation.

In this subsection, the CO2 photothermal methanation is studied over the different Ru/TiO2 catalysts by in-situ DRIFT spectroscopy. First tests were performed with the Ru/TiO2-P25 catalyst at dark conditions with a non-diluted sample from 200°C to 400°C and with a pure flow of CO2 and H2 (1:4) as it is shown in Fig. 108. It is possible to observe in the high wavenumber range an intense band at 3015 cm -1 that increased in absorbance as much as the temperature increased. This band is assigned to methane physisorbed on the surface as similarly was assigned to 1300 cm -1 [ 23 25]. Ru-CO bands were detected in the 2100-1900 cm -1 range. However, the high noise in the spectra avoid to the detection of carbonates/formates intermediates species adsorbed on the titanium dioxide surface. This can be attributed to the high absorption of the material over all the infrared spectrum, which saturates the detector and makes the subtraction of the Ru/P25 spectrum recorded under inert gas from the Fig. 108. Therefore, to avoid these problems in the next experiments, it is important to dilute the sample into an inert matrix that does not adsorb CO2 and H2 and does not absorb IR light. 

220°C

The previous experiment was repeated using as a sample, 10 wt.% Ru/P25 diluted into a matrix of KBr and with a flow composed of 10 %v/v CO2, 40%v/v H2 and 50%v/v Ar. The spectra are plotted in Fig. 109.

It is possible to observe that, under dark and illuminating conditions, there are no bands assigned to the presence of methane, as during the in-situ experiment on Ru/P25 under inert gas. This can be explained by the decrease of the amount of active material in the sample, reducing the CO2 conversion to methane. However, the bands assigned to Ru-CO bonds and carbonates/formates adsorbed onto catalytic surface are observed in these conditions, which can be potentially methane precursor species [24]. In addition, some bands at high wavenumber are also reported. These absorbance bands are assigned to physisorbed CO2 onto the material surface. Furthermore, the influence of the UV-A light irradiation did not result into the appearance of new absorbance bands or into an absorbance increase on Ru/P25 surface when the DRIFTS experiments were conducted under photon irradiation.

Unfortunately, despite the implementation of a large span of experimental conditions for the DRIFTS analysis, the difficulties of observing any difference by the UV-A photon irradiation can be related to the dilution of the catalyst in the KBr matrix. Since potassium bromide material is opaque to the ultraviolet light, it avoids the transmission of photons to the catalyst that is not on the top of the cup. Therefore, we will be more focused on other parameters apart of the light irradiation such as CO2 activation , hydrogen spillover or metal/support interface. In the range of 2200-1200 cm -1 the different recorded infrared bands were analysed in Fig. 110. In the range of carbonates/formates it is possible to distinguish two main bands from 120°C to 200°C with maximum absorbance at 1537 and 1441 cm -1 . These bands are assigned to bidentate formate and bidentate bicarbonate species, respectively ( [27]). In addition, bidentate formate species on anatase band is shifted to higher wavenumbers (ca. 1550 cm -1 ). This might suggest that bidentate species are preferentially obtained on the rutile phase of the P25 support [28,29]. Bands assigned to Ru-CO bonds increased in absorbance as much as the temperature increased till 200°C. 2038 cm -1 and 2014 cm -1 bands have been identified as linear Ru 0 -CO bond. However, at higher temperatures a new band . Literature has reported a shift of carbonyl-ruthenium bands in the spectra when the bonds are weaker due to the presence of electron-donating species in the vicinity of Ru adsorption sites [23,30]. However, this band at 1994 cm -1 can also be assigned to partially-oxidized Ru bonded carbonyls (Ru n+ -CO) [31]. In this case, no band at 1673 cm -1 was observed, while during the CO2 adsorption on bare P25 it was the most characteristic of the sample. During the CO2 adsorption experiments by Mino and co-workers, they observed that the species assigned to this band was easily desorbed with the outgassing at room temperature, which certifies that the bond of this specie with the TiO2 surface is very weak [21].

According to literature [23], the mechanistic route from CO2 to CH4 over Ru/P25 catalyst can have intermediate steps as hydrogenates species as shown in Eq. 5. being S an active site on the catalytic surface. The bands in the range from 1700-1200 cm -1 can point out the Eq. 1 as the dissociative pathway of CO2 into CO. However, additional bands assigned to CHx should appear at 3000-2800 cm -1 range. The absence of CHx species can be justified by a small population of these species on the surface, being insufficient for the detection. The DRIFT spectra during photothermal and thermal methanation over Ru/MPT625 are depicted in the next Fig. 111. Formate/carbonate bands were weaker at lower temperature. However, high absorbance bands were detected upper 140°C, which has connection with the catalytic activity observed in the previous subsection. What it is highlighting is the new bands that emerged at 2970 cm - 1 , 2930 cm -1 and 2860 cm -1 , which can be assigned to the C-H stretching vibration of methyl groups (CH3,ad) and to the symmetric and asymmetric stretching of C-H bonds of methylene groups (CH2,ad), respectively [23].

Moreover, it is possible to observe an intense broad band in the range of 3500-3000 cm -1 assigned to the presence of hydroxyl groups on the surface.

Ru-CO bands have different shape and wavenumber than in the previous spectra over Ru/P25 material.

In this case, it is found a broad shape band at 1930 cm -1 . Since there is any band assigned to 1930 cm - 1 , we can attribute this broad band to an overlapping of bands between Ru n+ -CO, Ru-CO bonds at NPs edges and bridged Ru-CO-Ti bonds [23,24,26]. Similar to Ru/P25, band assigned to linear Ru 0 -CO bond was observed at 2038 cm -1 . However, this band is only distinguishable at higher temperatures, which can explain the enhancement of the catalytic rate at these reaction conditions. In the range of carbonates/formates we found bands assigned to formate and bidentate bicarbonate species at 1542 cm -1 and 1427 cm -1 , respectively [21], which are the species that CO2 is adsorbed onto rutile phase surface in presence of hydrogen flow.

In comparison with Ru/P25, we can observe hydrogenate carbonyl species bands shew high absorbance than ruthenium carbonyl species when temperature increase. Among the Ru-CO bonds, linear Ru 0 -CO bond is not the predominant specie during the CO2 methanation reaction. The high absorbance of carbonyl onto Ru particle edges and (TiO2)Ru-CO bands indicates it is at particle surrounds where the CO2 easily dissociates into hydrogenated carboxylates and formates followed by the decomposition into CO and, then, into methyl and methylene intermediates as it is shown in Eq.1, 2. A similar broad band was observed during the DRIFT spectra over Ru/UV100 (Fig. 112) in the range from 2000-1900 cm -1 attributed to several bonds between ruthenium species and carbonyls (between Ru n+ -CO, Ru-CO bonds at NPs edges and bridged Ru-CO-Ti bonds). These Ru-CO bands, in comparison with Ru-CO assigned bands over Ru/MPT625 ones, are shifted to higher wavenumber frequencies. This effect can be related to the CO covering of the surface [25]. At high CO covering on Ru particles, the Ru-CO bonds weaken and, therefore, the stretching of C=O is stronger [25,32]. In addition, the bands located at 1550 cm -1 and 1369 cm -1 are assigned to a(OCO) and s(OCO) in bidentate formate species, HCOOad, respectively [33,34].

Another band was detected at 1679 cm -1 related to the vas(CO) modes of monodentate bicarbonate specie [21,35] but also can be assigned to molecularly adsorbed formic acid [33,34]. 1635 cm -1 band was detected at room temperature, which is attributed to carbonates species [24]. However, the literature in which they were supported to assign this band is not reporting this band [21,36 38]. Other research groups classified this peak as water [39,40].

As it occurred over the rutile catalyst, high frequency bands at 2930 cm -1 and 2860 cm -1 demonstrate methyl and methylene groups during the CO2 methanation.

As it is shown in the Fig. of the left, there is a clear increase in absorbance of formates and Ru-CO bands under light irradiation from 120°C to 160 °C. This activation of the catalytic surface did not affect only to Ru related species, also to titania surface. In the right of the Fig it is possible to observe that absorbance values of the Ru-CO bands increased from 120°C to 180°C as it also occurred with the band at 1679 cm -1 . However, similar absorbance is recorded at 180 °C and 200 °C for these bands meanwhile the bands at 1369 cm -1 and 1420 cm -1 increased its absorbance value when the temperature was increased to 200 °C.

According to the results obtained during the methanation test, the stabilization of the absorbance for Ru-CO bonds at high temperatures meanwhile formates and carbonates band increased in absorbance with the temperature, might suggest the CO hydrogenation (Eq.2) as the rate-determining step, which is supported in the literature [35,40].

Li and co-workers believed that the difficulty to hydrogenate CO into methane over Ru/anatase can be related to the hydrogen spillover and electron transfer from metal to titanium dioxide [35]. If H2 is dissociated onto the ruthenium surface and H atom migrates to the O lattice of the anatase surface (Ti-O(H)-Ti), the population of formates and carbonates species increase instead of reduce the CO into CH4 on ruthenium active sites. Simultaneously, the H spillover leads the electron transfer from metal to TiO2, which weakens the Ru-carbonyl bonds and strengthen the C=O one and hinders the CHx species production [35,41,42]. Finally, in regards of the Ru/P90 catalyst (Fig. 113), similar to Ru/UV100 a band ca. 1620 cm -1 assigned to water emerged at room temperature. At 140°C, bands at 1500 cm -1 and 1350 cm -1 and assigned to bicarbonates were observed, as well as a broad band in the range of Ru-CO modes. At higher temperatures, the broad band at ca. in 1350 cm -1 had two maximum peaks of absorbance at 1370 cm - 1 and 1340 cm -1 , which are assigned to carbonates and formates species. The appearance of new bands at 1720 cm -1 and 1462 cm -1 might be related to the presence of formaldehyde or even oxymethylene [43,44], respectively, on the catalytic surface.

Similarly to Ru/P25, a high absorbance band is observed at 2039 cm -1 . However, the band at 1993 cm - 1 is better distinguished (less overlapping) with Ru/P90. In addition, this band has more absorbance than the main one at 2039 cm -1 at 140°C and similar at high temperatures. These differences between both catalysts might be explained in terms of metal-support interaction, and by the higher percentage of anatase phase in P90 than in P25. As it was previously mentioned, electron transfer from metal to anatase phase is stronger than in rutile [40]. Therefore, a higher presence of anatase than rutile may induce a higher electron transfer from ruthenium, generating more Ru partially oxidized species and, then, Ru n+ -CO bonds. This preliminary study on the use of Ru/TiO2 catalysts for the photothermal CO2 methanation is promising. The results demonstrated that TiO2 is an efficient support for CO2 adsorption and conversion into formates and adsorbates as the first step. The decoration of the TiO2 support with small size Ru nanoparticles increases the interfaces between the metal and the metal oxide, which might enhance the CO adsorption, in consequence improving the conversion of CO2 into CH4, as suggested by in situ DRIFTS for some catalysts. However, the anatase phase demonstrated not to be the best support in our experimental conditions. Among the different explanations, the role of hydrogen spillover effect might be proposed, as reported in the literature for some other systems. This phenomenon weakens the Ru bond with the carbonyls and hinder the hydrogenation of CO species.

Although being just in its infancy in this emerging field of photothermal catalysis, the need of deeper understanding of mechanistic aspects will require in particular the implementation of more suited experimental conditions allowing for the visualization of significant effects upon the combined photonic/thermal excitation.

Conclusions

In this chapter, we demonstrated that photothermal catalysis on Ru-based systems cannot only be applied efficient for dehydrogenation processes such as in the gas phase formic acid conversion, but also for the CO2 hydrogenation. Ruthenium has been reported as an active metal for the CO2 hydrogenation with high selectivity to methane. We evidenced a pronounced photothermal enhancement upon the combined photonic/thermal excitation, and under UV-A light irradiation, the methane yield considerably increased, the effect being all the more marked than the light irradiance increased. It was observed that the catalytic behaviour of the supported Ru differs strongly depending on the used support. Notably, the Ru/g-C3N4 catalyst exhibited only a very small photothermal enhancement, while the enhancement under UV-A light shown by the Ru/SiO2 catalyst remained by far moderate in comparison to that obtained for the Ru/TiO2 reference systems. Catalytic results obtained on Ru/CeO2 suggested, although there is no significant change in the activation energy values under light/dark conditions and that a thermalization mechanism might occur simultaneously, that electron-driven processes might take place upon light irradiation, with a change in the selectivity from CO (reverse gas shift water reaction) to methane production.

However, the Ru/TiO2 catalysts demonstrated to be the most efficient systems among those tested for the CO2 conversion into methane. The study about the influence of the different commercial titanias used as support points out the importance of the crystallographic nature of the titania (polymorphs). Despite the good results in terms of methane yield obtained under light at low temperatures when ruthenium is supported on anatase, the presence of the rutile phase appeared to be a key-factor at higher temperatures. Preliminary mechanistic studies by DRIFTS suggested that CO2 is first activated over the titanium dioxide surface as formate and carbonates species that decompose into CO as first step of the methanation. This step would be followed by the hydrogenation of the carbonyl onto ruthenium surface or at the TiO2/Ru interface.

Conclusions and perspectives

The main objective of this thesis was to demonstrate the ability of Ru-based catalysts to be used as photothermal catalysts under UV-A light for two gas-phase reactions of interest, as main reaction the formic acid dehydrogenation to produce hydrogen, and as secondary reaction the hydrogenation of CO2 to methane (Sabatier reaction). We aimed at obtaining a proof of evidence of a beneficial photothermal effect under UV-A for both reactions, and that photothermal catalysis can soften the reaction conditions and increase the reaction yield through the dual photo/thermal excitation of Ru-based catalysts for developing more sustainable processes.

We described first the advances realized for the gas-phase formic acid dehydrogenation as a sustainable process for hydrogen production.

First, Ru/TiO2 was considered as reference catalyst under UV-A light. The main conclusions are:

-combining (dual) photonic/thermal excitation of the Ru/TiO2 catalyst has been proved to boost the decomposition of gaseous formic acid towards dehydrogenation under UV-A light irradiation, with a significant increase in the hydrogen yield. -it lowers the formic acid decomposition temperature, increases the H2 production rate as well as the selectivity towards dehydrogenation, thanks to a differentiated (light-enhanced) mechanisms for H2 and CO productions. -Ru demonstrated to be related to the H2 production, with an optimum content of 0.5 wt.%. -TiO2 acting as photothermal catalyst selective for the dehydration reaction, the TiO2 support itself is an intrinsic limitation for the photothermal performances.

Different methodologies were used to access the possible light-induced mechanisms, e.g. photondependency experiments, apparent activation energy evaluation or in situ DRIFT spectroscopy:

-in-situ DRIFT spectroscopy spectra in photothermal conditions confirmed the enhancement features attributed to the bare TiO2 support itself and to the supported Ru nanoparticles, for dehydration and dehydrogenation reactions. -it shows that Ru can be differently bonded to carbon species under light and dark conditions, with new bands assigned to Ruthenium-carbonyl bonds under illuminating conditions, suggesting a new electron-driven mechanism under UV-A light, in addition to a thermal-driven (thermalization) mechanism. -Photon-dependency experiments and apparent activation energy determination supported the hypothesis of dominant electron-driven processes vs. thermalization.

Second, we aimed at studying to which extent the performances and the photothermal enhancement effect might be influenced and improved through the choice of other support materials. In this part of the thesis, the main conclusions are:

-a positive photothermal effect was obtained on both Ru/g-C3N4 and Ru/SiO2 catalysts, allowing the H2 production rate to be increased under UV-A light vs. dark conditions, and the temperature to be lowered while maintaining a similar H2 production rate. -the isolating SiO2 can be used as support in photothermal catalysis, the enhancement being shown to rely only on the activation of Ru nanoparticles, with both H2 and CO formation.

-we demonstrated that Ru/g-C3N4 were remarkable photothermal catalysts that outperformed the Ru/TiO2 reference catalysts in terms of H2 production and with a 100% selectivity over the whole temperature and irradiance range. An optimum Ru content of 0.5 wt.% was observed -the features of the -C3N4 surface allowed the intrinsic limitation of the TiO2 semiconductor to be overcome. -By contrast to Ru/TiO2, in situ DRIFT spectra over Ru/SiO2 suggested possible electron-driven mechanism under light irradiation in addition to pure thermal catalysis. We suggested a thermalization mechanism for hot carriers over Ru/g-C3N4.

Third, we aimed at showing in a preliminary study the ability of supported Ru-based systems to be also used as photothermal catalysts under UV-A in another reaction of interest, the photothermal CO2 hydrogenation into methane. In this part of the thesis, the main conclusions are:

-Ru-based catalysts with a 5 wt.% content can also be used efficiently for the CO2 hydrogenation into methane using H2 as reducing reactant in photothermal conditions with a selectivity of 100 %. UV-A light irradiation promoted strongly higher methane yields than under dark conditions in the case of the Ru/TiO2 catalysts, that overcome all the catalysts studied. -the performances under light were less interesting on the Ru/SiO2 catalyst, and by far worst on the Ru/g-C3N4 catalyst, although a photothermal enhancement was observed for all catalysts.

-Different light-induced mechanisms were suggested depending on the nature of the support, related to the evolution of the apparent activation energy. -Results showed than the nature of the TiO2 support used influenced the photo, although a photothermal enhancement was observed independently of the TiO2 support used. -Anatase phase demonstrated good results at low temperature conditions. However, the most enhanced methane yield with the temperature was over rutile-phase supported ruthenium. Several factors like metal/support interaction, hydrogen spillover or CO2 activation are affecting in these results.

As perspectives opened by the work, our results paved the way for further studies and the development of new photothermal catalysts, under UV-A light as well as under solar light.

Ruthenium is an excellent metal for elaborating supported photothermal catalysts. However, as one of the objectives remains to lower further the temperature, the study of other materials should be contemplated. Other noble metals like Au, Ag or Pt can be promising metals for a photothermal enhancement, with a wide range of spectral responses, that in addition can be tuned from the UV-A to the visible part of the spectra depending on the nanoparticle size. In fact, under pure UV-A light, promising preliminary results already obtained by substituting Ru by Pt demonstrated that, even at room temperature, high FA conversion values can be obtained under light irradiation, as shown in Fig. 114. Under maximum light irradiance, FA conversion of 23% was achieved over a Pt(0.5%)/g-C3N4 (PA) catalyst with 100% selectivity towards H2, vs. only 8.8% with our reference Ru(0.5%)/TiO2 (PA) catalyst. H2 production with the Pt catalyst reached 16.3 mmol g -1 h -1 , strongly overcoming the 4.2 mmol g -1 h -1 obtained with the reference Ru catalyst in similar conditions. Another strategical route for further experiments is the study of non-noble, earth-abundant metals.

For instance, without any exclusive, Cu, Ni, Co are less expensive materials that, in the determined photon wavelength, are sensitive to light irradiation.

In particular, a highly innovative strategy might rely on the use of bi-metallic systems allowing favourably to extend the operating spectral range. The concept would be to associated a metal with an suited absorption in the visible spectral range, and thermalization the hot carriers for thermally activating an efficient (thermal) metallic catalyst.

As we demonstrated in this work, the influence of the support plays a crucial role during the photothermal reaction. The search of alternative supports that might enhance further the catalytic properties of the materials, notably by allowing a synergistic, double activation of both the support surface and the supported metals, is of prime interest.

In the literature chapter, several methodologies were described to analyse the different mechanisms taking place during the photothermal conditions with combined photonic/thermal excitation. In the following studies, the search of collaboration and the expansion of the set-up are vital to determine the influence of photon-driven and thermal-driven processes during the reactions. For instance, are targeted wavelength-dependency experiments, nano-thermal measurements and kinetic isotopic exchange experiments.

Last perspective relies on the exploration of other reactions of high interest for the synthesis of high value-added chemicals in the bio-(solar)-refinery field. Notably, we previously mentioned that formic acid can act as internal hydrogen supplier for hydrogenation reactions, for instance for the hydrogenation of levulinic acid issued from the direct conversion of cellulosic biomass intovalerolactone. The strong photothermal enhancement in the H2 production rate that we reported on the Ru catalyst would allow providing in-situ large amount of H2 for the coupled hydrogenation reaction, for which Ru is known to be a very good catalyst. Table A 3 Influence of the UV-A light irradiance in the 0-365 mW/cm² range and of the reaction temperature on the photothermal FA decomposition on the Ru(0.5 %)/g-C3N4 (PA) reference catalyst prepared by the photo-assisted synthesis method Sur un métal dont la surface est propre, les électrons ne peuvent se retrouver qu'en se recombinant (Figure 2A).
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Cette thermalisation est liée à la possibilité de recombinaison de l'électron dans le métal. Ainsi, si l'électron migre vers une orbitale moléculaire d'une espèce adsorbée (Figure 2B), il pourrait participer aux mécanismes électroniques des différentes réactions sur la surface du métal.

Cependant, il peut aussi se recombiner dans le métal et augmenter la température.

La même chose pourrait se produire avec une hétérojonction d'un métal et d'un semi-conducteur (Figure 2C). Si le nouveau niveau d'énergie de l'électron excité est supérieur à la barrière Schottky créée à l'interface entre les deux matériaux, il peut être transféré dans la bande de conduction. De manière similaire à celle précédemment décrite. L'électron peut être retransféré au métal. Comme l'acide formique peut également être décomposé en produits de déshydratation, les paramètres de sélectivité peuvent être affectés. En fait, il y a une influence positive vers les produits de déshydrogénation par l'irradiation lumineuse et la température. Pour déterminer comment le produit CO est produit, TiO2 a été testé comme catalyseur photothermique pour la décomposition dans des conditions similaires à celles du catalyse a été converti avec succès mais en produits de déshydratation sans aucune trace de H2. Des études complémentaires ont démontré (non présentées dans ce résumé) que FA seulement peut être décomposé en CO et H2O sur la surface de TiO2. En outre, le catalyseur Ru/g-C3N4 a montré une production efficace d'hydrogène sur sa surface (Figure 6B). Les valeurs de sélectivité recueillies certifient une conversion totale de l'acide formique en produits de déshydrogénation. D'autre part, les valeurs de sélectivité lors de la décomposition de FA (Figure 6C) sur Ru/SiO2 sont de l'ordre de 70% pour la production d'hydrogène. Ces valeurs ne varient pas en fonction de l'irradiance UV-A. Cela signifie que ce n'est que dans le cas de Ru/TiO2 que ces valeurs sont favorisées par les conditions de lumière.

La spectroscopie DRIFTS in-situ a été utilisée pour analyser les différentes espèces obtenues lors de la décomposition de l'acide formique sur les trois types de catalyseurs. En regardant de Ru/TiO2, on peut observer qu'il existe des bandes d'absorption qui n'apparaissent que dans des conditions de lumière (en bleu), que nous avons associées à des processus réalisés par des mécanismes Dans le cas de Ru/SiO2 et Ru/g-C3N4 (non présenté dans ce résumé) on peut voir que la situation est similaire au catalyseur de référence pour Ru/SiO2. Cependant, Ru/g-C3N4 ne présente pas de bandes lumineuses. Cela pourrait être l'indication d'un processus clair dominé par des mécanismes thermiques grâce à l'irradiation par l'ultraviolet A.

Dans le cas de la methanation du CO2, Ru/TiO2 est toujours utilisé comme catalyseur de référence bien que la charge en ruthénium ait été multipliée par 10 pour assurer une efficacité catalytique élevée.

Malgré l'augmentation du précurseur pendant la synthèse, une synthèse efficace de nanoparticules de ruthénium sur la surface de l'oxyde métallique a pu être certifiée. -Il abaisse la température de décomposition de l'acide formique, augmente le taux de production de H2 ainsi que la sélectivité vers la déshydrogénation, grâce à des mécanismes différenciés (renforcés par la lumière) pour les productions de H2 et de CO.

-Il a été démontré que le ru est lié à la production de H2, avec une teneur optimale de 0.5 % en poids.

-TiO2 agissant comme catalyseur photothermique sélectif pour la réaction de déshydratation, le support TiO2 lui-même est une limitation intrinsèque pour les performances photothermiques.

Différentes méthodologies ont été utilisées pour accéder aux mécanismes possibles induits par la lumière, par exemple des expériences de dépendance aux photons, l'évaluation de l'énergie d'activation apparente ou la spectroscopie DRIFT in situ :

-les spectres de spectroscopie DRIFT in situ dans des conditions photothermiques ont confirmé les caractéristiques d'amélioration attribuées au support TiO2 nu lui-même et aux nanoparticules de Ru supportées, pour les réactions de déshydratation et de déshydrogénation.

-Elle montre que le Ru peut être lié différemment aux espèces de carbone dans des conditions de lumière et d'obscurité, avec de nouvelles bandes attribuées aux liaisons Ruthénium-carbonyle dans des conditions d'éclairage, ce qui suggère un nouveau mécanisme piloté par les électrons sous lumière UV-A, en plus d'un mécanisme piloté par la chaleur (thermalisation).

-Les expériences de dépendance aux photons et la détermination de l'énergie d'activation apparente ont soutenu l'hypothèse de processus dominants dirigés par les électrons par rapport à la thermalisation.

Deuxièmement, nous avons cherché à étudier dans quelle mesure les performances et l'effet d'amélioration photothermique pouvaient être influencés et améliorés par le choix d'autres matériaux de support. Dans cette partie de la thèse, les principales conclusions sont les suivantes :

-un effet photothermique positif a été obtenu à la fois sur les catalyseurs Ru/g-C3N4 et Ru/SiO2, permettant d'augmenter le taux de production de H2 dans des conditions de lumière UV-A par rapport à des conditions sombres, et d'abaisser la température tout en maintenant un taux de production de H2 similaire.

-le SiO2 isolant peut être utilisé comme support dans la catalyse photothermique, l'amélioration étant montrée comme reposant uniquement sur l'activation des nanoparticules de Ru, avec formation de H2 et de CO.

-nous avons démontré que Ru/g-C3N4 sont des catalyseurs photothermiques remarquables qui surpassent les catalyseurs de référence Ru/TiO2 en termes de production de H2 et avec une sélectivité de 100% sur toute la gamme de température et d'irradiation. Une teneur optimale en Ru de 0,5 % en poids a été observée.

-les caractéristiques de la surface g-C3N4 ont permis de surmonter la limitation intrinsèque du semiconducteur TiO2.

-Contrairement à Ru/TiO2, les spectres DRIFT in situ sur Ru/SiO2 suggèrent la possibilité d'un mécanisme piloté par les électrons sous irradiation lumineuse en plus de la catalyse thermique pure.

Nous avons suggéré un mécanisme de thermalisation pour les porteurs chauds sur Ru/g-C3N4.

Troisièmement, nous avons voulu montrer dans une étude préliminaire la capacité des systèmes supportés à base de Ru à être également utilisés comme catalyseurs photothermiques sous UV-A dans une autre réaction d'intérêt, l'hydrogénation photothermique du CO2 en méthane. Dans cette partie de la thèse, les principales conclusions sont :

-Les catalyseurs à base de Ru avec une teneur de 5 % en poids peuvent également être utilisés efficacement pour l'hydrogénation du CO2 en méthane en utilisant H2 comme réactif réducteur dans des conditions photothermiques avec une sélectivité de 100 %. L'irradiation par la lumière UV-A a favorisé des rendements en méthane fortement plus élevés que dans des conditions sombres dans le cas des catalyseurs Ru/TiO2, qui surpassent tous les catalyseurs étudiés.

-Les performances sous lumière étaient moins intéressantes sur le catalyseur Ru/SiO2, et de loin les pires sur le catalyseur Ru/g-C3N4, bien qu'une amélioration photothermique ait été observée pour tous les catalyseurs.

-Différents mécanismes induits par la lumière ont été suggérés en fonction de la nature du support, liés à l'évolution de l'énergie d'activation apparente.

-Les résultats ont montré que la nature du support TiO2 utilisé a influencé la photo, bien qu'une amélioration photothermique ait été observée indépendamment du support TiO2 utilisé.

-La phase anatase a montré de bons résultats dans des conditions de basse température. Cependant, le rendement en méthane le plus élevé avec la température a été obtenu avec le ruthénium supporté par la phase rutile. Plusieurs facteurs tels que l'interaction métal/support, le débordement d'hydrogène ou l'activation du CO2 ont une incidence sur ces résultats.

Résumé

Ce travail se concentre sur l'étude des matériaux à base de ruthénium pour une utilisation en catalyse photothermique. À cette fin, différentes expériences ont été réalisées, depuis leur méthode de synthèse jusqu'à leurs applications pour l'obtention d'hydrogène ou la conversion du CO2 via methanation. L'étude des différents matériaux, dans différentes conditions et sur différentes réactions montre que l'effet photothermique, principalement dû au ruthénium, peut contribuer à une amélioration des propriétés catalytiques. Les résultats montrent une orientation de la sélectivité vers les réactions souhaitées tout en augmentant l'activité catalytique à des températures plus basses grâce à l'irradiation lumineuse. Ce travail ouvre la voie à l'utilisation de catalyseurs photothermiques pour des processus plus durables dans le secteur énergétique et industriel.

Mot clés : Ruthénium, catalyse, photothermique, hydrogène, méthane, dioxyde du carbone, hydrogénation, methanation, acide formique

Résumé en anglais

This work is centered on the study of ruthenium-based catalysts for their use in photothermal catalysis. For this purpose, different experiments have been elaborated focusing from their synthesis method to their applications for obtaining hydrogen or CO2 conversion via methanation. The study of the different materials, under different conditions and on different reactions shows that the photothermal effect, mainly generated by ruthenium, can contribute to an improvement of the catalytic properties. The results affirm a direction of selectivity to the desired reactions while increasing the catalytic activity at lower temperatures thanks to light irradiation. This work opens up the use of photothermal catalysts for more sustainable processes in the energy and industrial sectors.

Keywords: Ruthenium, catalysis, photothermal, hydrogen, methane, carbon dioxide, hydrogenation, methanation, formic acid

Fig. 3

 3 Fig. 3 Scheme of coherent localized oscillation of the electron density over the influence of an electromagnetic field on spherical plasmonic nanoparticles, from ref 18.

Fig. 4

 4 Fig. 4 Hot carrier generation via plasmon-induced process and transfer/back-transfer processes of hot electrons and holes in different scenarios. A) clean metal, B) metal/adsorbate, C) metal/semiconductor.

Fig. 7

 7 Fig. 7 Linear (blue), superlinear (red) sublinear (green) and exponential (violet) regimes in the photon dependency of the reaction rate.

Fig. 8

 8 Fig. 8 PL-AS nanothermometry applied to gold single particle under green laser irradiation results where a) is the hyperspectral image of a single Au nanoparticle, b) photon irradiance dependendance of the local temperature at different (global) temperatures, c) photothermal coefficient values at different set temperatures, and d) influence of the underlying substrate on the dependendance of the local temperature with the irradiance (Figure adapted from ref [79])

Fig. 9

 9 Fig. 9 Experimental nanothermometry experiments on Au nanostructures. A) linear dependency of sigma at different temperature conditions, B) correlation between laser intensity and temperature by sigma square values for Au nanorods, C) IR thermography images of Au nanorods after 15 min of IR irradiation (808 nm) at 0.6 W and D) comparison of the temperature increments by the techniques used at different laser powers over Au nanorods. Adapted from ref [80].

Fig. 10

 10 Fig. 10 Raman spectra of antimonene nanosheets recorded A) at different temperatures, B) at different laser power values and C) the correlation between the laser power and the temperature.Figure adapted from ref [81].

  Fig. 10 Raman spectra of antimonene nanosheets recorded A) at different temperatures, B) at different laser power values and C) the correlation between the laser power and the temperature.Figure adapted from ref [81].

Fig. 11 (

 11 Fig. 11 (A) Scheme of medium-to high-solar concentrator types, itemized from left to right as parabolic trough, central power tower (heliostats), parabolic dish, and double concentration systems. Parabolic troughs and dishes offer concentration factors from 30 to 100 and reach temperatures of 500 700 K. Double-concentrators (right), consisting of a heliostat field, a reflective tower and a ground collector, operate in the 5000-10000 concentration range and can reach temperatures as high as 1500 K ; (B) Different configurations for solar-thermal operations: (left) reactor decoupled from solar receiver system; (middle) integrated tubular reactor/receiver, and (right) catalytically active solar absorber. (reproduced from Kho et al. [94])

Fig. 12 (

 12 Fig. 12 (A) Picture of the 3D-(length) used in (B) outdoor experimental test setup for H2 production. The microreactor was placed in the collector focus, irradiating the top cover with sunlight gathered by the parabolic mirror and the bottom of the reactor with direct sunlight (commercial parabolic Al solar reflector: d = 1 m, aperture area = 0.8 m 2 , AlSol K10, Spain). (C) Photocatalytic H2 generation rates obtained using the experimental setup of (B) at different temperatures under sunlight irradiance (residence time 0.35 s, GHSV =10200 h 1 , H2O:EtOH = 9:1 M). The photocatalytic tests were carried out in Barcelona (41.38°, 2.17°) with average solar and UV-A irradiance of 90 ±5 mW/cm 2 and 5.0 ± 0.5 mW/cm 2 , respectively. (reproduced from ref [97])

Fig. 15

 15 Fig.15Harrick scientific (HVC-MRA) reactor at dark (left) and light (right) conditions adapted from ref[START_REF] Upadhye | Plasmon-enhanced reverse water gas shift reaction over oxide supported Au catalysts[END_REF] 

Fig. 16

 16 Fig. 16 Various catalyst bed configurations studied in Li et al.: (A) in a conventional U-shaped quartz reactor, (B) in a (C) in the commercial Harrick DRIFTS cell and (D) in the commercial Spectra-Tech DRIFTS cell. (reproduced from ref [110])

Fig. 20

 20 Fig. 20 Photo-thermal methanation over group VIII catalysts. A) temperature monitoring during light irradiation and B) UV-Vis spectrum of Ru/Al2O3 catalyst, adapted from ref [56].

Fig. 21

 21 Fig. 21 Thermal and photo-chemical processes in Al@Cu2O where A) HR-TEM of particle over light irradiation with thermal gradient on particle surface, B) temperature monitoring at light conditions, C) wavelength dependency of EQE based on CO production through the visible-NIR spectra, and D) Energy band diagram of Al@Cu2O for hot carrier generation for injection into unoccupied state of CO2 for C O bond photo-activation reproduced from ref [148].

Fig. 22 A

 22 Fig. 22 A) CO2 conversion values in RWGS reaction over 0.9 at. % Au/CeO2 from 360-400 °C in the dark (blue) and under illumination (red) conditions. B) Mechanistic scheme showing the promotion of H2 dissociation over Au atoms. C) Plot of CO production rate dependence on partial pressure of CO2 in the dark and under illumination, and D) on partial pressure of H2. (reproduced from ref. [150])

Fig. 23

 23 Fig. 23 Proposed scheme for HCOOH as storage molecule of H2 and H2 supplier for energy applications from ref [169] (A) and as internal hydrogen donor for hydrogenation reactions(i.e., levulinic acid hydrogenation for GVL production) adapted from ref [170] (B).

Fig. 24 A

 24 Fig. 24 A) and B) Photo-thermal formic acid dehydrogenation reaction rate at dark and illuminating conditions over 1.1 to 32 wt.% Pt/Te nanowire catalysts, C) AQE in comparison with UV-Vis spectrum and D) rate photon dependence of 1.1 wt.%Pt/Te. E) AQE in comparison with UV-Vis spectrum and F) rate photon dependence of 32 wt. %Pt/Te. Figure based on ref [167].

Fig. 25 A

 25 Fig. 25 A) Gases evolution during formic acid decomposition at dark (grey), visible light (pink) and sunlight (blue) conditions for Pd nanosheets. B) H2 evolution over different Pd morphologies and light sources. C) Suggested mechanisms at light and dark reaction conditions. Adapted from ref [183].

Fig. 26

 26 Fig. 26 Schemes of the Harrick Scientific HVC-MRA 5 reaction chamber used as photo-thermal reactor A) during the catalytic process where green and red arrows correspond to inlet and outlet respectively. Emission spectrum of the LED UV-source appears in the inlet figure. B) the different pieces that compose the reactor and C) top-view of the reactor with length values in inches.

Fig. 27

 27 Fig. 27 Scheme of the photo thermal catalytic set up for FA conversion.

  [CO2]in and [CO2]out correspond to the inlet and and outlet concentrations of carbon dioxide, respectively, while [CO] and [CH4] correspond to the concentrations of carbon monoxide and methane, respectively, in the outlet flow.

Fig. 28

 28 Fig. 28 Scheme of the photo thermal catalytic set up for CO2 methanation.

Fig. 29

 29 Fig. 29 At the left, Micrometrics Autochem II 2920 device used for chemisorption analysis where A) is the reactor placed, B) the water trap and C) the vapour generation. At the right, internal scheme of the device where blue and grey represent the stainless steel lines where the gasses pass through. TCD is marked as D)

Fig. 30 A

 30 Fig. 30 A) Modified scheme of diffuse reflectance FTIR technique where the red dash line corresponds to IR beams and yellow circles to the grounded sample and B) Schematic in-situ DRIFTS process where green and red arrow corresponds to inlet and outlet lines.

Fig. 31

 31 Fig. 31 Scheme of the wet impregnation method used for the catalyst preparation.

Fig. 32

 32 Fig. 32 Scheme of the photo-assisted method used for the preparation of Ru/TiO2 and Ru/g-C3N4 catalysts

Fig. 34

 34 Fig. 34 TEM analysis of the Ru(0.5 %)/TiO2 (PA) reference catalyst. At the top: HRTEM pictures. At the bottom: histogram of the Ruthenium particle size distribution and STEM image.

Fig. 35 .

 35 Fig.35. TCD signal during CO chemisorption pulses on the Ru(0.5%)/TiO2 (PA) catalyst. Each peak corresponds to the outlet CO concentration in the flow after each pulse injection.

Fig. 36 X

 36 Fig. 36 X-ray photoelectron spectra of Ru(0.5 %)/TiO2 (PA) where A) shows the Ru 3d + C1s orbitals with red: Ru 0 (3d); green: oxidized Ru (3d); black: multi-contribution envelope of adventious carbon (1s) [19], B) Cl 2p orbitals and C) Ti 2p + Ru 3p orbitals ranges.

Fig. 37

 37 Fig.37Influence of the temperature within the 25-210°C range in the dark on the Ru(0.5 %)/TiO2 (PA) reference catalyst prepared by the photo-assisted synthesis method. FA decomposition in terms of A) production of H2 (black), CO (red), CO2 (blue) and conversion of FA (purple), B) selectivity to dehydrogenation products, C) Arrhenius plot used for deriving the apparent activation energy for dehydrogenation (black) and dehydration (red) reactions. Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 38

 38 Fig. 38 Influence of the UV-A light irradiance in the 0-365 mW/cm² range and of the reaction temperature on the photothermal FA decomposition on the Ru(0.5 %)/TiO2 (PA) reference catalyst prepared by the photo-assisted synthesis method. A) FA conversion, B) production of H2, C) production of CO2, and D) production of CO. Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 39

 39 Fig. 39 Representation as a function of the light irradiance of the photothermal FA decomposition over the Ru(0.5 %)/TiO2 (PA) reference catalyst prepared by the photo-assisted synthesis method. A) Selectivity to dehydrogenation products (H2), B) FA conversion, C) production of CO, and D) production of H2. Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 40

 40 Fig. 40 Results extrapolated from the FA conversion, H2 and CO productions over Ru (0.5 %)/TiO2 (PA) catalyst shown in Fig 3A,B and D, in order to depict: (A) The influence of the irradiance on the low-temperature shift under light while achieving a similar FA conversion as that in the dark thanks to the higher catalytic activity. The low-temperature shift is plotted by comparison to the different reaction temperatures in the dark (130-210°C); (B) The gain in H2 selectivity obtained by enabling the catalyst to operate at the lower temperature plotted in (A) thanks to the photonic excitation. The gain in H2 selectivity is plotted by comparison to the selectivity obtained at the different temperatures in the dark (150-210°C); (C) The influence of the irradiance on the lowtemperature shift under light while achieving a similar H2 production level as that in the dark. The low-temperature shift is plotted by referring to the different reaction temperatures in the dark (150-210°C).

Fig. 41

 41 Fig. 41 Influence of both the reaction temperature in the 130-190°C range and the UV-A irradiance (0-365 mW/cm 2 ) on the catalytic activity of the pure TiO2-P25 support in the gas phase FA decomposition, expressed in terms of FA conversion and CO formation in mmol/g/h, (A) temperature dependency and (B) light irradiance dependency. (C) Arrhenius plot at each light irradiance condition and (D) Activation energy dependency with the light irradiance. Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

2HCOOH 8 )

 8 Studies are ongoing for elucidating the mechanism responsible for the light/heat synergistic effect enhancing the dehydration activity of the bare TiO2 support. Hypotheses may involve the implication of the photogenerated charge carriers of TiO2 or the possible change in the surface chemistry upon illumination.

Fig. 43

 43 Fig. 43 Arrhenius plot graphs of (A) dehydrogenation and (B) dehydration reactions. (C) Influence of the light irradiance on the apparent activation energy calculated for both dehydration and dehydrogenation reactions on the Ru (0.5 %)/TiO2 (PA) reference catalyst prepared by the photo-assisted synthesis method.

Fig. 45 .

 45 Fig.45. Light irradiance dependence of the catalytic H2 production at 110, 130 and 150°C on the Ru(0.5%)/TiO2 (PA) catalyst synthesized by the light-assisted method for 1 h (green line), 2 h (black line) and 7 h (red line). Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 46 Fig. 47 Fig. 48

 464748 Fig. 46 Light irradiance dependence of the catalytic CO production at 110, 130 and 150°C on the Ru(0.5%)/TiO2 (PA) catalyst synthesized by the light-assisted method for 1 h (green line), 2 h (black line) and 7 h (red line). Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 49 (

 49 Fig. 49(A) Ru 3d + C 1s orbitals XPS profile of the Ru(0.5%)/TiO2 (WI) catalyst, with red: Ru 0 (3d); green: oxidized Ru (3d); black: multi-contribution envelope of adventious carbon (1s); (B) TEM picture of Ru particles at the surface of the TiO2 support and histogram of the particle size measurement.

Fig. 50

 50 Fig. 50 Light-dependence FA decomposition via dehydrogenation (A, B) and dehydration (C, D) processes, and Selectivity to H2(E, F) obtained on the Ru(0.5%)/TiO2 catalyst prepared following the photo-assisted synthesis method (left) and the wet impregnation method (right).

Fig. 52

 52 Fig. 52 TEM images of (A,B) Ru (0.25%)/TiO2 (PA) and (C,D) Ru (1%)/TiO2 (PA).

Fig. 53 (

 53 Fig. 53 (left) Ru 3d + C 1s orbitals XPS profile of the Ru/TiO2 (PA) catalyst and (right) histograms pf the Ru nanoparticle size distribution derived from TEM pictures for (A, B) 0.25 wt.%, (C, D) 0.5 wt.% and (E, F) 1 wt.%, Ru/TiO2 catalysts.

Fig. 54 .

 54 Fig.54. Photo-thermal catalytic FA dehydrogenation reaction with the H2 production values as a function of the UV-A light irradiance over bare TiO2 (black), 0.25 wt.% Ru (red), 0.5 wt.% Ru (blue) and 1% wt. % Ru (green) at 25°C, 110°C, 130°C and 150°C.

Fig. 56

 56 Fig. 56 Arrhenius plot graphs for H2 production (A,C,E) and CO production (B,D,F) at different Ru loadings at the TiO2 surface.

Fig. 58

 58 Fig. 58 Scheme with the proposed mechanism of formic acid adsorption over TiO2 surface.

Fig. 59

 59 Fig. 59 In situ differential DRIFT spectra of the formic acid decomposition over TiO2 obtained by subtracting the reference spectra (at 25°C) from the spectra recorded at different temperatures (up to 350°C), where (A) shows the 1900-1300 cm -1 range with (B) the 2D mapping graph from 1580 to 1300 cm -1 , and where (C) shows the 2280-2030 cm -1 range with (D) the respective 2D mapping graph for the same wavenumber range.

Fig. 60

 60 Fig. 60 In situ differential DRIFT spectra of the formic acid decomposition over TiO2 spectra obtained by subtracting the reference spectrum at 25°C in dark conditions from that obtained spectra under UV-A light irradiation (ca. 365 mW/cm²) (A) at 25°C (B) from 25°C to 350°C in the 1900-1300 cm -1 range, (C) 2D mapping graph of CO assigned bands in the 2275-2020 cm -1 range and (D) comparison of main CO band absorbance (at 2177 cm -1 ) in photo-thermal (red) and thermal (black) conditions.

Fig. 61

 61 Fig.61Differential DRIFT spectra during the formic acid decomposition on Ru(0.5%)/TiO2 (PA) at dark (red) and illuminating (black) conditions in the ranges of (A) 1900-1300 cm -1 and (B) 2500-1900 cm -1 , at 110°C, 130°C and 150°C.

Fig. 62 A

 62 Fig. 62 A) X-Ray diffractograms and B) N2 physisorption isotherms at 77K of bare TiO2 (red), g-C3N4 (black) and SiO2 (blue).

Fig. 63 A

 63 Fig.63 A) Photo-assisted synthesis of the Ru(0.5%)/g-C3N4 (PA) catalyst followed by UV-Vis spectrophotometry where the remaining Ru precursor was assigned to the peak at wavelength =324 nm (comparison with the preparation of the Ru(0.5%)/TiO2 (P25) (PA) reference). Insert graph corresponds to UV-Vis absorbance spectra recorded upon UV-A illumination in the case of the Ru(0.5%)/g-C3N4 (PA) catalyst. B,D,F) TEM images of Ru/g-C3N4 (PA) catalyst with visible interplanar distance of (101) planes of metallic Ru in Ru nanoparticles in the F image. C) Histogram of the Ruthenium particle size distribution derived from TEM analysis (over 160 nanoparticles). E) X-ray photoelectron spectrum of the C 1s + Ru 3d orbitals where red, green and black lines are related to Ru 0 , Ru + and carbon species, respectively. C 1s contributions correspond to both adventious carbon at 284.6 eV and that from the g-C3N4 surface at 287.6 eV.

Fig. 64

 64 Fig. 64 Characterization of the Ru(0.5%)/SiO2 catalyst. A,C) TEM images ; B) histogram of particle size distribution derived from TEM analysis (over 210nanoparticles, and D) X-ray photoelectron spectrum of the C 1s + Ru 3d orbitals where red, green and black lines are related to Ru 0 , Ru + and carbon species, respectively.

Fig. 65

 65 Fig.65TCD signal during CO pulses-chemisorption analysis on the Ru/SiO2 (blue), Ru/TiO2 (black), Ru/g-C3N4 (red) catalysts (Ru content of 0.5 wt.%).

Fig. 67

 67 Fig.67Temperature-programmed reduction results in the temperature range of 50-225°C with Ru/g-C3N4 (black), Ru/TiO2 (red) and Ru/SiO2 (blue) catalysts using 10% H2/Ar as carrier gas (after an in-situ oxidative pre-treatment at 200°C).

Fig. 68

 68 Fig. 68 TCD signal during the Temperature-Programmed Reduction in the temperature range of 50-500°C of the Ru(0.5%)/TiO2 (PA) materials with different oxidation pre-treatments at 100°C (black) and at 200°C (red) using 10% H2/Ar as carrier gas (A) ; MS signal of m/z 2 (black) and 16 (red) attributed to hydrogen and methane signal, respectively, in the case of the catalyst with an oxidation pre-treatment at 100°C (B).

Fig. 69

 69 Fig. 69 CO2-TPD spectra recorded on bare supports and on the Ru-based catalysts, for A) g-C3N4, B) SiO2 and C) TiO2. MS signal m/z = 44.

Fig. 70

 70 Fig. 70 TCD signal (left) during the NH3-TPD of the bare TiO2 support (black) and the Ru/TiO2 catalyst (red) ; MS signals (right) during the NH3-TPD on Ru/TiO2.

Fig. 71

 71 Fig. 71 TCD signal (left) during the NH3-TPD of the Ru/SiO2 catalyst ; MS signals (right) during the NH3-TPD.

Fig. 72

 72 Fig.72TCD signal during the NH3-TPD of the bare g-C3N4 support (black) and the Ru/g-C3N4 catalyst (red).

4 3. 1 .

 41 Ru(0.5%)/g-C3N4 (PA) photothermal catalysts

Fig. 73

 73 Fig. 73 Influence of the UV-A light irradiance in the 0-365 mW/cm² range and of the reaction temperature on the photothermal formic acid decomposition on the Ru(0.5%)/g-C3N4 (PA) catalyst prepared by the photo-assisted synthesis method. A-B) FA conversion, C-D) Production of H2, E) Arrhenius plot graph for H2 production at different irradiating conditions and F) lightdependency of the apparent activation energy for H2 production. Reaction conditions: [FA]= 4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 74

 74 Fig. 74 Influence of the UV-A light irradiance in the 0-365 mW/cm² range and of the reaction temperature on the photothermal formic acid decomposition on the Ru(0.5%)/SiO2 catalyst prepared by the wet impregnation method. A-B) FA conversion, C-D) Production of H2, E-F) Production of CO. Reaction conditions: [FA]= 4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Fig. 75

 75 Fig. 75 Influence of the UV-A light irradiance in the 0-365 mW/cm² range and of the reaction temperature on the photothermal formic acid decomposition on the Ru(0.5%)/SiO2 catalyst prepared by the wet impregnation method. A) CO selectivity values, B) Arrhenius plot graphs of CO production at different irradiating conditions, C) Arrhenius plot graphs of H2 production at different irradiating conditions, D) Light-dependency of the apparent activation energies of dehydrogenation and dehydration reactions.

Fig. 76

 76 Fig. 76 Results extrapolated results from the FA conversion and H2 productions over Ru(0.5%)/TiO2 (PA), Ru(0.5%)/g-C3N4 (PA) and Ru(0.5%)/SiO2 catalysts shown in Fig 6A,B (chapter 3), Fig 13B,C and Fig. 15A,B (chapter 4), in order to evidence the influence of the irradiance on the low-temperature shift while achieving (left) a similar FA conversion as that in the dark and (right) a similar H2 production rate conversion as that in the dark. In both cases, the low-temperature shift is represented by referring to the different reaction temperatures in the dark.(A-D) Ru(0.5%)/TiO2 (PA), (B-E) Ru(0.5%)/g-C3N4 (PA) and (C-F) Ru(0.5%)/SiO2 catalysts

Fig. 77

 77 Fig. 77 Evolution with the light irradiance of the apparent activation energies for (A) dehydrogenation and (B) dehydration reactions, over (black) Ru/TiO2, (red) Ru/SiO2 and (blue) Ru/g-C3N4 catalysts.

Fig. 78

 78 Fig. 78 Photothermal H2 production from FA decomposition over the Ru/g-C3N4 (PA) catalysts with Ru loadings of (A) 0.25 %, (B) 0.5% and (C) 1.5% wt. (D) influence of the light irradiance on the apparent activation energy of the dehydrogenation reaction over the mentioned catalysts.

Fig. 83

 83 Fig. 83 DRIFT differential spectra in the range of 2600-1900 cm -1 recorded during the FA decomposition over the Ru/g-C3N4 catalyst (subtraction of the reference spectrum at 25°C (FA adsorption) at dark (black) and illuminating (red) conditions (Formic acid flow:14.7 ml/min, 0.044 bar, Irradiance: ca. 365 W/cm²)

Fig. 84 A

 84 Fig. 84 A) Relative Ru precursor concentration during the photo-assisted synthesis of Ru nanoparticles at the TiO2 surface, B) TEM image of the Ru(5%)/TiO2-P25 (PA) catalyst, C) Ru nanoparticle size distribution histogram derived from the statistical analysis of TEM images (over 230 nanoparticles), D) TCD signal of the CO pulses during the chemisorption test, E) C1s + Ru 3d orbital XPS spectra where red: Ru 0 (3d); green: oxidized Ru (3d); black: multi-contribution envelope of adventious carbon (1s) and F) X-Ray diffractograms of Ru(0.5%)/TiO2-P25 (PA) (black) and Ru(5%)/TiO2-P25 (PA) (red).

Fig. 85 (

 85 Fig. 85 (A) TCD signal of the temperature-programmed reduction of both Ru(0.5%)/TiO2 (PA) (black) and Ru(5%)/TiO2 (PA) (red) catalysts after a slight oxidative pre-treatment at 200°C, and (B) both m/z 2 (black) and m/z 16 (red) signals that correspond to hydrogen and methane in MS, respectively, during the TPR of the Ru(5%)/TiO2 (PA) sample.

Fig. 86

 86 Fig. 86 Methane yield from the CO2 methanation over the Ru(5%)/TiO2 (PA) catalyst with (A) temperature-dependency and (B) irradiance-dependency. Reaction conditions: [CO2] = 2000 ppmv, [H2] = 8000 ppmv total Ar flow of 5.8 mL/min, 5.0 mg of catalyst, CO2 specific molar rate of 5.7 mmol g -1 h -1 .

Fig. 88 -

 88 Fig. 88 -The ratio between consumed H2 and CO2 in the CO2 photothermal methanation over the Ru(5%)/TiO2 (PA) catalyst. Reaction conditions: [CO2] = 2000 ppmv, [H2] = 8000 ppmv total Ar flow of 5.8 mL/min, 5.0 mg of catalyst, CO2 specific molar rate of 5.7 mmol g -1 h -1 .

Fig. 89

 89 Fig. 89 Methane yield obtained from the CO2 hydrogenation over the Ru(5%)/TiO2 (P25) (PA) catalyst at dark conditions before (black) and after (red) light irradiation. Reaction conditions: [CO2] = 2000 ppmv, [H2] = 8000 ppmv total Ar flow of 5.8 mL/min, 5.0 mg of catalyst, CO2 specific molar rate of 5.7 mmol g -1 h -1 .

Fig. 90 (

 90 Fig. 90 (A) Arrhenius plot for the methane yield obtained over the Ru(5%)/TiO2 (PA) catalyst and (B) Light-dependency of the apparent activation energy of CO2 conversion to CH4. Reaction conditions: [CO2] = 2000 ppmv, [H2] = 8000 ppmv total Ar flow of 5.8 mL/min, 5.0 mg of catalyst, CO2 specific molar rate of 5.7 mmol g -1 h -1 .

Fig. 91

 91 Fig. 91 Influence on the methane yield of the light irradiance at different CO2 concentrations in the flow: 0.2%v (A,B), 2% (C,D) and 20 % (E,F) with the Ru(5 %)/TiO2 (PA) catalyst. Total flow around 5 mL/min, 5.0 mg of catalyst.

Fig. 92 (

 92 Fig.92 (A) Evolution with time of the relative Ru precursor concentration in the suspension during the photo-assisted synthesis of the Ru(5%)/g-C3N4 catalyst ; (B) TEM image of Ru(5%)/g-C3N4 (PA) catalyst with the Ru nanoparticle size distribution histogram after statistical analysis of the images (over 250 nanoparticles) ; C) TPR of Ru(0.5%)/g-C3N4 (PA) (black) and Ru(5%)/g-C3N4 (PA) (red) and D) X-ray photon spectroscopy before (top) and after (bottom) TPR: C1s + Ru 3d orbitals with red: Ru 0 (3d); green: oxidized Ru (3d); black: C 1s carbon species, with contributions corresponding to both adventious carbon at low binding energy and to the g-C3N4 surface at higher binding energy.

Fig. 93

 93 Fig. 93 TEM images of the Ru(5%)/SiO2 (WI) catalyst with the Ru nanoparticle size distriubtion histogram derived from the statistical analysis of the images (over 270 nanoparticles).

Fig. 94

 94 Fig. 94 Influence of the light on the methane yield of the CO2 methanation over the Ru(5%)/g-C3N4 (PA) (black) and Ru(5%)/SiO2 (WI) (red) catalysts. (A) dark and (B) light (I=400 mW/cm²) conditions. Reaction conditions: [CO2] = 2 %v, [H2] = 8 %v total Ar flow of 5.2 mL/min, 5.0 mg of catalyst. CO2 specific molar rate of 48.5 mmol g -1 h -1 .

Fig. 95

 95 Fig. 95 Influence of the light on the CO2 conversion obtained over the Ru(5%)/g-C3N4 (PA) (black) and Ru(5%)/SiO2 (WI) (red) catalysts. (A) dark and (B) light (I=400 mW/cm²) conditions. Reaction conditions: [CO2] = 2 %v, [H2] = 8 %v total Ar flow of 5.2 mL/min, 5.0 mg of catalyst. CO2 specific molar rate of 48.5 mmol g -1 h -1 .

Fig. 96

 96 Fig. 96 Arrhenius plot graphs for the methane yield obtained over the Ru/g-C3N4 (A), Ru/SiO2 (B) and Ru/TiO2 (C) catalysts. Reaction conditions: [CO2] = 2 %v, [H2] = 8 %v total Ar flow of 5.2mL/min, 5.0 mg of catalyst. CO2 specific molar rate of 48.5 mmol g -1 h -1 .

Fig. 97

 97 Fig. 97 Influence of the light on (A) CO2 conversion and (B) CH4 selectivity in the CO2 methanation over Ru(5%)/CeO2 as photothermal catalyst. (C) Yields to methane (square) and CO (circle) obtained under dark (black) and light (red) conditions. Reaction conditions: [CO2] = 2 %v, [H2] = 8 %v total Ar flow of 5.2 mL/min, 5.0 mg of catalyst, (I=400 mW/cm²). CO2 specific molar rate of 48.5 mmol g -1 h -1 .

Fig. 98

 98 Fig.[START_REF] Taboada | Dynamic photocatalytic hydrogen production from ethanol water mixtures in an optical fiber honeycomb reactor loaded with Au/TiO2[END_REF] Influence of the light on the Arrhenius plot for the methane yield obtained over the Ru/CeO2 catalyst under dark (black) and light (red) conditions (irradiance of 400 mW/cm²). Reaction conditions: [CO2] = 2 %v, [H2] = 8 %v total Ar flow of 5.2 mL/min, 5.0 mg of catalyst. CO2 specific molar rate of 48.5 mmol g -1 h -1 .

Fig. 99 X

 99 Fig. 99 X-Ray diffractrograms of the different commercial TiO2 materials used as supports for the Ru nanoparticles. The XRD patterns have been normalized to the intensity of the (101) diffraction peak of the anatase phase at 25.7°.

Fig. 100 (

 100 Fig. 100 (A) UV-Vis spectra of the different commercial titanium dioxide and (B) Corresponding plots used to estimate the band gap of the materials using the K-M function (F(r)), considering TiO2 as indirect semiconductor.

Fig. 101

 101 Fig. 101 DRIFT spectra recorded under continuous gas flow of 10% CO2/Ar (5.5 ml/min) over the different titanium dioxide materials. (right) drawings of the species and adsorption configurations on the TiO2 surface based on the ref [21].

Fig. 102

 102 Fig. 102 CO2 desorption tests over TiO2 commercial materials A) by CO2-TPD and B) by DRIFT (only UV100).

Fig. 104

 104 Fig. 104 On the left, TEM images of Ru/P25, Ru/UV100, Ru/MPT625 and Ru/P90 catalysts, and, on the right, their respective nanoparticle size distribution histograms derived from the statistical analysis of the images (over 230, 206, 265, and 303 nanoparticles).

Fig. 105

 105 Fig. 105 CO2-TPD graphs of the bare TiO2 supports (black) and the different Ru/TiO2 catalysts (colour).

Fig. 106

 106 Fig. 106 Influence of the light irradiance on the methane yield obtained on the Ru/P25 (black), Ru/UV100 (red), Ru/MPT625 (blue) and Ru/P90 (green) from 120°C to 200°C. Reaction conditions: [CO2] = 2 %v, [H2] = 8 %v total Ar flow of 5.2 mL/min, 5.0 mg of catalyst. CO2 specific molar rate of 48.5 mmol g -1 h -1 , (I=0-400 mW/cm²). Top graphs : expressed as a function of the light irradiance bottom graphs : expressed as a function of the temperature

Fig. 108

 108 Fig.108In-situ DRIFT spectra in dark conditions over the Ru/P25 catalyst. Reaction conditions: [CO2]= 20%v, [H2]= 80%v, flow rate: 5.8 ml/min, catalyst mass=27.9 mg.

Fig. 109

 109 Fig.109In-situ DRIFT spectra in dark (solid line) and light (dashed line) conditions over Ru/P25 catalyst. Irradiance set at 400 mW/cm 2 . Reaction conditions: [CO2] = 10%v, [H2] = 40%v in Ar, flow rate: 5.8 ml/min, sample mass=28.0 mg, catalyst mass=2.45 mg.

Fig. 110

 110 Fig.110In-situ DRIFT spectra in dark conditions over Ru/P25 catalyst at 25°C (grey), 120°C (red), 140°C (blue), 160°C (green), 180°C (violet), 200°C (yellow). Reaction conditions: [CO2] = 10%v, [H2] = 40%v in Ar, flow rate: 5.8 ml/min, sample mass=28.0 mg, catalyst mass=2.5 mg.

Fig. 111

 111 Fig. 111 In-situ DRIFT spectra over Ru/MPT625 catalyst. On the left, full spectra in dark (solid line) and light (dashed line) conditions. In the right, comparison of the spectra in dark conditions at 25 °C (grey), 120 °C (red), 140 °C (blue), 160 °C (green), 180 °C (violet), 200 °C (yellow) Reaction conditions: [CO2]= 10%v, [H2]= 40%v in Ar, flow rate: 5.8 ml/min, sample mass=24.5 mg, catalyst mass=2.1 mg

Fig. 112

 112 Fig. 112 In-situ DRIFT spectra over Ru/UV100 catalyst. On the left, full spectra in dark (solid line) and light (dashed line) conditions. In the right, comparison of the spectra in dark conditions at 25 °C (grey), 120 °C (red), 140 °C (blue), 160 °C (green), 180 °C (violet), 200 °C (yellow) Reaction conditions: [CO2]= 10%v, [H2]= 40%v in Ar, flow rate: 5.8 ml/min, sample mass=24.5 mg, catalyst mass=2.1 mg

Fig. 113

 113 Fig. 113 In-situ DRIFT spectra over Ru/P90 catalyst. On the left, full spectra in dark conditions. In the right, comparison of the spectra in dark conditions at 25 °C (grey), 120 °C (red), 140 °C (blue), 160 °C (green), 180 °C (violet), 200 °C (yellow) Reaction conditions: [CO2]= 10%v, [H2]= 40%v in Ar, flow rate: 5.8 ml/min, sample mass=24.5 mg, catalyst mass=2.1 mg

Fig. 114

 114 Fig. 114 Representation as a function of the light irradiance of the photothermal FA decomposition over the Pt(0.5 %)/g-C3N4 (PA) reference catalyst prepared by the photo-assisted synthesis method. A) FA conversion and B) production of H2. Reaction conditions: [FA]=5500 ppmv, total Ar flow of 14.7 mL, 2.1 mg of catalyst, FA specific molar rate of 68.8 mmol g -1 h -1 .

Fig. A 1

 1 Fig. A 1 Arrhenius plot graphs of formic acid conversion over (black) Ru/TiO2, (red) Ru/SiO2 and (blue) Ru/g-C3N4 catalysts for different light irradiances within the 0-365 mW/cm 2 range

Figure 1 (

 1 Figure 1(A) Première stratégie avec un fournisseur d'énergie photonique et thermique unique, (B) deuxième stratégie avec des fournisseurs d'énergie photonique et thermique distincts, et (C) troisième stratégie avec une source de chaleur interne par irradiation par flux de photons.

Figure 2 3 ) 3 .

 233 Figure 2 Génération de « hot carriers » via le processus induit par les plasmons et processus de transfert/rétrotransfert d'électrons et de trous chauds dans différents scénarios. A) métal propre,

Figure 3

 3 Figure3Analyse MET du catalyseur de référence Ru(0,5 %)/TiO2 (PA). En haut : Images METRH. En bas : histogramme de la distribution de la taille des particules de ruthénium et image METB.

Figure 4

 4 Figure 4 A B) C) production du CO2 et D) production du CO sur Ru(0.5%)TiO2 PA.

Figure 5 A

 5 Figure 5 A) température et B) lumière sur TiO2.

Figure 6 .

 6 Figure 6.

Figure 7 .

 7 Figure 7. Spectrogrammes DRIFT in-situ pendant la décomposition de l'acide formique sur Ru/TiO2 dans des conditions sombres (noir) et lumière (bleu).

Figure 8 . 90 Tableau 1

 8901 Figure 8. Résultats de la méthanisation du CO2 sur des catalyseurs alternatifs où A) est dans des conditions sombres et B) sous lumière UV (I=400 mW/cm²). C) correspond aux valeurs du méthane sur Ru/TiO2 à différentes irradiances.

Figure 9 .

 9 Figure 9. Influence de l'irradiation lumineuse sur le rendement en méthane obtenu sur les Ru/P25 (noir), Ru/UV100 (rouge), Ru/MPT625 (bleu) et Ru/P90 (vert) de 120°C à 200°C.

  abord, Ru/TiO2 a été considéré comme un catalyseur de référence sous lumière UV-A. Les principales conclusions sont les suivantes -il a été prouvé que la combinaison (double) excitation photonique/thermique du catalyseur Ru/TiO2 stimule la décomposition de l'acide formique gazeux vers la déshydrogénation sous irradiation de lumière UV-A, avec une augmentation significative du rendement en hydrogène.

Table 2

 2 Formic acid decomposition over the Ru(0.5%)/TiO2 (PA) reference catalyst at dark conditions.

Table 3 .

 3 Data 

		1 Particle size	Ru 0 B.E. (eV) 3 Ru 0 /Ru	SAR Ru/Ti 3
		(nm) 2			
	Photo-assisted (2h) 0.46	0.6 0.2	280.4	79/21	0.036
	Wet impregnation 0.53	1.2 0.4	279.2	68/32	0.017

of different properties of Ru(0.5%)/TiO2 catalysts synthesized by both catalyst preparation methods obtained by 1.ICP-OES, 2 TEM characterization techniques and 3. XPS

Table 4

 4 Data of different properties of the Ru(0.5%)/TiO2 (PA) catalysts obtained by 1.ICP-OES, 2 TEM characterization techniques and 3. XPS

Table 6

 6 Data of different properties of the Ru(0.5%)/TiO2 (PA) catalyst obtained by: 1. CO pulses chemisorption, 2. TEM, 3 and 4. XPS characterization techniques.

Table 7 .

 7 Values of the Ru:Ru surface ratio and binding energy of the Ru 0 3d5/2 orbital for the Ru(0.5%)/TiO2 (PA) catalyst, after in-situ oxidative pre-treatment at 100°C and 200°C, and after TPR analysis of the sample pre-treated at 200°C.

	Ru:Ru +	Ru 0 3d5/2 binding energy (e.V.)

Table 8 .

 8 Formic

acid decomposition values over Ru(0.5%)/g-C3N4 (PA) at dark conditions. Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

Table 9 .

 9 Formic acid decomposition values over Ru(0.5%)/SiO2 at dark conditions. Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .

		0.0	0.0	0.0	-	0.0
	110	0.0	0.0	0.0	-	0.0
	130	2.0	1.7	2.8	62.8	6.7
	150	7.1	3.4	7.9	70.1	16.8
	170	15.7	5.5	15.7	74	31.7
	190	30.0	8.8	29.4	76.9	57.0

Table 11 .

 11 Main absorption bands and carbon species assigned in refs

Table 13 .

 13 3 Ru 0 :Ru+ 4 B.E. (e.V.) Ru based catalyst properties obtained by, 1: ICP-OES analysis ; 2:TEM statistical particle counting ; 3: CO pulses chemisorption ; 4: XPS analysis

	Ru/P25	5.9	0.8 ± 0.3	60	61:39	280.7
	Ru/UV100	5.1	0.7 ± 0.4	91	38:62	280.9
	Ru/MPT625	3.7	1 ± 0.3	37.5	64:36	280.8
	Ru/P90	5.7	1.1 ± 0.3	55.5	59:41	280.7

Table 16

 16 Carbon species (formates, carbonates and carbonyl) detected in the in-situ DRIFT spectra of CO2 over the Ru/TiO2 catalysts surface.

Table A 2

 A Influence of the UV-A light irradiance in the 0-365 mW/cm² range and of the reaction temperature on the photothermal FA decomposition on the Ru(0.5 %)/g-C3N4 (PA) reference catalyst prepared by the photo-assisted synthesis

		0	3.8 2.4	0.0 2.0	3.6 3.5	5.4 36.0	100.0 8.2
		22	5.0 13.1	0.0 6.3	4.7 14.0	7.0 31.1	100.0 30.3
	110	38 0	6.1 20.6 18.5 2.0	0.0 9.4 0.0 1.7	5.7 21.7 18.0 2.8	8.5 30.3 26.7 37.2	100.0 46.3 100.0 6.7
		22	38.9 2.5	0.9 1.8	37.5 3.2	57.2 35.8	97.7 7.4
	130	0 38	46.2 8.3 3.0 6.7	0.7 0.0 1.5 3.5	44.5 8.0 3.9 7.5	67.3 12.0 28.3 31.9	98.6 100.0 8.1 16.5
	120	22 38	9.3 21.4 10.9 30.9	0.0 9.5 0.0 12.3	8.9 22.0 10.6 31.0	13.2 30.1 15.9 28.4	100.0 47.0 100.0 64.5
		0	26.7 7.1	0.0 3.4	26.0 7.9	38.7 29.9	100.0 16.8
		0 22	11.5 8.4	0.0 3.9	11.6 9.4	17.3 29.6	100.0 19.8
	150 130	22 38 38	15.6 19.0 8.9 16.1 36.3 33.9	0.0 0.0 4.0 6.9 0.0 13.8	15.7 19.0 9.9 16.9 36.0 33.7	23.4 28.3 28.9 29.0 53.5 29.1	100.0 100.0 20.8 35.5 100.0 70.7
			50.4 38.2	0.4 15.5	49.6 37.8	74.4 29.0	99.3 79.3
		0	54.3 15.7	0.8 5.5	53.0 15.7	80.2 26.0	98.5 31.7
		0 22	24.5 17.4	0.0 5.9	24.8 17.6	36.9 25.3	100.0 35.0
	170 150	22 38 38	29.9 32.9 19.2 30.5 45.6 43.4	0.0 0.0 6.3 9.5 0.0 13.1	29.9 33.1 19.1 29.4 45.1 41.6	44.5 49.3 24.8 24.4 67.1 23.9	100.0 100.0 37.9 58.0 100.0 81.4
			54.8 43.7	0.0 13.9	53.7 42.4	80.0 24.7	100.0 83.8
		0	56.4 30.0	0.0 8.8	55.5 29.4	82.7 23.1	100.0 57.0
	method 190	22 38	32.6 33.4	9.6 9.8	31.4 32.4	23.3 23.3	61.1 62.9
			42.5	12.9	40.5	24.1	79.4
						5	100.0
			16.7	0.0	16.3	24.2	100.0
			29.2	0.6	28.4	43.3	97.8
		0	0.7	0.0	0.0	0.0	100.0
		22	0.6	0.0	0.7	1.0	100.0
	90	38	1.2 7.5	0.0 0.0	1.1 7.3	1.7 10.9	100.0 100.0
			31.6	0.2	30.5	45.7	99.3
			41.3	0.3	39.9	59.8	99.2
		0	1.8	0.0	1.5	2.3	100.0
		22	2.6	0.0	2.4	3.6	100.0
	100	38	3.4 11.8	0.0 0.0	3.2 11.4	4.8 16.9	100.0 100.0
			36.9	0.7	35.4	53.7	98.1
			43.2	1.2	41.3	63.2	97.3

methanation [151], photo-induced charge carriers may open up a new route to key M H intermediates by promoting heterolytic dissociation of H2.Reconciling the conflicting but equally-convincing findings of Ghuman et al.[START_REF] Ghuman | Illuminating CO2 reduction on frustrated Lewis pair surfaces: investigating the role of surface hydroxides and 14623 14635[END_REF] and Lu et al.[START_REF] Lu | Photothermal reverse-water-gas-shift over Au/CeO2 with high yield and selectivity in CO2 conversion[END_REF] in the RWGS reaction lead to the remarkable and encouraging conclusion that a photo-thermo synergy

+ H2O(3.3) 

Reaction conditions: [FA]=4600 ppmv, total Ar flow of 14.7 mL, 1.8 mg of catalyst, FA specific molar rate of 67.2 mmol g -1 h -1 .
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We must said that this way to plot the influence of the light irradiance on the catalytic indicators for deriving mechanistic aspects is not accepted by all authors in the literature. For instance, the decrease of the activation energy with increasing the light irradiance that is usually reported for electron-driven reactions, has been questioned by the group of Jain about the original work of Dubi [25,26]. The authors suggested that a linearity of the activation energy decrease upon irradiation might be in fact contributions (thermalization of hot carriers at metal surface), and that it is possible to correlate the temperature of the surface to the light irradiance. This points out that many questions still remained under debate in this emerging field. The main properties of the Ru-based catalysts are collected in Table 12. All catalysts exhibited a Ru content in the range 5-6%, except for the Ru/MPT625 systems. In that case, a lower Ru content of 3.7 wt.% was observed by ICP-OES chemical analysis. This might be attributed to the higher recombination rate of the TiO2 rutile phase under UV-A light in comparison to the TiO2 anatase counterpart, that would result in a lower availability of the photogenerated electrons at the rutile surface, with in consequence a lower rate in the reduction of the adsorbed Ru cations. They have as well as a slightly lower reduction power (ca. 0.2 V), but this should not be a major factor considering the favourable position of the associated redox couple involving Ru 3+ . The non-reduced Ru cations remaining adsorbed at the surface of the TiO2 at the end of the synthesis would be removed from the surface during the washing step.

The TEM pictures recorded for the different Ru/TiO2 catalysts and the corresponding Ru nanoparticle size distribution histograms derived from the statistical analysis of the images are shown in Fig. 104. These TEM images demonstrated the sub-nanometric sized Ru particles on the different titania supports. Ru/P25 and Ru/UV100 demonstrated to have a mean particle diameter size of 0.8 and 0.7 nm, respectively. However, the ruthenium particle size was higher on MPT625 and P90 with values of 1.0 and 1.1, respectively. CO-pulses demonstrated a dispersion of the catalyst according to the particle size observed by electron microscopy and the Ru wt.% content, as shown in Table 13.

Table 14 Values of CO2 adsorption normalized with Ru/P25 reference.

In conclusion, the characterization results confirmed the preparation of well-dispersed ruthenium nanoparticles onto the titania surface, independently of the TiO2 nature, although slightly smaller sizes were obtained on the TiO2 P25 and UV100 supports, with sub-nanometric size distribution. CO2 adsorption on Ru/TiO2 catalysts was boosted by the presence of ruthenium nanoparticles.

CO2 photothermal methanation over Ru/TiO2 catalysts.

In this subsection, 5 wt.% Ru/TiO2 are studied for the CO2 photothermal conversion into methane with H2 as reducing reactant with a flow composition of 2%v/v CO2, 8%v/v H2 and 90%v/v Ar. Fig. 106 Influence of the light irradiance on the methane yield obtained on the Ru/P25 (black), Ru/UV100 (red), Ru/MPT625 (blue) and Ru/P90 (green) from 120°C to 200°C. Reaction conditions: [CO2] = 2 %v, [H2] = 8 %v total Ar flow of 5.2 mL/min, 5.0 mg of catalyst. CO2 specific molar rate of 48.5 mmol g -1 h -1 , (I=0-400 mW/cm²). depicts the influence of the light irradiance (0-400 mW/cm²) on the CH4 yield over each catalyst from 120°C to 200°C. Both series of graphs expressed the results as a function of the light irradiance and of the temperature. It must be said that among the different catalyst, one sample, namely Ru/MPT625, displayed a significantly lower content of Ru in comparison to the other catalysts.

That is why here we preferred to normalize the methane yield per gram of Ru rather than per gram of catalyst, for not potentially introducing a significant external bias to the results.

All the Ru/TiO2 catalysts exhibited a beneficial photothermal effect upon the combined photonic/thermal excitation, independently of the bulk reaction temperature. Whatever the operating conditions (irradiance and temperature), the reaction was fully selective to methane. Ru/UV100 demonstrated to have the highest methane yield over the whole light irradiance range at 120°C, followed by Ru/P25, Ru/P90 and last Ru/MPT625, with methane yield values of 257, 199, 136 and 103 mmolCH4 gRu -1 h -1 at an irradiance of 400 mW/cm 2 , respectively. However, this behaviour is changed at higher temperatures, and the Ru/UV100 catalyst lost its superiority. The higher the temperature, more similar are the performances and the photo-enhancement on the Ru/UV100 and Ru/P90 catalysts. By contrast, Ru/MPT625 catalyst demonstrated a higher photo-enhancement than Ru/UV100 and Ru/P90 above 180 °C. Despite the methane yield obtained at lower temperatures over Ru/MPT-625 were the lowest in comparison with the other catalysts, the highest values of methane production were also obtained over this catalyst. For instance, methane yield values at 200 °C and irradiance of 400 mW/cm² were 776 mmolCH4 gRu -1 h -1 by Ru/MPT625, followed by Ru/P25 with 626 mmolCH4 gRu -1 h -1 and Ru/UV100 and Ru/P90 with 497 and 492 mmolCH4 gRu -1 h -1 , respectively. Ru/P25 catalyst demonstrated high methane yield in all the temperature range analysed, being in the most active catalyst rank.

exhibited the less pronounced one. There are so many parameters that can influence in this result. For instance, the ruthenium chemical state on titania surface, carbonates intermediates or light absorption from the support. To sum up, CO2 methanation was successfully carried out over the different Ru/TiO2 catalysts with a selective production of methane and high CO2 conversion at low temperature and under UV-A photon irradiation conditions. Ru/UV100 demonstrated to be the most efficient catalyst at low temperatures under light irradiation. However, as much as the temperature increase, methane production was much more boosted over Ru/MPT625, being the most active catalyst at 200 °C followed by Ru/P25. Even Ru/UV100 was the worst catalyst at high temperatures, the apparent activation energy on it decreased reaching the lowest obtained value of 12.9 ± 1.0 kJ/mol at 400mW/cm².