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In memory of a legendary electrochemist and a kind soul, Jean-Michel Savéant, whose mentorship,

audacity, and ingenuity will forever remain an inspiration.

Abstract

Molecular catalysts capable of performing electrochemical transformations are frequently utilized
in the synthesis of fuels. A common benchmark for evaluating catalysts for electrochemical
reactions is overpotential (1), and minimizing n remains an active goal in catalysis. This Review
details approaches for the determination of thermodynamic potentials for common fuel-forming
reactions and for the determination of electrochemical overpotential, and underscores the need to
employ methods that enable meaningful comparisons between molecular catalysts. Strategies for

minimizing overpotential while maintaining high activity are highlighted.

1. Introduction

Humankind’s longstanding reliance on fossil fuels is driving major environmental,
financial, and social challenges across the planet today. Synthetic fuels would be an attractive
alternative if there were sustainable methods for their production. Several abundant feedstocks are
attractive candidates for sustainable fuel production: H20 (to form Hy),M O, (to form H202),12*]
CO; (to form any number of carbon-based fuels),*® and N (to form N2H4 or NH3).[671 Molecular
catalysts capable of mediating electrochemical reductions to generate fuel candidates are of
particular interest because they are readily tunable through synthetic modifications and because

they are amenable to detailed mechanistic studies that can inform iterative design improvements. !
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(In the vernacular, chemists often describe such systems as “molecular electrocatalysts” even
though this is not strictly correct.l)

In order to compare the performance of different catalysts, chemists have identified a
variety of benchmarking parameters.[*>4 Focusing on electrochemical half-reactions of interest,
rather than the overall chemical process, the catalyst can be quantified in terms of activity (e.g.
turnover frequency, TOF), selectivity, Faradaic efficiency, and durability (e.g. turnover number,
TON). Benchmarking can provide insight into attractive features or identify weaknesses to
improve, and enables comparison between catalysts.

This Review focuses on electrochemical overpotential, which is a benchmarking parameter
that is unique to catalysis of electrochemical reactions. Overpotential (1) is defined as the
additional potential (in excess of the thermodynamic requirement) needed to drive reaction at a
specific current density or activity.[' High overpotentials represent large amounts of wasted
energy; an ideal catalyst will facilitate electrochemical reactions efficiently at a minimal applied
voltage. We will only consider homogeneous molecular catalysts in this Review, although
comparisons to heterogeneous electrocatalysts will be mentioned.

The accurate determination of a meaningful overpotential value can be challenging for
molecular catalysts. There are multiple conventions for determining overpotential in current
use,1*811 leading to discrepancies in data reporting that make comparisons across different systems
difficult. Further, an accurate overpotential value requires an accurate value for the standard
reduction potential of the reaction of interest.

This Review describes practices for the accurate determination of electrochemical
overpotential, provides tables of standard reduction potentials (thermodynamic potentials) for

common fuel-forming reactions, warns of potential pitfalls, and considers strategies for
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minimizing overpotential. In the spirit of a tutorial review, we present in Chart 1 definitions of

terms used in this work.

Chart 1. Definitions of key symbols used in this review.

Symbol

Definition

E

Equilibrium reduction potential of an electrochemical reaction. Subscripts are
used to denote the species involved in the reduction.

EO

Standard reduction potential (SRP) of an electrochemical reaction. All species
are considered at standard state conditions, formally unity activity but more
commonly adopted as 1 M concentration of solutes and 1 atm pressure gases.
Subscripts are used to denote the species involved in the reduction.

EOI

Formal reduction potential (FRP) of an electrochemical reaction. The redox-
active species are at the same concentration, but these and other species do
not need to be at standard state. Subscripts are used to denote the species
involved in the reduction.

Eir

The half-wave potential of a reversible reduction in a cyclic voltammogram,
defined as the halfway point between the peak reduction potential (Epc) and
peak oxidation potential (Epa). The E12 value is approximately equal to E°'.
Obtaining E12 (thus E®) values at several concentrations and then
extrapolating to standard state conditions can provide E°. Subscripts are used
to denote the species involved in the reduction.

A/B

A is a molecule that can be reduced to B, usually in a fuel-forming reaction.

P/Q

P is a catalytic intermediate that can be reduced by le™ to another species Q,
which reacts in chemical step(s) of catalysis.

lcat

The maximum current observed for a catalyst by cyclic voltammetry under
“pure kinetic" conditions where a plateau shape and scan-rate independence
are achieved, indicating no substrate consumption.

i cat/2

Half of icat (See above).

Ecat

Approximate potential at which the maximum catalytic current under “pure
kinetic” conditions (icat) iS observed.

Ecatlz

Potential at which half of the maximum catalytic current under “pure kinetic”
conditions (icar2) is reached.

Eonset

Approximate potential at which TOF > 0.

Eapp

Applied electrochemical potential.

n

Electrochemical overpotential, the additional potential (in excess of the
thermodynamic requirement) needed to reach a specific current density or
activity (see eq 1).

NTOF/2

Overpotential required to reach half of the maximum turnover frequency
(/2 TOFmax).

Neff

Effective overpotential, the difference between Ea/g and the single potential
chosen to characterize a molecular catalyst (such as Epjq or Ecat2).

kobs

Observed rate constant for turnover-limiting chemical step(s) in catalysis
(often in units of s72).
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NHE Normal hydrogen electrode, defined as the potential of a Pt electrode ina 1 M
H* (ca. pH = 0) aqueous solution under 1 atm Hx(g). This electrode reference
is not recommended, the standard hydrogen electrode should be used instead.

SHE Standard hydrogen electrode, defined as the potential of a Pt electrode in a
aqueous solution in which the H* activity is unity under 1 atm Ha(g).
TOF Turnover frequency of an electrochemical reaction catalyzed by a molecular

catalyst, a potential-dependent parameter related to both TOFmax and the
concentration of catalyst present in its active form.

TOFmax Maximum turnover frequency, achieved at high overpotentials, and
equivalent to kobs, the observed rate constant for turnover-limiting chemical
step(s) in catalysis.

2. Overpotential and Activity in a Single Catalyst
2.1 Definition of Overpotential

The overpotential (n) for a half-cell reaction is defined as the additional potential (in excess
of the thermodynamic requirement) needed to reach a specific current density or activity.[*®]
Equation 1 shows how overpotential is calculated for reductions by subtracting the applied
potential (Eapp) from the thermodynamic potential (also called the equilibrium potential) for the
half-reaction being catalyzed (Eass, See section 4). For oxidations, the two terms are switched such

that Eas is subtracted from Egpp.

n= EA/B - Eapp (1)

2.2 Quantifying overpotential-activity relationships for heterogeneous catalysis with Tafel
plots

Although our focus is on homogeneous molecular catalysts, a brief summary of
overpotential determination for heterogeneous catalysts is provided for context and the sake of
comparison.l®% For heterogeneous catalysts like metal and alloy materials, Tafel plots (Figure
1A) are routinely used to graphically correlate the relationship between overpotential and reaction

kinetics. A linear relationship is observed between the logarithm of current density and the
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overpotential (n.b. Tafel plots are also commonly plotted as overpotential vs. the logarithm of
current density).[*>18201 This linear relationship is a critical defining feature and means that activity
of heterogeneous catalysts can generally be enhanced by increasing the overpotential. Deviations
from linearity occur at very low overpotential due to competition from the reverse reaction, and in
many instances non-linearity is also observed at high overpotential due to limitations imposed by
mass transport or other complications.[*>82% The slope and extent of deviation from linearity in
the Tafel relationship are generally influenced by the conditions of catalysis, such as pH or acid
pKa and substrate concentration; the magnitude of the slope can also provide insight into the
reaction mechanism. 18]

Given that most heterogeneous catalysts exhibit monotonic increases in activity with higher
overpotential, the only way to compare performance is to pick a standard current density at which
to report the overpotential. Thus, while plots of current density across a range of overpotential are
informative, benchmarking and comparisons are made using a specific value, such as the
overpotential required to achieve 1 mA/cm?. The overpotential required to reach this current
density will be specific to the particular conditions under which the measurement was made;
changing pH or otherwise altering the reactants might also change the overpotential / current

density relationship.
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Figure 1. (A) Simulated Tafel plot for a heterogeneous catalyst (green), with gray dashed line
showing a chosen current density at which the overpotential would be reported. Note that Tafel
plots for heterogeneous catalysts are sometimes plotted with the axes switched. (B) Simulated
catalytic Tafel plot for a molecular catalyst (blue), with a red dot representing the overpotential at
Y2 TOFmax.
2.3 Quantifying overpotential-activity relationships for homogeneous catalysts

The activity for molecular catalysts is typically reported as turnover frequency (TOF) in
units of s, which is directly related to the rate of a chemical step (or multiple chemical steps)
mediated by the catalyst. For molecular catalysts, therefore, the overpotential is best parametrized
based on an observed TOF. As with heterogeneous catalysts, this can be done either through
graphical plots relating TOF and overpotential, or by selecting an overpotential required to reach
a particular activity related to TOF to facilitate benchmarking and comparisons.

A powerful graphical method relating TOF and overpotential is the homogeneous

catalytic Tafel plot. The TOF— relationship of a catalytic Tafel plot that is mathematically
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defined by eq 2 is appropriate most (but not all) catalytic reaction mechanisms (e.g. ECEC,

EECC, ECCE with the second ET easier than the first).[*37]

TOFmax TOFmax

TOF = = S TOFpar = Kops = Kont[A°
Vrexp(m(E~Fcarsa))  1+exp(mm(Eas—Fearsa) Jexp(—em) O cac 4]

(@)

The resulting log(TOF) vs. overpotential plot has a distinct “hockey stick” shape with a
sloped relationship between TOF and 1 at low overpotentials and a potential-independent TOF at
higher overpotentials (Figure 1B).[*32! The distinct shape of a catalytic Tafel plot is related to
the reduction potential of a catalytic intermediate. In this Review we define a catalytic
intermediate P which is reduced by 1e™ to form Q, an intermediate which goes on to react in
chemical step(s) of catalysis. At low overpotentials, the denominator of eq 2 leads to a potential-
dependent TOF region that simply reflects the potential-dependent concentration of activated
(reduced) molecular catalyst Q, as dictated by the Nernst equation. In this region, the slope of
catalytic Tafel plots for the general group of two-electron, two-step reaction mechanisms is
F/(RT In 10). At higher overpotentials, when effectively 100% of the catalyst is activated, the
TOF plateaus at a potential-independent value (TOFmax). Note that TOFmax is equivalent to Kobs,
an observed first-order rate constant for the catalytic reaction. Another rate constant, kcat, can be
obtained if the rate law is known (assumed to be first order in the reactant A in eq 2) and

concentration-dependent measurements are made.

Eq 2 is not valid for all reaction mechanisms, some prior knowledge of the mechanism is
needed to decide exactly what equation to utilize. Different TOF— relationships with different

slopes are observed for an ECCE reaction scheme with the second electron transfer more
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difficult than the first, and for a homolytic reaction mechanism.!*3l These relationships can be

found in reference 13.

Construction of a catalytic Tafel plot requires: 1) insight to the catalytic reaction
mechanism, as eq 2 is only appropriate for some mechanisms as noted above, 2) measured TOFmax,
3) measured Ecat2, and 4) the value of Eas. Deciphering reaction mechanism of molecular catalysts
is beyond the scope of this work, and we direct readers to reviews on the topic.[*317:22231 As noted
above, TOFmax is the observed rate constant for the catalyst (kobs) and is most commonly
determined by cyclic voltammetry (CV).[*"241 When a catalyst is operating under pure kinetic
conditions (no depletion of substrate at the electrode, voltammogram is an S-shaped wave in which
the forward and reverse traces overlay),[?#?! the current plateaus at a maximum value (ica) at high
overpotentials (see below, including Figure 2). From icat, kobs Can be determined from eq 3, where
n = the number of electron transfer reactions that occur at the electrode, n’ is the number of catalyst
equivalents used per turnover (n' > 1 when a solution electron transfer process or step involving
two catalyst units occurs), F is Faraday’s constant, A the electrode surface area in cm? (usually
treated as the geometric surface area, although the electrochemical surface area is preferred), D the
diffusion coefficient of the catalytic intermediate P (assumed to be the same as Q) in cm? s,
and Cp° the bulk concentration of P in mol cm=3 (Nuances of this quantification are expanded upon
in Ref [71; normalization of ica to the peak current in absence of catalysis can minimize the number
of independent variables needed).
icat = NFACE\DN'Kops (3)
Quantification of the two other key parameters of eq 2, Eca2 and Eag, are detailed in sections 3

and 4, respectively.
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3. Overpotential Comparisons Between Multiple Catalysts
3.1 Introduction.

The graphical comparison of Tafel plots in Figure 1 illustrates why overpotential for
molecular and heterogeneous catalysts are often described differently. For heterogeneous catalysts,
the logarithm of the current density linearly increases with increasing overpotential, and current
density can be compared easily across systems. For homogeneous molecular catalysts, activity
reaches a maximum related to the chemical steps mediated by the catalyst, so it is preferred to
relate overpotential to the intrinsic activity of a molecular catalyst system under certain conditions
(quantified by TOFmax). In order to make meaningful comparisons between two or more catalysts,
it can be useful to report a particular overpotential required to reach an activity that is related to
TOFmax. As we argue below, the overpotential required to reach ¥2-TOFmax iS @ mechanistically
meaningful choice. The difference between Eas and the single potential chosen to characterize a
molecular catalyst (such as Ecat2) has been referred to as the “effective overpotential” (neff) in some
recent reports.[?2°1 We consider the “catalyst system” to be the combination of molecular catalyst
and the particular solvent, acid, and other components. It is worth emphasizing that comparisons
should take into account the full catalyst system, rather than just focus on the molecular catalyst

component.

3.2 Methods for Making Mechanistically Meaningful Overpotential Comparisons for
Molecular Catalysts

In analogy to the practice of reporting the overpotential required to reach a particular
current density in heterogeneous catalysis, comparisons of molecular catalysts can cite a particular

overpotential required to reach a chosen activity parameter under the studied conditions.[17-%]
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This involves relating an activity parameter to a specific value of applied potential (Eapp) at which
to calculate n according to eq 1. Two potentials commonly chosen as Eapp are (2) Ecat, the potential
at which TOF and i reach a plateau (TOFmax, Of icat), OF (D) Eonset, the potential at which TOF >0
(Figure 2). However, these potentials are often difficult to quantitatively define and are inherently
somewhat subjective, and thus are not recommended for benchmarking catalysts.*Y Figure 2
highlights in gray the large potential range in which Eonset Or Ecat could be chosen, owing to the
asymptotic behavior that gradually approaches a minimum or maximum in the voltammogram. An
alternative is to assign Eapp based on a particular reduction feature of the catalyst (e.g., Erig), but
Eriq can be found up to several hundred mV away from the catalytic wave in some cases (see
below).

A third method for determining overpotential of molecular catalysts has been used, in
which Eapp in eq 1 is taken as Ecay2, the potential required to reach half of the maximum current
under “pure kinetic” conditions (i = %2 ica, corresponding to TOF = % TOFmax), Fehler!
Verweisquelle konnte nicht gefunden werden..[**173% We recommend using the overpotential
required to reach ¥2-TOFmax, #710F2, fOr benchmarking and comparisons of overpotential. This
same parameter has also been described as the overpotential at Ecay or Epr; we prefer to specify
the overpotential with respect to the activity parameter ¥%-TOFmax rather than the particular
potential because this retains the core concept of the accepted definition of overpotential related
to current density or activity.

Quantification of nror/2 is accomplished by determining ica: under pure kinetic conditions,
then finding the potential that achieves %2-icat (icav2), denoted Ecavz. The value nrorz is calculated
according to eq 1, substituting Ecay> for Eapp. As detailed below, Ecay> depends on the specific

molecular structure, thus enabling a direct connection between catalyst structure and overpotential.

11
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Figure 2. Ecay2 is defined as the point at which the catalytic wave reaches half of its maximum
current (icat2).
3.3 Is mrorz mechanistically meaningful?

The catalytic current associated with a molecular catalyst is observed at potentials close to
the reduction of a catalytic intermediate, which can be assigned a formal reduction potential Ep/q.
In a simple EC' mechanism, 1le™ reduction of P generates Q, which reacts with substrate A (in one
or more chemical steps) to generate the product B and regenerate catalytic intermediate P. When
a catalyst is operating under pure kinetic conditions,?4?°! one can define an accurately measurable
potential, Ecayz, at which the catalyst has reached half of its maximum activity under the specific
conditions and at which half the catalyst near the surface of the electrode is reduced.

The potential Ecay2 for a molecular catalyst is directly related to Epq. In the simple EC' case
with a single 1e™ reduction involved in the catalytic cycle, Ecay2 = Epiq. The relationship between
Ecav2 and Epjq for a range of different two-electron, two-substrate reaction mechanisms has also
been analyzed previously.[*3"1 Briefly, for EECC reactions and ECEC or ECCE reactions where

the second electron transfer is easier than the first, Ecav2 = Epio When the first chemical step is rate

12
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limiting. However, Ep/q is not always the same as Ecay2. When the first chemical step is rapid, Ecay2
shifts positive and depends on the concentrations of the substrate and co-substrate as well as the
rate constants for the two chemical steps. For instance, in the example of catalytic H. evolution,
where the substrate is the same for the first and second step, a 30 mV shift is predicted when
k1=10-k, while the shift becomes 148 mV when k;=10°-k,. More complex relationships define
Ecav2 for ECEC and ECCE reactions where the second electron transfer is more difficult than the
first. This analysis underscores why Ecay2, @ parameter directly linked to catalytic activity, is most
appropriate for overpotential benchmarking or comparisons.

Unfortunately, the determination of Ecay2 is not always straightforward. When the catalyst does
not reach pure kinetic conditions (i.e. a current plateau is not observed) the determination of Ecay>
is made more difficult. For very active catalysts where substrate consumption impedes access to
an S-shaped wave, Ecay> can be computed if the reaction mechanism is known, and kinetic data
can be obtained from foot-of-the-wave analysis.[*3"l When catalysis is too slow to access pure
kinetic conditions, rate—overpotential data can be determined from chronoamperometry.[32%1 |n
other circumstances, such as being unable to access pure kinetic conditions or encountering an
unknown mechanism, Ep/q has been used as a substitute for Ecay2.[?82°* The assumption that Epq
is approximately equal to Ecay> does not always hold, and the difference can be more than 0.1 V,
as noted above. Care must be taken when comparing overpotential values parametrized at different
potentials (activity markers). Comparisons between structurally related catalysts that are
hypothesized to proceed via the same mechanism will likely be more reliable (although even
closely related catalysts sometimes exhibit different rate-determining steps or other unique
features). All comparisons are made easier and more informative when the reported overpotential

clearly defines the relevant Eapp value.
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3.4 How will ntor2 change with catalyst system?

When making comparisons between catalyst systems using the overpotential required to reach
Y- TOFmax, nTor/2, several factors will influence the measured value of nror2. Because TOFmax iS
an observed pseudo-first order rate constant for catalysis, the TOFmax Will change as conditions
change based on the rate law. For example, if CO2 binding is involved in the turnover-limiting
step(s), the pressure of CO2 will change TOFmax in CO- electroreduction. Many reactions have rate
laws that are dependent on the pH (or in nonaqueous conditions, acid pKa), either through pre-
equilibrium proton transfers or irreversible turnover-limiting protonation. Because the potential
required to reach ¥2:TOFmax (Ecay2) is directly related to Epq, Ecavo Will also reflect intrinsic
properties of the catalyst, such as the geometric and electronic structure. For example, catalysts
with less donating supporting ligands or higher positive charge are usually easier to reduce, thus
shifting Ecay2 positive. Section 5 provides more details on how to approach synthetic tuning of

Ecay2 t0 minimize nrors.

3.5 Overpotential comparisons beyond a single value

While assigning a molecular catalyst a particular overpotential required to reach %2-TOFmax
(nTor2) enables valuable comparisons between catalysts, it is important to remember that each
catalyst will be operational over a range of potentials. Thus, one can also report the overpotential
required to reach another kinetic parameter (e.g. a particular TOF such as 10 s%). A very rapid
catalyst may have a relatively high nror/2 value but still produce product at a suitable rate at lower
overpotentials (milder applied potentials). Figure 3 provides a hypothetical example. Comparing

the Tafel plots of two different catalysts with distinct Ecay2 values and TOFmax (Kobs) Values shows
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that the champion catalyst can differ as a function of overpotential. For the example catalysts in
Figure 3, one catalyst has a higher TOF at lower overpotentials because its Epiq value is more
positive than the second. However, at higher overpotentials, the catalyst with the larger TOFmax

value has the better performance.

log(TOF)

Nrorz  Ntore
Overpotential

Figure 3. Homogeneous catalytic Tafel plots graphically depict the relationship between TOF
and overpotential, shown here for two catalysts with different values of TOFmax and Ecav2. These
data reveal that at low overpotentials, the catalyst depicted by the red trace has higher activity, but
at high overpotentials, the catalyst depicted by the blue trace has higher activity. This is otherwise
understood by stating the catalyst depicted in red has a lower overpotential at %> TOFmax, but a
lower TOFmax.

4. The Thermodynamic Potential, Eas
4.1 Definition of terms and standard state conditions

The electrochemical reduction potential for a generic reaction converting oxidized reactant
A to reduced product B can be broadly defined as the “thermodynamic potential”, Eas. An
“equilibrium potential” Ear can be assigned when an accurate half-cell potential can be measured
(or calculated using the Nernst equation) with various ratios of A and B. The case where the

concentrations of A and B are equal is the “formal reduction potential” (FRP), E®a.[*® The

15

This article is protected by copyright. All rights reserved

Author Manuscript

85U8017 SUOWWOD BANER1D 3(ceot dde ayy Aq peusenob ae ssole YO ‘88N JO s9jni Joj AIqiTaUIIUO A8|IA UO (SUONIPUOD-PU.-SWLB) IO A8 1M Ale1q 1 [Bu U0//SdNY) SUORIPUOD pue SWe | 8y} 88S *[£202/60/22] U0 A%eiqiauluo |1/ ‘UOIBULIOU| [BOIUY0S | PUY IJHUBIOS JO 80110 Aq 9/S00TZ02 B0/200T OT/I0p/L00 A8 |imArelq1jeul juo'adouns-Ais Iweyoy/sdny woj papeojumoq ‘2z ‘1202 ‘91209612



special case where the reaction is at “standard state” conditions is the standard reduction potential
(SRP, also called standard electrode potential, E°%g).*°! The Nernst equation, eq 4, shows how

equilibrium potentials are related to standard potentials.

Egp = E° — gln(% 4)

First, we will introduce standard state conventions adopted for determining and reporting
SRP values. The standard state temperature is typically taken to be 298.15 K (note that many
familiar thermochemical and electrochemical calculations employ factors that assume the standard
state temperature, so care should be taken when converting values at other temperatures). The
standard state for dissolved species is typically taken to be 1 M for electrochemical measurements
(more strictly unity activity, o = 1). Given that the proton is a dissolved species in aqueous
electrochemistry, the standard state for aqueous SRPs is 1 M H* (pH 0). The standard state for gas-
phase species is typically taken to be 1 atmosphere. For all of these conventions, the species are
assumed to follow ideal behavior. This usually involves making measurements in dilute solutions
but extrapolating the results to 1 M in order to avoid encountering nonideal behavior that often
manifests at high concentrations. For example, a series of E® values (from Ei in cyclic
voltammetry or directly open circuit potential measurements) can be obtained for a range of
concentrations where ideal behavior is observed, and then extrapolated to standard state
concentrations to provide an accurate value of E°.

The final SRP convention to emphasize is the reference electrode.l*8! For aqueous systems,
the hydrogen electrode is comprised of a Pt wire in an aqueous solution with unit proton activity

(@ =1, approx. 1 M or 1 m or pH 0) maintained under 1 atmosphere of H, gas.*’l This
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(hypothetical) reference electrode is called the “standard hydrogen electrode” (SHE), and SHE is
strongly preferred as a reference electrode. The “normal hydrogen electrode” (NHE) reference
electrode differs from SHE by 0.006 V,28 because the measurement is not corrected for a reduced
proton activity of 0.8 in 1 M H* solutions. Some SRP values are reported vs NHE, but it is not
always clear what standard states are adopted; indeed, it seems that some researchers have treated
NHE and SHE as identical (adopting the same unit proton activity standard state), such that a value
reported vs. NHE would require no correction to be reported vs SHE. While aqueous SRPs are
invariably reported in relation to the hydrogen electrode, experimental measurements are most
commonly made using a silver- or mercury-based electrodes and corrected based on the known
difference in potential between the utilized reference electrode and the hydrogen electrode.®® In
nonaqueous solution, most thermodynamic potentials are reported in relation to the
ferrocenium/ferrocene potential (abbreviated as Fc*/Fc or CpzFe*/CpaFe).[040

Although SRPs are important, very few electrochemical catalysts operate under standard
state conditions. For example, aqueous CO> electroreduction is usually run in carbonate buffers
close to pH 7, or even under strongly alkaline conditions — certainly far from pH 0. And hydrogen
evolution reactions in nonaqueous solvents typically utilize organic acids with proton activity far
less than unity, and often with the acid in very large excess relative to the conjugate base. In some
cases, it is experimentally impossible to reach standard states, as in Oz reduction to H2O in DMF,
where conditions of 1 M H,0 and 1 M H* leads to hydrolysis of DMF.[4]

It is important to note that there are two distinct views in the field regarding what
thermodynamic potential should be employed for determining overpotential. Some researchers
argue that overpotential must be determined relative to the SRP, E°xs.[*>*%l Others argue that

overpotential can be determined using E°as, the formal potential E®ag, or even an equilibrium
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potential Eap.[28303%44 The ramifications of these opposing views are important: in one case,
overpotential-activity relationships are intrinsic values, with TOFmax determined under conditions
where all relevant species are at unity activity; in the other case, different overpotential—activity
relationships will be observed under different conditions for a catalyst system comprised of the
molecular catalyst and the various reactants and products involved in the reaction. Using only
SRPs for overpotential determination is problematic in the cases mentioned above, where
extrapolations from experimental conditions to standard states is fraught with uncertainty or is
unrealistic. And using equilibrium potentials can make benchmarking complicated, if researchers
try to make comparisons under different conditions.

We encourage authors to clearly state the convention they are adopting, and when making
comparisons away from standard states to clearly explain the conditions under which the
comparison would be valid. The determined electrochemical overpotential should either include a
correction to move from the thermodynamic potential of the reaction under the catalytic conditions
explored to the standard state conditions, or details that define the conditions at which
overpotential is determined (which may require confirming that the thermodynamic potential
utilized is appropriate for the non-standard-state conditions employed, i.e. using Eas instead of
E°aB). Experimenters can facilitate such transformations by including in the reaction mixture all
species that would contribute to the equilibrium potential Easg, in order to match conditions to the
thermodynamic analysis. This section provides an overview of how to accurately determine SRPs,
identifies common challenges encountered, and compiles reported SRP values for reactions of

particular interest in molecular electrocatalysis.

4.2 Methods for determining thermodynamic potentials
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4.2.1. Direct electrochemical measurement of thermodynamic potentials

In some cases, the thermodynamic potential can be measured directly using
electrochemical methods. Determining an accurate value requires that the electrochemical
measurement (a) reflect a true equilibrium condition, (b) involve accurately known concentrations,
activities, or pressures of all species in the medium, and (c) be accurately determined relative to
an appropriate reference electrode. Chart 2 summarizes some common methods for determining
thermodynamic potentials.

If a reaction of interest exhibits a diffusion-controlled and fully reversible cyclic
voltammogram, the Ey, value can be adopted as the formal potential E®as.[*! This is most
commonly encountered for reactions involving one- or two-electron reductions without additional
chemical steps, such as transition metal complexes.[“8! If needed, the equilibrium potential at
unequal concentrations can be calculated according to the Nernst equation using E® ass.

Chart 2. Tools for direct measurements of thermodynamic potentials
Cyclic Voltammetry (CV) Open Circuit Potential Measurements (OCP)
Multi-electron and proton-coupled

transformations
Electrochemically reversible reactions (fast ~ Electrochemically irreversible reactions (slow

One-electron transformations

electron transfer kinetics) electron transfer kinetics)
Either A or B may be present in solution A and B both must be present in solution
Provides only E®a (or E°as under Provides Eag, E®aB (0r E°A/g under standard
standard state conditions) state conditions)

Most fuel-forming reactions are multi-electron transformations, often also including proton
transfer events. Such complex reactions rarely equilibrate rapidly enough to allow for reliable
analysis by CV. In some cases, potentiometry is possible instead.[*”4°1 Here, an open circuit
potential measurement is made in a well-defined electrochemical cell comprised of near-equal

mixtures of oxidized and reduced analyte (A and B, respectively) at the cathode in relation to a
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well-defined reference electrode.®® This method is appropriate for any reaction that achieves a
stable equilibrium within a few minutes, and undergoes electron transfer with the electrode
material on the same timescale. The potentiometry method has been used to determine the
thermodynamic potential of NAD" reduction to NADH in water.[* The most accurate values are
derived from several OCP measurements varying the [A]:[B] ratio. Each OCP measurement at a
different ratio provides an equilibrium potential Eamg, and fitting the data to the Nernst equation
provides the formal potential E® ag.

The thermodynamic potential for reduction of molecular acids to hydrogen (eq 5) in
nonaqueous solvents can also be determined using the OCP method.
2HA +2e = Hy + 2A° Enamz ()

To determine Enam2 in @ nonaqueous solvent, OCP measurements can be made with a
carefully treated platinum electrode under 1 atmosphere of H2 gas with the acids and its conjugate
base both present (Figure 4).304141 By determining Enamz values at different solution
compositions (acid:base ratios, overall concentrations, etc.) and accounting for side phenomena
(see section 4.5), a formal potential E”wan2 can be obtained from the Nernst equation.
Measurements of Enam2 Or E®HaH2 do not require a nonaqueous pKa scale, making overpotential
analysis based on thermodynamic potentials possible under a wide range of possible conditions.
One caveat is that without an established pKa scale, a new thermodynamic potential must be
measured for each new set of conditions.

The OCP method is also essential for accurate determination of the SRP of proton reduction
to H. in nonaqueous solvents, E°+mH2, Which is the hydrogen electrode reaction. This is
accomplished by measuring E®H+mH2 for one more acids of known pKa and then extrapolating to

the case of pKa = 0 (unity H* activity).[30414951521 |n water, the adoption of the hydrogen electrode
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as the standard reference electrode results in E°4+12 being defined as 0 V vs SHE. In nonaqueous
solvents, conversely, the conventional utilization of the Fc*/Fc reference potential means that the
hydrogen electrode will not necessarily be found at 0 V vs Fc*/Fc.®¥ It is worth noting that
potentials in nonaqueous solvent are sometimes reported relative to NHE, which is entirely distinct
from a reference relative to the hydrogen electrode in that solvent (which has also recently been
utilized).[**521 Referencing to NHE can be a source of significant uncertainty because of the
presence of liquid-liquid junctions in mixed-solvent measurements needed to establish potentials
of common nonaqueous reference electrodes (e.g. Ag/AgCl, standard calomel electrode) relative
to the aqueous NHE.53-%% Further complicating E°4+/12 measurements is the challenge of reaching
a solvated proton activity of unity in nonaqueous solvents. To determine E°n+n2, OCP
measurements are used to obtain E”wam2 values for several different acids, and then a

thermochemical cycle based on an established pKa scale in the solvent of interest is employed (eqs
Ga_c)_[3o,41,49]

Potentiostat Potentiometer
Eifz(F‘ym} vs Eref I‘ElaH" Vs Erer'

b
Hydrogen
AgCl/Ag
Counter- Pseudoreference
electrode Electrode
L ] L ]
Glassy S
Carbon ™ . _Platinum
Working Wire Electrode
Electrode
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Figure 4. The determination of Examn+ in nonaqueous solvent can be accomplished through OCP
measurements. Reprinted with permission from Inorg. Chem. 2013, 52, 3823.E% Copyright 2013
American Chemical Society.

HAolv) + & = %2 Hag) + A (solv) E%HasH2 (6a)
Hsolv) + A solv) = HA(solv) —(2.303RT/F)-pKa (6b)
Hsolv) + € = %2 Hy(g) E%H+/H2 (6¢)

Table 1. Standard reduction potentials (and uncertainty where reported) of proton reduction
(E°H+m2) in selected organic solvents (standard state conditions of unity H* activity, or 1 M
H*, 298.15 K, 1 atm Ho).

Solvent E°+m2 (V vs Fct/Fc) Ref.
Acetonitrile (MeCN) —0.028 + 0.0042 (41]
Tetrahydrofuran (THF) —0.343 +0.008 [49.52]

Isopropanol (IPA) —0.494 + 0.006 49
N,N-Dimethylformamide -0.662° [41]
(DMF)
N,N-Dimethylacetamide -0.79+0.03 (53]
(DMA)
Dimethylsulfoxide -0.67 (31]
(DMSO)

2 Other values have been reported, as summarized in Table 4 of ref B%. ° This value from OCP
measurements is reported to be an estimate; another value, derived from CV of a quasi-reversible
reduction wave of perchloric acid, has also been reported, E%.m2 = —0.620 V vs Fc*/Fc.BU

Table 1 collects E°%+H2 values in five organic solvents. These values can be used to
estimate the thermodynamic potential by either adjusting for the pKa of the chosen acid (subtract
0.0592-pKa from E°+/H2, See Table 3) or by adjusting for different acid:base ratios using the Nernst
equation. Furthermore, as will be seen below, knowledge of E°H+/m2 is often required to determine
thermodynamic potentials using thermochemical cycles. Although the recommended nonaqueous

reference potential is still Fc*/Fc, there are cases where it may be advantageous to compare

potentials vs E%+m2 in several solvents. !
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4.2.2. Thermodynamic potentials from thermochemical data

There are many reactions of interest that are not suitable for determination by
electrochemical methods, principally because the reaction is not reversible or equilibrium cannot
be achieved. The 8¢/8H" reduction of CO2 to CHj is an illustrative example. Typical electrodes
such as platinum are unable to carry out this reduction near the thermodynamic potential because
of chemical kinetic limitations; furthermore, when CHys is produced at an electrode it is almost
universally part of a complex mixture of carbon-containing products which would all contribute
to the observed cell potentials; finally, the reverse reaction of CH4 oxidation is similarly sluggish.

Fortunately, there is an alternative approach that utilizes available thermodynamic data
from chemical reactions to determine an electrochemical potential. The free energy of any redox
reaction can be expressed as a potential using equation 7a. Most commonly the free energies are
derived from gas-phase enthalpy of formation and standard entropy values (eq 7b). If only gas-
phase data is available for solutes, the solvation energies can be incorporated to provide reaction
free energies in solution. Alternatively, a reaction for which a chemical equilibrium can be
measured in solution can be directly converted to a free energy using eq 7c. All of these

thermodynamic values are typically reported at standard state conditions.

E° = —nF/AG® (72)
AG° = [AH%(products) — AH%(reactants)] — T[(S°(products)-S°(reactants)] (7b)
AG° =-RT In Keq (7C)

Because most of the half-reactions of interest in fuel synthesis applications involve H* and
e", the interconversion of H, and 2H*/2e" is a crucial thermodynamic parameter. If H> appears as
a reactant or product, a purely chemical reaction is readily converted to an electrochemical half-
reaction using the relationship of eq 8, and the independently determined E°4+/n2 values can be

utilized in the thermochemical cycle. E°%H+m2 is 0 V vs SHE in water, and values for nonaqueous
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solvents vs Fc*'Fc are collected in Table 1, above. In this way, any chemical expression involving
H> can be converted into a reduction involving protons and electrons.
2H" solv) + 26 = Ha(g) AG®=-—n-F-E%+/m2 (8)

If a thermodynamic potential is known in one solvent, thermochemical cycles can also be
used to determine the potential in another solvent. This thermodynamic analysis requires data on
the free energy required to transfer each solute from aqueous solution to the organic solvent of
interest.[56571 Gas-phase species require no correction for solvent because of the adopted standard
state practices (the gas remains at 1 atmosphere, and its solvation is not considered).

The thermochemical cycles outlined above provide standard reduction potentials involving
unity activity H* as the proton source. Working at standard state is convenient because much of
the reported thermochemical data is available under these conditions, and the large number of
aqueous thermodynamic potentials are typically reported at standard states. SRP values can be
converted to adjust for the conditions of electrochemical catalysis. In aqueous solution,
0.0592-(nH+/ne-)-pH is subtracted from the SRP to move from pH 0 to another pH value. Similarly,
in nonaqueous solvents 0.0592-(nn+/ne-)-pKa is subtracted from the SRP to specify conditions
where a molecular acid HA with a known pKa is utilized as the proton donor. In fact, the Nernst
equation enables estimation of equilibrium potentials Eag for any specific values of reactant and
product concentration (or pressure, or activity), by adjusting E°as by terms related to

log([products]/[reactants]).

4.3 Accuracy of thermodynamic potentials
Both methods of thermodynamic potential determination face challenges that can influence

the accuracy of the measurement, many of which were introduced above. An inaccurate
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thermodynamic potential can lead to substantial errors in the subsequently determined
overpotential. Thus, care must be taken to obtain thermodynamic potentials that are as accurate as
possible. Authors are also encouraged to comment on the sources of error and magnitude of
uncertainty surrounding thermodynamic potentials employed in overpotential determination. We
also encourage practitioners to (a) confirm the standard states when utilizing previously reported
values, and (b) include a clear statement describing the standard state convention in any new
publications that involve thermodynamic potentials.

The accuracy of thermodynamic potentials obtained directly from electrochemical
experiments rests principally on the accuracy of the measurement itself. For all measurements,
including those away from standard states, it is essential to ensure that the system has achieved
stable equilibrium (e.g. fully reversible voltammograms, stable open-circuit potentials, etc).
Pristine electrodes, solvents, and electrolytes free of impurities will also improve accuracy, and
measurements can be made at several different [A]:[B] ratios to provide an average value and
standard deviation that will provide insight into the accuracy. The preferred method to determine
standard potentials is to collect data for a range of concentrations under relatively dilute conditions,
and then extrapolate these to 1 M (or unity activity), a strategy that avoids non-ideality (e.g. ion
pairing, aggregation) typically encountered when working at high concentrations.

The accuracy of thermodynamic potentials derived from thermochemical cycles rests on
the accuracy of the original experimental measurements. Statistical methods can be used calculate
the propagation of error through the thermochemical cycle. The uncertainty is often 30 mV or less,
as reflected in Table 1.18124%1 One significant source of uncertainty is the solvation energies of
ions. Solvation energies can be measured directly for neutral species, but the solvation energy of

a single ion requires extra-thermodynamic assumptions (because in reality two ions of opposite
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charge are always present).[*® The most common approach is based on the tetraphenylarsonium
tetraphenylborate (TATB) assumption, which states that these two ions are non-interacting and
have similar behavior due to their similar sizes.[%%¢!

Another common source of uncertainty is the lack of reliable E°H+/n2 values in nonaqueous
solvents (we are aware of only five reliable measurements, see Table 1 above). This hydrogen
electrode potential serves as the basis for overpotential determination of Hz evolution reactions
(either in strong acid conditions or converted to various molecular acids and acid:base ratios).
Furthermore, E°%+m2 is required in thermochemical cycles to calculate other E°/s values, and from

there convert to E® as or Eas Values.

4.4 Tables of standard reduction potentials for common fuel-forming reactions.

In this section, we provide tables of thermodynamic potentials of a variety of fuel-forming
reactions. These values were determined through a combination of experimental data and
thermodynamic cycles. The most extensive sets of data are available in water (Table 2). At pH 0,
the value is the SRP, E°as. Changing pH changes the concentration of H* away from standard
state, resulting in equilibrium potentials, Eass.

The wealth of thermochemical data available in acetonitrile (MeCN), as well as its frequent
use in electrochemical studies, has motivated the determination of thermodynamic potentials for
many reactions (Table 3). Studies in N,N-dimethylformamide (DMF) are more limited, but select
reactions have been evaluated (Table 4). Values of E®as in ionic liquids® or in MeCN/H.0
solvent mixtures®?l have also been reported. In nonaqueous solvents, the case of pKa = 0 is taken
to be unity H* activity,!®¥ giving E°xs. Changing acidity in nonaqueous solvents is accomplished

by changing the acid identity (thus changing the pKa), and the tables assume a 1:1 conjugate
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acid:base ratio such that the potentials away from pKa = 0 are all formal potentials, E® s, with 1

M concentrations of all relevant species. Note that certain species, such as formic acid or

ammonium, have accessible pKa values that lead to changes in the pKa or pH dependence of the

potential as the product shifts from the conjugate acid to the conjugate base. The thermodynamic

potential chosen for overpotential determination should be reflective of the actual product of the

reaction under the catalytic conditions. Methods to account for different acid:base ratios or other

solution interactions, giving equilibrium potentials Eag that may be more relevant to chosen

catalytic conditions, are discussed below.

Table 2. Thermodynamic potentials (Eass) in aqueous solution, reported in V vs SHE?

. Easin HO
Reaction (V vs SHE) Reference
2H g + 26 = Hag 0 0.0592-pH 1]
Oy + 4H*(aq) + 46~ = 2H0¢y 1.229 - 0.0592-pH 1
Oz + 2H* gy + 26~ = H2029 0.695 — 0.0592-pH (641
COx(g) + 2H%(ag) + 26° = HCOOH g -0.114 - 0.0592-pH (641
COug) + H' ey + 26~ = HCOO ) ~0.23 - 0.030-pH (641
COq) + 2H* 5 + 26~ = CO(g) + H20() —0.104 - 0.0592-pH (641
COyg) + 6H*(ag) + 66 = CH30Haq) + H20¢)y 0.034 - 0.0592-pH (41
COx(g) + 8H*(ag) + 88~ = CHa(g) + 2H20) 0.169 — 0.0592-pH (641
2C05() + 2H @) + 26~ = C204H2¢g) —0.432 - 0.0592-pH (641
2C0Oyg) + 12H*(ag) + 126~ = CoHa(g) + 4H20q) 0.06 — 0.0592-pH [63]
2C0Oyq) + 12H*(5g) + 126~ = CH3CH,0H) + 3H20q) (b) 0.08 — 0.0592-pH [63]
N2 + 6H @) + 66~ = 2NH3pg) 0.092 - 0.0592-pH (61
Nz + 8H g + 66~ = 2NHs* g 0.275— 0.079-pH [6
N + 4H @) + 46~ = NaoHagg) —0.33-0.0592-pH (61
Nz + 5H* g + 46~ = NoHs* (g 0.23 - 0.074-pH [6
N2gg) + 2H @) + 26~ = NoHa@g) -1.20 - 0.0592-pH (61
PhCHOq) + 2H*(aq) + 26- = PhCH20Hag) (%) 0.20 - 0.0592-pH (6]
NAD* + 1H" + 2e- = 1,4-NADH —0.105 - 0.0303-pH (4]
27

This article is protected by copyright. All rights reserved

Author Manuscript

85U8017 SUOWWOD BANER1D 3(ceot dde ayy Aq peusenob ae ssole YO ‘88N JO s9jni Joj AIqiTaUIIUO A8|IA UO (SUONIPUOD-PU.-SWLB) IO A8 1M Ale1q 1 [Bu U0//SdNY) SUORIPUOD pue SWe | 8y} 88S *[£202/60/22] U0 A%eiqiauluo |1/ ‘UOIBULIOU| [BOIUY0S | PUY IJHUBIOS JO 80110 Aq 9/S00TZ02 B0/200T OT/I0p/L00 A8 |imArelq1jeul juo'adouns-Ais Iweyoy/sdny woj papeojumoq ‘2z ‘1202 ‘91209612



4 The thermodynamic potential at pH 0 is the standard reduction potential, E°as, while the values at other
pH change the concentration of H* away from standard state and therefore are equilibrium potential Eas. "
Note that a liquid ethanol phase is adopted for this value, which departs from typical standard state
conventions; the thermodynamic potential to produce 1 M ethanol will be different. ¢ A value for the
reduction of pure liquid benzaldehyde to pure liquid benzyl alcohol, PhACHOq) + 2H o) + 26 =
PhCH2OHg), has also been reported (along with values for benzyl alcohol reduction to toluene and
benzoic acid reduction to benzyl alcohol).[®”]

Table 3. Thermodynamic potentials (E° as) in acetonitrile (MeCN), reported in V vs
Fc*/Fc?

i E® asin MeCN
Reaction Reference

(V vs Fc*/Fc)
ZHA(MeCN) +2e = H2(g) + 2A7(M9CN) ~0.028 — 0-0592'pKa 1]
Oz + 4HAMecn) + 4 = 2HOmecn) + 4A (mecn) 1.21 - 0.0592-pK, 411
COZ(g) + ZHA(MeCN) +2e = HCOOH(MeCN) + 2A7(MeCN) —0.15— 00592pKa [68]
—-0.31 - 0.0592-pK, () [69]
COgyg) + HAMecn) + 267 = HCOO (vecn) + A (vecn) —0.77 — 0.030-pKa [68]
COy(q) + 2HAMecn) + 28~ = CO(g) + HaOmeen) + 2A (vecn) (°) -0.12 — 0.0592-pKa 1]
—-0.18 — 0.0592-pK. (°) [70]
COxg) + 8HAMecn) + 88 = CHag) + 2H20(mecn) + 8A (Mecn) 0.15 — 0.0592-pKa 41
N2 + 6HAMecn) + 66~ = 2NH3zpvecn) + 6A (Mecn) 0.035 — 0.0592-pK, [6]

N2 + 8HAMecn) + 66~ = 2NH4" (vecn) + 8A (mecn)
N2 + 4HAMecn) + 467 = NaoHagvecn) + 4A (mecN)
N2 + BHAMecn) + 46~ = NaoHs"(vecn) + DA (vecn)
N2 + 2ZHAMecn) + 287 = NaHzveen) + 2A (vecn)

0.361 — 0.079-pKa

~0.398 — 0.0592-pK,
0.153 — 0.074-pKa
1.22 — 0.0592-pKa

[6]
[6]
[6]
[6]

2 The thermodynamic potential at pKa = 0 is the standard reduction potential of unity activity H*,
E°asB; potentials for other acids HA are presented for 1:1 HA:A™ buffers each at 1 M standard
state, providing formal potentials E® as. ® Distinct Eass are available for the special case of CO;
reduction to CO in MeCN containing various amounts of H20 co-solvent.[®? ¢ Value was
determined by transferring aqueous values into MeCN using thermochemical cycles.

Table 4. Thermodynamic potentials (E° as) in N,N-dimethylformamide (DMF), reported in
V vs Fc*/Fc.

Reaction Eaein DMF Reference
(V vs Fc*/Fc)
2HA@wmr + 26 2 Hyg) + 2A MR —0.662 — 0.0592-pK, (41]
Oz + 4HA pmR) + 46~ =2 2H20omr) + 4A omF) +0.60 — 0.0592-pK,4 [41]
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COz(g) + ZHA(DMF) +2e = CO(g) + HzO(DMF) + 2A7(D|v||:) —0.73 - 0.0592-pKa (41]
COz(g) + 8HA(DM|:) +8 = CH4(g) + 2H20(DM|:) + 8A7(DM|:) —0.48 — 0.0592-pKa (41]

4.5 Factors influencing thermodynamic potential quantifications

Several chemical phenomena can influence thermodynamic potential measurements by
introducing additional equilibria that are coupled to the expression of interest. The most common
challenges encountered involve complexities related to proton transfer reactions in organic
solvents.
4.5.1 Calculating Ea at non-standard concentrations.

The tables above provide thermodynamic potentials under standard state conditions (E°/g)
of unity H* activity and equimolar ratios of all reactants and products. In water, changing the pH
provides a thermodynamic potential Eass for a H* concentration different from 1 M. In nonaqueous
solution, the solution acidity is changed by choosing a molecular acid of known pKa, providing a
formal potential E® /g for each acid of different pKa. The E®ag values still assume that the reactant
and product concentrations follow the equilibrium expression.

It is important to remember that E°As and E®ar values are, strictly speaking, only
appropriate when the reaction products are present at similar concentrations to the reactants. It is
possible to use the Nernst equation to calculate the equilibrium potential Eas for the specific
conditions of interest. Equation 9 shows the case for O reduction to H.O (O2 + 4HA + 4™ —
2H,0 + 4HA).

RT [H,0]?

EOZ/HZO = EOOZ/HZO - 4F n(poz[HA]4) (9)

To implement this correction, a known amount of each species is needed. Ideally, overpotential

determination should therefore be carried out in the presence of products. For the example of O
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reduction to H20 in “dry” DMF (ca. 1 mM H20) is 0.09 V higher than the potential in DMF
containing 1 M H.0.[*Y Similar tactics can be used to account for additional chemical reactions
that occur under the chosen catalytic conditions; these are highlighted in the following sections.
4.5.2 Homoconjugation.

Homoconjugation, also referred to as homoassociation, is the coordination of an acid with
its conjugate base (Scheme 1).B17%721 When the homoconjugation equilibrium constant K is large,
it will perturb the proton dissociation equilibrium according to Scheme 1 when conditions deviate
from 1:1 acid:base.[*®!

Scheme 1. Influence of homoconjugation on effective acidity of neutral (HA) and cationic

(HBase*) acids.

HBaset ~——= H*"+Base K,

HBase* + Base ~——= [H(Base),]* K;

To avoid spurious data arising from homoconjugation, researchers can take several
precautions. First, studies can be conducted in water or other polar protic solvents where
homoconjugation is minimal thanks to effective solvation of the ionic acid or base. Second, and
acid/base pair that undergoes minimal homoconjugation can be chosen. For example, acids that
are cationic (particularly ammonium ions or other nitrogen-based acids) or feature substantial
steric bulk disfavor homoconjugation.”™ Third, experiments can be carried out in a 1:1 acid:base
buffer that is present at sufficient excess concentration to prevent exhaustion of the buffer.

For situations where homoconjugation occurs and a 1:1 acid:base buffer is not employed,
two approaches to correct for effects of homoconjugation have been introduced. One method

simulates the concentrations of conjugate acid and base as a function of applied potential, tracking
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the concentration of acid and base based on both current passed and homoconjugation.! The
authors argue that this model is best employed with conditions of pure acid (no conjugate base
present). Another method calculates Eas for equilibrium concentrations of acid and base according
to the known Ka and Ky values using equilibrium expressions that do not require any potential- or
current-dependence information.%%1 In stark contrast to the first method, this method absolutely
requires that a known amount of conjugate base be present, or else the equilibrium expression
becomes undefined. It is striking that these two methods can lead to diametrically opposed
recommendations: one argues for only using pure acid, the other argues for using 1:1 acid:base
buffers, or another ratio in which both the acid and base concentrations are quantifiable. Figure 5
illustrates how the magnitude of the homoconjugation constant affects Enamn2 for hypothetical
weak acids of the same pKa. Large Kr values can result in Enamz shifting by more than 400 mv/Iel;
if this shift is not taken into account, the overpotential would be underestimated by the same
amount! Table 5 provides homoconjugation constants (Kf) on a log scale for a variety of acids in

acetonitrile, DMF, DMSO, and propylene carbonate.

04
02 -
K.=0
g 0
: .
W02 ‘(\\\/’Q'
\09\
-04 - 2B
g\\{‘\\ :
\© i 1:1 [Acid]:[Base]
-06 . . : . .
-3 -2 -1 0 1 2 3

log([Acid]:.[Base])

Figure 5. Effects of homoconjugation on Examnz for a strongly (log(Ks) = 4, green) and weakly
(log(Ks) = 0.1, blue) homoconjugating acid in acetonitrile as a function of changing [acid]:[base]
ratio, compared to an acid that does not undergo homoconjugation (K¢= 0, red). Simulations were
made according to the thermochemical equations developed by Roberts et al.,[*! using pKa = 20,
0.1 M acid, and varying concentrations of conjugate base.
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Table 5. Logarithm of homoconjugation constants (Kr) of various neutral (HA) and cationic
(HBase*) acids in acetonitrile (MeCN), N,N-dimethylformamide (DMF), dimethylsulfoxide
(DMSO), and propylene carbonate (PC).

Log(Kr)
Acid MeCN DMF DMSO PC Refs
Mineral and Sulfonic
Hydronium? 3.9 (73]
Hydrochloric 2.2 2.2 4.2 [74.75]
Hydrobromic 2.4 [75]
Perchloric Ki~0 (73]
Nitric 3.1 (e,
Sulfuric 3.4 el o
Methanesulfonic 3.8 (785"
p-Toluenesulfonic 3.0 (73] g
Carboxylic -]
Acetic 3.9 2.6 1.5 4.0 (73,744
Trifluoroacetic 3.9 (73] (C
Trichloroacetic 25 731>
Benzoic 3.6 2.4 1.8 4.0 [3-78]
Salicyclic 3.3 1.7 1.5 3.2 (737410
2-Hydroxybenzoic 3.3 (751
4-Hydroxybenzoic 3.1 515
3-Bromobenzoic 3.8 78l
4-Nitrobenzoic 3.8 (73]
3,5-Dinitrobenzoic 4.0 [75]
Phenols
Phenol® 4.2 (73]
2-Methylphenol 4.5 3.6 3.1 4.5 w
3-Methylphenol 4.8 3.8 34 4.7 (77
4-Methylphenol 4.8 3.9 3.4 4.8 w
2,3-Dimethylphenol 45 3.7 3.2 45 (77
2,4-Dimethylphenol 4.5 3.7 3.2 4.5 w
2,5-Dimethylphenol 45 3.6 3.2 45 (77
2,6-Dimethylphenol 4.3 3.6 3.3 4.4 w
3,4-Dimethylphenol 4.9 4.0 35 4.9 (77
3,5-Dimethylphenol 4.9 3.9 35 4.8 w
2,3,5-Trimethylphenol 45 3.7 3.3 4.6 (77
2,3,6-Trimethylphenol 4.3 3.7 3.3 4.4 (77l
2,4,6-Trimethylphenol 4.3 3.7 3.4 4.4 (77l
3,4,5-Trimethylphenol 4.9 4.0 3.6 4.9 (77l
4-Nitrophenol 3.7 2.2 1.8 3.6 [74]
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3,5-Dinitrophenol 4.6 3.2 1.5 [74]
2,4-Dinitrophenol 2.0 (7]
2,6-Dinitrophenol Ki~0 Ki~0 Ki~0 [74]
Picric 0.3 Ki=0  Kf=0 Ki~0 [74]
Amines
Ammonium 1.0 (7]
Methylammonium 1.5 (7]
Dimethylammonium 1.5 (7]
Trimethylammonium 0.8 [75]
Ethylammonium 1.4 (73]
Diethylammonium 0.3 (7]
Triethylammonium Ki~0 [73,75]
n-Propylammonium 1.3 (7]
n-Butylammonium 1.4 (73]
t-Butylammonium 1.3 7]
Anilinum 0.6 s,
Benzylammonium 1.2 Plo
N,N-Dimethylformidium 1.7 (301"
Ethanolammonium 1.4 1S
Piperidinium 1.4 (78] =
Pyrrolidinium 1.5 [
Morpholinium 1.0 (751 (O
1,8-Diazabicyclo[5.4.0]undec-7- 1.5 =
enium o
Triethylenediammonium 1.2 1o
Pyridinium 0.8 (3.
Tetramethylguanidinium 0.5 [78]"5
2-Phenyltetramethylguanidinium 0.3 "Bl
Hydrazinium 1.5 (7]

2 Note that higher order adducts [(H20)sH]* and [(H20)4H]* are also observed.[*1® Note that higher
order adducts [HAs]*> are also observed.[’37
4.5.3 Acid Dimerization.

Certain acids have the propensity to self-associate as acid-acid dimers. Carboxylic acids,
for example, can form strong hydrogen bonds between the —OH and C=O groups in nonpolar
organic solvents (Scheme 2).["°! This equilibrium is strongly dependent on the hydrogen bonding
ability of the solvent, with good hydrogen bond donor or acceptor solvents disfavoring acid-acid
dimers and favoring acid-solvent interactions.’®®) As a bimolecular condensation process, the

dimers are expected to be more prevalent at higher concentrations of acid, leading to concentration-
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dependent changes in effective acidity. Unfortunately, we are not aware of acid dimerization
constants in solvents such as acetonitrile or DMF, so the full influence of acid dimerization on
thermodynamic potentials has not yet been studied. There are several examples of electrochemical
H> evolution that are second-order in the proton source trifluoroacetic acid (TFA); Dempsey et al.
have proposed that this could be due to dimerization to form (TFA)2, with the dimer acting as the
proton source during catalysis.[®-#71 If dimerization is suspected, alternative acids can be selected,
different solvents can be employed, or studies to quantify the dimerization constant and calculate

the change in effective acidity could be developed.

Scheme 2. Influence of acid dimerization (Kdim) on effective acidity of neutral (HA) and
cationic (HBase™") acids.

HA === H'+A K,

(HA), ==——= 2HA Kdim

HBaset ~&——= H" + Base K
a

[(HBase),]** m———= 2HBase® Kyn

4.5.4 lon Pairing Effects (Heteroconjugation).

Another aggregation process that will influence the concentration of acid present is ion
pairing (heteroconjugation). Cationic acids can undergo ion pairing with their counterion or
anionic electrolyte, as shown in Scheme 3, inhibiting H* dissociation. Smaller, more highly
charged anions such as halides are expected to have the strongest ion pairing interactions, with
large, weakly coordinating anions such as BPhs~ or BArYs~ (Ar™ = 3,5(trifluoromethyl)phenyl)
minimizing ion pairing. Neutral acids upon H* dissociation produce an anionic conjugate base,
which can interact with a cationic electrolyte component, driving H dissociation. lon pairing has
been hypothesized to account for unexpected concentration effects in experimental OCP

measurements of thermodynamic potentials in acetonitrile.%! lon pairing is expected to become
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more significant with decreasing solvent polarity, or with the use of electrolyte ions or counterions
with high charge density. If ion pairing effects are suspected, a different electrolyte can be utilized,
or a weakly coordination counteranion can be installed for cationic acids. Some heteroconjugation
constants are available in acetonitrile solvent, or such values could be measured, enabling
development of thermochemical equations to determine Eam values that take into account ion

pairing effects.[688°

Scheme 3. Influence of ion pairing (heteroconjugation) on effective acidity of neutral (HA)
and cationic (HBase*) acids (M* is an electrolyte component and X~ can be either the
counteranion of the acid or an electrolyte component).

HA ~——= H'+A" Ka
A~ + MY s=—= MX Kpet
HBaset ~=——= H*'+Base K,

HBaseX =~————= HBase* + X~ Kyg

5. Maximizing Activity while Minimizing Overpotential
5.1 Considerations in Overpotential Tuning

An ideal catalyst will (amongst other features) enable electrochemical reductions to
proceed with high activity while also minimizing overpotential. This section introduces strategies
for minimizing the overpotential, considered here as the benchmarking value ntor for simplicity.
Figure 6 shows conceptually how nror2 can be minimized for a reduction reaction either by
shifting Ea/s to more negative potentials or by shifting Ecay2 to more positive potentials. To induce
a negative shift in Eag, one can use weaker acids. To induce a positive shift in Ecay, the structure
of the catalyst can be tuned to alter the redox properties, for example by rendering the metal more

electron-poor.
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Figure 6. Strategies for minimizing overpotential (1) include cathodically shifting Eag Vvia tuning
catalyst system by changing reaction conditions and/or anodically shifting Ecay2 Vvia tuning of
catalyst electronics.

It may not be immediately obvious, but Eas, Ecat2, and TOFmax are often closely coupled,
and one must be cognizant of the interplay between these variables when seeking to achieve high
activity at low overpotentials. For example, tuning a catalyst to be electron-deficient may shift
reduction potentials positive, but the reduced species will likely also be less basic and less
nucleophilic, thereby undergoing slower reactions with O2 or CO2 or requiring stronger acids to
generate key metal hydride intermediates. The need for a stronger acid results an positive shift in
Eass, partially or completely offsetting any gains in overpotential .[27:330-%% Similarly, an attempt
to negatively shift Eas by moving to weaker acids often results in slow catalysis because of
unfavorable proton transfers. For catalysts that undergo proton-coupled electron transfer (PCET),
where catalyst reduction is directly coupled to a protonation event, Eca2 is even more strongly tied
to the choice of acid: both Ecay2 and Eas will shift as the acidity changes.[®* Lower ntor2 values
often come at the expense of reduced TOFmax values.

In addition to the relationships between Ecav2 and Easg, the tuning of acid pKa may have
other unintended consequences on catalysis. Compatibility between the acid and catalyst must be
considered, for example. The use of exceptionally strong acids may lead to catalyst decomposition.
Conversely, exceptionally weak acids have correspondingly strong conjugate bases, which may

have decomposition pathways of their own. The coordinating ability of the conjugate base to the
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metal catalyst should also be considered, as this could lead to the generation of catalytically
inactive or poorly active species.*3l When performing reactions such as CO or N2 reduction,
where multiple products can possibly be formed, the choice of acid may be relevant towards
product selectivity and avoiding unwanted Hz evolution.?®!

Plots that graphically relate TOFmax and nror2 for catalysts illustrate correlations between
these two parameters across multiple catalysts. These plots, like that shown in Figure 7 for O
reduction catalysis, reveals linear relationships (sometimes called “scaling relationships” or “iron
laws”) between rate (TOFmax) and mror2.2"%! The general trend is clear: changing catalyst
structure can reduce overpotential, but almost always with a corresponding loss in activity. The
ideal catalyst would shift diagonally up and to the left: higher activity at lower nrtor. (Figure 7).

Methods to achieve this are discussed in the next section.

6
[HA]= @ 20mM @ 50 mM
4 more efficient catalysis
™
O
&
()]
o
2
0 |

1.0 1.1 1.2

Effective Overpotential (n4¢)
Figure 7. The relationship between rate and effective overpotential (nefr, defined in this reference
as Epq) for electrochemical O reduction for various Fe porphyrin complexes at two different acid
concentrations. Reprinted with permission from J. Am. Chem. Soc. 2017, 139, 11000-11003,

https://doi.org/10.1021/jacs.7b05642.1281 Further permissions related to this material should be
directed to the American Chemical Society.
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5.2 Breaking linear activity—overpotential relationships

Breaking the linear relationship that implies trade-offs between rate and overpotential
remains a challenge in the field of electrochemical catalysis.?® This section highlights selected
advances based on changing catalyst structure or catalytic conditions.

One promising avenue is through the incorporation of outer-sphere functionality into
catalyst design. An elegant example comes from the development of Ni catalysts with phosphine
ligands containing pendent amines that serve as proton shuttles to improve the rate of H>
evolution.[*l Alterations to these ligand motifs to further improve the positioning of the pendant
amines has led to significant rate increases with minimal increases, or even decreases, in nTor.2

(Figure 8).198.%

R' Complex R R'
/@l 1 H H
.P';Ni“‘\'“P\—\ 1-6 H  n-CgHys
R,__®»N</P P\/N~©_R, 1494 H  nCihpg
@ © > o

214 CF3 n-CyqHye

B A: Catalyst Electronics
m, = 1/200mV

B: Structural Dynamics
2-C14 mg = 1/20mV

C: Electronics with
Controlled Dynamics
me=1/120mV

Log(TOF .. 57%)

D = M W B W @ o~ @

1 e D: Electronics with
Controlled Dynamics and
High Viscosity
' ! ’ ! my, = 1/50mV
0 200 400 600 800
Overpotential at £, (mV)
Figure 8. Top: Structures of nickel catalysts for H> evolution. Bottom: The ability to control the
positioning of the pendent amine group on the Ni catalyst increases the reaction rate without
sacrificing overpotential. Reprinted with permission from ACS Catal. 2018, 8, 3286.%¢1 Copyright

2018 American Chemical Society.

Savéant and colleagues have found that Fe porphyrin derivatives containing phenol or

ammonium groups results in high activity for CO, reduction at low overpotential (Figure 9).17%-1%]
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Similarly, cationic groups in the secondary coordination sphere of an Fe porphyrin catalyst enabled
simultaneous improvements in both overpotential and rate of O, reduction.[*° While the promise
of these results is indisputable, some caution is warranted in the study and interpretation of
catalysts with functionality in the second coordination sphere. For example, Mayer and coworkers
found that rate enhancements in O reduction catalysis afforded by incorporation of amides and
other functionality in the secondary coordination sphere all came at the expense of overpotential,
once accounting for changes in overpotential stemming from the use of different acids for different
catalysts (see Figure 7 above). The inclusion of control catalysts lacking any outer-sphere
functional groups is important, as is the accurate determination and equitable comparison of

overpotential values.
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Figure 9. Top: Structures of Fe porphyrin derivatives used for CO> reduction. Bottom: Plots of
TOFmax Vs overpotential and activity vs E°: (defined in this reference as Epiq for the Fe catalyst)
that demonstrate how adding positively charged ammonium groups improves both rate and
overpotential. Bottom panel reprinted with permission from J. Am. Chem. Soc. 2016, 138, 16639.
[2001 Copyright 2016 American Chemical Society.

Attempts to tune overpotential through changes to the primary coordination sphere ligands
often result in strong scaling relationships. An example from the field of CO2 reduction is the
catalyst series Re(bpy-X)(CO)3Cl, where bpy-X is a 4,4'-disubstituted 2,2'-bipyridine ligand. More
electron-poor bpy-X ligands produced complexes that were easier to reduce, minimizing
overpotential; but the reduced species were less nucleophilic and thus afforded lower rates of
catalysis.[*%? In this example, the bipyridine ligand is the primary controller of both the reduction
potential and the metal nucleophilicity. An alternative approach involves introducing separate
ligands to control the reduction potential (overpotential) and nucleophilicity (activity). For
example, pairing “redox-active” terpyridine with a redox-inactive, but strongly electron-donating,
N-heterocyclic carbene ligand in ruthenium-based catalysts results in the overpotential being

primarily controlled by the terpyridine ligand, while the activity is primarily controlled by the trans

effect of the ligand opposite the substrate binding site (Figure 10).1203-10]
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Figure 10. (A) Structures of ruthenium-based catalysts for CO. reduction, from references
[103,104.106.107] * (B) Catalytic Tafel plots for the catalysts of part A, showing the similar
overpotentials at Ecay2 for catalysts, but distinct activity, with the redox-active terpyridine ligand.

Altering the reaction medium, rather than the catalyst, can also yield fruitful results. The
Mayer group showed that changing factors such as acid concentration, acid pKa, and the partial
pressure of reactants for an Fe-porphyrin Oz reduction catalyst all showed significantly different
scaling relationships between rate and overpotential, identifying conditions in which both could
be optimized.[?8%! Stahl, Hammes-Schiffer, and coworkers found that the selectivity of O
reduction by a Co-porphryin complex could be controlled by the acid strength, with different
scaling relationships observed for the different product formation in the two acidity ranges (Figure

11).14 O, reduction selectively produces H2O in the potential region between the O2/H,0 and

02/H202 SRPs: at milder applied potentials, H202 production is thermodynamically prohibited.

MeO
Q O OMe
MeO 0 Q
OMe
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Figure 11. Changing the acid:base buffer used during catalysis alters both the product selectivity
and the rate-overpotential relationship for a cobalt O reduction catalyst. Numbers represent
different acid:base buffers with the following acid components: DMF-H* (1), p-toluenesulfonic
acid (2), 1-propanesulfonic acid (3), 2,6-dihydroxybenzoic acid (4), trifluoroacetic acid (5), oxalic
acid (6), dichloroacetic acid (7), maleic acid (8). Reprinted with permission from ACS Cent.
Sci. 2019, 5, 1024-1034, https://doi.org/10.1021/acscentsci.9b00194.144 Further permissions
related to this material should be directed to the American Chemical Society.

An emerging approach is the use of photoelectrocatalysts (PECs), where the
electrochemical catalyst is capable of directly absorbing photon energy to help drive the
reaction.[®®l Because the driving force of the reaction is no longer purely electrochemical, this
opens up the possibility of performing the reaction at a more anodic potential compared to the
catalyst in the dark, thus lowering overpotential. For example, illumination of [Cp*Ir(bpy)(L)]™
(L=CI,n=1; L=H20 or CH3CN, n = 2) enables electrochemical H evolution with a ca. 1 V
lower overpotential than the thermal reaction.?>331%81 With appropriate tuning of catalytic
conditions, catalysis was observed with this complex even at negative overpotentials. Due to slow
rates of photoelectrochemical catalysis, Ecay2 could not be extracted from CV experiments, so
comparisons were instead made based on chronoamperometry data based on the overpotential

required to achieve half of the maximum rate, n(kmax2).*®! A negative overpotential (or
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“underpotential”) is not thermodynamically possible in the dark, and thus signifies energy being
stored in the bonds of a chemical fuel. Figure 12 shows how increasing the concentration of
catalyst increases activity while slightly lowering overpotential, which is ascribed to enhanced
light absorption accelerating the photochemical step without influencing the electrochemical

processes.
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Figure 12. Top: Structure of Ir photoelectrocatalyst for H> evolution. Bottom: Plot of kmax Vs.
overpotential at kmax2 for [Cp*Ir(bpy)(NCCHz3)]?*. The use of light enables H2 evolution at
negative overpotentials. The blue diamonds come from data varying the Ir concentration from
0.5to 8 mM (100:25 mM N,N,N',N'-tetramethyl-N-phenylguanidinium buffer); the red squares
come from data varying the N,N,N',N'-tetramethyl-N-phenylguanidinium buffer concentrations
(1 mM Ir catalyst); the green triangle is 100:25 mM H-NEtz* buffer (1 mM Ir catalyst); the
orange circle is 100:25 mM N,N,N',N'-tetramethyl-N-2,6-dimethylphenylguanidinium buffer (1
mM Ir catalyst). Adapted from reference B3I,
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5.3. Dual catalysis and mediators.

Another strategy to reduce overpotential relies on electrochemical mediators as a second
catalyst.[®1121 Although any “electrocatalyst” described above can be considered a mediator that
facilitates an organic reaction at lower overpotential than is accessible directly at the electrode
surface, we focus here on the combination of an organic “mediator” and a transition metal complex
“catalyst”. In cases where a catalyst undergoes sluggish outer-sphere electron transfer that results
in a high overpotential, an electron transfer mediator that undergoes rapid electron transfer kinetics
can enable catalysis at lower overpotential. In cases where the catalyst follows a reaction
mechanism that generates an intermediate that requires forcing electrochemical potentials, proton-
electron transfer mediators can open up new Kinetic pathways that reduce overpotential.

One example of the Stahl group shows how the combination of a Cu catalyst and the
mediator TEMPO leads to low overpotential alcohol oxidation (Figure 13).[2231 Another example
in alcohol oxidation comes from the Waymouth group, who have shown that phenols can act as
mediators that reduce the overpotential of alcohol oxidation by an iridium catalyst by ca. 0.5 V.14
A second metal complex can also be used as an overpotential-reducing proton-electron
mediator.[**® Quinones are common mediators as well, and these have been used in O

reduction.[116:117]
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Figure 13. Combining a copper catalyst with the redox mediator TEMPO enables electrochemical
alcohol oxidation at lower overpotentials. The panels show cyclic voltammograms with dashed
lines showing the approximate overpotential for mediated (blue) and unmediated (red) catalysis.
Reprinted with permission from Acc. Chem. Res. 2020, 53, 561.51 Copyright 2020 American
Chemical Society.

Although mediators can reduce overpotential, they do impart a thermodynamic penalty of
their own. For a reduction, the mediator must be harder to reduce than the substrate, and in this
sense the mediator sets the lower limit of the overpotential. Thus, the reduction potential of a
mediator under the reaction conditions will ideally be closely matched to the thermodynamic
potential of the electrochemical reaction of interest. Table 6 shows the reduction potentials of some

common mediators in H2O, MeCN, and THF. As with the thermodynamic potentials introduced

above, subtraction of 0.0592-pH from the aqueous values provides the equilibrium potential at a
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particular pH, and subtraction of 0.0592-pKa from the nonaqueous values provides the formal

potential for molecular acids of that pKa.

Table 6. Standard reduction potentials of common organic electrochemical mediators in
water, 11819 geetonitrile (MeCN),[“l and tetrahydrofuran (THF).[*9]

EO
. ' E°, MeCNM  E°, THF
[118,119] ) )
Reacton HOUM W FeTRe Vs ForIFe
TEMPO- + H* + e- = TEMPOH 0.65 0.622 0.249
1,4-benzoquinone +_2H +2e = 0643 0.636 0.329
1,4-hydroquinone
2,6-dimethylbenzoquinone + 2H* + 2" =
2,6-dimethylhydroquinone 0.547 0.523 0.221
2,6-dimethylbenzoquinone + 2H* + 2e” = 0.447
2,6-di-tert-butylhydroquinone '
2,6-dimethoxybenzoquinone + 2H* + 2e” =
2,6-dimethoxyhydroquinone 0.473 0.441

1,4-napthaquinone + 2H* + 2" =
1,4-dihydroxynapthalene 0.376 0.126
2,7-di-tert-butyl-1,4-napthaquinone + 2H* + 2e~ 0.075

= 2,7-di-tert-butyl-1,4-dihydroxynapthalene '
1,8-dichloro-9,10-anthroquinone + 2H* + 2~ =
1,8-dichloro-9,10-dihydroxyanthracene 0.115 —0.189
2,4,6-tri-tert-butylphenoxyl + H* + e~ =

2,4,6-tri-tert-butylphenol 0.964 0.629
4-methoxy-2,6-di-tert-butylphenoxyl + H* + e~ = 0.840 0.498

4-methoxy-2,6-di-tert-butylphenol

6. Conclusion and Outlook

We hope this Review on the determination of electrochemical overpotential will inspire
thoughtful, thorough benchmarking of catalyst performance that enables meaningful comparisons
between catalysts developed in different laboratories. It is essential to connect overpotential with
a kinetic parameter. This can be accomplished by considering the entire rate—overpotential curve
for a catalyst through homogeneous catalytic Tafel plots, and also by selecting a particular
parameter for benchmarking and comparison — we recommend the overpotential required to reach

Y- TOFmax, NTOF/2.
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There are several pitfalls to avoid when determining and reporting overpotential.
Homoconjugation is a widely recognized complication, which can be largely avoided by adopting
conditions that utilize 1:1 buffers in nonaqueous solutions. Other challenges such as dimerization
of acids by H bonding or ion pairing effects warrant further examination. A current debate is
whether overpotential should be reported only under standard state conditions or whether the
determination should take into account non-standard conditions often encountered in experimental
practice of electrochemical catalysis. In both cases the method should be clearly explained and
conditions clearly stated. Different experimental approaches are needed depending on the goal:
This may involve thermochemical calculations away from standard states, or changes to
experimental conditions such as running electrochemical catalysis with all equilibrium species
present (e.g. 1 atm or 1 M of the products themselves). As an example, studies of CO>
electroreduction under 1 atm of the product CO are lacking. Making measurements with known
amounts of all relevant species can be essential, as this enables thermochemical treatments that
account for homoconjugation or other effects. Our hope is that a researcher who is aware of the
thermochemical foundation and considers the equilibria at play carefully can adapt to a variety of

potential issues specific to any given system under study, even beyond the cases suggested here.

Strategies for minimizing overpotential without sacrificing activity have relied on
alterations to the secondary coordination sphere. There are additional opportunities for
advancement, however, including novel primary coordination sphere ligand designs,
photochemical enhancement, and tuning of the reaction medium itself. These nascent areas are
ripe for further development that could result in high activity catalysts at low electrochemical

overpotential.
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Overpotential is a key performance benchmark in electrochemical catalysis. This review defines
overpotential in homogeneous molecular catalysis and provides a tutorial on the accurate
determination of overpotential. Strategies to minimize overpotential, and avoid scaling
relationships between overpotential and activity, are also discussed.
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