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This review updates the most appealing progresses from the last years in the fast-expanding, burgeoning research field that is photothermal heterogeneous catalysis. We provide an overview of significant advances realized in less-scrutinized, albeit high-prospect, reactions, namely in the valorisation of bioresources, the methane activation, the ammonia synthesis and the molecular oxygen activation for selective oxidations. Regardless of whether the light-induced reaction mechanisms are electron-or heatdriven, we show that synergistic (cooperative) effects upon a suited dual-mode thermal/photonic excitation in photothermal catalysis allow for the greening of the catalytic processes, through the acceleration of the reaction rates to get shorter reaction times under fixed conditions, the orientation of reaction selectivities, the enhancement of the catalyst stability and/or the softening of the reaction conditions.

Introduction and mainstream applications

The sun is the ideal renewable energy source (albeit intermittent) to be harnessed and integrated into catalytic processes to make them more sustainable and cost-effective. It is key to establish an environmentally benign CO2 neutral 'renewable-based chemicals' industry. The last decade has seen emerging evidence of cooperative effects between thermal and photonic excitations in a large variety of heterogeneous catalysts for a wide span of reactions. The application of this dual-mode excitation to catalysis is a burgeoning area that arouses much hope, driven by the imperative of accelerating reaction rates (shorter processing times) under fixed conditions and/or reaching same yields under milder conditions.

Photothermal catalysis has been explored in applications that can be framed as common photocatalysis reactions (to reach higher conversions or rates), and traditional thermally-driven catalytic reactions, in which research seeks the economic/environmental benefits of milder operation conditions (temperature, pressure), the mitigation of the high temperature effects on the catalyst stability (coking, sintering), or the possibility of using solar light as the only energy source.

In just few years, photothermal catalysis has become such a rapidly expanding research field, that this review must be seen as a specific (and necessarily subjective) update of the most appealing progresses made within the last 3 years. For a full picture of concepts and mechanisms driving photothermal catalysis, the reader is referred to recent reviews that benefit from a decade of hindsight to lay the foundations of photothermal catalysis [START_REF] Ghoussoub | Principles of photothermal gasphase heterogeneous CO2 catalysis[END_REF][START_REF] Keller | Photo-/thermal synergies in heterogeneous catalysis: Towards low-temperature (solar-driven) processing for sustainable energy and chemicals[END_REF][START_REF] Mateo | Fundamentals and applications of photo-thermal catalysis[END_REF][4][START_REF] Wang | Coupling of Solar Energy and Thermal Energy for Carbon Dioxide Reduction: Status and Prospects[END_REF][START_REF] Song | Principles and applications of photothermal catalysis[END_REF][START_REF] Luo | Plasmonic photothermal catalysis for solar-to-fuel conversion: current status and prospects[END_REF]. Our review provides only a brief notice about the basics of photothermal catalysis and the most recent developments in characterization, and focuses on reactions being less-scrutinized and reviewed, and in which we foresee a niche for promising developments. This concerns the valorization of bio-resource, the activation of methane, the synthesis of ammonia and the activation of molecular oxygen for selective oxidations. The reader can refer to recent updates on already well-reviewed applications from both environmental and energy fields, like the degradation of pollutants in water and air, the production of H2 by oxygenate photoreforming, as well as CO2 and CO conversion reactions, including artificial photosynthesis (CO2 + H2O) [START_REF] Keller | Photo-/thermal synergies in heterogeneous catalysis: Towards low-temperature (solar-driven) processing for sustainable energy and chemicals[END_REF]4,[START_REF] Yu | Revisiting Pt/TiO2 photocatalysts for thermally assisted photocatalytic reduction of CO2[END_REF][START_REF] Xu | Modification of graphitic carbon nitride by elemental boron cocatalyst with high-efficient charge transfer and photothermal conversion[END_REF][START_REF] Zhang | Ternary multifunctional catalysts of polymeric carbon nitride coupled with Pt-embedded transition metal oxide to enhance light-driven photothermal catalytic degradation of VOCs[END_REF][START_REF] Fiorenza | VOCs Photothermo-Catalytic Removal on MnOx-ZrO2 Catalysts[END_REF].

Elemental basics

As photothermal catalysis spreads rapidly within communities of different backgrounds, the term photothermal is often used as a wide umbrella covering varied phenomena and descriptors (eg. photothermo-, thermophoto-, thermal-assisted photo-, photo-assisted/driven thermal catalysis), and no unique definition has been established to date [START_REF] Ghoussoub | Principles of photothermal gasphase heterogeneous CO2 catalysis[END_REF][START_REF] Mateo | Fundamentals and applications of photo-thermal catalysis[END_REF]4,[START_REF] Ma | Review of synergistic photo-thermo-catalysis: Mechanisms, materials and applications[END_REF]. The key-feature of a photothermal catalyst remains that at least one of its constituents must be light-sensitive. The dual-mode excitation strategies differ according to the way the thermal energy is supplied to the catalyst, as in any case photons are provided through external excitation. First, both photonic and thermal energies can be provided to the catalyst through a unique source, namely the sun or simulated solar light. Here, low-energy photons (Vis-NIR) increase the surface temperature, while high-energy photons (UV-Vis) interact with the catalyst for driving reactions. Second, distinct photonic and thermal energy sources rely on the introduction of photons within thermal (conventional) reactors heated following conductive/convective transfer modes. Third, the catalyst itself offers a direct optical heating, where a unique photonic energy supplier provides local heat delivery through a light-to-heat conversion mechanism (self-heating catalyst).

Synergistic (cooperative) effects under dual excitation may refer to:

-a localized heat supply, with a light-to-heat conversion resulting from non-radiative (dissipative) relaxation mechanisms after photonic absorption. This provides extra heat at the nanoscale for driving thermally-activated catalytic reactions.

-the establishment of an alternative low-energy transition state under photonic excitation. The reaction kinetics is further controlled by a new dark rate-determining step.

-a favourable change in the steady-state balance (equilibrium) in the surface coverage by intermediate species. An enhanced supply of the limiting molecules to the catalyst sites as well as a reduction or better spill-over of poisonous species on the surface can enhance kinetics, and a change in reaction orders can accompany this surface effect.

Light can be converted into heat mainly via two photothermal mechanisms, namely plasmonic localized heating and non-radiative relaxation in semiconductors. First, plasmonic localized heating requires a large number of free electrons with high mobility to induce coherent oscillation of electrons or surface plasmon resonance (SPR), implying using metals or metallic nanostructures. Manipulating the size, shape and composition of plasmonic materials allows the tuning of the SPR over the whole sunlight spectrum. Second, in semiconductors, materials with a strong electron-phonon coupling are needed for facilitating the energy transfer from electrons to phonons during the non-radiative relaxation of excited electrons to the valence band of the semiconductor, and in consequence for allowing localized heat delivery. Besides, a mechanism based on the direct thermal vibration of molecules with strong light absorption can occur, where photoexcited (weakly-bound) electrons relax back to the ground state via electron-vibration coupling with heat generation in molecules.

For the fundamentals of localized SPR and of the mechanisms behind photo-/thermo-chemical processes, the reader is referred to the tutorial articles of Gascon and coll. [START_REF] Mateo | Fundamentals and applications of photo-thermal catalysis[END_REF] and Ye and coll. [START_REF] Song | Principles and applications of photothermal catalysis[END_REF][START_REF] Luo | Plasmonic photothermal catalysis for solar-to-fuel conversion: current status and prospects[END_REF]. In plasmonic materials, it must be said that the generation, transfer and thermalization of charge carriers face several scenarios depending on whether they are generated in a clean metal, a metal/adsorbate or a metal/semiconductor configuration [START_REF] Zhang | Surface-Plasmon-Driven Hot Electron Photochemistry[END_REF]. The relatively classical mechanism of hot carrier generation and thermalization occurring in clean metals is more complex for other configurations, in which both indirect and direct transfers of the excited electrons to the LUMO of an adsorbed molecule or to the conduction band of the interfaced semiconductor support is possible.

Advanced characterization in photothermal catalysis

A rational catalyst design requires detailed multifaceted information to characterize active sites and to correlate the catalyst performance with its local structure and opto-electronic properties (Figure 1). It is important to analyze the interaction between reactants and catalysts, to discriminate between spectator species and species actively involved in the catalytic reaction, and to understand the catalytic mechanism, especially photochemical pathways, behind photothermal activation. Particularly crucial albeit highly challenging is the development of direct or indirect methods allowing for sensitive and accurate (local) surface temperature measurements and the elaboration of thermal mapping, spatiallyresolved and with a good thermal definition at the nanoscale [START_REF] Coronado | Approaching photocatalysts characterization under real conditions: In situ and operando studies[END_REF][START_REF] Barella | Situ Photothermal Response of Single Gold Nanoparticles through Hyperspectral Imaging Anti-Stokes Thermometry[END_REF][START_REF] Espinosa | Photoactivated Nanoscale Temperature Gradient Detection Using X-ray Absorption Spectroscopy as a Direct Nanothermometry Method[END_REF][START_REF] Yang | Probing Hot Electron Behaviors by Surface-Enhanced Raman Spectroscopy[END_REF]. Cortés et al. recently reviewed the specific experimental techniques used to characterize optical near fields, temperature and hot carriers with spatial, energetic and/or temporal resolution, and to attempt to disentangle their roles. The authors posed the non-trivial challenges to be tackled, that result from the complex interplay between a wide span of physico-chemical processes ranging from a few femtoseconds to milliseconds, which require the use of time-resolved techniques for monitoring the underlying dynamics and the complementary support of theoretical efforts [START_REF] Cortés | Experimental characterization techniques for plasmon-assisted chemistry[END_REF]. This is exemplified in the recent work by Zhang et al. that combined a wide span of experimental techniques with theoretical calculations, and demonstrated to which extent complementary information can reveal the catalytic pathway for CO2 hydrogenation in the case of a photothermally-active black indium oxide (HzIn2O3-x(OH)y) catalyst [START_REF] Zhang | New black indium oxide-tandem photothermal CO2-H2 methanol selective catalyst[END_REF]. They properly associated both ex situ structural (XRD, Raman, EXAFS), morphological (TEM, SEM) and electronic (XPS, XANES, UV-vis, PL) characterization techniques with in-situ XAS and DRIFTS studies to understand the mechanism of methanol formation. XAS allowed to track oxidation state and structural modifications during reaction, while DRIFTS identified intermediate species and their evolution. Isotope label tests associated to a large panel of batch/in-flow experimental conditions demonstrated a tandem process scheme where CO from RWGS acts as an in-situ feedstock for the methanol synthesis, the tandem pathway being supported by theoretical calculations such as spin-polarized density functional theory (DFT) simulations. The tandem reaction shifts the conventional competing RWGS and methanol synthesis into a combined inflow reaction pathway. Hence, the photothermal approach appears as an elegant strategy for overcoming the thermodynamic constraints controlling the conventional methanol synthesis, and boosts the selectivity under atmospheric pressure and using low H2 concentration (50%). ultraviolet photoelectron spectroscopy, UV-visible: ultraviolet-visible spectroscopy, XANES: X-ray absorption near edge structure, XPS: X-ray photoelectron spectroscopy, XRD: X-ray diffraction.

Valorization of bio-resources

Lignocellulosic biomass is one of the sustainable sources of energy and organic carbon for tomorrow's technological society, as it offers a CO2-neutral resource supply. Although the appealing concept of solar biorefineries is in its infancy, the benefit that accrues by linking solar and bio-resources is motivating the high-prospect integration of solar energy within the catalytic processing of bio-based products, being applied in biomass gasification and its valorization into value-added bio-based platform molecules.

Plasmon-enhanced catalysis facilitates the production of the 5-hydroxymethylfurfural (HMF) platform molecule through cellulose conversion, and can mitigate the impact of the intractable, rigid nature of the lignocellulosic feedstock. Visible light irradiation has been shown to increase the HMF yield from 18.7% to 31.0% over a Ru/HY-SO3H catalyst [START_REF] Wang | Plasmon-Enhanced 5-Hydroxymethylfurfural Production from the Photothermal Conversion of Cellulose in a Biphasic Medium[END_REF]. Ru nanoparticles SPR can harvest light with interband transitions, and the thermalization of the photogenerated charge carriers increased the surface temperature from 36°C to 94°C, as characterized by IR measurements.

Formic acid, as side-product of cellulose hydrolytic conversion, offers an atom-efficient and sustainable hydrogen supply vs. external pressurized H2 for performing hydrogenation catalysis and converting bio-resources through hydrogen donor-mediated strategies. Ivanez et al. stressed that applying a dual photonic/thermal excitation to a Ru/TiO2 catalyst boosted the gas phase decomposition of formic acid to H2, and the higher the UV-A irradiance, the stronger the H2 production [START_REF] Keller | Photo-/thermal synergies in heterogeneous catalysis: Towards low-temperature (solar-driven) processing for sustainable energy and chemicals[END_REF]. The dual excitation not only drives the reaction under milder temperature conditions while maintaining similar H2 production levels to those in the dark, but also enhances the H2 selectivity, the effect being irradiance dependent. The implication of light-excited electrons in Ru nanoparticles through an alternative low-energy transition state with reduced apparent energy activation, was preferred over thermalization with localized-heat delivery.

Bunrit et al. showed that Pt/TiO2 acts as thermo-and photo-catalyst for converting levulinic acid and its ester into g-valerolactone in mild conditions using 2-propanol as hydrogen donor [START_REF] Bunrit | Photo-Thermo-Dual Catalysis of Levulinic Acid and Levulinate Ester to γ-Valerolactone[END_REF]. However, they did not exploit this dual-functional character to explore the reaction under a dual-mode excitation.

Appealing results demonstrated high yields of glucose conversion to lactic acid of 88.6% with 90% selectivity at moderate temperature using a hybrid multifunctional multi-walled carbon nanotubes/layered double hydroxide (LDH) photothermal catalyst with suited component ratios [START_REF] Ye | Photothermal strategy for the highly efficient conversion of glucose into lactic acid at low temperatures over a hybrid multifunctional multi-walled carbon nanotube/layered double hydroxide catalyst[END_REF].

According to Ye et al., the incident photons impacted on both components of the assembly, as the photoinduced oxygen vacancies associated with the generation of holes in LDHs act as frustrated Lewis species enhancing the first-step isomerization of glucose to fructose, while localized heat deposition within the nanotubes boosted the glucose conversion at the LDH surface. The beneficial photothermal effect for lactic acid production was extended to a wide span of carbohydrates (fructose, glucose, xylose, arabinose) using a carbon-coated N-TiO2 catalyst at 60°C [START_REF] Cao | Visible-light-driven prompt and quantitative production of lactic acid from biomass sugars over a N-TiO2 photothermal catalyst[END_REF]. Carbon layers resulting from incomplete burning of urea used for N-doping and wrapped around N-TiO2 crystallites acted as light-to-heat antenna under visible light. A thirty-fold upscaling experiment maintaining 71.8% of the small-scale yield was realized using 3 g of saccharide.

Finally, dual-mode excitation has been shown beneficial to high temperature biomass gasification, whose viability to produce gaseous fuel and biochar remains limited by tar formation. Using toluene as biomass tar model compound, Chen et al. first demonstrated the ability of UV-A light driven photothermal steam reforming to in-situ mitigate the detrimental deposition of carboned species (surface poisons) through the photocatalytic activation of steam into oxidative OH radicals able to clean the catalyst surface, and to reduce the catalyst agglomeration during the process [START_REF] Chen | Photothermal steam reforming: A novel method for tar elimination in biomass gasification[END_REF].

Methane activation

Activating methane, the main component of natural gas and biogas, is challenging due to the remarkable strength of the C-H bond (439 kJ mol -1 ). Relevant and diverse applications can benefit from photothermal processing to overcome this difficulty.

First, catalytic combustion of methane (i.e. total oxidation) can reduce the emission of pollutants like CO and NOx and avoids coking when exploiting its calorific power. Recently, Feng et al. have

proposed the use of multicomponent catalysts based on PdO/Mn2O3/CeO2 assembled on the surface of halloysite nanotubes (derived from kaolin clay) (Figure 2) [START_REF] Feng | Highly Active PdO/Mn3O4/CeO2 Nanocomposites Supported on One Dimensional Halloysite Nanotubes for Photoassisted Thermal Catalytic Methane Combustion[END_REF]. Although the process is thermally activated, simultaneous illumination with visible light downshifted the light-off curve by about 100ºC.

Experimental evidence suggested that photonic activation is caused by the increment of Ce 3+ centers upon illumination. Similarly, catalysts based on ZnO epitaxially grown on La0.8Sr0.2CoO3 perovskite rods showed a 2.6 fold increase of the catalytic activity at 370ºC and 1200 h -1 GHSV under illumination with a 300W Xe lamp in comparison to bulk external heating [START_REF] Yang | Solar-driven efficient methane catalytic oxidation over epitaxial ZnO/La0.8Sr0.2CoO3 heterojunctions[END_REF]. This was related to the generation of surface oxygen vacancies upon photothermal electron transfer at the ZnO/perovskite interphase.

Second, partial oxidation of methane (POM) is an important route to produce syngas (CO+H2), which can be subsequently converted through Fischer-Tropsch process into synthetic fuels. One of its challenges is to maximize the selectivity towards syngas avoiding total combustion. Jiang et al. have demonstrated that hot electrons produced by UV-irradiation in Rh/MCM greatly enhance syngas yield in the 150-350°C range [START_REF] Jiang | Synergistic photothermal and photochemical partial oxidation of methane over noble metals incorporated in mesoporous silica[END_REF]. Pd/MCM also presents a significant photothermal effect, while UVactivation is more limited for Ru/MCM and basically nil for Pt/MCM. Notable quantum yields for CO production of 1.8% and 1.6% for Rh and Pd, respectively, were obtained. Theoretical studies related the favorable activity of Rh to the high capacity of Rh surfaces for CH4 dissociation. Alternatively, oxidative coupling of methane (OCM) to selectively yield ethane can be enhanced over Au/ZnO/TiO2 under photothermal conditions, using moderate temperatures (<200ºC) and a low UV irradiance (~18 mW cm -

2 ) [START_REF] Song | YeA selective Au-ZnO/TiO2 hybrid photocatalyst for oxidative coupling of methane to ethane with dioxygen[END_REF]. This process occurs by the coupling of •CH3 radicals photogenerated at the ZnO sites.

Third, methane dry-reforming (MDR) associates syngas production and CO2 valorization, albeit operating at very high temperature (>600ºC) and frequently suffering extensive deactivation by coking of the catalysts, mainly Ni-based. Photothermal MDR is an appealing way to solarize the process [START_REF] Tavasoli | Photocatalytic dry reforming: what is it good for?[END_REF].

Catalysts based on NiCo alloy on Al and Mg oxides obtained from hydrotalcites showed remarkable 10 light-to-fuel yields (33.8%), and both a higher H2/CO ratio and reduced carbon deposition (0.011 gc g - 1 Cath

-1 ) were obtained photothermally than under conventional thermal conditions [START_REF] Liu | Solar-enhanced CO2 conversion with CH4 over synergetic NiCo alloy catalysts with light-to-fuel efficiency of 33.8%[END_REF]. Likewise, efficient photothermal MDR was evidenced on Ni supported on mesoporous TiO2, but with a rapid decline of the activity [START_REF] Xie | Enhanced photothermal catalytic performance of dry reforming of methane over Ni/mesoporous TiO2 composite catalyst[END_REF]. Also, the performance of a Ni/CeO2@SiO2 core/shell catalyst in MDR at 850ºC benefits from a synergetic effect upon combined thermal/photonic excitation [START_REF] Han | Narrowing band gap energy of CeO2 in (Ni/CeO2)@SiO2 catalyst for photothermal methane dry reforming[END_REF]. The silica shell prevented both sintering and coke deposition, in consequence stabilizing activity, whereas the small size of CeO2 promoted the absorption of visible light. linear variation of CH4 conversion with OPD). Reproduced and adapted with permission from ref. [START_REF] Feng | Highly Active PdO/Mn3O4/CeO2 Nanocomposites Supported on One Dimensional Halloysite Nanotubes for Photoassisted Thermal Catalytic Methane Combustion[END_REF].

Copyright 2021 Wiley.

Ammonia synthesis

NH3 is one of the main starting materials for the fertilizer industry and the basic organic chemicals manufacturing, with an annual production of about 175 Mt. Moreover, it has promising prospects as alternative energy carrier due to its large hydrogen storage capacity (17.6 wt%), its carbon-free nature and its easy liquefiability (< 8 bar at room temperature) [START_REF] Qiu | High-performance artificial nitrogen fixation at ambient conditions using a metal-free electrocatalyst[END_REF][START_REF] Valera-Medina | Ammonia for power[END_REF]. Nowadays, NH3 is industrially produced via the Haber-Bosch process on a Fe-based catalyst operating at high temperature and pressure (350-500°C, 20-40 MPa). Those highly-demanding operational conditions consume 1-2% of the global energy supply (over 30 GJ/ton NH3) and result in high greenhouse gas emissions (2.16 kgCO2-eq/kg NH3) [START_REF] Seyedehhoma | Sustainable Ammonia Production Processes[END_REF][START_REF] Pfromm | Towards sustainable agriculture: Fossil-free ammonia[END_REF]. Exploring new approaches to soften the synthesis is of great interest to reduce thermal energy input and to ensure operational safety. Hence, the integration of solar light as renewable energy input garners much attention. The first report by Schrauzer and Guth on the nitrogen fixation under mild conditions by UV irradiation of TiO2 [START_REF] Schrauzer | Photolysis of Water and Photoreduction of Nitrogen on Titanium Dioxide[END_REF] was followed by numerous works on the (non-thermal) photocatalytic production of NH3, although yields are still far from competing industrially. By contrast, plasmonic photocatalysis and light-induced hot carrier-driven processes have been scarcely explored Illumination of the catalysts was provided by a solar light simulator equipped with a 300 W Xenon lamp.

Reproduced and adapted with permission from ref. [START_REF] Wang | Ammonia from Photothermal N2 Hydrogenation over Ni/TiO2 Catalysts under Mild Conditions[END_REF]. Copyright 2022, American Chemical Society.

Molecular oxygen activation for selective oxidations

Molecular oxygen is the greenest and most abundant oxidant, its use in oxidation reactions being highly desirable from both economic and environmental viewpoints. However, molecular oxygen activation (MOA) is usually the rate-limiting step in selective oxidation reactions. Again, photocatalysis has been explored as an efficient activation pathway for synthetic purposes [START_REF] Li | Recent advances in molecular oxygen activation via photocatalysis and its application in oxidation reactions[END_REF], although it suffers from poor selectivity. Alternatively, recent works have explored the photothermal pathway to MOA by means of hot-electron-mediated charge transfer and subsequent formation of reactive oxygen species (ROS).

Zhang et al. demonstrated that hot electrons generated in MoS2 nanosheet decorated anatase nanoparticles, with absorption in the whole solar spectrum, decreased the activation energy of MOA by 45% with respect to a purely photocatalytic system [START_REF] Zhang | Hot-Electron-Induced Photothermal Catalysis for Energy-Dependent Molecular Oxygen Activation[END_REF]. By employing in-situ electron paramagnetic resonance (EPR) spectroscopy, they showed that the formation of superoxide radical anion was enhanced with respect to unmodified anatase. By photoluminescence lifetime measurements, electron donation from the catalyst to molecular oxygen was proved to be accelerated by the photothermal synergy, decreasing surface trapping and recombination and thus MOA activation energy, and leading to improved phenol oxidation as model reaction. DFT calculations corroborated that electrons with higher energy showed a stronger donation to the LUMO of O2. Furthermore, hot electrons not transferred to O2 thermalized and contributed to power MOA. Thus, authors concluded that hot electrons linked photonic and thermal energy contributions, resulting in the synergistic photothermal catalysis.

Li et al. reported the selective epoxidation of several styrene derivatives with oxygen over

LaSrCoxFe2-xO6 double perovskites with semiconductor behaviour and a visible-range LSPR absorption associated to oxygen vacancies [START_REF] Li | Investigation into Enhanced Catalytic Performance for Epoxidation of Styrene over LaSrCoxFe2-xO6 Double Perovskites: The Role of Singlet Oxygen Species Promoted by the Photothermal Effect[END_REF]. Oxygen adsorption energy calculations revealed a synergistic effect between light and heat, while linear dependence of catalytic activity on light intensity suggests a hotelectron driven mechanism. In this case, however, mechanistic studies by EPR and DRIFTS revealed the obtained high conversions and selectivities to epoxides to be related to the formation of O2 -• that rapidly undergoes conversion into singlet oxygen, being the latter the ROS mainly responsible for the epoxidation.

Oxygen deficiency is also responsible for the infrared-active LSPR of the 10-20 nm sized W18O49 explored by Yang et al. in combination with ZnIn2O4 for the selective oxidation of benzyl alcohol (BA)

to benzaldehyde (BAD) [START_REF] Yang | Photothermal effect and continuous hot electrons injection synergistically induced enhanced molecular oxygen activation for efficient selective oxidation of benzyl alcohol over plasmonic W18O49/ZnIn2S4 photocatalyst[END_REF]. The photothermal effect was measured macroscopically both in the material itself and in the reaction medium, showing enhanced temperature increase in the presence of the plasmonic structures (Figure 5). As a result, BA conversion increases three-fold in the best case, 

Concluding remarks and outlook

The inter-dependence of both non-thermal and thermal effects under photonic excitation of catalysts makes highly challenging the identification of the dominant physico-chemical mechanisms driving the reactions, what remains a hot debate.

This review on photothermal catalysis illustrates to which extent a dual thermal/photonic excitation is a promising way to accelerate the reaction rates under fixed conditions, to orientate the selectivities, to enhance the catalyst stability and/or to soften the reaction conditions, with the ultimate goal of using sunlight as the only energy source. Focus has been made on the most recent advances realized in lessscrutinized, albeit high-prospect, catalytic processes like the bio-resource valorization, the methane activation, the ammonia synthesis and the molecular oxygen activation for selective oxidations.

Thermalization-and hot electron-driven light-induced reaction mechanisms have been related to bulk/surface features of the photothermal catalysts, by considering the way both excitation modes impact the constituents of the multi-component catalysts, regardless of whether they are of (dark) thermal type or especially designed for a dual-mode activation.

Although photonic-thermal synergies offer prospects to boost the catalytic industrial processing and to render it more sustainable, photothermal catalysis, still in its infancy, must face important challenges. Breakthrough should come by the joint impulse of computational/modelling tools and advanced (if possible time-resolved) in-situ/operando characterization. However, the inter-dependence of both non-thermal and thermal effects under photonic excitation of catalysts makes the identification of the dominant physico-chemical mechanisms highly challenging and remains a hot debate. Finally, the catalyst engineering will require investigating a wide span of multi-component catalysts with panchromatic optical response to maximize simultaneously the harvested solar energy and the catalytic behavior.

We hope that this short review will serve to inspire interdisciplinary research and cross-fertilization of ideas for taking advantage of novel photothermal mechanisms in a wide span of high-prospect catalytic reactions and processes.

  The work from Song et al. provides another illustrative example of a detailed multifaceted characterization to understand the behaviour of photothermo-catalytic active sites[START_REF] Song | Photothermal Conversion of CO2 with Tunable Selectivity Using Fe-Based Catalysts: From Oxide to Carbide[END_REF]. They developed a strategy for elaborating photothermal Fe-based catalysts for CO2 conversion through a simple hydrogenation/carbonization treatment of a commercial Fe3O4 precursor. The photothermal catalytic mechanisms were studied by combining in-situ time-resolved DRIFTS and XAS, temperatureprogrammed hydrogen/deuterium (TP-H/D) exchange, CO temperature programmed desorption (CO-TPD), transient absorption (TA) spectroscopy and DFT calculations. The authors evidenced that the selectivity can be switched on-demand from CO to a hydrocarbon (CHx) depending on the (controllable) degree of the hydrogenation/carbonization treatment, as it modulates both the CO adsorption and the H2 dissociation capacity of the Fe-based centres, what defines the product selectivity. They also showed that (non-thermal) light effects impact the reaction intermediate species and the adsorption/desorption surface equilibrium, what further improves the product selectivity.
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 1 Figure 1. A necessary in-progress diversified toolbox for driving the structural and electronic key-
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 2 Figure 2. A) CH4 conversion curves of PdO/Mn3O4/CeO2 nanocomposites under photothermal and
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 39 [START_REF] Li | Promoted Fixation of Molecular Nitrogen with Surface Oxygen Vacancies on Plasmon-Enhanced TiO2 Photoelectrodes[END_REF].Li et al. have shown that a fine tuning of optically-controlled thermal gradients generated within a conventional ruthenium-based catalyst by light-to-heat effects can improve both the yield and the reaction rate in ammonia synthesis[START_REF] Li | Light-Induced Thermal Gradients in Ruthenium Catalysts Significantly Enhance Ammonia Production[END_REF]. Dual-temperature-zone catalysis enabling breaking the thermal equilibrium of ammonia synthesis was proposed by Mao et al. for hybrid TiO2-xHy/Fe hybrid systems (Figure3). The plasmonic heating of metallic Fe sites induces local temperature difference, allowing for the N2 activation on high-temperature Fe, while working-in-tandem TiO2-xHy sites well accommodate spilled-over N from Fe via successive hydrogenation, thus mitigating the reverse equilibrium shift[START_REF] Mao | Beyond the Thermal Equilibrium Limit of Ammonia Synthesis with Dual Temperature Zone Catalyst Powered by Solar Light[END_REF]. More recently, Wang et al. have reported efficient and stable photothermal ammonia production at low temperatures and ambient pressure using a multifunctional Ni/TiO2 system (Figure4)[START_REF] Wang | Ammonia from Photothermal N2 Hydrogenation over Ni/TiO2 Catalysts under Mild Conditions[END_REF]. N2 molecules are adsorbed and photocatalytically activated at the TiO2 oxygen vacancies that trap photogenerated electrons, while Ni atoms thermocatalytically activate H2 molecules and hydrogenate activated nitrogen intermediate/species. The synergy of photo-and thermo-catalysis triggers ammonia generation and allows to drive the reaction at lower temperatures and at ambient pressure maintaining a comparable conversion.
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 34 Figure 3. (A) High-resolution STEM image of TiO2-xHy/Fe: partially disordered TiO2-xHy

  keeping the selectivity to BAD near 100%. A multi-technique mechanistic study combining EPR, electrochemistry and time-resolved fluorescence with DFT calculations, together with reaction experiments under different wavelengths, led the authors to propose a mechanism in which Z-schemetype charge separation occurs between W18O49 and ZnIn2O4, which is further powered by photothermally enhanced continuous hot electron injection.
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 5 Figure 5. (a) IR photothermal images of W18O49/ZnIn2O4 photocatalysts. (b) In-situ measured
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