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Reversible catalysis

We describe as "reversible" a catalyst that allows a reaction to proceed at a significant rate in response to even a small departure from equilibrium, resulting in fast and energy efficient chemical transformation. Examining the relation between rate and thermodynamic driving force is the basis of electrochemical investigations of redox reactions, which can be catalysed by metallic surfaces and synthetic or biological molecular catalysts. How rate depends on driving force has also been discussed in the context of biological energy transduction, regarding the function of biological molecular machines in which chemical reactions are used to produce mechanical work. We discuss the mean-field kinetic modeling of these three types of systems (surface catalysts, molecular catalysts of redox reactions, and molecular machines), in a step towards the integration of the concepts in these different fields. We emphasize that reversibility should be distinguished from other figures of merit, such as rate or directionality, before its design principles can be identified and used in the engineering of synthetic catalysts.

Introduction

Both life 1 and industry 2 rely on energy conversion, which remains a challenge today. This is particularly true in the solar fuels field, where catalysts are needed to efficiently store in the form of chemicals (such as dihydrogen) the energy collected from intermittent sources.

Optimal energy conversion is reached when the system functions near equilibrium, under conditions of thermodynamic reversibility, but real, non-ideal systems function under non-equilibrium conditions and dissipate as heat a fraction of the input energy.

The molecular catalysts of redox reactions that are very active in response to even a small departure from equilibrium have been called "reversible" [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF][START_REF] Dutta | Designing Electrochemically Reversible H2 Oxidation and Production Catalysts[END_REF][START_REF] Armstrong | Reversibility and Efficiency in Electrocatalytic Energy Conversion and Lessons from Enzymes[END_REF] (although this term is used with various other meanings, which may lead to confusion, see Box 1). The same definition could also be used for non-redox catalysts. Catalytic reversibility provides an advantage when the energy that is input in the system must not be wasted, and understanding why some catalysts perform reversibly is required to improve the design of those that do not.

Here we mostly focus on the catalytic activation of small molecules and on biological energy transduction, and we discuss the literature on the kinetic modeling of various types of catalysts: redox enzymes, synthetic molecular catalysts and surface catalysts of redox reactions, and biological machines. We observe that the question of the relation between rate and driving force is not asked in the enzymology and homogeneous catalysis literature ; in contrast, it recently became central in the context of molecular catalysis of redox reactions, but it is answered in a manner which we think should be revisited. Central to the discussion in this paper is the distinction between the various figures of merit of a catalyst and the existence of tradeoffs between them: we begin by discussing Reversible catalysis, 1/28 This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021- 00268-3 (2021) rate and directionality (or "catalytic bias"), before examining reversibility. Each of these properties has been discussed with respect to the function of surface catalysts, molecular redox catalysts and biological motors, but differences in vocabulary have blurred useful connections between these research fields.

Rate

The most obvious measurement of the performance of a catalyst is its specific activity: the rate of the chemical transformation per catalyst mass, or per molecule (the turnover frequency for molecular catalysts or the "flux" in molecular motors), or the rate per geometric surface, or site on a surface. Catalysts increase the rate of a reaction by changing the reaction mechanism, and breaking it up into a series of steps that have low activation energies. This is commonly summarized by the idea that catalysts flatten the "energy landscape" of the reaction, although when this familiar expression is used, whether flatness relates to the energies of the catalytic intermediates or also considers the barriers between them is not always explicit. Some enzymes are extremely active [START_REF] Domnik | A High-Efficiency CO-Scavenging CO Dehydrogenase with Resistance to O2[END_REF] , with specificity constants (the effective bimolecular rate constant k cat /K M ) approaching the upper limit of 10 9 s -1 M -1 (ref [START_REF] Alberty | Application of the Theory of Diffusion-Controlled Reactions to Enzyme Kinetics[END_REF] ), but the specificity constant of an enzyme is usually much smaller, around 10 5 s -1 M -1 , and a maximal turnover frequency k cat of 10 s -1 is very common [START_REF] Bar-Even | The Moderately Efficient Enzyme: Evolutionary and Physicochemical Trends Shaping Enzyme Parameters[END_REF] . Biological motors can also function at high speed, typically several hundreds of complete cycles per s; for example, the kinesin molecule (figs 3a and 1f) uses the free energy of ATP hydrolysis to run along microtubules in a specific direction at up to 2 μm/s (ref [START_REF] Brown | Theory of Nonequilibrium Free Energy Transduction by Molecular Machines[END_REF] ).

Directionality

Another property of catalysts is their "directionality", which measures whether the catalyst allows faster reaction in one direction of the reaction than in the other. Of course the direction of a chemical reaction only depends on thermodynamics (figure 2a), but an intrinsic directionality of the catalyst can be defined by calculating the ratio of two rates measured under conditions chosen to make the reaction progress forward or backward (large and either positive or negative Δ r G). The ratio of these rates, measured under distinct conditions, is not an equilibrium constant 10 .

The terms "(uni/bi)directional" [START_REF] Dutta | Designing Electrochemically Reversible H2 Oxidation and Production Catalysts[END_REF][START_REF] Lampret | The Roles of Long-Range Proton-Coupled Electron Transfer in the Directionality and Efficiency of [FeFe]-Hydrogenases[END_REF][START_REF] Dutta | Minimal Proton Channel Enables H2 Oxidation and Production with a Water-Soluble Nickel-Based Catalyst[END_REF] , "catalytic bias" [START_REF] Léger | Direct Electrochemistry of Redox Enzymes as a Tool for Mechanistic Studies[END_REF][START_REF] Abou Hamdan | Understanding and Tuning the Catalytic Bias of Hydrogenase[END_REF][START_REF] Caserta | FeFe]-Hydrogenase: Do Accessory Clusters Influence O2 Resistance and Catalytic Bias?[END_REF][START_REF] Mcintosh | NiFe]-Hydrogenase of the Cyanobacterium Synechocystis Sp. PCC 6803 Works Bidirectionally with a Bias to H2 Production[END_REF][START_REF] Lampret | Interplay between CN Ligands and the Secondary Coordination Sphere of the H-Cluster in [FeFe]-Hydrogenases[END_REF][START_REF] Adamson | Retuning the Catalytic Bias and Overpotential of a [NiFe]-Hydrogenase via a Single Amino Acid Exchange at the Electron Entry/Exit Site[END_REF][START_REF] Rodríguez-Maciá | His-Ligation to the [4Fe-4S] Sub-Cluster Tunes the Catalytic Bias of [FeFe] Hydrogenase[END_REF][START_REF] Therien | The Physiological Functions and Structural Determinants of Catalytic Bias in the [FeFe]-Hydrogenases CpI and CpII of Strain W5[END_REF][START_REF] Kertess | Influence of the [4Fe-4S] Cluster Coordinating Cysteines on Active Site Maturation and Catalytic Properties of [FeFe]-Hydrogenase[END_REF][START_REF] Mulder | Catalytic Bias in Oxidation-Reduction Catalysis[END_REF] or "catalytic preference" [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] have been used to describe this catalytic property by the community working on hydrogenases (the enzymes that oxidize and evolve H 2 ). Enzymologists describe as "one-way" the enzymes that effectively catalyse the reaction in only one direction of the reaction [START_REF] Cornish-Bowden | Fundamentals of Enzyme Kinetics (English Edition)[END_REF][START_REF] Jencks | Binding Energy, Specificity, and Enzymic Catalysis: The Circe Effect[END_REF] .

It seems that the vast majority of synthetic molecular catalysts only work in one direction of the reaction; two examples of synthetic bidirectional molecular catalysts are shown in figure 1c-e. Some surface catalysts and biological motors also "prefer'' one direction. For example platinum is the best pure metal oxygen reduction reaction (ORR) electrocatalyst but does not perform well for the oxygen evolution reaction (OER) [START_REF] Frydendal | Benchmarking the Stability of Oxygen Evolution Reaction Catalysts: The Importance of Monitoring Mass Losses[END_REF] and MoS 2 catalysts are much better for the hydrogen oxidation reaction (HOR) than the hydrogen evolution reaction (HER) [START_REF] Jaramillo | Identification of Active Edge Sites for Electrochemical H2 Evolution from MoS2 Nanocatalysts[END_REF] . Biological motors are also characterized by a catalytic bias (although not with this terminology): for example, kinesin (fig 3a) backtracks only at a very reduced speed in response to a large backward mechanical load (fig 2c) [START_REF] Carter | Mechanics of the Kinesin Step[END_REF][START_REF] Clancy | A Universal Pathway for Kinesin Stepping[END_REF][START_REF] Tsygankov | Mechanoenzymes under Superstall and Large Assisting Loads Reveal Structural Features[END_REF] .

One explanation of the bias of redox catalysts in one direction is based on the idea that their structure is not the same under oxidative and reductive directions. In the case of non precious metals and metal alloys, surface oxidation occurs under OER conditions, with the formation of surface oxides and hydroxides that are not present under the reductive conditions required for the ORR [START_REF] Skúlason | Modeling the Electrochemical Hydrogen Oxidation and Evolution Reactions on This is a post-peer-review, pre-copyedit version of an article in press[END_REF][START_REF] Damjanovic | Kinetics of Oxygen Evolution and Dissolution on Platinum Electrodes[END_REF] . Regarding metalloenzymes, a slow redox-driven structural modification of the active site can also result in a loss of activity under very oxidizing or reducing conditions [START_REF] Barrio | Redox (In)activations of Metalloenzymes: A Protein Film Voltammetry Approach[END_REF] . This is common for Reversible catalysis, 2/28 This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021-00268- 3 (2021) hydrogenases: the active site of NiFe hydrogenases can be over-oxidized into various dead-end species [START_REF] Abou Hamdan | O2-Independent Formation of the Inactive States of NiFe Hydrogenase[END_REF] and certain FeFe hydrogenases [START_REF] Winkler | A Safety Cap Protects Hydrogenase from Oxygen Attack[END_REF][START_REF] Artz | Tuning Catalytic Bias of Hydrogen Gas Producing Hydrogenases[END_REF][START_REF] Jacq-Bailly | Electrochemical Characterization of a Complex FeFe Hydrogenase, the Electron-Bifurcating Hnd From Desulfovibrio Fructosovorans[END_REF] also inactivate under moderately oxidizing conditions, which prevents H 2 oxidation and effectively biases the enzyme in the reductive direction. A distinct explanation of the origin of the catalytic bias is related to kinetics [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] . It may happen that a bidirectional step that controls the maximal rate in both directions of the catalytic cycle has an equilibrium constant different from one, therefore making maximal turnover faster in one particular direction. Or two distinct steps may independently control the rates in the two directions of the reaction. These two situations have been observed for HER and HOR in two different hydrogenases [START_REF] Abou Hamdan | Understanding and Tuning the Catalytic Bias of Hydrogenase[END_REF][START_REF] Caserta | FeFe]-Hydrogenase: Do Accessory Clusters Influence O2 Resistance and Catalytic Bias?[END_REF] .

For enzymes whose mechanism is ordered (figure 1a), the kinetic parameters in the two directions of the reaction and the equilibrium constant are linked by a Haldane equation [START_REF] Cornish-Bowden | Fundamentals of Enzyme Kinetics (English Edition)[END_REF] . For example, in the case of an enzyme that transforms a single substrate S into a single product P, the forward and backward maximal rates (v max f and v max b respectively, whose ratio measures the catalytic bias), the substrate and product Michaelis constants (K M S and K M P ) and the equilibrium constant obey the relation:

More complex kinetic schemes (each scheme considering the binding and release of more than one substrate and product, and a specific order of the events in the catalytic cycle) give more complex Haldane equations [START_REF] Segel | Enzyme Kinetics: Behavior and Analysis of Rapid Equilibrium and Steady-State Enzyme Systems[END_REF][START_REF] Alberty | The Relationship between Michaelis Constants, Maximum Velocities and the Equilibrium Constant for an Enzyme-Catalyzed Reaction[END_REF] . An "electrochemical Haldane equation" for the molecular catalysts of two-electron reactions is discussed below (eq 7).

In the inorganic chemistry field, there are very few examples of catalysts that work both ways. The so-called Ni "DuBois catalysts", initially from the Pacific Northwest National Laboratory, oxidize and/or produce H 2 at significant rates [START_REF] Dutta | Designing Electrochemically Reversible H2 Oxidation and Production Catalysts[END_REF][START_REF] Smith | Reversible Electrocatalytic Production and Oxidation of Hydrogen at Low Overpotentials by a Functional Hydrogenase Mimic[END_REF][START_REF] Dutta | Amino Acid Modified Ni Catalyst Exhibits Reversible H2 Oxidation/production over a Broad pH Range at Elevated Temperatures[END_REF][START_REF] Dutta | The Role of Solvent and the Outer Coordination Sphere on H2 Oxidation Using [Ni(PCy2NPyz2)2]2+ : The Role of Solvent and the Outer Coordination Sphere on H 2 Oxidation[END_REF][START_REF] Priyadarshani | Achieving Reversible H2/H+ Interconversion at Room Temperature with Enzyme-Inspired Molecular Complexes: A Mechanistic Study[END_REF] . These catalysts are mononuclear nickel complexes, with bioinspired proton-transferring ternary amines which have been modified with various substituents (R and R' in figure 1d). Their intrinsic directionality has been related to the free energy of reaction with hydrogen [START_REF] Raugei | Experimental and Computational Mechanistic Studies Guiding the Rational Design of Molecular Electrocatalysts for Production and Oxidation of Hydrogen[END_REF] , negative Δ r G favoring the activity in the direction of H 2 oxidation [START_REF] Yang | Hydrogen Oxidation Catalysis by a Nickel Diphosphine Complex with Pendant Tert-Butyl Amines[END_REF] , and thermoneutrality allowing catalysis to proceed both ways [START_REF] Smith | Reversible Electrocatalytic Production and Oxidation of Hydrogen at Low Overpotentials by a Functional Hydrogenase Mimic[END_REF] . The relation between this free energy of reaction and the catalytic bias has not yet been given justification by a kinetic model.

A complication in the comparison of the rates of the reaction in the two directions is that the forward and backward series of steps may be distinct. Indeed, the principle of microscopic reversibility does not impose that the reaction pathways that are taken under distinct conditions should be the same (however, it does impose relations between the rate constants around a cycle, even in a productive cycle [START_REF] Blackmond | If Pigs Could Fly" Chemistry: A Tutorial on the Principle of Microscopic Reversibility[END_REF][START_REF] Pezzato | Mastering the Non-Equilibrium Assembly and Operation of Molecular Machines[END_REF] ). We therefore distinguish ordered mechanisms, in which the forward and backward reactions follow the same catalytic pathway either clockwise or counter-clockwise (figure 1a), and "branched mechanisms" 3 (called "random mechanisms" in enzymology [START_REF] Fersht | Structure and Mechanism in Protein Science: A Guide to Enzyme Catalysis and Protein Folding[END_REF] ), which occur if there are branch points along the catalytic reaction pathways, where alternative steps (such as electron and proton transfers) compete (figure 1b). A branched mechanism can switch between paths as the experimental conditions change: distinct pathways may dominate under distinct experimental conditions, although any change must happen continuously as the experimental conditions are varied, going through conditions where the two pathways coexist [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] . Regarding the transfers of electrons and protons, concerted steps may also occur 48,[START_REF] Horvath | Insights into Proton-Coupled Electron This is a post-peer-review, pre-copyedit version of an article in press[END_REF] .

That the DuBois complexes exist in many different states allows for a variety of pathways (figure 1e), each being defined by a particular sequence of redox steps ("E") and chemical steps ("C"). Regarding the R=cyclohexyl, R'=phenyl complex, which under certain conditions shows about equal catalytic currents for H 2 oxidation and evolution [START_REF] Priyadarshani | Achieving Reversible H2/H+ Interconversion at Room Temperature with Enzyme-Inspired Molecular Complexes: A Mechanistic Study[END_REF] , it is proposed that the two reactions occur near the This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021-00268- 3 (2021) equilibrium potential along an ECECCCC pathway (a↔b↔c↔e in figure 1e). Under more reducing conditions, H 2 production occurs by an EECCCC pathway (b→d→e) because the reduction step b→d becomes fast and outcompetes the protonation step b→c. H 2 oxidation at high potential may occur along a distinct pathway in which intramolecular isomerization of the H 2 addition product (g→h) allows the catalyst to be oxidized (h→i) prior to removal of the first proton (i→c→b→a) [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] .

Uncoupling occurs when a branched mechanism includes futile cycles. In that case the function of the system cannot be defined by a unique balanced equation. Uncoupling between chemistry and mechanical work occurs e.g. when kinesin stops in response to a stall force but keeps hydrolysing ATP (instead of synthesizing it, which would be the reverse of the forward walk) [START_REF] Clancy | A Universal Pathway for Kinesin Stepping[END_REF][START_REF] Hyeon | Kinesin's Backsteps under Mechanical Load[END_REF][START_REF] Ariga | Nonequilibrium Energetics of Molecular Motor Kinesin[END_REF][START_REF] Carter | Kinesin's Moonwalk[END_REF] . In contrast, F 0 F 1 -ATP synthase is an example of a biological motor that, independently of any consideration on rate, fully uses the free energy of a proton gradient to synthesize ATP [START_REF] Wagoner | Opposing Pressures of Speed and Efficiency Guide the Evolution of Molecular Machines[END_REF] . The same distinction is relevant in the case of chemical catalysts. For example artificial CO 2 reduction catalysts produce a mixture of products (including H 2 ) [START_REF] Clark | Chapter 3: Heterogeneous Electrochemical CO2 Reduction[END_REF][START_REF] Piontek | Bio-Inspired Design: Bulk Iron-Nickel Sulfide Allows for Efficient Solvent-Dependent CO2 Reduction[END_REF] , whereas the enzymes that reduce CO 2 produce pyruvate, CO, or formate in a very specific manner. But not all enzymes are perfect in this respect. For example, the enzyme nitrogenase, which performs the very difficult reduction of N 2 into NH 3 under mild conditions, wastes some reducing equivalents in futile cycles, by evolving more than one H 2 molecule per N 2 being reduced [START_REF] Hoffman | Mechanism of Nitrogen Fixation by Nitrogenase: The next Stage[END_REF] .

Reversibility

Whereas directionality is concerned with the rates measured under conditions of extreme driving force, catalytic reversibility is a figure of merit that reflects the dependence of the turnover frequency on the thermodynamic driving force under near equilibrium conditions, as illustrated in figure 2a. This dependence of rate on thermodynamics may sound like an abstract concept because the driving force is in many experimental situations a parameter that cannot be readily varied. A rare example in the enzymology literature is Cees Veeger's measurement of the rate of the HER by the enzyme hydrogenase, with reduced methyl viologen (MV) as electron donor, as a function of the ratio of oxidized over reduced viologen (figure 2b) [START_REF] Van Dijk | The Effects of pH and Redox Potential on the Hydrogen Production Activity of the Hydrogenase from Megasphaera Elsdenii[END_REF] . The latter defines the Nernst potential of the MV ox/red couple and thus the free energy of the overall reaction between H + and MV red (assuming constant H 2 pressure and pH).

In the case of chemical transformations, the driving force is simply the free energy of the reaction; for molecular machines the driving force is the difference between the "input" energy (e.g. the free energy of ATP hydrolysis) and the fraction of that energy that is transduced (e.g. in the form of mechanical work) [START_REF] Brown | Theory of Nonequilibrium Free Energy Transduction by Molecular Machines[END_REF] . Figure 2c shows the velocity of kinesin as a function of the backward force that is applied. At equilibrium the stall force compensates for the input free energy of ATP hydrolysis and the motor stops [START_REF] Clancy | A Universal Pathway for Kinesin Stepping[END_REF] . There have been many measurements of how the velocity of various motors depends on force and/or on the input free energy (set by the ATP concentration) [START_REF] Wagoner | Mechanisms for Achieving High Speed and Efficiency in Biomolecular Machines[END_REF] ; see e.g. ref [START_REF] Toyabe | Thermodynamic Efficiency and Mechanochemical Coupling of F1-ATPase[END_REF] for the effect of torque on the rate of ATP synthesis by the F 1 ATP-synthase subcomplex.

In only one type of experiment is it easy to measure the rate of a chemical reaction as a function of driving force: the electrochemical investigation of redox reactions, including the characterization of the catalysts of these reactions. If the redox reaction that is considered takes or gives electrons to an electrode (figure 2d-h), the sign of the current that flows through the electrode indicates the direction of the reaction (oxidation versus reduction) and its magnitude is proportional to the rate of the reaction. The overpotential η that is applied, defined here by η = E -E eq , can be positive or negative, and it is proportional to minus the free energy Δ r G of the redox reaction. A negative overpotential, or positive free energy, drives the reaction in the backward (i.e. reductive) direction. Equilibrium is reached when the electrode potential equates the Nernst potential of the Reversible catalysis, 4/28 This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021-00268- 3 (2021) corresponding redox couple (E eq ), as e.g. observed in electrochemical studies of redox enzymes that reversibly convert H + and H 2 , [START_REF] Bianco | Electrocatalytic Hydrogen-Evolution at the Pyrolytic Graphite Electrode in the Presence of Hydrogenase[END_REF][START_REF] Butt | Direct Electrochemistry of Megasphaera Elsdenii Iron Hydrogenase. Definition of the Enzyme's Catalytic Operating Potential and Quantitation of the Catalytic Behaviour over a Continuous Potential Range[END_REF][START_REF] Pershad | Catalytic Electron Transport in Chromatium Vinosum [NiFe]-Hydrogenase: Application of Voltammetry in Detecting Redox-Active Centers and Establishing That Hydrogen Oxidation Is Very Fast Even at Potentials close to the Reversible H+/H2 Value[END_REF] succinate/fumarate, [START_REF] Léger | Enzyme Electrokinetics: Energetics of Succinate Oxidation by Fumarate Reductase and Succinate Dehydrogenase[END_REF][START_REF] Sucheta | Diode-like Behaviour of a Mitochondrial Electron-Transport Enzyme[END_REF] CO 2 /CO, [START_REF] Parkin | Rapid and Efficient Electrocatalytic CO2/CO Interconversions by Carboxydothermus Hydrogenoformans CO Dehydrogenase I on an Electrode[END_REF] CO 2 /formate, 66 NADH/NAD + , [START_REF] Zu | Electrochemical Interconversion of NADH and NAD+ by the Catalytic (Iambda) Subcomplex of Mitochondrial NADH:ubiquinone Oxidoreductase (complex I)[END_REF] or tetrathionate/thiosulfate [START_REF] Kurth | Catalytic Protein Film Electrochemistry Provides a Direct Measure of the Tetrathionate/Thiosulfate Reduction Potential[END_REF] . In a typical voltammetric experiment, the electrode potential is swept up and down and the current response is monitored; the results are usually displayed in a plot of current against potential called voltammogram. If one ignores a number of complications resulting from the possible effects of mass transport towards the electrode,slow (in)activation of the catalyst etc. [START_REF] Lee | On Decomposition, Degradation, and Voltammetric Deviation: The Electrochemist's Field Guide to Identifying Precatalyst Transformation[END_REF] , experimental voltammograms such as those in figures 2i-n can be seen as plots of rate against thermodynamic driving force. Voltammograms, whose shape and magnitude depend on experimental parameters, can be examined in the framework of kinetic models to benchmark the catalysts (e.g. determine their turnover frequencies) and to study their mechanisms [START_REF] Savéant | Elements of Molecular and Biomolecular Electrochemistry: An Electrochemical Approach to Electron Transfer Chemistry[END_REF][START_REF] Rountree | Evaluation of Homogeneous Electrocatalysts by Cyclic Voltammetry[END_REF][START_REF] Fourmond | Modelling the Voltammetry of Adsorbed Enzymes and Molecular Catalysts[END_REF] .

We and others have described as "reversible" a bidirectional catalyst that allows a reaction to proceed at a significant rate in response to even a small departure from equilibrium (see Box 1). In the particular case of a redox catalyst: one that gives a significant current even at a small overpotential [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF][START_REF] Dutta | Designing Electrochemically Reversible H2 Oxidation and Production Catalysts[END_REF][START_REF] Armstrong | Reversibility and Efficiency in Electrocatalytic Energy Conversion and Lessons from Enzymes[END_REF] (figure 2m-n). Only bidirectional catalysts can function reversibly. Indeed, a reaction rate can only change smoothly as a function of Δ r G, and therefore it cannot happen that e.g. the rate is small and negative when Δ r G is small and negative, and abruptly large and positive when -Δ r G is small and positive. But a bidirectional catalyst may also function irreversibly, if a significant positive or negative -Δ r G is needed to drive the reaction in one direction or the other, as illustrated by the voltammogram in figure 2i, or fig 2l for the R=cyclohexyl, R'=pyridizine DuBois catalyst, or fig 8 in ref [START_REF] Land | Characterization of a Putative Sensory [FeFe]-Hydrogenase Provides New Insight into the Role of the Active Site Architecture[END_REF] for a peculiar example of FeFe hydrogenase performing bidirectionally and irreversibly.

The benchmarking of catalytic reversibility

The measurement of catalytic reversibility is very different for electrocatalysts (i.e. surface catalysts) and molecular catalysts, because the typical shapes of the current/potential responses are different. This is one of the reasons why the conclusions from one field cannot be simply used in the other.

The electrochemical response of electrocatalysts is essentially an exponential increase in current as the overpotential increases; in the simplest cases, and counting the oxidation current as positive:

The two terms in the right hand side of eq 2 are shown as dashed lines in figure 2k. From a Tafel plot of η against log(i), extrapolating the current measured at high overpotential down to η=0 gives the exchange current i 0 . Another measurement of the surface's activity is the "onset overpotential" defined as the overpotential above which the current exceeds an arbitrarily chosen threshold (often 10 mA/cm 2 for OER and HER [START_REF] Jiao | Design of Electrocatalysts for Oxygen-and Hydrogen-Involving Energy Conversion Reactions[END_REF][START_REF] Abidi | Atomistic Modeling of Electrocatalysis: Are We There Yet?[END_REF] ). The exchange current and the onset potential (of e.g. catalytic oxidation) are related to one another [START_REF] Abidi | Atomistic Modeling of Electrocatalysis: Are We There Yet?[END_REF] :

The catalytic current may reach a plateau at very high overpotential, but this maximum current does not characterize the catalyst: it may result from a limitation of the current by the transport towards the catalytic surface of O 2 in the ORR or H 2 in the HOR, or the formations of bubbles of the product of the HER or OER [START_REF] Jiao | Design of Electrocatalysts for Oxygen-and Hydrogen-Involving Energy Conversion Reactions[END_REF] . In any case, this high overpotential region of the electrochemical signal embeds no information about the catalytic mechanism.

The voltammetric responses of molecular redox catalysts look very different (figures 2 i-j). The current changes in a sigmoidal manner with η, and the plateaus on either side may be independent of any limitation by the transport of substrate towards the electrode. For example, if a molecular Reversible catalysis, 5/28 This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021-00268- 3 (2021) catalyst is attached to a rotating electrode [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF] spun at a high rate, the limiting currents are proportional to the intrinsic turnover frequency of the catalyst (TOF max ) under these conditions [START_REF] Fourmond | Modelling the Voltammetry of Adsorbed Enzymes and Molecular Catalysts[END_REF] . The sigmoidal signal defines "catalytic potentials" (E cat in figure 2i, not to be confused with the catalyst's redox potentials measured under non-turnover conditions), or "catalytic overpotentials" (η cat = E cat -E eq ), where the current is half of its plateau value [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF][START_REF] Appel | Determining the Overpotential for a Molecular Electrocatalyst[END_REF] . Unlike onset potentials, catalytic potentials are not dependent on the arbitrary choice of a current threshold. The separation between the catalytic potentials of the oxidative and reductive catalytic waves (E cat ox and E cat red ) measures the reversibility of the catalytic response: a large separation implies that there is no current over a large range of potential, which is characteristic of an irreversible response (figure 2i), whereas the oxidative and reductive waves merge if the response is reversible (figure 2j).

Therefore, in the case of electrocatalysts, the onset potential and the exchange current are related to one another (eq. 2), and they both characterize the overall activity of the surface, whereas in the case of molecular catalysts, the turnover rate (which defines the magnitude of the current) and the reversibility (the splitting of the oxidative and reductive waves) are independent figures of merit.

The above distinction between rate and reversibility has been discussed in the case of biological motors in terms of tradeoffs between rate (or flux, J) and energetic efficiency [START_REF] Wagoner | Opposing Pressures of Speed and Efficiency Guide the Evolution of Molecular Machines[END_REF][START_REF] Wagoner | Mechanisms for Achieving High Speed and Efficiency in Biomolecular Machines[END_REF] . The latter is defined as the fraction of the input free energy (Δμ) that is transformed in output work (Δw); the rest, Δμ-Δw, is dissipated. Regarding kinesin for example, Δμ is the free energy of ATP hydrolysis, and Δw is the work that is produced by moving over a certain distance against a certain force (figure 3a). This defines the power of the device, P=JΔw, and the power output per unit input energy F=JΔw/Δμ=Jη (here the symbol η is used for the efficiency). The power is often plotted against work or force (as in figure 3b) [START_REF] Nishiyama | Chemomechanical Coupling of the Forward and Backward Steps of Single Kinesin Molecules[END_REF] . The idea is the same as in the evaluation of the performance of fuels cells, for example, whose power P=Ui (U the voltage of the cell and i the current) is plotted against output voltage U (the latter is changed by varying the resistance of the outer electrical circuit) (figure 3c-d). Wagoner and Dill have emphasized that rate and efficiency are independent properties of the biological motors, and suggested that in each case, a particular combination of the two is optimized by evolution: ATP-synthase for example, would be more optimized for efficiency than for speed [START_REF] Wagoner | Opposing Pressures of Speed and Efficiency Guide the Evolution of Molecular Machines[END_REF] .

The mean-field kinetic modeling of bidirectional catalysts

Understanding the relation between the rate of a reaction and the rate constants of all the steps in the mechanism is only trivial when the reaction sequence is either a single bidirectional step or a series of unidirectional steps (in the former case, the ratio of the forward and backward rate constants equates the equilibrium constant; in the latter, the reciprocal rate is simply the sum of the reciprocal rate constants of the individual steps). If the mechanism is more complex, it is common to steer clear of complex rate equations by assuming that one step in the cycle is unidirectional or by focussing exclusively on the thermodynamics of the reaction pathway [START_REF] Koper | Thermodynamic Theory of Multi-Electron Transfer Reactions: Implications for Electrocatalysis[END_REF] .

Electrocatalysis

For unidirectional chemical reactions, the turnover frequency (TOF) depends on the "energy span", defined as the difference between the point of highest energy and that of lowest energy along the energy profile [START_REF] Amatore | Mechanistic and Kinetic Studies of Palladium Catalytic Systems[END_REF][START_REF] Kozuch | How to Conceptualize Catalytic Cycles? The Energetic Span Model[END_REF] ; its evaluation requires the knowledge of the energy barriers. Since the latter are difficult to calculate, many DFT investigations of surface reaction mechanisms consider only the energies of the intermediates. The latter determine the complete energy profile only if the energy barriers ΔG ≠ are proportional to the free energy ΔG of the corresponding steps [START_REF] Koper | Thermodynamic Theory of Multi-Electron Transfer Reactions: Implications for Electrocatalysis[END_REF][START_REF] Pérez-Ramírez | Strategies to Break Linear Scaling Relationships[END_REF] (this relation between the two is known as the Bronsted-Evans-Polanyi linear scaling relationship). However, linear scaling is only expected when all steps in the catalytic cycle have a similar nature and transition state [START_REF] Ding | Development and Assessment of a Criterion for the Application of Brønsted-Evans-Polanyi Relations for Dissociation Catalytic Reactions at Surfaces[END_REF][START_REF] Plessow | Examining the Linearity of Transition State Scaling Relations[END_REF][START_REF] Nørskov | Universality in Heterogeneous Catalysis[END_REF] . Different classes of reactions should give different linear relationships [START_REF] Nørskov | Universality in Heterogeneous Catalysis[END_REF] , and in the context of molecular catalysis there are many examples of fast endergonic steps (e.g. intramolecular ET in This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021-00268-3 (2021) multicentered enzymes [START_REF] Dementin | Rates of Intra-and Intermolecular Electron Transfers in Hydrogenase Deduced from Steady-State Activity Measurements[END_REF][START_REF] Page | Natural Engineering Principles of Electron Tunnelling in Biological Oxidation-Reduction[END_REF] ) and slow thermoneutral steps (see below the discussion of the [Pt(depe) 2 ] 2+ molecular catalyst of CO 2 /formate conversion [START_REF] Smith | Reversible Electrocatalytic Production and Oxidation of Hydrogen at Low Overpotentials by a Functional Hydrogenase Mimic[END_REF] ).

A strong and common assumption in the qualitative kinetic modelling of electrocatalysis is to consider the catalytic cycle as a series of redox steps, each consisting of one electron transfer (ET) that is strictly coupled to chemical reactions such as reactants adsorption/desorption, (de)protonation and/or bond breaking or formation [START_REF] Ooka | Shift of the Optimum Binding Energy at Higher Rates of Catalysis[END_REF][START_REF] Zeradjanin | A Critical Review on Hydrogen Evolution Electrocatalysis: Re-Exploring the Volcano-Relationship[END_REF] . The forward and backward rate constants of each step "i" are typically assumed to change with the electrode potential E as predicted by Butler-Volmer theory 74,76,88,89 : where the transfer coefficient α is related to the catalytic bias of the surface: indeed a value of α close to 0 or 1 results in the catalytic current being more intense in the oxidative or reductive direction (respectively) [START_REF] Jiao | Design of Electrocatalysts for Oxygen-and Hydrogen-Involving Energy Conversion Reactions[END_REF] . E 0 i is the thermodynamic reduction potential of step i, F is the Faraday constant, R the gas constant, T the temperature.

The consequence of the mechanistic assumption that all steps in the catalytic cycle involve ET is that the ΔGs of all steps become more negative as the overpotential increases, and the current increases exponentially and perpetually as the overpotential increases (eq. 2 and figure 2k) [START_REF] Abidi | Atomistic Modeling of Electrocatalysis: Are We There Yet?[END_REF] .

The additional assumption that for the reaction to occur, all elementary reaction steps have to be downhill in terms of free energy [START_REF] Rossmeisl | Electrolysis of Water on (oxidized) Metal Surfaces[END_REF] , justifies the common idea that the catalytic current can only flow when the overpotential exceeds a certain "thermodynamic overpotential" above which the least favorable redox step (the so-called "potential-determining step") becomes exergonic. Although this thermodynamic overpotential cannot be compared to any experimental quantity [START_REF] Abidi | Atomistic Modeling of Electrocatalysis: Are We There Yet?[END_REF][START_REF] Man | Universality in Oxygen Evolution Electrocatalysis on Oxide Surfaces[END_REF] , this simple reasoning has proven very useful for screening catalysts. It also explains the large overpotential required for fast OER on oxide and metal surfaces : the difference between the energies of the intermediates "HO*" and "HOO*" (the asterisk indicates an adsorbate) is large under equilibrium conditions and similar on many different surfaces; it defines a universal lower limit for the thermodynamic overpotential of around 0.3 V, above which all steps are downhill [START_REF] Koper | Thermodynamic Theory of Multi-Electron Transfer Reactions: Implications for Electrocatalysis[END_REF][START_REF] Man | Universality in Oxygen Evolution Electrocatalysis on Oxide Surfaces[END_REF][START_REF] Rossmeisl | Electrolysis of Water on Oxide Surfaces[END_REF] .

Although the above reasoning has been very fruitful in the case of surface catalysts, it is impossible to endorse the claim that catalysis should occur only if all steps in the catalytic cycle are downhill. The TOF of a catalyst depends in a complex manner on the individual rate constants of many of the steps in the catalytic cycle, and the penalty that results from an uphill step can be mitigated by kinetics effects and/or downhill follow-up steps [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] .

Molecular catalysis

The above assumption of strict coupling between ET and bond breaking/formation was given justification by DFT calculations in the case of the HER reaction on Pt [START_REF] Koper | Thermodynamic Theory of Multi-Electron Transfer Reactions: Implications for Electrocatalysis[END_REF] , but some reactions on other surfaces involve decoupled proton and electron transfers [START_REF] Abidi | Atomistic Modeling of Electrocatalysis: Are We There Yet?[END_REF][START_REF] Koper | Theory of Multiple Proton-electron Transfer Reactions and Its Implications for This is a post-peer-review, pre-copyedit version of an article in press[END_REF] .

In contrast, the kinetic modelling of the catalytic cycle of molecular redox catalysts always involves a sequence of redox and non-redox steps (referred to as "E" and "C" steps) [START_REF] Savéant | Elements of Molecular and Biomolecular Electrochemistry: An Electrochemical Approach to Electron Transfer Chemistry[END_REF] . The mechanism can be described by the sequence of redox and chemical (non-redox) steps, and named accordingly. For example the mechanism in fig 1c would be called EECC. That a mechanism includes redox steps (whose rates depend on electrode potential as in eqs 4) and non-redox steps (whose rates are independent of E) gives a typical sigmoidal shape to the corresponding current/potential response This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré 2ij). At very large overpotential, the interfacial ET steps become very fast, and the chemical steps control the overall rate and define the values of the plateau currents. The free energy of the chemical steps in the catalytic cycle do not depend on electrode potential, and should not be used to calculate a "thermodynamic overpotential". There is no obligation that every chemical step should be thermoneutral for the catalyst to be bidirectional [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] , but since all chemical steps are slower than 10 12 s -1 (typical vibrational frequency), observing significant turnover frequencies (e.g. > 1s -1 ) in both directions of an ordered cycle implies that every equilibrium constant along the reaction pathway should be lower than 10 12 (16 kcal/mol).

A major obstacle to using kinetics to interpret the electrochemical response of bidirectional redox molecular catalysts and to elucidate the kinetic determinants of reversibility is that the analytical kinetic models of bidirectional molecular catalysis are incredibly scarce. Indeed, a very usual simplification in molecular catalysis is to consider that the reaction is unidirectional, either because at least one step is unidirectional [START_REF] Stegelmann | Degree of Rate Control: How Much the Energies of Intermediates and Transition States Control Rates[END_REF] or because the overall reaction is very exergonic [START_REF] Amatore | Mechanistic and Kinetic Studies of Palladium Catalytic Systems[END_REF][START_REF] Kozuch | How to Conceptualize Catalytic Cycles? The Energetic Span Model[END_REF] . As an example, Savéant and Costentin do not discuss any bidirectional catalytic cycle in their reference book on molecular electrochemistry [START_REF] Savéant | Elements of Molecular and Biomolecular Electrochemistry: An Electrochemical Approach to Electron Transfer Chemistry[END_REF] . Assuming that the catalytic cycle is unidirectional makes it impossible to connect the kinetic parameters of the model to the thermodynamics of the reaction (equilibrium constant, equilibrium potential etc.): a unidirectional step has an infinitely negative free energy, so a cycle that includes a unidirectional step theoretically proceeds forwards irrespective of the actual thermodynamic driving force. As a consequence, in kinetic models of unidirectional redox catalysis, the overpotential is not defined in reference to the equilibrium potential (like we do), but in reference to the redox potential of the catalyst; defined as such, the overpotential is not proportional to the free energy of the catalyzed reaction [START_REF] Costentin | Towards an Intelligent Design of Molecular Electrocatalysts[END_REF] . Using kinetic models in which all steps are bidirectional is therefore an absolute requirement if the goal is to discuss catalytic reversibility.

Only a handful of papers have reported analytical kinetic models of bidirectional, redox, molecular catalysis, most often for extremely simple kinetic schemes. Kano et al wrote a model of mediated electron transfer (MET) to a diffusing catalyst under conditions of semi-infinite diffusion [START_REF] Sakai | Interconversion between Formate and Hydrogen Carbonate by Tungsten-Containing Formate Dehydrogenase-Catalyzed Mediated Bioelectrocatalysis[END_REF] . Armstrong et al described the case of a bidirectional catalyst supported onto an electrode (figure 2f) and undergoing direct electron transfer (DET) [START_REF] Hexter | Electrocatalytic Mechanism of Reversible Hydrogen Cycling by Enzymes and Distinctions between the Major Classes of Hydrogenases[END_REF] . Savéant recently described the situation of DET to a diffusing catalyst (figure 2d) [START_REF] Savéant | Molecular Catalysis of Electrochemical Reactions. Cyclic Voltammetry of Systems Approaching Reversibility[END_REF] . We also recently studied the MET case, but under conditions of a very thin film (figure 2g), and taking explicitly into account the competition between mediated ET and catalytic turnover [START_REF] Hardt | Reversible H2 Oxidation and Evolution by Hydrogenase Embedded in a Redox Polymer Film[END_REF] . All of the above models consider a single redox transition of the catalyst, and one or more chemical steps whose rates are independent of the electrode potential. They all predict that, on condition that interfacial electron transfer is fast, the catalytic current/potential response is simply a "one-electron sigmoid", were and are the two plateau currents, and is the catalytic potential that defines the mid-point potential of this sigmoid.

According to these one-electron models of multi-electron catalysis, a bidirectional catalyst undergoing fast ET with an electrode can only function reversibly. Catalytic irreversibility can only result from slow interfacial ET, not considered in eq 5 [START_REF] Dutta | Designing Electrochemically Reversible H2 Oxidation and Production Catalysts[END_REF][START_REF] Armstrong | Reversibility and Efficiency in Electrocatalytic Energy Conversion and Lessons from Enzymes[END_REF][START_REF] Savéant | Molecular Catalysis of Electrochemical Reactions. Cyclic Voltammetry of Systems Approaching Reversibility[END_REF] . (In this discussion, like in the rest of the paper, the term "reversible" refers to the catalytic property, not to the rate of interfacial electron transfer, see Box 1.) However, many reactions of interest involve more than one electron (two for the HER and HOR, four for the OER and ORR) and the above conclusion from one-electron models is proven wrong by more Reversible catalysis, 8/28 This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021-00268-3 (2021) realistic models that consider the two redox transitions of the active site [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF]100 . Catalytic irreversibility may indeed occur even in the limit of Nernstian interfacial ET if, for example, the half-reduced form of the active site is stable over a large range of potential. In that case, the catalytic oxidative and reductive cycles are triggered by the formations of the fully oxidized and fully reduced form of the active site, respectively, which occur at different potentials. In the intermediate potential range, there is no activity: catalysis is irreversible. In unidirectional one-electron models of multi-electron reactions, considering a unique one-electron transition of the catalyst makes sense because the other redox processes are fast in the range of potential where catalysis is observed [START_REF] Savéant | Elements of Molecular and Biomolecular Electrochemistry: An Electrochemical Approach to Electron Transfer Chemistry[END_REF]101 , but this assumption fails if one attempts to model the oxidative and reductive response of a bidirectional catalyst over a large range of potential. Thus, the "one-electron models'' do not have the minimal complexity that is required to discuss the determinants of catalytic reversibility in the case of multi-electron reactions.

We have recently discussed the analytical current equations for various bidirectional two-electron kinetic schemes, which can be used to interpret the DET voltammetry of supported [START_REF] Fourmond | Modelling the Voltammetry of Adsorbed Enzymes and Molecular Catalysts[END_REF]100 or diffusing [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF]100 redox catalysts of two-electron reactions. In both cases, under conditions of steady-state and assuming fast interfacial electron transfer, all ordered mechanisms that include two redox steps and an unspecified number of chemical steps give the same rate equation:

The parameters in eq 6 are defined in figure 2i: i lim ox and i lim red are the two plateau currents, the ratio of which measures the catalytic bias; E cat ox and E cat red are the two catalytic potentials, which may be distinct from the redox potentials of the catalyst measured under non-turnover conditions [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] , and whose difference measures the catalytic reversibility (the more positive the difference E cat ox -E cat red the less reversible the response). Equation 6is the same for all two-electron ordered mechanisms (irrespective of the order of the steps in the catalytic cycle), but the right mechanism may be identified by comparing the catalytic and non-catalytic responses, or by examining how the waveform depends on the substrate and product concentrations [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] .

The thermodynamic constraint that i=0 when the electrode potential (E) equates the Nernst potential of the substrate/product couple (E eq ) imposes the following relation:

which is the Haldane equation for an ordered, two-electron, multi-step catalytic mechanism. The experimental observation that eq 6 or 7 are valid in a particular case proves that the mechanism is ordered (as opposed to branched) [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] .

Considering that all steps in the catalytic cycle are bidirectional led to unexpected theoretical findings.

For example, regarding a catalyst that diffuses towards an electrode and operates according to an ordered mechanism, the famous relation i lim =nFAC(TOF max D) 1/2 between the plateau current and the square root of turnover frequency 102 is wrong for all bidirectional mechanisms (compare the expressions of "TOF max " and "i lim " in Table 1 of ref [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] ). This is because i lim depends on the concentration profile of the catalyst in the solution near the electrode, established by the mutual compensation of the diffusion of the catalyst and its transformation in solution, but the later depends on the rate constants of the chemical steps in the forward and backward directions of the reaction, irrespective of the electrode potential. All things being equal, increasing the backward rate constants decreases the size of the reaction-diffusion layer near the electrode where catalysis occurs, and therefore decreases the forward current.

Moreover, if the two-electron catalytic cycle includes more than one bidirectional chemical step, then the two catalytic potentials in eq 7 necessarily depart from the reduction potentials of the catalysts measured in the absence of substrate 3 . This forbids using the popular "foot of the wave analysis" 103,104 , which assumes that the catalytic sigmoidal wave is centered on the potential of the catalyst measured under non-catalytic conditions.

It is difficult to bound the errors made when one uses unidirectional models to interpret bidirectional electrochemical voltammograms. If the mechanism is simply EEC and the current is of the same order of magnitude in the two directions, estimating the turnover frequency from the limiting current using the relation i lim =nFAC(TOF max D) 1/2 , which is only valid for unidirectional catalysis, underestimates the TOF by only a factor of 2 (compare eqs 1 and 3 in Table 1 of ref. [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] ), irrespective of whether the signal is reversible or irreversible; if the ratio of TOF max is 1:10, then the estimation of the TOF in the slowest direction (and the estimation of the bias) is wrong by a factor of 10. But for more complex and realistic mechanisms, there is no guarantee that the error should be small. Regarding the use of the foot of the wave analysis, each 60 mV difference between the true catalytic potential and the potential measured in the absence of catalysis results in a ten fold error on the extrapolated limiting current, and except for the simplest EC or EEC catalytic mechanisms, a difference between the catalytic and non catalytic potentials is always expected if the chemical steps are bidirectional [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] .

Biological motors

The kinetics of molecular motors has also been described using ordered mechanisms and by examining the system in terms of a basic free energy landscape that is modified upon changing either the input free energy or the force (load) that opposes the work that is produced [START_REF] Brown | Theory of Nonequilibrium Free Energy Transduction by Molecular Machines[END_REF]105,106 .

The formulation of the problem by Sivak et al brings out the analogy with the modelling of electrochemical systems: for each step i in the catalytic cycle, the ratio of the forward and backward rate constants depends on the free energy ω i dissipated in that step, and a splitting (or load-distribution) factor δ i defines how each of the two rate constants vary with the free energy dissipation, and whether the transition state is close to the rear or front state

The value of δ i is related to the mechanism by which the consumption of free energy in this particular step produces directed molecular machine operation [START_REF] Brown | Theory of Nonequilibrium Free Energy Transduction by Molecular Machines[END_REF][START_REF] Tsygankov | Mechanoenzymes under Superstall and Large Assisting Loads Reveal Structural Features[END_REF] , just like the transfer coefficient α in eqs 4 may impose a directionality to certain ET steps in the cycle of a redox catalyst. Since equations 4 and 9 are analogous, the flux and current equations obtained with models of molecular motors and surface catalysts are similar (compare eq 20 in ref [START_REF] Brown | Theory of Nonequilibrium Free Energy Transduction by Molecular Machines[END_REF] for the two-stage model of motor and the current equation for a catalytic cycle consisting of just two redox steps, e.g. in ref [START_REF] Ooka | Shift of the Optimum Binding Energy at Higher Rates of Catalysis[END_REF] ).

The flux equations for two and three-stage models show that maximal rate is achieved when more free energy (larger ω i ) is dissipated by steps that are slower at equilibrium (small k i 0

), hence the 

)
maximal rate is not obtained with an equal change in free energy across all steps 107,108 ; this conclusion is also true, but probably overlooked, in the case of multi-step chemical reactions.

In other formulations [START_REF] Wagoner | Opposing Pressures of Speed and Efficiency Guide the Evolution of Molecular Machines[END_REF][START_REF] Wagoner | Mechanisms for Achieving High Speed and Efficiency in Biomolecular Machines[END_REF]109,110 , the driving force ω is explicitly considered as the difference between the input chemical free energy of e.g. ATP hydrolysis, Δμ, and the work that is produced, Δw. In ref 110 , a parameter δ dictates how much Δw affects the forward and backward rates of each step. Assuming a certain four-steps catalytic cycle, which includes in a specific order steps that are (i) independent of Δμ and Δw, (ii) dependent of Δμ (e.g.

k f =k i 0 exp[Δμ/RT], k i b =k i 0 ), (iii) dependent of Δw (e.g. k i f = k i 0 exp[-δΔw/RT], k i b = k i 0 exp[(1-δ)Δw/RT])
, it is possible to calculate how the response depends on δ by examining the relations between rate J, work Δw, and power (J×Δw) 110 . In the two-step model of ref [START_REF] Wagoner | Mechanisms for Achieving High Speed and Efficiency in Biomolecular Machines[END_REF] , only one step depends on Δw, and a parameter λ defines how Δμ is expanded in each of the 2 steps. Therein the authors focus on the relation between rate and efficiency (η=Δw/Δμ) [START_REF] Wagoner | Mechanisms for Achieving High Speed and Efficiency in Biomolecular Machines[END_REF] ; this is directly related to our definition of "reversibility" since the free energy that is dissipated to drive the motor is Δμ(1-η) (fig 1o).

The approach that was recently used to model the kinetics of artificial chemically-driven motors is distinct: it considers a branched mechanism and the possibility of uncoupling 111,112 (as indeed occurs in the kinesin mechanism in figure 1f). This kinetic model explains the direction of motion, but the work is not explicitly defined and the efficiency is therefore not discussed 111,112 .

The million dollar question of the determinants of catalytic reversibility

The most popular strategy in electrocatalyst screening and design is to quest for thermoneutral binding of the molecule to be transformed. This reasoning is based on the Sabatier principle, according to which the most active catalyst binds its substrate neither too weakly nor too strongly 113 , thus optimizing the tradeoff between rate and catalyst poisoning. If this binding energy is indeed a good thermodynamic "descriptor", a "volcano plot" of activity against binding energy should show a single maximum [START_REF] Zeradjanin | A Critical Review on Hydrogen Evolution Electrocatalysis: Re-Exploring the Volcano-Relationship[END_REF]114,115 . This strategy has echoed in the molecular catalysis field, but with no proper discussion of whether or why thermoneutral binding should make the catalyst fast, or bidirectional, or reversible, or all of this at once. But the point has also been made that the Sabatier principle, and its illustration in volcano plots, is not the full picture.

Costentin and Savéant have strongly advocated against considerations based on volcano plots for the understanding and design of unidirectional molecular catalysts 116,117 . Their point was that the properties of these catalysts should be characterized in terms of catalytic potentials and maximal turnover frequencies (reached at high overpotential), rather than just the TOF obtained at a certain potential. Regarding bidirectional molecular catalysts, we add that even the simplest catalytic responses should be defined by not two but three independent figures of merit: rate (e.g. the TOFmax under oxidizing conditions), bias (the ratio of the oxidative and reductive TOFmax) and reversibility (the separation between the oxidative and reductive waves, figure 2i). There is no obvious reason why rate, bias and reversibility should obey the same design principles, and in our investigation of the multistep catalytic cycles of two-electron transformations, we demonstrated that neither bidirectionality nor reversibility requires that all steps in the catalytic cycle be thermoneutral [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] .

An example of reversible catalyst design driven by the application of the Sabatier principle is the recent demonstration by Jenny Y. Yang that a [Pt(depe) 2 ] 2+ (depe=1,2-bis(diethylphosphino)ethane) complex reversibly converts CO 2 /HCO 2 -in acetonitrile (figure 1c) 118 . Turnover is very slow, because the Pt hydride intermediate reacts with CO 2 (1 atm) with a pseudo-1st order rate constant of about 1 hour -1 at 298K (ref 119 ). However, the energy landscape of this catalytic cycle is described as ideally flat 118 ; in particular the hydricities 120,121 Second, for a catalytic cycle that includes a cooperative two-electron redox step followed by one or two chemical steps, the conclusions in ref [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] imply that the average value of the two catalytic potentials equates the potential of the average two-electron reduction potential of the catalyst, and using eq. 7 we conclude that the difference between the later and the equilibrium potential of the substrate/product couple defines the catalytic bias. That the potential of the [Pt(depe) 2 ] 2+/0 catalyst is very close to the potential of the CO 2 /formate couple 118 therefore ensures that the oxidative and reductive catalytic currents are nearly equal.

Therefore, any further attempt to increase the TOF of this Pt catalyst by accelerating the reaction of the metal hydride with CO 2 will have to preserve these two conditions.

In the redox enzymes field, E. coli fumarate reductase (QFR) is another example of a mechanism that involves two successive one-electron transfers to/from the active site flavin, followed by chemical steps (hydride transfer between the flavin and the substrate, and proton transfer from an arginine residue 123 ). It is an "EECC" mechanisms [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] (noting here that each redox step is coupled to fast substrate and product binding and release, which affect its potential). The two-electron potential of the flavin is slightly lower than the potential of the succinate/fumarate couple, resulting in a bias towards fumarate reduction. Like [Pt(depe) 2 ] 2+/0 , the redox transformation of the flavin is cooperative, which makes catalysis reversible (as observed in fig 1 of ref [START_REF] Léger | Enzyme Electrokinetics: Energetics of Succinate Oxidation by Fumarate Reductase and Succinate Dehydrogenase[END_REF] ). In contrast, the homologous enzyme fcc 3 from Shewanella oneidensis catalyses only fumarate reduction, consistent with the two-electron potential of the flavin in this enzyme being lower than in E. coli QFR 124 .

The DuBois catalysts, whose generic structure is shown in Figure 1d, have attracted much attention for their performance in terms of rate of HOR/HER and reversibility, which proved to be very dependent on the nature of the R and R' substituents. Tradeoffs between rate and bidirectionality have been observed: for example the bidirectional complexes [START_REF] Dutta | Amino Acid Modified Ni Catalyst Exhibits Reversible H2 Oxidation/production over a Broad pH Range at Elevated Temperatures[END_REF][START_REF] Priyadarshani | Achieving Reversible H2/H+ Interconversion at Room Temperature with Enzyme-Inspired Molecular Complexes: A Mechanistic Study[END_REF] are orders of magnitude slower than the R=R'=phenyl catalyst, although the latter works only in the direction of proton reduction and at the price of a large overpotential 125,126 . It behaves reversibly in acidic water when it is modified and grafted onto nanotubes (figure 2e) 127 , for reasons that are not entirely clear.

A major step forward was the design of the R=Phe, R'=CH 2 CH 2 OCH 3 complex: based on NMR results, the free energy of reaction of this Ni(II) complex with H 2 is around 0.9 kcal/mol 39 (this reaction involves the initial binding of H 2 , which is uphill by approximately 7-10 kcal/mol, followed by downhill H 2 heterolytic splitting and intramolecular proton transfer [START_REF] Raugei | Experimental and Computational Mechanistic Studies Guiding the Rational Design of Molecular Electrocatalysts for Production and Oxidation of Hydrogen[END_REF]128 ). This small value is very favorable according to the Sabatier principle and indeed, the complex oxidises and produces H 2 in acetonitrile (bidirectionally but irreversibly and with a strong bias) [START_REF] Smith | Reversible Electrocatalytic Production and Oxidation of Hydrogen at Low Overpotentials by a Functional Hydrogenase Mimic[END_REF] . However, the proton redistribution that follows H 2 splitting in that "H 2 binding" reaction [START_REF] Smith | Reversible Electrocatalytic Production and Oxidation of Hydrogen at Low Overpotentials by a Functional Hydrogenase Mimic[END_REF] and catalytic bias or reversibility is actually observed. Related complexes were later found to exhibit even better performance: bidirectionality in water (R=cyclohexyl, R'=glycine) [START_REF] Dutta | Minimal Proton Channel Enables H2 Oxidation and Production with a Water-Soluble Nickel-Based Catalyst[END_REF] , reversibility in acidic water at 348 K (R=cyclohexyl, R'=arginine) [START_REF] Dutta | Amino Acid Modified Ni Catalyst Exhibits Reversible H2 Oxidation/production over a Broad pH Range at Elevated Temperatures[END_REF] , reversibility at room temperature in acidic methanol (R=cyclohexyl, R'=phenyl) and in methanol or water (R=cyclohexyl, R'=tyrosine, phenyl or tyramine) [START_REF] Priyadarshani | Achieving Reversible H2/H+ Interconversion at Room Temperature with Enzyme-Inspired Molecular Complexes: A Mechanistic Study[END_REF] . The free energy could not be measured in each case, but we note that the reaction of H 2 with the R=Cy R'=Arg complex is significantly exergonic at 348 K, despite catalysis being reversible at that temperature [START_REF] Dutta | Amino Acid Modified Ni Catalyst Exhibits Reversible H2 Oxidation/production over a Broad pH Range at Elevated Temperatures[END_REF] .

The reason some of the DuBois catalysts behave reversibly must still be clarified, but it probably involves a number of contributing factor in addition to (or instead of) the thermoneutrality of the reaction with H 2 : the stabilization of certain isomers, the kinetics of intramolecular proton transfer to/from the side chains of the complex [START_REF] Priyadarshani | Achieving Reversible H2/H+ Interconversion at Room Temperature with Enzyme-Inspired Molecular Complexes: A Mechanistic Study[END_REF] , the affinity for protons (not just H 2 ) and the potentials of the various redox transitions of the active site.

A difficulty in the assessment of the voltammetry of the bidirectional DuBois catalysts is that in some of the experimental cases that we have examined, equation 7 is not obeyed [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] , which shows that the mechanism is branched, as is common in inorganic redox catalysis [129][130][131][132][133][134][135][136] . This is a major issue because there is only one analytical model (from our group) of bidirectional, redox catalysis for a mechanism with parallel pathways; it was aimed at discussing the effect of intramolecular ET through an internal relay on the voltammetry of a supported enzyme 100 . From our investigations of kinetic models of unidirectional, branched mechanisms 137,138 , we can be certain that very complex waveforms can be expected from the corresponding bidirectional models. The latter will not be easily extended to the cases of diffusing catalysts, and simulations such as those in refs 139,140 will probably be more useful in the short term.

Based on the conclusions in ref [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] and contrary to common assumption, we can however say for sure that irreversible catalysis does not imply that the mechanism is branched, or that forward and backward reactions follow distinct pathways: irreversible voltammograms can be obtained with ordered models under certain conditions. Nor does a branched mechanism imply an irreversible response; on the contrary, we expect more degrees of freedom and a wider variety of catalytic responses and properties allowed by branched mechanisms. A challenge will be to explore these situations theoretically, to become able to make full use of electrochemical methods to explain the voltammetry of DuBois and other bidirectional catalysts as they are developed in the future, and to clarify what are the kinetic determinants of reversibility in this class of catalysts.

In the case of bioelectrocatalysis, the design of reversible systems should also consider the charge transfer pathway from the active site of the enzyme to the electrode. A common idea is that an irreversible response is expected for redox enzymes under conditions of mediated electron transfer, because some energy loss is allegedly required to produce the significant driving force that allows fast ET 141,142 . Indeed, a large difference between the redox potentials of the mediator and of the enzyme was needed to obtain large current densities when unidirectional enzymes were immobilized in redox-active films (figure 2g) 143,144 , and when this configuration was used with formate dehydrogenases or hydrogenases, the intrinsic reversibility of these enzymes was lost 145,[146][147][148][149][150][151] .

However, reversible catalytic responses under conditions of mediated ET with 4,4'-methylviologen have actually been observed with hydrogenases 147,152,153 , and we recently showed that the catalytic reversibility of FeFe hydrogenase is preserved when this enzyme is embedded into a film of a specially designed low potential redox-active hydrogel based on 2,2´-methylviologen (figure 2n) [START_REF] Hardt | Reversible H2 Oxidation and Evolution by Hydrogenase Embedded in a Redox Polymer Film[END_REF] .

The catalytic wave remains centered in the potential of the viologen, which results from intermolecular ET between the artificial mediator and the catalyst being slower than catalysis itself, but this appears not to prevent catalytic reversibility. This is reminiscent of the natural electron transfer pathway of Megasphaera elsdenii FeFe hydrogenase: this enzyme reversibly oxidizes and produces H 2 despite intramolecular ET (between the iron-sulfur clusters acting as electronic relays and the active site) being rate-determining in both directions of the reaction [START_REF] Caserta | FeFe]-Hydrogenase: Do Accessory Clusters Influence O2 Resistance and Catalytic Bias?[END_REF] .

Understanding the effect of the potential mismatch between the electron mediator and the enzyme on the catalytic bias, the TOF and the catalytic potentials will be essential for making high power biofuel cells, with large current densities close to the equilibrium potential (fig 3d).

Conclusion

Catalytic reversibility is a very desirable property, which appears to be common in Nature, but has been difficult to characterize experimentally (except in electrochemistry) and to engineer in molecular catalysts.

We have paralleled the discussions regarding the determinants of catalytic directionality and reversibility that are present in electrocatalysis, molecular catalysis, and the studies of biological motors. It appears that the concepts coincide, although the vocabulary is distinct. This is a source of confusion that will have to be removed in the future.

For example, reversibility has been claimed in the field of energy conversion/storage (e.g de/hydrogenation [154][155][156][157][158] ), but this was actually with the meaning of chemical reversibility (bidirectionality). We hope that lessons learned in reversible catalysis (as we defined it here) in the context of electrocatalysis and molecular machines will prove highly valuable for improving the energy efficiency in classical chemical catalysis.

We also believe that an important step forward is to acknowledge that rate, directionality and reversibility are distinct figures of merit, which may obey different design principles. Thinking in terms of Sabatier principle, thermodynamic descriptors or volcano plots will not be enough, and we should aim for developing analytical kinetic models that will be required to understand the determinants of reversibility. 

Figure 3 |

 3 Figure 3 | The power output of motors and fuel cells a | The structure of the kinesin dimer, indicating the direction of forward motion and of the backward force that can be applied to slow the motion. Kinesin moves toward the "plus end" of the microtubule, making steps of length L (8nm) every τ seconds (figure adapted from https://pdb101.rcsb.org/motm/64).b | The power (P=FL/τ) that is produced as a function of the magnitude of this force (replotted from the data in ref[START_REF] Nishiyama | Chemomechanical Coupling of the Forward and Backward Steps of Single Kinesin Molecules[END_REF] ). c | A schematic representation of a fuel cell. d | Typical evaluation of the performance of a fuel cell (replotted from the data in ref[START_REF] Hardt | Reversible H2 Oxidation and Evolution by Hydrogenase Embedded in a Redox Polymer Film[END_REF] ): increasing the load of the fuel cell (the resistance of the outer circuit), increases the voltage U and decreases the current i. The power is the product of the two. Note the sharp increase in current as the resistance is decreased to allow electron flow. Here the residual free energy that is dissipated even at low current results for an overpotential at the cathode. These data were acquired with a two-compartment fuel cell: the H 2 -oxidizing anode was made of a flat glassy carbon electrode supporting a redox film of polymer embedding a FeFe hydrogenase (larger j and P are obtained with this kind of film supported on a high surface area gas breathing electrode); the O 2 reducing cathode consisted of bilirubin oxidase immobilized on a high surface Toray paper electrode. The observed open circuit voltage value (1.16 V) is close to the thermodynamic limit (1.23 V), with the residual overpotential resulting from the ORR[START_REF] Hardt | Reversible H2 Oxidation and Evolution by Hydrogenase Embedded in a Redox Polymer Film[END_REF] .
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  of [HPt(depe) 2 ] and HCO 2 -are equal, which ensures Reversible catalysis, 11/28 This is a post-peer-review, pre-copyedit version of an article in press. Please cite: Fourmond, V., Plumeré, N & Léger, C. Reversible catalysis. Nat. Rev. Chem. doi: 10.1038/s41570-021-00268-3 (2021) thermoneutral hydride transfer from [HPt(depe) 2 ] + to CO 2 . According to Yang et al, this makes the catalyst function reversibly 118 .Using the conclusions from ref[START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] , we can emphasize two other reasons why this [Pt(depe) 2 ] 2+ may function reversibly and equally fast in both directions.First, the reduction from [Pt(depe) 2 ] 2+ to [Pt(depe) 2 ] 0 is a cooperative two-electron process122 . Should the half-reduced state [Pt(depe) 2 ] + be stable over a large range of potential and the same mechanism be operational, then CO 2 reduction would occur at a lower potential than formate oxidation, and catalysis would be irreversible. The cooperative nature of the 2+/0 redox step implies that the 1+, half reduced catalyst is a high energy intermediate, which contradicts the alleged requirement for a flat energy landscape. However, the participation of a high energy intermediate does not slow catalysis if the corresponding ET step is fast compared to turnover. The assumption that interfacial ET steps are Nernstian (as defined in Box 1) is common in the modeling of redox molecular catalysis116 , and certainly valid in the particular case of [Pt(depe) 2 ] 2+ (ref[START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF] ).
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Display items

Box 1 | Thousand and one meanings of the term "reversibility"

There is no consensus about the use of the term reversibility in the context of catalysis. Our definition of "reversible catalyst", allowing the reaction to proceed quickly in response to a small departure from equilibrium [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF][START_REF] Dutta | Designing Electrochemically Reversible H2 Oxidation and Production Catalysts[END_REF][START_REF] Armstrong | Reversibility and Efficiency in Electrocatalytic Energy Conversion and Lessons from Enzymes[END_REF] (figure 2a), is related to the meaning of "thermodynamic reversibility", which referring to near-equilibrium transformation, with no dissipation [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF] . The term "efficiency" has sometimes been used with the same meaning for enzymes, [START_REF] Armstrong | Reversibility and Efficiency in Electrocatalytic Energy Conversion and Lessons from Enzymes[END_REF][START_REF] Lampret | The Roles of Long-Range Proton-Coupled Electron Transfer in the Directionality and Efficiency of [FeFe]-Hydrogenases[END_REF] but in the context of biological motors, "efficiency" is the fraction of input free energy that is converted to output free energy (or work), irrespective of any consideration on the rate of the transformation [START_REF] Brown | Theory of Nonequilibrium Free Energy Transduction by Molecular Machines[END_REF] .

In contrast, in homogeneous chemical kinetics and enzymology, the term "chemical reversibility" is always used to describe either what we call here a bidirectional reaction (as in the "reversible Michaelis Menten mechanism" 38 ) [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF] .

Confusion may arise between the property of a catalyst (which we describe as "(ir)reversible)") and those of the individual steps in the catalytic cycle: a step is "reversible" either if it is allowed to proceed in both directions 159 , or if it fast in both directions and thus "close to equilibrium" even if the system is not. In electrochemistry for example, an electron transfer step is "electrochemically reversible" if the corresponding redox couple remains in Nernstian equilibrium with the electrode; this occurs on condition that electron transfer is very fast in both directions on the relevant time scale [START_REF] Bard | Electrochemical Methods: Fundamentals and Applications[END_REF] (e.g. the voltammetric time scale, or the catalytic time scale).

The IUPAC Goldbook 160 mentions reversibility in relation to neither catalysis nor electron transfer. c | The velocity of kinesin at constant ATP concentration, as a function of the backward force (replotted from ref [START_REF] Clancy | A Universal Pathway for Kinesin Stepping[END_REF] , Springer Nature Limited). d-h | Various electrochemical configurations (d: catalyst diffusing in solution [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF][START_REF] Savéant | Molecular Catalysis of Electrochemical Reactions. Cyclic Voltammetry of Systems Approaching Reversibility[END_REF] , e: catalyst grafted onto a surface [START_REF] Fourmond | Understanding and Design of Bidirectional and Reversible Catalysts of Multielectron, Multistep Reactions[END_REF]127 , f: enzyme adsorbed onto a surface [START_REF] Léger | Direct Electrochemistry of Redox Enzymes as a Tool for Mechanistic Studies[END_REF][START_REF] Fourmond | Modelling the Voltammetry of Adsorbed Enzymes and Molecular Catalysts[END_REF] , g: enzyme entrapped into a redox polymer film [START_REF] Hardt | Reversible H2 Oxidation and Evolution by Hydrogenase Embedded in a Redox Polymer Film[END_REF]161 , h: electrocatalyst or "surface catalyst"). n | Reversible H + /H 2 transformation by FeFe hydrogenase entrapped into a redox polymer film, under conditions of mediated electron transfer (MET), pH 7.6, 1 atm. of H 2 (replotted from the data in ref [START_REF] Hardt | Reversible H2 Oxidation and Evolution by Hydrogenase Embedded in a Redox Polymer Film[END_REF] , Springer Nature Limited). o | Speed-efficiency trade-offs of various biological motors, Na-K ATPase (square), F 1 ATP-synthase (triangles), kinesin (circles) [START_REF] Wagoner | Mechanisms for Achieving High Speed and Efficiency in Biomolecular Machines[END_REF] . The thermodynamic driving force is Δμ(1-η) (where Δμ is the input free energy and η is the efficiency). In panels o to u, the colors violet and orange indicate irreversible and reversible responses, respectively. (Replotted from the data in ref [START_REF] Wagoner | Mechanisms for Achieving High Speed and Efficiency in Biomolecular Machines[END_REF] , National Academy of Sciences.)