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Abstract | 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* and industry? 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"*™ (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
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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®, with specificity constants (the effective bimolecular rate
constant k../K,) approaching the upper limit of 10° s*™M™(ref ’), but the specificity constant of an
enzyme is usually much smaller, around 10° s*M™, and a maximal turnover frequency k., of 10 s™is
very common®. 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 um/s (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 A,G). The ratio
of these rates, measured under distinct conditions, is not an equilibrium constant®,

||l4,11,12 n n13-22
’

The terms "(uni/bi)directiona catalytic bias or "catalytic preference"® have been used to
describe this catalytic property by the community working on hydrogenases (the enzymes that
oxidize and evolve H,). Enzymologists describe as "one-way" the enzymes that effectively catalyse the
reaction in only one direction of the reaction®?*,

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)* and MoS, catalysts are much better for the hydrogen oxidation reaction
(HOR) than the hydrogen evolution reaction (HER)?. 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 2¢)” .

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
ORR3*3, 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®. This is common for
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hydrogenases: the active site of NiFe hydrogenases can be over-oxidized into various dead-end
species® and certain FeFe hydrogenases®*® also inactivate under moderately oxidizing conditions,
which prevents H, oxidation and effectively biases the enzyme in the reductive direction.

A distinct explanation of the origin of the catalytic bias is related to kinetics®. 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™*>.

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®®. 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,.,, and v,,,.° respectively, whose ratio measures the catalytic bias), the
substrate and product Michaelis constants (K,,° and K,,") and the equilibrium constant obey the
relation:

Keq =

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®’*®, 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, at significant rates***™*2, 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®, negative AG favoring the activity in the direction of H, oxidation**, and
thermoneutrality allowing catalysis to proceed both ways®. 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®*). 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"? (called "random mechanisms" in enzymology*’), 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®. Regarding the transfers of
electrons and protons, concerted steps may also occur®®*,

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, oxidation and evolution®, it is proposed that the two reactions occur near the
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equilibrium potential along an ECECCCC pathway (a«<>b<>c«<>e in figure 1e). Under more reducing
conditions, H, 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, oxidation at high potential may occur
along a distinct pathway in which intramolecular isomerization of the H, addition product (g—h)
allows the catalyst to be oxidized (h—i) prior to removal of the first proton (i—c—b—a).

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)**°°2, In contrast,
FoF,-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. The same distinction is
relevant in the case of chemical catalysts. For example artificial CO, reduction catalysts produce a
mixture of products (including H,)***°, whereas the enzymes that reduce CO, 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, into NH; under mild
conditions, wastes some reducing equivalents in futile cycles, by evolving more than one H, molecule
per N, being reduced °°.

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)*’. The latter defines the Nernst potential of the MV, 4
couple and thus the free energy of the overall reaction between H" and MV, (assuming constant H,
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)®. 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®. 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)®; see e.g. ref > for
the effect of torque on the rate of ATP synthesis by the F; 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 n that is applied, defined here by n = E - E,,, can be positive or
negative, and it is proportional to minus the free energy A,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
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corresponding redox couple (E,), as e.g. observed in electrochemical studies of redox enzymes that
reversibly convert H* and H,,%*® succinate/fumarate,®*** C0,/CO,** CO,/formate,*® NADH/NAD",*” or
tetrathionate/thiosulfate®. 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.*’, 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’®"2.

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®*™ (figure 2m-n). Only bidirectional catalysts can function reversibly. Indeed, a reaction
rate can only change smoothly as a function of A.G, and therefore it cannot happen that e.g. the rate
is small and negative when AG is small and negative, and abruptly large and positive when -A G is
small and positive. But a bidirectional catalyst may also function irreversibly, if a significant positive
or negative - A .G is needed to drive the reaction in one direction or the other, as illustrated by the
voltammogram in figure 2i, or fig 2| for the R=cyclohexyl, R'=pyridizine DuBois catalyst, or fig 8 in ref
73 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:

i =g (UM — o) (2)

The two terms in the right hand side of eq 2 are shown as dashed lines in figure 2k. From a Tafel plot
of n against log(i), extrapolating the current measured at high overpotential down to N=0 gives the
exchange current i,. 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?for OER and HER’*"). The exchange current and the onset potential (of e.g. catalytic
oxidation) are related to one another’:

RT 71thrcshold
onset — 71 N log - 3
Mlonset (1—a)F o8 < Lo @)

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, in the ORR or H, in the HOR, or the formations of bubbles of the product of
the HER or OER™. 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 ), 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
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catalyst is attached to a rotating electrode’® spun at a high rate, the limiting currents are proportional
to the intrinsic turnover frequency of the catalyst (TOF,,,,) under these conditions’®. The sigmoidal
signal defines "catalytic potentials" (E., in figure 2i, not to be confused with the catalyst's redox
potentials measured under non-turnover conditions), or "catalytic overpotentials" (N = Eca - Eeq),
where the current is half of its plateau value®*””. 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_,.> and E_,"*") 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®**®. The latter is
defined as the fraction of the input free energy (Ap) that is transformed in output work (Aw); the
rest, Au-Aw, is dissipated. Regarding kinesin for example, Ap is the free energy of ATP hydrolysis, and
Aw 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=JAw, and the power output per unit input energy
F=JAw/Ap=Jn (here the symbol n is used for the efficiency). The power is often plotted against work
or force (as in figure 3b)’®. The idea is the same as in the evaluation of the performance of fuels cells,
for example, whose power P=Uj (U the voltage of the cell and j 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*:.

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’®.

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®®®; 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 AG” are proportional to the free energy AG of the corresponding steps’#? (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®*®, Different classes of reactions should give different linear relationships®®, and in the context

of molecular catalysis there are many examples of fast endergonic steps (e.g. intramolecular ET in
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multicentered enzymes®®’) and slow thermoneutral steps (see below the discussion of the
[Pt(depe),]*" molecular catalyst of CO,/formate conversion®).

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®*#°. 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’*76889;

ox 0 (1 ai)} 0
k,L kl exXp < R ( z)) < (1)

—OziF
RT

i = Roxp (G (B - 59) (@)

where the transfer coefficient a is related to the catalytic bias of the surface: indeed a value of a
close to 0 or 1 results in the catalytic current being more intense in the oxidative or reductive
direction (respectively)’™. E% 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 AGs 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)”.

The additional assumption that for the reaction to occur, all elementary reaction steps have to be
downhill in terms of free energy®, 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’>®, 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”®%%%2,

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 downbhill follow-up steps®.

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’®, but some reactions on other
surfaces involve decoupled proton and electron transfers”®.

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)’. The mechanism can be
described by the sequence of redox and chemical (non-redox) steps, and named accordingly. For
example the mechanism in fig 1¢ 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
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(figure 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?, but since all chemical steps are slower than

10" s (typical vibrational frequency), observing significant turnover frequencies (e.g. > 1s™) in both
directions of an ordered cycle implies that every equilibrium constant along the reaction pathway
should be lower than 10** (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® or because the overall reaction is very exergonic®®®!. As an
example, Savéant and Costentin do not discuss any bidirectional catalytic cycle in their reference
book on molecular electrochemistry’. 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®. 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®®. Armstrong
et al described the case of a bidirectional catalyst supported onto an electrode (figure 2f) and
undergoing direct electron transfer (DET)®. Savéant recently described the situation of DET to a
diffusing catalyst (figure 2d)®. 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®.

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",

F(E—EnSY)/RT _ ;red

car ~Yim
F(E—EV)/RT (5)

cat

SOX
— Uim exXp

1+ exp
-0X red En:l . . . .
were “im and “lim are the two plateau currents, and “cat 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%>%. (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


http://dx.doi.org/10.1038/s41570-021-00268-3
https://paperpile.com/c/Ma6lX4/ApqSv
https://paperpile.com/c/Ma6lX4/LI7GE
https://paperpile.com/c/Ma6lX4/CtXhD+KtiH3
https://paperpile.com/c/Ma6lX4/Hrepx
https://paperpile.com/c/Ma6lX4/n5wbB
https://paperpile.com/c/Ma6lX4/b5mrw
https://paperpile.com/c/Ma6lX4/lqYMz
https://paperpile.com/c/Ma6lX4/gH5vu
https://paperpile.com/c/Ma6lX4/LNTnS
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=%20i%20%3D%20%5Cfrac%7Bi_%7B%5Crm%20lim%7D%5E%7B%5Crm%20ox%7D%5C%2C%20%5Cexp%5E%7BF(E-E_%7B%5Crm%20cat%7D%5E%7Bn%3D1%7D)%2FRT%7D%20-%20i_%7B%5Crm%20lim%7D%5E%7B%5Crm%20red%7D%7D%7B1%2B%5Cexp%5E%7BF(E-E_%7B%5Crm%20cat%7D%5E%7Bn%3D1%7D)%2FRT%7D%7D%5C%2C%20%5C%2C%20%5C%2C%20%5C%2C%20%5C%2C%20(5)#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=i_%7B%5Crm%20lim%7D%5E%7B%5Crm%20ox%7D#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=i_%7B%5Crm%20lim%7D%5E%7B%5Crm%20red%7D#0
http://www.sciweavers.org/tex2img.php?bc=Transparent&fc=Black&im=jpg&fs=100&ff=modern&edit=0&eq=E_%7B%5Crm%20cat%7D%5E%7Bn%3D1%7D#0
https://paperpile.com/c/Ma6lX4/DTBPh+gH5vu+w272n

doi: 10.1038/541570-021-00268-3

realistic models that consider the two redox transitions of the active site*'®. 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’®®?, 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’**® or
diffusing®'® 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:

F(E—E"Y)/RT _ :red

car ~Yim
F(E*E"Zl)/RT (5)

cat

SOX
— Uim exXp

1+exp

The parameters in eq 6 are defined in figure 2i: i,,> and i;,*® are the two plateau currents, the ratio
of which measures the catalytic bias; £, and E_,/*® are the two catalytic potentials, which may be
distinct from the redox potentials of the catalyst measured under non-turnover conditions?, and
whose difference measures the catalytic reversibility (the more positive the difference E_,>™ - E_,,"
the less reversible the response). Equation 6 is 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®.

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

;OX 2F o Ered
Yim = exp {_ ( cat + cat Eeq):| (7)

red RT 2

lim
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)?.

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;,,=nFAC(TOF,.., D)2 between the plateau current and the
square root of turnover frequency®® is wrong for all bidirectional mechanisms (compare the
expressions of "TOF,..," and "i;," in Table 1 of ref 3). This is because i, 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
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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®. This forbids using the popular "foot of the wave
analysis"'*'% 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 voltammogrames. 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;,=nFAC(TOF,.., D)*, 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. 3),
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®.

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®*%>%,

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 w; dissipated in that step,

k:;f

i Wi

K P (RT> (8)

and a splitting (or load-distribution) factor &, 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

ki = ko exp (5iwi> (9a)

RT

—(1 = 8)w:
kb = k9 exp (%) (9b)

The value of &, is related to the mechanism by which the consumption of free energy in this
particular step produces directed molecular machine operation®?, just like the transfer coefficient a
in egs 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 ° 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 ).

The flux equations for two and three-stage models show that maximal rate is achieved when more
free energy (larger w)) is dissipated by steps that are slower at equilibrium (small k?), hence the
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maximal rate is not obtained with an equal change in free energy across all steps*®*%; this
conclusion is also true, but probably overlooked, in the case of multi-step chemical reactions.

In other formulations®**#19911° the driving force w is explicitly considered as the difference between
the input chemical free energy of e.g. ATP hydrolysis, Ay, and the work that is produced, Aw. In

ref 1%, a parameter O dictates how much Aw 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 Ap and Aw, (i) dependent of Ap (e.g. k=k° exp[Ap/RT], k=k?), (iii) dependent of
Aw (e.g. k| = kP exp[-BAw/RT], k= kL exp[(1-0)Aw/RT]), it is possible to calculate how the response
depends on & by examining the relations between rate J, work Aw, and power (JxAw)'. In the
two-step model of ref *8, only one step depends on Aw, and a parameter A defines how A is
expanded in each of the 2 steps. Therein the authors focus on the relation between rate and
efficiency (N=Aw/Ap)%; this is directly related to our definition of "reversibility" since the free energy
that is dissipated to drive the motor is Ap(1-n) (fig 10).

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****? (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*****2,

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**?,
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?114113,

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**®*". 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®.

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),]** (depe=1,2-bis(diethylphosphino)ethane)
complex reversibly converts CO,/HCO,” in acetonitrile (figure 1c)**8. Turnover is very slow, because
the Pt hydride intermediate reacts with CO, (1 atm) with a pseudo-1st order rate constant of about
1 hour™ at 298K (ref '*°). However, the energy landscape of this catalytic cycle is described as ideally
flat™®; in particular the hydricities*****! of [HPt(depe),] and HCO, are equal, which ensures
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thermoneutral hydride transfer from [HPt(depe),]* to CO,. According to Yang et al, this makes the

catalyst function reversibly*%,

Using the conclusions from ref *, we can emphasize two other reasons why this [Pt(depe),]*
function reversibly and equally fast in both directions.

may
First, the reduction from [Pt(depe),]* to [Pt(depe),]’is a cooperative two-electron process*?%. Should
the half-reduced state [Pt(depe),]* be stable over a large range of potential and the same mechanism
be operational, then CO, 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 catalysis'®,
and certainly valid in the particular case of [Pt(depe),]* (ref 3).

Second, for a catalytic cycle that includes a cooperative two-electron redox step followed by one or
two chemical steps, the conclusions in 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),]*’° catalyst is
very close to the potential of the CO,/formate couple'*® 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, 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’®). It is an "EECC" mechanisms® (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),]*”°, the redox transformation of the flavin is cooperative, which
makes catalysis reversible (as observed in fig 1 of ref ). In contrast, the homologous enzyme fcc,
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'*.

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*®** 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 *>*?. It behaves reversibly in acidic water when it is
modified and grafted onto nanotubes (figure 2e)'?’, for reasons that are not entirely clear.

A major step forward was the design of the R=Phe, R'=CH,CH,0CH, complex: based on NMR results,
the free energy of reaction of this Ni(ll) complex with H, is around 0.9 kcal/mol *° (this reaction
involves the initial binding of H,, which is uphill by approximately 7-10 kcal/mol, followed by downhill
H, heterolytic splitting and intramolecular proton transfer**'%). This small value is very favorable
according to the Sabatier principle and indeed, the complex oxidises and produces H, in acetonitrile
(bidirectionally but irreversibly and with a strong bias)**. However, the proton redistribution that
follows H, splitting in that "H, binding" reaction®® produces various isomers that are not part of the
catalytic cycle; this raises questions regarding why the empirical relation between H, binding energy
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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)®, reversibility in acidic
water at 348 K (R=cyclohexyl, R'=arginine)*, reversibility at room temperature in acidic methanol
(R=cyclohexyl, R'=phenyl) and in methanol or water (R=cyclohexyl, R'=tyrosine, phenyl or tyramine)*.
The free energy could not be measured in each case, but we note that the reaction of H, with the
R=Cy R'=Arg complex is significantly exergonic at 348 K, despite catalysis being reversible at that
temperature®.

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, : the stabilization of certain isomers, the kinetics of intramolecular proton transfer
to/from the side chains of the complex®, the affinity for protons (not just H,) 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?, which shows that the
mechanism is branched, as is common in inorganic redox catalysis*****. 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'®. From our investigations of kinetic models of
unidirectional, branched mechanisms**’*3¥, 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 *>*%° will probably be more useful in
the short term.

Based on the conclusions in 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*'*?, 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)***'*, and when this configuration was used with formate
dehydrogenases or hydrogenases, the intrinsic reversibility of these enzymes was lost*>4¢7%%1,

However, reversible catalytic responses under conditions of mediated ET with 4,4’-methylviologen
have actually been observed with hydrogenases'*"**%3 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
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

)99.
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produces H, 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®.

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™***8), 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.
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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*™ (figure 2a), is related to the meaning of "thermodynamic reversibility",
which referring to near-equilibrium transformation, with no dissipation’. The term "efficiency" has
sometimes been used with the same meaning for enzymes,>** 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®.

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")7®,

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™®, 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’® (e.g. the voltammetric time scale, or the catalytic time scale).

The IUPAC Goldbook®® mentions reversibility in relation to neither catalysis nor electron transfer.

Figure 1 | Distinction between and examples of "ordered" and "branched" catalytic mechanisms.
a | In an ordered mechanism¥, a single sequence of catalytic events occurs, clock- or
counterclockwise depending on the driving force.

b | In a branched mechanism, distinct pathways can occur in the catalytic cycle (either
simultaneously or in distinct ranges of driving forces).

¢ | The ordered mechanism of the Pt catalyst designed by J Yang, which reversibly converts CO, and
formate. Adapted from ref '8, Wiley.

d | The generic structure of the DuBois catalyst, a mononuclear Ni complex that reversibly catalyses
H, oxidation and evolution®.

e | The branched mechanism proposed for H, oxidation and evolution by the R=Cy R'=Phe DuBois
catalyst. Adapted from ref 3, American Chemical Society.

f | The multiple pathways in the five-states branched mechanism of the motor kinesin®. The
triangles are the two microtubule binding domains. The green arrows show the catalytic cycle that
leads to forward movement (to the right). The black arrows show a futile cycle that produces no
work. The red arrows show the backward step, which prevails when an external backward force is
applied. In this model all four cycles hydrolyse ATP.
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Figure 2 | Reversibility in catalysis.

a | lllustration that the free energy of a reaction sets the direction of the reaction, not its rate.  is
the extent of reaction.

b | A rare example of control of the driving force in homogeneous kinetics: the rate of H, evolution
by hydrogenase as a function of the Nernst potential of the MVox/red couple used as its redox
partner (replotted from ref >, Wiley).

¢ | The velocity of kinesin at constant ATP concentration, as a function of the backward force
(replotted from ref 2%, Springer Nature Limited).

d-h | Various electrochemical configurations (d: catalyst diffusing in solution®%, e: catalyst grafted
onto a surface*'?, f: enzyme adsorbed onto a surface’®’?, g: enzyme entrapped into a redox polymer
film®%! h: electrocatalyst or "surface catalyst").

i | Typical current potential response of an irreversible molecular catalyst.
i | Typical current/potential response of a reversible molecular catalyst.
k | Typical reversible current/potential response of a surface catalyst.

I | Bidirectional irreversible H*/H, transformation by the R=cyclohexyl, R'=pyridizine DuBois catalyst
in wet acetonitrile (replotted from the data in ref **, Wiley). The reductive peak at low potential
reveals a deviation from steady-state which we do not discuss.

m | Reversible H*/H, transformation by the R=cyclohexyl, R'=phenyl DuBois catalyst in acidic
methanol in the presence of water, 0.25 atm. of H,, 25°C. Replotted from ref *>, American Chemical
Society.

n | Reversible H'/H, transformation by FeFe hydrogenase entrapped into a redox polymer film, under
conditions of mediated electron transfer (MET), pH 7.6, 1 atm. of H, (replotted from the data in ref %,
Springer Nature Limited).

o | Speed-efficiency trade-offs of various biological motors, Na-K ATPase (square), F, ATP-synthase
(triangles), kinesin (circles)®®. The thermodynamic driving force is Ap(1-n) (where Ap is the input free
energy and n 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 *8, National Academy of Sciences.)
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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 T seconds (figure adapted from
https://pdb101.rcsb.org/motm/64).

b | The power (P=FL/T) that is produced as a function of the magnitude of this force (replotted from
the data in ref 78).

¢ | A schematic representation of a fuel cell.

d | Typical evaluation of the performance of a fuel cell (replotted from the data in 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,-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, 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®.
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