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Molecular approach to catalysis of electrochemical reaction in porous films

Current attempts to bridge the fields of what is conventionally called "electrocatalysis" and of molecular catalysis of electrochemical reactions are surveyed and discussed. It amounts in many cases to "heterogenize" molecular catalytic systems. Information on the meso-to-nano structures of the resulting catalytic films form the basis of the understanding new modes of transport of the reactants (catalysts, substrate and cosubstrates, products) that may govern the mechanistic competitions, and consequently selectivity. Efforts to adapt benchmarking procedures developed in homogeneous molecular catalysis (catalytic Tafel plots) should be encouraged, taking into account, as additional factors, the transport of electrons and reacting species (including gases) through the catalytic system.

INTRODUCTION

Understanding the role of electrode materials in electrochemical reactions has been a preoccupation since the early days of modern electrochemistry and of what has been termed "electrocatalysis". [1] In parallel, molecular catalysis of electrochemical reactions has been a focus since the early development of molecular 2 electrochemistry. [2] However, both domains have remained mostly disjointed. On the one hand it is now recognized that characterization of active sites at a molecular level is required to further improve electrocatalysts selectivity. On the other hand, there is strong renewed interest to the field of modified electrodes [START_REF] Murray | Chemically Modified Electrodes in Electroanalytical Chemistry[END_REF] in which molecular catalysts of electrochemical reactions are immobilized at the surface of the electrode. In both cases, porosity of the material (electrocatalysts or modified electrodes) is obviously a prerequest to reach high density of active sites/catalysts and then achieve fast transformation of substrates into products. As a consequence, electrocatalysis and molecular catalysis of electrochemical reactions in porous films currently receive a lot of attention and we will review some of the approaches currently developed in the field (noting that the format of this perspective does not permit to be exhaustive) and we will present remaining challenges. Although not limited to, the reactions of interest are mainly activation of small molecules (CO2 (CDR) [START_REF] Francke | Homogeneously Catalyzed Electroreduction of Carbon Dioxide -Methods, Mechanisms, and Catalysts[END_REF], H + (HER) [START_REF] Thoi | Complexes of earth-abundant metals for catalytic electrochemical hydrogen generation under aqueous conditions[END_REF] or O2 (ORR) [START_REF] Pegis | Oxygen Reduction by Homogeneous Molecular Catalysts and Electrocatalysts[END_REF] reductions and H2O oxidation (OER) [START_REF] Blakemore | Molecular Catalysts for Water Oxidation[END_REF]) in the context of contemporary energy challenges.

MOLECULAR HETEROGENIZED CATALYSIS.

Homogeneous molecular catalysis of electrochemical reactions has been widely developed in the recent years with a tremendous focus on testing and benchmarking new catalysts for various reactions. [START_REF] Costentin | Towards an intelligent design of molecular electrocatalysts[END_REF] While very useful to gain insights into reaction mechanisms, it is obvious that homogeneous catalysis is not suitable moving toward application and heterogenization of molecular catalysts is required. There are various ways to anchor molecular catalysts at the electrode surface [START_REF] Rm | Surface Immobilization of Molecular Electrocatalysts for Energy Conversion[END_REF] but key-features are the type of conductive support, the type of link between the conductive support and the molecular catalyst and the porosity of the structure and thickness of the film (figure 1). Characterization of porous catalytic film activity relies on several important metrics: selectivity (Faradaic Efficiency, FE, for a given product), efficiency (Turn Over Frequency, TOF), stability (Maximal Turn Over Number, TONmax), all being potentially function of overpotential and film thickness. Most of the well-studied homogeneous catalysts for HER [START_REF] Goff | From hydrogeneases to noble metal-free catalytic nanomaterials for H2 production and uptake[END_REF], ORR [START_REF] Anson | Electrocatalysis at redox polymer electrodes with separation of the catalytic and charge propagation roles. Reduction of dioxygen to hydrogen peroxide as catalyzed by cobalt(II) tetrakis(4-N-methylpyridyl)porphyrin[END_REF] or CDR [START_REF] Walsh | Electrocatalytic CO2 reduction with a membrane supported manganese catalyst in aqueous solution[END_REF] have been heterogenized. Selectivity observed for homogeneous catalysts are usually retained once heterogenized, [START_REF] Coutard | Molecular engineered nanomaterials for catalytic evolution and oxidation[END_REF] [14] but it is not the case when bimolecular processes are sought to be at work [START_REF] Reuillard | Tuning Product Selectivity for Aqueous CO2 Reduction with a Mn(bipyridine)-pyrene Catalyst Immobilized on a Carbon Nanotube Electrode[END_REF].

Carbon supports (carbon powder, carbon nanotubes (CNT) or graphene oxides) are the most popular, used in combination with a binder. Different results have been reported with various conductive supports and attributed to specific interactions between the support and the catalyst emphasizing the important role of the immobilization mode. [START_REF] Zhang | Highly selective and active CO2 reduction electrocatalysts based on cobalt phthalocyanine/carbon nanotube hybrid structures[END_REF] Covalent attachment is deemed to impart higher stability [START_REF] Maurin | Catalytic CO2-to-CO conversion in water by covalently functionalized carbon nanotubes with a molecular iron catalyst[END_REF] [17] [START_REF] Elgrishi | Versatile functionalization of carbon electrodes with a polypyridine ligand : metallation and electrocatalytic H + and CO2 reduction[END_REF] but noncovalent through weak interactions are well-developed on carbon supports [19] [20] presumably leading to better electronic communication between the catalyst and the conductive support. The effect of catalyst loading is sometimes investigated [START_REF] Wang | A Hybrid Co Quaterpyridine Complex/Carbon Nanotube Catalytic Material for CO2 Reduction in Water[END_REF] and its effect on catalysis metrics tentatively rationalized. From reference [START_REF] Yao | Covalent Attachment of Catalyst Molecules to Conductive Diamond : CO2 Reduction Using "Smart" Electrodes[END_REF] (e) Nickel complex grafted onto a carbon nanotube. From reference [START_REF] Rm | Surface Immobilization of Molecular Electrocatalysts for Energy Conversion[END_REF] (f) Scanning

Electron Microscopy (SEM) images (side-and top-views) of porous ITO films of different thicknesses prepared for molecular catalyst adsorption. From reference [START_REF] Renault | Unraveling the mechanism of catalytic reduction of O2 by micropreoxidase-11 adsorbed within a transparent 3D-nanoporous ITO film[END_REF] (g) SEM images of a Nafion/carbon powder/molecular catalyst supported on carbon microfiber. From reference [START_REF] Tatin | Efficient electrolyzer for CO2 splitting in neutral water using earth-abundant materials[END_REF] (h) Transmission Electron Microcopy (TEM) image of a cobalt phtalocyanine catalyst adsorbed on a carbon nanotube. From reference [START_REF] Zhang | Highly selective and active CO2 reduction electrocatalysts based on cobalt phthalocyanine/carbon nanotube hybrid structures[END_REF] In the case of CO2 reduction for example, durability of the heterogenized molecular catalysts, evaluated by TONmax, remains below a few thousand [START_REF] Sun | Recent Advances in Catalytic CO2 Reduction by Organometal Complexes Anchored on Modified Electrodes[END_REF]. As a typical case, TONmax = 130 for CO2 to CO conversion with 5,10,15,20-tetrakis(2,6-dihydroxyphenyl)iron porphyrin in DMF + 3 M PhOH as homogeneous catalyst [START_REF] Costentin | Benchmarking of Homogeneous Electrocatalysts: Overpotential, Turnover Frequency, Limiting Turnover Number[END_REF], whereas TONmax = 750 when the same catalyst is covalently immobilized on multi-walled carbon nanotubes in pH 7.4 aqueous solution + NaHCO3 0.5 M [START_REF] Maurin | Catalytic CO2-to-CO conversion in water by covalently functionalized carbon nanotubes with a molecular iron catalyst[END_REF], and TONmax = 813 when the catalyst is adsorbed via non-covalent interactions [START_REF] Maurin | Noncovalent Immobilization of a Molecular Iron-Based Electrocatalyst on Carbon Electrodes for Selective, Efficient CO2-to-CO conversion in Water[END_REF].

In order to build-up devices with photoelectrodes or to couple electrochemical measurements to spectroscopy, transparent porous conductive or semi-conductive supports have been developed. Meso-Nanoporous ITO is the most used material and anchoring molecular catalysts resorts on physisorption [START_REF] Renault | Time-resolved UV-visible spectroelectrochemistry using transparent 3D-mesoporous nanocrystalline ITO electrodes[END_REF] or chemisorption taking advantage of phosphoryl groups [START_REF] Chen | Catalytic water oxidation on derivatized nanoITO[END_REF] [28] but may also be obtained via covalent attachment through diazonium chemistry [START_REF] Kim | Introducing Molecular Functionalities within High Surface Area Nanostructured ITO Electrodes through Diazonium Electrografting[END_REF]. Porosity of transparent metal oxide support is variable depending on the synthesis method and substrate penetration may be part of the overall efficiency.

Semiconductor films exhibit different charge transport mechanisms. [START_REF] Bisquert | Nanostructured Energy Devices. Equilibrium Concepts and Kinetics[END_REF] Ohmic transport prevails in when the applied potential lies in conduction or valence bands. For a catalyst which standard potential lies in the band gap, hopping between redox catalyst moieties is dominant if the applied potential lies in the bandgap whereas charge transport is mediated by the conduction or valence band if the applied potential is in the insulator/conductor transition zone. [START_REF] Renault | Unraveling the charge transfer/electron transport in mesoporous semiconductive TiO2 films by voltasorptometry[END_REF] Consequences of this unusual charge transport on the catalytic current have not yet been studied.

Porous molecular catalytic films are sometimes designed without additional conductive material. In such cases, charge transport only resorts on hopping between redox moieties (the catalyst itself or an additional redox mediator) which may have been immobilized on a polymer backbone. [START_REF] Kramer | Polymer coordination promotes selective CO2 reduction by cobalt phtalocyanine[END_REF] Reaching a control of the structure of such molecular catalytic porous films is a desired goal and metal organic framework (MOF) or covalent organic framework (COF) [START_REF] Lin | Covalent Organic Framework Electrocatalysts for Clean Energy Conversion[END_REF] or more generally porous organic polymer materials (POP) [START_REF] Yamani | Electrocatalytic CO2 reduction: From Homogeneous Catalysts to Heterogeneous-based Reticular Chemistry[END_REF] may offer such an opportunity. Indeed, known molecular catalysts for HER or CDR have been successfully incorporated in reticular structures of MOFs or COFs [START_REF] Johnson | Covalent-Organic Frameworks Composed of Rhenium Bipyridine and Metal Porphyrins: Designing Heterobimetallic Frameworks with Two Distinct Metal Sites[END_REF], [START_REF] Downes | Electrocatalytic Metal-Organic Frameworks for Energy Applications[END_REF]. Charge transfer remains an important issue in such material. [START_REF] Lin | The role of redox hopping in metal-organic framework electrocatalysis[END_REF] To improve conductivity, an alternative to strategies consisting in building hybrid films with conductive materials is post-synthetic carbonization of COFs. [START_REF] Yin | Single Cobalt Atoms with Precise N-Coordination as Superior Oxygen Reduction Reaction Catalysts[END_REF] A new material is thus obtained but the main skeletons of the COF structure remain. However, upon high temperature treatment, the integrity of the molecular catalyst moiety and its electronic coupling with the conductive phase may be questioned and the obtained material may not be formally classified as a molecular heterogenized catalytic porous film.

BRIDGING MOLECULAR HETEROGENIZED CATALYSIS AND ELECTROCATALYSIS.

The main difference between molecular heterogenized catalysis and electrocatalysis is that in the first case catalytic sites (defined as the few atoms involved in the electrochemical transformation of the substrate, sometimes labelled with the pictorial term "non-innocent") are well defined molecules which electronic states are characterized by standard potentials and are not mixed with the electronic states of the electrode whereas in the second case catalytic sites (are usually not known or poorly characterized and their electronic states are not discernable from the electrode electronic states (so that they exhibit no specific faradaic feature in the absence of substrate). Development of new materials to get molecular control of active sites leads to a fading of this distinction. Indeed, synthesis of single atom catalyst (SAC) produces materials in which atoms (usually metallic) are supported on the surface of a conductive porous material (usually carbon). [START_REF] Su | Recent progress in single-atom electrocatalysts: concept, synthesis, and applications in clean energy conversion[END_REF] These atoms are expected to behave as well-defined molecular catalytic sites, yet the strong electronic coupling of the dispersed atoms with the material electronic states prevents defining a standard potential unless a charge can be localized on the SAC (without triggering a catalytic process) thanks to strong interaction of the resulting species with an ion crossing the double layer for charge neutralization. [START_REF] Jackson | Strong Electronic Coupling of Molecular Sites to Graphitic Electrodes via Pyrazine Conjugation[END_REF] Such a phenomenon would then be akin to underpotential deposition of protons on a platinum surface but with molecularly welldefined deposition sites. SAC systems thus make a bridge between molecular heterogenized catalysts and electrocatalysts. Tools developed to analyze electrocatalytic systems can thus be used but with a molecular understanding and potentially control of the thermodynamic parameters. [START_REF] Costentin | Catalysis of Electrochemical Reactions by Surface-Actives Sites: Analyzing the Occurrence and Significance of Volcano Plots by Cyclic Voltammetry[END_REF] Among the growing number of SAC materials, carbon matrix with isolated transition metal atoms two-fold or four-fold coordinated by N atoms (figure 2) have been applied as catalysts for ORR, OER, HER, CRD [START_REF] Chen | Single-Atom Catalysts: Synthetic Strategies and Electrochemical Applications[END_REF] as well as nitrogen reduction (NRR) [START_REF] Song | Electrochemical nitrogen reduction to ammonia at ambient conditions on nitrogen and phosphorus co-doped porous carbon[END_REF]; their similarities with molecular transition metal macrocycle catalysts (porphyrins, phtalocyanines) being emphasized [START_REF] Hu | Selective CO2 Reduction to CO in Water using Earth-Abundant Metal and Nitrogen-Doped Carbon Electrocatalysts[END_REF]. Despite promising, important efforts remain to be made to gain a better control of their molecularly defined synthesis and further structurally and electrochemically characterize SACs. [START_REF] Huan | Electrochemical Reduction of CO2 Catalyzed by Fe-N-C Materials: A Structure-Selectivity Study[END_REF] In that regard, investigation of model systems such a graphite-phenazine modified electrodes [START_REF] Jackson | Strong Electronic Coupling of Molecular Sites to Graphitic Electrodes via Pyrazine Conjugation[END_REF] [46] is useful (figure 2).

Porous transition metal oxide films have been widely studied for their activity toward OER [START_REF] Burke | Oxygen evolution reaction electrocatalysts on transition metals oxides and (oxy)hydroxides: activity trends and design principles[END_REF].

Interestingly, structural, spectroscopic [START_REF] Liu | Spectroscopic Studies of Nanoparticulate Thin Films of a Cobalt-Based Oxygen Evolution Catalyst[END_REF] electrochemical [START_REF] Costentin | Conduction and Reactivity in Heterogeneous-Molecular Catalysis: New Insights in Water Oxidation Catalysis by Phosphate Cobalt Oxide Films[END_REF] and conductivity [START_REF] Brodsky | Proton-Electron Conductivity in Thin Films of a Cobalt-Oxygen Evolving Catalyst[END_REF] studies have led to a comprehensive picture of the functioning of electrodeposited cobalt oxide films. They are made of assemblies of cobaltate clusters making a semiconductive porous bulk structure with the edge of the clusters being the molecular active sites for OER (figure 2). This emphasizes similarities of this type of porous films with molecular heterogenized catalytic films. Nickel oxides electrodeposited films have also been intensely studied and recent focus has been put on the observation that a small amount of iron can boost catalytic activity. [START_REF] Smith | Contributions to activity enhancement via Fe incorporation in Ni-(oxy) hydroxide/borate catalyst for near-neutral pH oxygen evolution[END_REF] However, the precise role of iron (Lewis acid stabilizing intermediates or actual catalytic site) is still under debate. [START_REF] Li | Influence of iron doping on tetravalent nickel content in catalytic oxygen evolving films[END_REF] [53] Scheme of a solvothermally grown MOF thin film. From reference [START_REF] Lin | The role of redox hopping in metal-organic framework electrocatalysis[END_REF] (d) N + -graphite conjugated ORR catalyst. From reference [START_REF] Ricke | Molecular-Level Insights into Oxygen Reduction Catalysis by Graphite-Conjugated Active Sites[END_REF] (e) Graphite conjugated -phenazine Rh catalyst. From reference [START_REF] Jackson | Strong Electronic Coupling of Molecular Sites to Graphitic Electrodes via Pyrazine Conjugation[END_REF] (f)

Structural sketch of an electrodeposited cobalt-phosphate oxide film. From reference [START_REF] Costentin | Conduction and Reactivity in Heterogeneous-Molecular Catalysis: New Insights in Water Oxidation Catalysis by Phosphate Cobalt Oxide Films[END_REF] (g) Atomic Force

Microscopy image of cobalt oxide porous thin film. From reference [START_REF] Liu | Spectroscopic Studies of Nanoparticulate Thin Films of a Cobalt-Based Oxygen Evolution Catalyst[END_REF].

MECHANISTIC ANALYSIS.

The diversity of catalytic porous films prevents a general description of the phenomena taking place upon operating. However, improvement of the metrics characterizing catalytic activity of porous films (selectivity, efficiency and stability) as function of applied potential and film thickness and structure may benefit from mechanism knowledge and from deciphering parameters controlling these metrics. In that respect, tools have been developed to analyze current-potential responses obtained with such films with both steady-state (rotating disk voltammetry) [START_REF] Amarasinghe | Models for mediated reactions at film modified electrodes: controlled electrode potential[END_REF] and transient (cyclic voltammetry) techniques [START_REF] Costentin | Cyclic Voltammetry Analysis of Electrocatalytic Films[END_REF] [58] [START_REF] Costentin | Cyclic Voltammetry of Electrocatalytic Films: Fast Catalysis Regimes[END_REF]. The analysis relies on consideration that, besides capacitive charging currents, the current density is controlled by three main phenomena: the charge transport through the film, the intrinsic catalytic reaction and the transport of substrate and cosubstrate both in the film and outside the film (figure 3). Kinetic zone diagrams allowing the extraction of the intrinsic catalytic properties have been drawn in various situations. Two main distinct modes of charge transport can be at work: hopping between redox centers or ohmic transport. Conductivity measurements using interdigitated electrodes in a source-drain gated configuration may be used to characterize transport properties. [START_REF] Brodsky | Proton-Electron Conductivity in Thin Films of a Cobalt-Oxygen Evolving Catalyst[END_REF] In the case of ohmic transport, the dual-phase nature of mesoporous structures (i.e. with ohmic conduction in both solution filled pores and bulk of the material, figure 3) may alter their current-potential responses and degrade the turnover frequency of the catalytic film at the expense of energy involved in charge transport. [START_REF] Andrieux | Conductive mesoporous catalytic films. Current distortion and performance degradation by dual-phase ohmic drop effects. Analysis and remedies[END_REF] Complex phenomena have been revealed when efficient catalytic sites are highly dispersed in a porous conductive film: local spherical diffusion of substrate around active sites may be limiting. [START_REF] Costentin | Nanodiffusion in electrocatalytic films[END_REF] Besides, complex homogeneous reactions, such as CO2/carbonate system in aqueous solution, are coupled to substrate and cosubstrate transport and are often evocated in controlling selectivity in porous catalytic electrodes. [START_REF] Hall | Mesostructure-Induced Selectivity in CO2 Reduction Catalysis[END_REF] However, full analysis of such systems are still scare.

Characterization of films structure (using X-Ray spectroscopy and microscopy tools) has been essential to propose a molecular description of catalytic films functioning. Recent progress of in operando techniques have been used to investigate mechanisms [START_REF] Lassalle-Kaiser | Evidence frim in Situ Xray Absorption Spectroscopy for the Involvement of Terminal Disulfide in the Reduction of Protons by an Amorphous Molybdenum Sulfide Ellectrocatalyst[END_REF] with the limitation that, in most cases, crucial catalytic species are at steady-state and do not accumulate enough for spectroscopic characterization. It is important to realize that, due to the specific heterogeneous conditions of electrochemical reactions, time independent species concentrations profiles are obtained in catalytic conditions in the film because of mutual compensation of reactions and transport (of either charge or substrates or cosubstrates) so that the challenge for spectroscopic methods is sensitivity and ability to perform local probing rather than time resolution. 3Dtransparent metal oxide porous electrodes have been developed to enable coupling UV-vis spectroscopy and electrochemistry for investigation of catalytic reactions such as O2 reduction by iron-porphyrinoïd type catalysts [START_REF] Renault | Unraveling the mechanism of catalytic reduction of O2 by micropreoxidase-11 adsorbed within a transparent 3D-nanoporous ITO film[END_REF] [65] or H2O2 reduction. [START_REF] Reuillard | High Performance Reduction of H2O2 with an Electron Transport Decaheme Cytochrome on a Porous ITO Electrode[END_REF] Such techniques could be extended to porous graphene based catalytic electrodes taking advantage of graphene support optics properties. [START_REF] Gupta | Charge transfer dynamical processes at graphenetransition metal oxides/electrolyte interface for energy storage: Insights from in-situ Raman spectroelectrochemistry[END_REF] [68] Progress toward application of gaseous small molecule activation [START_REF] Chen | Progress toward Commercial Application of Electrochemical Carbon Dioxide Reduction[END_REF] leads to development of gas diffusion electrodes with porous layers of catalysts to circumvent mass transport limitations. Recent advances in gas-diffusion electrodes modeling [START_REF] Weng | Modeling gas-diffusion electrodes for CO2 reduction[END_REF] should facilitate analysis of the growing number of experimental data in that area [START_REF] Weekes | Electrolytic CO2 Reduction in a Flow Cell[END_REF] and lead to electrode design optimization.

Last but not least, stability or durability of porous catalytic films are important criteria. Molecular description of cobalt oxide films has revealed that catalyst self-healing can be a key process to achieve high turnover numbers. [START_REF] Costentin | Self-healing catalysis in water[END_REF] In depth understanding of molecular processes leading to catalytic films activity degradation should be encouraged.
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