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1. Basics of electrochemical reaction
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benefits gained from the hybrid process explain the higher number of studies selecting this 477 

configuration (Table 3). 478 

 479 

3.2. Reactor configuration: divided versus undivided cells 480 
In electrolysis, there are two possibilities of operation, either in divided cell (Figure 6a) or in 481 

undivided cell (Figure 6b). Considering the photo-electrochemical process implementation, the 482 

main influence of efficiency comes from the electrochemical reactions. In divided cell, the 483 

advantage is that there is the possibility to avoid decomposition of oxidants at anode or cathode 484 

which increases the faradic yield (Esquivel et al. 2009; Ramirez et al. 2015). However, some 485 

redox reactions cannot be involved in the cell such as ferrous/ferric cycle that is useful for the 486 

Fe2+ regeneration (Eq. 3) in an electro-Fenton process for example. In contrast, this catalytic 487 

behaviour of iron species can be obtained in an undivided cell (Sirés et al. 2007). This latter 488 

configuration has been the most studied in photo-electrochemical reactors (Table 3), especially 489 

for its easier implementation at industrial scale if a stirred tank reactor is foreseen. 490 

 491 
Figure 6. Divided cell (a) versus undivided cell (b) configurations for hybrid photo-electrochemical 492 
processes. Divided cell configuration avoids the decomposition of oxidants on the anode or cathode 493 
surfaces depending on the species. Practically, undivided cell is more developed and the redox cycle 494 

of iron can occur in this condition to implement Fenton reaction. 495 

 496 

Frit or permeable membrane
Baran, P. S. et al. Acc. Chem. Res. 2020, 53, 72.
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1. Redox potential
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1. REDOX POTENTIALS IN ORGANIC CHEMISTRY:
ELECTROCHEMISTRY AND SINGLE-ELECTRON
TRANSFER

Introductory chemistry courses present different perspectives on
redox reactions. General and inorganic chemistry courses define
oxidation and reduction reaction as the transfer of electrons
between two atoms, ions, or molecules. This fundamental
definition contrasts the presentation of redox reactions in
organic chemistry courses where “reduction” is often defined in
the context of hydrogenation reactions, which correspond to the
net transfer of H2 (i.e., 2e− and 2H+). Similarly, many
“oxidation” reactions correspond to dehydrogenation or
dehydrogenative coupling reactions (Figure 1A). Prototypical
organic reductions include conversion of esters to alcohols using
hydride reagents, dissolving metal reductions of arenes to
dienes, and catalytic hydrogenations of alkenes. These reactions
illustrate the different means to deliver an equivalent of “H2” to
an organic molecule: as a combination of hydrides and protons
(H−/H+), as electrons and protons (2e−/2H+), or as H2 itself
(via hydrogen atoms on a catalyst surface). Repreentative
organic oxidations include dehydrogenation of saturated C−O
bonds (alcohol oxidation) and C−C bonds or dehydrogenative
coupling reactions, such as C−H oxidative coupling methods.
Even atom-transfer oxidations, such as alkene epoxidation or
sulfide oxidation (not shown), may be represented as
dehydrogenative coupling of the alkene or sulfide with water.
The unfavorable thermodynamics of such dehydrogenative
couplings (elaborated below), however, accounts for the use of
reactive atom-transfer reagents to achieve such reactions.
The different presentation of redox reactions in general/

inorganic and organic chemistry courses has a parallel in organic

redox reactions, where the reactions commonly encountered
when performing electrochemistry correspond to SET reactions,
while the net redox reactions used in organic synthesis
correspond to two-(or other even-)electron processes. SET in
organic chemistry typically occurs as a fundamental step within a
multistep reaction sequence. These reactions have come to the
forefront of contemporary organic chemistry as a result of
research efforts on photochemistry and photoredox reac-
tions16−18 and nonprecious metal catalysis,19 in addition to
electrochemistry. These activities have contributed to growing
use of cyclic voltammetry (CV) and related techniques to
measure redox potentials of organic molecules.20

Determination of redox potentials of organicmolecules by CV
is not always straightforward. Organic molecules seldom exhibit
the canonical “duck-shaped” voltammograms associated with
“reversible” electrochemical reactions.21,22 A rare exception is
the one-electron TEMPO/TEMPO+ redox couple (TEMPO =
2,2,6,6-tetramethylpiperidine-1-oxyl) (Figure 1B-i), which
exhibits good electrochemical behavior because of the unusual
stability of the open-shell TEMPO radical.23 For a reversible
couple of this type, the potential is designated as the midpoint
between the forward and reverse peaks observed by CV. Most
organic molecules lead to “irreversible” cyclic voltammograms
(CVs; both cyclic voltammetry and cyclic voltammogram are
abbreviated “CV”, with the meaning evident from the context).
Such CVs exhibit an oxidation (or reduction) peak when the
electrode is scanned to positive (or negative) potentials, but no
peak is evident when the potential is cycled in the reverse
direction. This behavior is evident for the piperidine carbamate
in Figure 1B-ii. The current (or peak height) observed for the
oxidation of the piperidine carbamate is approximately 2-fold

Figure 1. Redox potentials measured for organic compounds at an electrode typically correspond to single electron-transfer steps rather than net 2e−/
2H+ (de)hydrogenation of themolecule. (A)Organic redox reactions that involve transfer of hydrogen (2e−/2H+) to or from an organic molecule. [O]
= oxidant. (B) Redox potentials for most organic redox couples are irreversible and represent the potential required to generate a radical ion via single-
electron transfer. (C) Redox potentials for single-electron-transfer redox reactions of organic molecules measured at an electrode span over 5 V.
Potential scale adapted from ref 20 using Fc+/0 as the reference potential. (D) Conversion potentials for nonaqueous reference electrodes.15

The Journal of Organic Chemistry pubs.acs.org/joc JOCSynopsis

https://doi.org/10.1021/acs.joc.1c01520
J. Org. Chem. 2021, 86, 15875−15885

15876

• X > Y ⇔ SET is thermodynamically favorable.
• X < Y ⇔ SET is thermodynamically unfavorable.
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X (V)

Ox ; X = Redution potential of Ox
= Oxidation potential of Ox

= Oxidation potential of Red
= Reduction potential of Red

; Y

Ox + Red Ox Red+
Single electron transfer

[Redox potential of representative functional groups]

Stahl, S. S. et al. J. Org. Chem. 
2021, 86, 15875.

n Redox potential(E0) = The potential required to induce electron transfer
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1. Cyclic voltammetry
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1. REDOX POTENTIALS IN ORGANIC CHEMISTRY:
ELECTROCHEMISTRY AND SINGLE-ELECTRON
TRANSFER

Introductory chemistry courses present different perspectives on
redox reactions. General and inorganic chemistry courses define
oxidation and reduction reaction as the transfer of electrons
between two atoms, ions, or molecules. This fundamental
definition contrasts the presentation of redox reactions in
organic chemistry courses where “reduction” is often defined in
the context of hydrogenation reactions, which correspond to the
net transfer of H2 (i.e., 2e− and 2H+). Similarly, many
“oxidation” reactions correspond to dehydrogenation or
dehydrogenative coupling reactions (Figure 1A). Prototypical
organic reductions include conversion of esters to alcohols using
hydride reagents, dissolving metal reductions of arenes to
dienes, and catalytic hydrogenations of alkenes. These reactions
illustrate the different means to deliver an equivalent of “H2” to
an organic molecule: as a combination of hydrides and protons
(H−/H+), as electrons and protons (2e−/2H+), or as H2 itself
(via hydrogen atoms on a catalyst surface). Repreentative
organic oxidations include dehydrogenation of saturated C−O
bonds (alcohol oxidation) and C−C bonds or dehydrogenative
coupling reactions, such as C−H oxidative coupling methods.
Even atom-transfer oxidations, such as alkene epoxidation or
sulfide oxidation (not shown), may be represented as
dehydrogenative coupling of the alkene or sulfide with water.
The unfavorable thermodynamics of such dehydrogenative
couplings (elaborated below), however, accounts for the use of
reactive atom-transfer reagents to achieve such reactions.
The different presentation of redox reactions in general/

inorganic and organic chemistry courses has a parallel in organic

redox reactions, where the reactions commonly encountered
when performing electrochemistry correspond to SET reactions,
while the net redox reactions used in organic synthesis
correspond to two-(or other even-)electron processes. SET in
organic chemistry typically occurs as a fundamental step within a
multistep reaction sequence. These reactions have come to the
forefront of contemporary organic chemistry as a result of
research efforts on photochemistry and photoredox reac-
tions16−18 and nonprecious metal catalysis,19 in addition to
electrochemistry. These activities have contributed to growing
use of cyclic voltammetry (CV) and related techniques to
measure redox potentials of organic molecules.20

Determination of redox potentials of organicmolecules by CV
is not always straightforward. Organic molecules seldom exhibit
the canonical “duck-shaped” voltammograms associated with
“reversible” electrochemical reactions.21,22 A rare exception is
the one-electron TEMPO/TEMPO+ redox couple (TEMPO =
2,2,6,6-tetramethylpiperidine-1-oxyl) (Figure 1B-i), which
exhibits good electrochemical behavior because of the unusual
stability of the open-shell TEMPO radical.23 For a reversible
couple of this type, the potential is designated as the midpoint
between the forward and reverse peaks observed by CV. Most
organic molecules lead to “irreversible” cyclic voltammograms
(CVs; both cyclic voltammetry and cyclic voltammogram are
abbreviated “CV”, with the meaning evident from the context).
Such CVs exhibit an oxidation (or reduction) peak when the
electrode is scanned to positive (or negative) potentials, but no
peak is evident when the potential is cycled in the reverse
direction. This behavior is evident for the piperidine carbamate
in Figure 1B-ii. The current (or peak height) observed for the
oxidation of the piperidine carbamate is approximately 2-fold

Figure 1. Redox potentials measured for organic compounds at an electrode typically correspond to single electron-transfer steps rather than net 2e−/
2H+ (de)hydrogenation of themolecule. (A)Organic redox reactions that involve transfer of hydrogen (2e−/2H+) to or from an organic molecule. [O]
= oxidant. (B) Redox potentials for most organic redox couples are irreversible and represent the potential required to generate a radical ion via single-
electron transfer. (C) Redox potentials for single-electron-transfer redox reactions of organic molecules measured at an electrode span over 5 V.
Potential scale adapted from ref 20 using Fc+/0 as the reference potential. (D) Conversion potentials for nonaqueous reference electrodes.15

The Journal of Organic Chemistry pubs.acs.org/joc JOCSynopsis

https://doi.org/10.1021/acs.joc.1c01520
J. Org. Chem. 2021, 86, 15875−15885

15876

n Analysis of ET in the reactionn Determination of E0

anode and cathode, respectively, and thus both elementary
processes need to be considered to balance the electrochemical
equation. If an oxidative (anodic) reaction is desired, then a
proton donor is often employed to satiate the reductive
(cathodic) process (thereby liberating H2). On the other hand,
cathodic processes often use what is known as sacrificial metal
anodes that are themselves oxidized (liberating the corre-
sponding metal cation) instead of any substrate in solution.
Paired electrolysis refers to cases where both oxidation and
reduction are desired. In a standard chemical reaction, reagent
stoichiometry is one of the first variables to consider. Similarly,
in an electrochemical reaction one should consider how many
equivalents of electrons are desired. The Faraday (F) is the

unit by which electrons are measured (one Faraday is
simplistically equal to a mole of electrons), and depending
on the type of reaction, the practitioner may need catalytic
quantities (for example, the initiation of a radical chain
process), equimolar quantities, or excess (when the efficiency
with which electrons are used in the electrochemical reaction,
commonly known as “Faradaic” or “current” efficiency, is low).
In practice, for reactions where one or more electrons per
substrate are required, the reaction can simply be monitored
for conversion after each equivalent of electrons is added.
Faradaic efficiency is a general metric of success for
electrochemical experiments, especially for the comparison of
two sets of electrochemical conditions. However, as practicing

Figure 3. (A) Understanding potential as a driving force. (B) A guide to developing an electrochemical reaction using an undivided cell.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.9b00539
Acc. Chem. Res. 2020, 53, 72−83

75

Baran, P. S. et al. Acc. Chem. Res. 2020, 53, 72.
Stahl, S. S. et al. J. Org. Chem. 2021, 86, 15875.
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Epc

𝑬𝒑𝒂 + 𝑬𝒑𝒄
𝟐 = 𝑬𝟏/𝟐𝒓 ≈ 𝑬𝟎

【Redox potential(E0)】

• When the oxidized form is lost 
by a chemical reaction, the CV 
shows irreversible peak.

※ Throughout this presentation, all redox 
potentials are reported versus Fc+/0.



2. Proton-coupled electron transfer
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• ET/PT, PT/ET; The stepwise transfer of H+ and e–.
• Concerted PCET; Synergistic transfer of H+ and e– in single kinetic step.

(This concerted pathway called PCET in this presentation).

activation of exceptionally strong E−H bonds (BDFE ≥ 100
kcal mol−1) and the formation of extremely weak E−H bonds
(BDFE ≤ 30 kcal mol−1).16,29,30 The abundance of pKa, E°,
and BDFE data available in the literature facilitates the rational
design of new PCET reagent combinations. We would direct
the reader to the useful literature on excited-state redox
potentials,45,46 redox potentials in organic solvents,21,22,39,47

and pKa scales in organic solvents.22,48,49 Examples of both
excited-state and ground-state MS-PCET reagent pairs and the
corresponding effective BDFE values are given in Figure 3. In

the main body of this Review, we give E°, pKa, and BDFE
values provided by the original authors and from the available
literature, as they pertain to the specific synthetic method
under discussion.
An important limitation of the thermodynamic window

accessible by MS-PCET reagents is the potential for
incompatibilities between oxidant/base or acid/reductant
pairs.50 It is important to assess the oxidative stability of a
base in order to avoid unwanted ET events with the oxidant. In
addition, oxidants are often good electrophiles and bases good
nucleophiles which can lead to other unwanted polar side
reactions. Reductants and acids can also evolve molecular
hydrogen if the effective bond strength is low enough. These
incompatibilities can dominate the observed reactivity of MS-
PCET reagents at millimolar concentrations in organic
solvents. For example, the combination of ground-state
Fe(bpy)33+ and n-Bu4N+AcO− provides an effective BDFE of
103 kcal mol−1 in MeCN and could theoretically homolyze
similarly strong E−H bonds.50 In practice, these two
components rapidly react with one another at room temper-
ature, precluding any use in preparative chemistry.50 As
discussed further in section 1.4 of this introduction, photo-
catalytic and electrochemical approaches to MS-PCET provide
a means to avoid many of these limitations.

1.3. Chemoselectivity of MS-PCET Reactions
The chemoselectivity of PCET is strongly influenced by the
reaction mechanism.6,51,52 As noted above, a PCET reaction
can proceed via either the stepwise or concerted transfer of an
electron and proton (Figure 4A).5 For MS-PCET reactions,

the different stepwise pathways can lead to drastically different
chemoselectivities. For instance, an oxidative PT/ET mecha-
nism can predominate if an adequately strong base is chosen
such that a substantial equilibrium concentration of the
substrate conjugate base exists in solution. The conjugate
base form is thermodynamically much easier to oxidize than
the conjugate acid, and a PT/ET mechanism can predom-
inate.7 Such a mechanism would show selectivity for more
acidic bonds. Likewise, a suitably strong oxidant which can
directly oxidize the substrate could favor an ET/PT type
mechanism, favoring activation of more electron-rich sub-
strates. A potential drawback of stepwise PCET approaches in
synthetic chemistry is the generation of high-energy
intermediates formed by initial ET or PT activation of a
substrate.5,6 Depending on the substrate, the reagents needed
to generate these species are sometimes harsh and are often
prone to incompatibilities described in the previous section.50

Concerted PCET avoids the generation of these high energy
intermediates by delivering the electron and proton equivalent
in a single kinetic step.3,5,7 When both stepwise intermediates
are significantly high in energy relative to the reactants, a
concerted pathway will generally dominate, providing a
mechanism for cooperative substrate activation by the
oxidant/base or reductant/acid pair under conditions where

Figure 3. Representative oxidative (top) and reductive (bottom) MS-
PCET reagents pairs and the corresponding effective BDFEs in kcal
mol−1 using pKa and E1/2 values vs Fc+/Fc in MeCN. *Denotes
photoexcited state complex as the oxidant / reductant.

Figure 4. (A) Square scheme representation of PCET mechanisms
available for the cleavage of an E−H bond. The stepwise transfer of
electrons and protons are shown on the edges of the square. The
concerted transfer of the electron and proton via concerted PCET is
shown along the diagonal. (B) Reaction coordinate of stepwise vs
concerted PCET mechanisms. Stepwise PCET generates high-energy
charged intermediates which are avoided in a concerted PCET
pathway.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00374
Chem. Rev. 2022, 122, 2017−2291

2022

couple electron and proton transfers so tightly that, ideally, each
electron transfer (ET) occurs in concert with a proton transfer
(PT), see Fig. 2. There are many important theoretical papers on
proton-coupled electron transfer (PCET), the overall picture
being one where a concerted reaction has a significantly lower
activation barrier (Fig. 2A) (28, 29).
The catalytic characteristics of hydrogenases and an increasing

number of other “energy-processing” electron-transport enzymes
are revealed in electrochemical experiments (protein film elec-
trochemistry, PFE) in which the enzyme is attached directly to a
suitable electrode surface (30–33). The shape of an electrocatalytic
voltammogram often conveys otherwise intractable mechanistic in-
formation, as it is always possible to drive the reaction in at least one
direction by applying an appropriate electrode potential. An out-
come of extensive studies is that hydrogenases, with few exceptions,

behave as reversible electrocatalysts, that is, they catalyze net H2
oxidation and evolution with the tiniest of overpotentials, the
current (reflecting the turnover rate) cutting sharply across the
zero current axis at the equilibrium potential (blue trace in
Fig. 2B) (30). This reversibility, a supreme marker of efficiency,
requires that high-energy intermediates or transition states are
avoided, and it is associated with concerted PCET (34). Hand in
hand with reversibility goes bidirectionality, often termed more
quantitatively as the catalytic bias, the question addressed being
that once a practical oxidizing or reducing overpotential is ap-
plied, to what degree is catalysis in one direction favored over
the other (12, 26, 35–38)? Bidirectionality and reversibility
should not be confused. Information on bidirectionality can be
obtained from conventional steady-state solution kinetics, for
example by comparing the rate of H2 oxidation vs. that of H2

Fig. 1. Schematic representation for electron and proton supply channels in the form of [FeS]-relay ET and PT pathways, respectively, based on the structure
of CpI. As is shown in this paper, in WT enzyme both ET and PT pathways are strongly coupled, thus ensuring reversible catalysis at the H-cluster (A). If the PTP
is impeded (B), ET is also impeded as PT is uncoupled from ET at the H-cluster. (C) Close-up of the PT pathway for CpI WT and exchange variants E282DCpI and
E279DCpI (PDB ID codes 4XDC, 6GM2, and 6YF4, respectively). The H-bonding networks are represented by dashed lines and distances are indicated in
angstroms. Color code for atoms: gray/black: carbon; red: oxygen; blue: nitrogen; yellow: sulfur; orange: iron.

Fig. 2. (A) General reaction scheme, showing the energetic advantage of PCET compared to uncoupled proton and ET steps. (B) Ideal waveshapes in cyclic
voltammetry that are proposed to describe reversible (blue) and irreversible (red) electrocatalysts (adapted from ref. 30). (C) Square scheme in which hori-
zontal sides are redox couples defined by electron-only reduction potentials and the diagonal lines are the redox couples defined by the reduction potential
for concerted PCET. O/R: oxidized/reduced state. E1/E1H: reduction potential of the unprotonated/protonated state. E2/E2HH: reduction potential of the re-
duced, onefold protonated/reduced, twofold protonated state. pKO/pKR: pK of the oxidized/reduced state. pKRH/pKRRH: pK of the onefold protonated
onefold/twofold reduced state.

Lampret et al. PNAS | August 25, 2020 | vol. 117 | no. 34 | 20521
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n PCET is common mechanism not only in 

synthetic chemistry, but also in biological 
system. (e.g., hydrogenases)

Ambiguity in the 
definition remains…

Knowles, R. R. et al. Chem. Rev. 2022, 122, 2017.
Happe, T. et al. Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 20520.

n H+ and e– transfer pathway



2. Kinetics of PCET (Concerted PCET)
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activation of exceptionally strong E−H bonds (BDFE ≥ 100
kcal mol−1) and the formation of extremely weak E−H bonds
(BDFE ≤ 30 kcal mol−1).16,29,30 The abundance of pKa, E°,
and BDFE data available in the literature facilitates the rational
design of new PCET reagent combinations. We would direct
the reader to the useful literature on excited-state redox
potentials,45,46 redox potentials in organic solvents,21,22,39,47

and pKa scales in organic solvents.22,48,49 Examples of both
excited-state and ground-state MS-PCET reagent pairs and the
corresponding effective BDFE values are given in Figure 3. In

the main body of this Review, we give E°, pKa, and BDFE
values provided by the original authors and from the available
literature, as they pertain to the specific synthetic method
under discussion.
An important limitation of the thermodynamic window

accessible by MS-PCET reagents is the potential for
incompatibilities between oxidant/base or acid/reductant
pairs.50 It is important to assess the oxidative stability of a
base in order to avoid unwanted ET events with the oxidant. In
addition, oxidants are often good electrophiles and bases good
nucleophiles which can lead to other unwanted polar side
reactions. Reductants and acids can also evolve molecular
hydrogen if the effective bond strength is low enough. These
incompatibilities can dominate the observed reactivity of MS-
PCET reagents at millimolar concentrations in organic
solvents. For example, the combination of ground-state
Fe(bpy)33+ and n-Bu4N+AcO− provides an effective BDFE of
103 kcal mol−1 in MeCN and could theoretically homolyze
similarly strong E−H bonds.50 In practice, these two
components rapidly react with one another at room temper-
ature, precluding any use in preparative chemistry.50 As
discussed further in section 1.4 of this introduction, photo-
catalytic and electrochemical approaches to MS-PCET provide
a means to avoid many of these limitations.

1.3. Chemoselectivity of MS-PCET Reactions
The chemoselectivity of PCET is strongly influenced by the
reaction mechanism.6,51,52 As noted above, a PCET reaction
can proceed via either the stepwise or concerted transfer of an
electron and proton (Figure 4A).5 For MS-PCET reactions,

the different stepwise pathways can lead to drastically different
chemoselectivities. For instance, an oxidative PT/ET mecha-
nism can predominate if an adequately strong base is chosen
such that a substantial equilibrium concentration of the
substrate conjugate base exists in solution. The conjugate
base form is thermodynamically much easier to oxidize than
the conjugate acid, and a PT/ET mechanism can predom-
inate.7 Such a mechanism would show selectivity for more
acidic bonds. Likewise, a suitably strong oxidant which can
directly oxidize the substrate could favor an ET/PT type
mechanism, favoring activation of more electron-rich sub-
strates. A potential drawback of stepwise PCET approaches in
synthetic chemistry is the generation of high-energy
intermediates formed by initial ET or PT activation of a
substrate.5,6 Depending on the substrate, the reagents needed
to generate these species are sometimes harsh and are often
prone to incompatibilities described in the previous section.50

Concerted PCET avoids the generation of these high energy
intermediates by delivering the electron and proton equivalent
in a single kinetic step.3,5,7 When both stepwise intermediates
are significantly high in energy relative to the reactants, a
concerted pathway will generally dominate, providing a
mechanism for cooperative substrate activation by the
oxidant/base or reductant/acid pair under conditions where

Figure 3. Representative oxidative (top) and reductive (bottom) MS-
PCET reagents pairs and the corresponding effective BDFEs in kcal
mol−1 using pKa and E1/2 values vs Fc+/Fc in MeCN. *Denotes
photoexcited state complex as the oxidant / reductant.

Figure 4. (A) Square scheme representation of PCET mechanisms
available for the cleavage of an E−H bond. The stepwise transfer of
electrons and protons are shown on the edges of the square. The
concerted transfer of the electron and proton via concerted PCET is
shown along the diagonal. (B) Reaction coordinate of stepwise vs
concerted PCET mechanisms. Stepwise PCET generates high-energy
charged intermediates which are avoided in a concerted PCET
pathway.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00374
Chem. Rev. 2022, 122, 2017−2291

2022

Rate constant expressions for the ET, PT, and CEPT steps are
given below for unimolecular reactions. For bimolecular
reactions, the usual diffusional steps have to be included.14,15

Below, we outline the energetic dependencies of the different
PCET mechanisms and how those determine which dominates
the reaction.

2. THEORIES OF ELECTRON AND PROTON TRANSFER
SQUARE UP FOR PCET

Electron and proton transfer theories have existed for decades
and are quite extensive.14−19 The most well-recognized theory
to reconcile coupled proton and electron transfer has largely

been developed by Hammes-Schiffer and co-workers.20−22 We
provide a condensed description of the essential aspects in each
theory and suggest further reading in the references provided.

2.1. Electron Transfer Theory. For nearly seven decades,
Marcus theory has been instrumental for interpreting and
predicting kinetics of electron transfer reactions.14,16 In this
theory electron transfer systems are well represented by
harmonic free energy curves for reactant (R) and product (P)
states, Figure 5. The nuclear coordinate includes the electron
donor and acceptor and the surrounding solvent. The R and P
curves capture the free energies of the donor/acceptor system
when the nuclear coordinates are distorted from equilibrium
and depend on the reorganization energy, λ, and ΔGET° . λ is the
change in energy when the equilibrium reactant state distorts to
the nuclear coordinates of the product without transferring an
electron, and ΔGET° , the Gibbs free energy, is the energy
difference between R and P at equilibrium coordinates. In the
classical treatment, the reactant coordinate fluctuates away from
the equilibrium position to an energy equivalent to the product
state, where R and P intersect. The electron transfers from R to
P, and the product nuclear configuration can then relax to
equilibrium position at the minimum of P.

Figure 2. (Left) Square scheme that summarizes the mechanisms by which proton-coupled electron transfer can proceed. The edges of the square
show the sequential mechanisms with ETPT and PTET on the top and bottom, respectively. The pathway bisecting the square is concerted, where e−

and H+ are transferred without the formation of an intermediate species. Note that the donor and acceptor units for ET and PT can be the same or
different species. (Right) Illustration of the three main mechanisms for PCET, each with a distinct transition state.

Figure 3. (Left) Square scheme for phenol oxidation. Approximate E° and pKa values in water, vs NHE, are given. (Right) Pourbaix diagram for a
tyrosine derivative in water, adapted from ref 8, copyright American Chemical Society, 2005.

Figure 4. Lewis structure of phenol and the resonance structures of
phenoxyl radical.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://dx.doi.org/10.1021/jacs.0c09106
J. Am. Chem. Soc. 2021, 143, 560−576

562

n Potential energy surface

• The PCET pathway has lower activation energy by the movement of 
protons(positive charge) in a direction that counteracts that of electrons 
(negative charge).

→ Advantages in efficiency and selectivity(directionality) of hydrogen
atom transfer.

For detailed physical explanation, please refer to the followings;
Schiffer, A. H. Acc. Chem. Res. 2001, 34, 273.

Hammarström, L. et al. J. Am. Chem. Soc. 2021, 143, 560 
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CG; Solvent-dependent thermodynamic 
constant to account for the energy 
required to form H· from H+ and e– Harrelson, J. A. et al. J. Am. Chem. Soc. 1988, 110, 1229.

Nicholas, A. . P., Arnold, D. R. Can. J. Chem. 1982, 60, 2165.

microsecond survival times are desired for efficient reactivity.
Herein, we describe a photochemical system (Figure 1B) that
exploits an excitation-quench strategy to extend the lifetime of
a powerful PCET reagent that can be electrochemically
regenerated at potentials that avoid the HER.
Visible light excitation (E00 ∼ 2−3 eV) produces transient

species that are far more readily reduced than their ground
state analogues (eq 1).

° * = ° +E E E(M ) (M )0/ 0/
00 (1)

Quenching short-lived (exponential decay time τ < 1 μs)
excited states with mild reductants (Q) can transiently produce
strong PCET donors with highly negative formal potentials
(E°(M0/−)). In our hybrid pePCET approach, the quencher is
regenerated at an electrode with an applied potential that is
only slightly more negative than E°(Q+/0). To quench high-
energy (E00 > 3 eV) short-lived singlet excited states of organic
molecules (e.g., τ < 20 ns), the electron donor can be
covalently coupled to the photosensitizer to force an
intramolecular quenching pathway, increasing the relative
quantum yield. While permitting rapid excited-state CS, this
approach runs the risk of promoting equally rapid and
nonproductive charge recombination (CR). The inverted
driving-force regime of Marcus theory30−32 offers a potential
solution to this problem.

We reasoned that if the CR reaction has sufficient driving
force and small enough reorganization energy (Figure 1C), the
survival time for a CSS might be extended into the
microsecond regime, thereby allowing ample time for
intermolecular ET or PCET steps. This strategy is the basis
of energy storage reactions in photosynthetic reaction
centers31,32 and has been employed to protract the lifetimes
of CS species in photocatalytic ETs (Figure 1C, right).33,34
The choice of the hybrid pePCET mediator was motivated

by our cobaltocene ePCET reagent and features a ferrocene
subunit as the reductive quencher and redox mediator
appended to an alkylamino Brønsted base and an anthracene
photosensitizer (abbreviated herein as {Fc−NH+−an} in its
iron(II) protonated form; Figure 1B). The synthesis of this
complex was originally reported by Farrugia and Magri for the
development of a Pourbaix sensor in logic gates.35 Near-
ultraviolet (390 nm) irradiation of {Fc−NH+−an} promotes
the anthracene chromophore to its lowest singlet excited state
(1an*, S1). This state is quenched by intramolecular ET from
Fc, producing {Fc+−NH+−an•−} (CSS). If sufficiently long-
lived, the powerfully reducing anthracene radical anion,
colocalized with a proton on the amine base in the CSS,
might be primed for intermolecular PCET reactivity.

Figure 1. (A) PCET in reductive transformations. Relationship between pKa and formal potential for PCET donors with different BDFE values in
MeCN (derived using the Bordwell equation in the inset). The formal potential of the H+/H2 couple is indicated by a dashed black line. CG value
in MeCN from ref 13. (B) Previously reported electrocatalytic PCET (ePCET) mediator in comparison with this report of a photoelectrocatalytic
PCET (pePCET) mediator. (C) Examples of reported systems invoking a charge-separated state (CSS). (CS = charge separation; CR = charge
recombination). Simplified energy diagram for ET from a CSS.
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BDFE

pKa (M-H)

E0 (M–/M·)
+

E0 (H+/H·)

M HM– + H+

M· + H·
n Relationship between BDFE and pKa & redox potential.

BDFE (kcal/mol) = 1.37·pKa(M-H) + 23.06·E0(M–/M·) + 23.06·E0(H+/H·)
= CG (Constant)

Y HX H + Y X +
∆G0

; ∆G0 = BDFE(XH) – BDFE(YH)
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PCET; (Concerted) Proton-Coupled Electron Transfer
BDFE; Bond Dissociation Free Energy
BDE; Bond Dissociation Enthalpy
HER; Hydrogen Evolution Rection
N2RR; N2(Dinitrogen) Reduction Reaction
CO2RR; CO2 Reduction Reaction
CSS; Charge Separation State
CR; Charge Recombination
SET; Single Electron Transfer

· ··
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n Hydrogen atom transfer to unsaturated bond

• BDFEO–H = 27~35 kcal/mol
✕ Stoichiometric reductant

✕ Competing HER
✕ Electrode passivation

MIIIMetal

PhSiH3,
NaBH4

H
(Mn, Fe, Co)

R
O

I2Sm
H

SmI2
ROH

1. Conventional H· generation 2. Electrochemical reduction

• Synthetically versatile neutral radical 
intermediate.

• BDFE = 20~40 kcal/mol
→ Highly reactive H· is required. 

R R

X

R R

X
HH+ and e–

X = CR2, NR, O

microsecond survival times are desired for efficient reactivity.
Herein, we describe a photochemical system (Figure 1B) that
exploits an excitation-quench strategy to extend the lifetime of
a powerful PCET reagent that can be electrochemically
regenerated at potentials that avoid the HER.
Visible light excitation (E00 ∼ 2−3 eV) produces transient

species that are far more readily reduced than their ground
state analogues (eq 1).

° * = ° +E E E(M ) (M )0/ 0/
00 (1)

Quenching short-lived (exponential decay time τ < 1 μs)
excited states with mild reductants (Q) can transiently produce
strong PCET donors with highly negative formal potentials
(E°(M0/−)). In our hybrid pePCET approach, the quencher is
regenerated at an electrode with an applied potential that is
only slightly more negative than E°(Q+/0). To quench high-
energy (E00 > 3 eV) short-lived singlet excited states of organic
molecules (e.g., τ < 20 ns), the electron donor can be
covalently coupled to the photosensitizer to force an
intramolecular quenching pathway, increasing the relative
quantum yield. While permitting rapid excited-state CS, this
approach runs the risk of promoting equally rapid and
nonproductive charge recombination (CR). The inverted
driving-force regime of Marcus theory30−32 offers a potential
solution to this problem.

We reasoned that if the CR reaction has sufficient driving
force and small enough reorganization energy (Figure 1C), the
survival time for a CSS might be extended into the
microsecond regime, thereby allowing ample time for
intermolecular ET or PCET steps. This strategy is the basis
of energy storage reactions in photosynthetic reaction
centers31,32 and has been employed to protract the lifetimes
of CS species in photocatalytic ETs (Figure 1C, right).33,34
The choice of the hybrid pePCET mediator was motivated

by our cobaltocene ePCET reagent and features a ferrocene
subunit as the reductive quencher and redox mediator
appended to an alkylamino Brønsted base and an anthracene
photosensitizer (abbreviated herein as {Fc−NH+−an} in its
iron(II) protonated form; Figure 1B). The synthesis of this
complex was originally reported by Farrugia and Magri for the
development of a Pourbaix sensor in logic gates.35 Near-
ultraviolet (390 nm) irradiation of {Fc−NH+−an} promotes
the anthracene chromophore to its lowest singlet excited state
(1an*, S1). This state is quenched by intramolecular ET from
Fc, producing {Fc+−NH+−an•−} (CSS). If sufficiently long-
lived, the powerfully reducing anthracene radical anion,
colocalized with a proton on the amine base in the CSS,
might be primed for intermolecular PCET reactivity.

Figure 1. (A) PCET in reductive transformations. Relationship between pKa and formal potential for PCET donors with different BDFE values in
MeCN (derived using the Bordwell equation in the inset). The formal potential of the H+/H2 couple is indicated by a dashed black line. CG value
in MeCN from ref 13. (B) Previously reported electrocatalytic PCET (ePCET) mediator in comparison with this report of a photoelectrocatalytic
PCET (pePCET) mediator. (C) Examples of reported systems invoking a charge-separated state (CSS). (CS = charge separation; CR = charge
recombination). Simplified energy diagram for ET from a CSS.
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Possible advantages

• Facilitate the colocalization of H+ and e– at relatively anodic potential.
• Prevent electrode passivation by avoiding the formation of reactive 

radical intermediates at the electrode surface.

CoII

H

H

CoIII CoII

Single electron
reduction

– 1.33 V

Acid

SubSub H
Peters, J. C. et al. ACS Cent. Sci. 2017, 3, 217.

Peters, J. C. et al. J. Am. Chem. Soc. 2019, 141, 4721

• Peters and co-workers 
previously found that Cp2Co
can act as redox mediator.

microsecond survival times are desired for efficient reactivity.
Herein, we describe a photochemical system (Figure 1B) that
exploits an excitation-quench strategy to extend the lifetime of
a powerful PCET reagent that can be electrochemically
regenerated at potentials that avoid the HER.
Visible light excitation (E00 ∼ 2−3 eV) produces transient

species that are far more readily reduced than their ground
state analogues (eq 1).

° * = ° +E E E(M ) (M )0/ 0/
00 (1)

Quenching short-lived (exponential decay time τ < 1 μs)
excited states with mild reductants (Q) can transiently produce
strong PCET donors with highly negative formal potentials
(E°(M0/−)). In our hybrid pePCET approach, the quencher is
regenerated at an electrode with an applied potential that is
only slightly more negative than E°(Q+/0). To quench high-
energy (E00 > 3 eV) short-lived singlet excited states of organic
molecules (e.g., τ < 20 ns), the electron donor can be
covalently coupled to the photosensitizer to force an
intramolecular quenching pathway, increasing the relative
quantum yield. While permitting rapid excited-state CS, this
approach runs the risk of promoting equally rapid and
nonproductive charge recombination (CR). The inverted
driving-force regime of Marcus theory30−32 offers a potential
solution to this problem.

We reasoned that if the CR reaction has sufficient driving
force and small enough reorganization energy (Figure 1C), the
survival time for a CSS might be extended into the
microsecond regime, thereby allowing ample time for
intermolecular ET or PCET steps. This strategy is the basis
of energy storage reactions in photosynthetic reaction
centers31,32 and has been employed to protract the lifetimes
of CS species in photocatalytic ETs (Figure 1C, right).33,34
The choice of the hybrid pePCET mediator was motivated

by our cobaltocene ePCET reagent and features a ferrocene
subunit as the reductive quencher and redox mediator
appended to an alkylamino Brønsted base and an anthracene
photosensitizer (abbreviated herein as {Fc−NH+−an} in its
iron(II) protonated form; Figure 1B). The synthesis of this
complex was originally reported by Farrugia and Magri for the
development of a Pourbaix sensor in logic gates.35 Near-
ultraviolet (390 nm) irradiation of {Fc−NH+−an} promotes
the anthracene chromophore to its lowest singlet excited state
(1an*, S1). This state is quenched by intramolecular ET from
Fc, producing {Fc+−NH+−an•−} (CSS). If sufficiently long-
lived, the powerfully reducing anthracene radical anion,
colocalized with a proton on the amine base in the CSS,
might be primed for intermolecular PCET reactivity.

Figure 1. (A) PCET in reductive transformations. Relationship between pKa and formal potential for PCET donors with different BDFE values in
MeCN (derived using the Bordwell equation in the inset). The formal potential of the H+/H2 couple is indicated by a dashed black line. CG value
in MeCN from ref 13. (B) Previously reported electrocatalytic PCET (ePCET) mediator in comparison with this report of a photoelectrocatalytic
PCET (pePCET) mediator. (C) Examples of reported systems invoking a charge-separated state (CSS). (CS = charge separation; CR = charge
recombination). Simplified energy diagram for ET from a CSS.
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Fig. S24. CVs of a 1 mM solution of ferrocene in DME with 0.1 M [TBA][PF6] with increasing 
concentrations of [Cp2Co][OTf] (0.33-2 mM) in the presence of 100 mM acid ([4-CNPhNH3][OTf]). 
These CV’s demonstrate the catalytic character of the redox redox process ascribed to HER. Inset 
shows the plot of the catalytic current versus the concentration of [Cp2Co]+. The linear relationship 
is in agreement with a catalytic HER process that is first order in [Cp2Co]+. 

Fig. S25. CVs of a solution containing 1 mM [Cp2Co][OTf] and 1 mM ferrocene in DME with 
0.1 M [TBA][PF6] and increasing concentrations acid ([4-CNPhNH3][OTf], 0-140 mM).  
 

 

 

n Detection of undesired process (HER)

Cp2CoIII/II = –1.33 V

• Increasing the [Cp2Co]+ with maintaining [Acid] 
(Inset; plot of I vs [Cp2Co]+)

→ HER is first order in [Cp2Co]+

n Hydrogen atom transfer to acetophenone

Me

O OHMe

HO Me
2

Cp2Co (2 mol%)
TsOH; H+ source (2 eq)

[TBA][PF6] (4 eq)

DME (50 mM),
Controled potential (–1.30 V vs Fc+/0)

TM; 5% yield
HER; 66% FE

Peters, J. C. et al. Science, 2020, 369, 850.(Med + Acid)
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H

H
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1 e– reduction
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H

H

Further 1 e– reduction
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Sub H

Trials with Cp2Co mediator
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[1] Slow due to the high reorganization energy; sp2 → sp3.
[2] Fast due to CpH ligand; anodic shift of E0 of [3] by π-accepting diene ligand.
[3] Inefficient hydrogen atom transfer[4] due to low concentration of H· donor[3].

[2] Fast

[1] SlowUndesired
process

Desired
process

[3]

[4]

Peters, J. C. et al. Science, 2020, 369, 850.
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1. Rigid aniline-Brønsted base motif accelerates the rate of protonation 
by minimized reorganization.

2. Insulate the CoIII/II redox couple; the immediate coordination sphere 
at cobalt remains unchanged.

n Aniline appended cobaltocene

CoII
NMe2

H

CoIII
NMe2

microsecond survival times are desired for efficient reactivity.
Herein, we describe a photochemical system (Figure 1B) that
exploits an excitation-quench strategy to extend the lifetime of
a powerful PCET reagent that can be electrochemically
regenerated at potentials that avoid the HER.
Visible light excitation (E00 ∼ 2−3 eV) produces transient

species that are far more readily reduced than their ground
state analogues (eq 1).

° * = ° +E E E(M ) (M )0/ 0/
00 (1)

Quenching short-lived (exponential decay time τ < 1 μs)
excited states with mild reductants (Q) can transiently produce
strong PCET donors with highly negative formal potentials
(E°(M0/−)). In our hybrid pePCET approach, the quencher is
regenerated at an electrode with an applied potential that is
only slightly more negative than E°(Q+/0). To quench high-
energy (E00 > 3 eV) short-lived singlet excited states of organic
molecules (e.g., τ < 20 ns), the electron donor can be
covalently coupled to the photosensitizer to force an
intramolecular quenching pathway, increasing the relative
quantum yield. While permitting rapid excited-state CS, this
approach runs the risk of promoting equally rapid and
nonproductive charge recombination (CR). The inverted
driving-force regime of Marcus theory30−32 offers a potential
solution to this problem.

We reasoned that if the CR reaction has sufficient driving
force and small enough reorganization energy (Figure 1C), the
survival time for a CSS might be extended into the
microsecond regime, thereby allowing ample time for
intermolecular ET or PCET steps. This strategy is the basis
of energy storage reactions in photosynthetic reaction
centers31,32 and has been employed to protract the lifetimes
of CS species in photocatalytic ETs (Figure 1C, right).33,34
The choice of the hybrid pePCET mediator was motivated

by our cobaltocene ePCET reagent and features a ferrocene
subunit as the reductive quencher and redox mediator
appended to an alkylamino Brønsted base and an anthracene
photosensitizer (abbreviated herein as {Fc−NH+−an} in its
iron(II) protonated form; Figure 1B). The synthesis of this
complex was originally reported by Farrugia and Magri for the
development of a Pourbaix sensor in logic gates.35 Near-
ultraviolet (390 nm) irradiation of {Fc−NH+−an} promotes
the anthracene chromophore to its lowest singlet excited state
(1an*, S1). This state is quenched by intramolecular ET from
Fc, producing {Fc+−NH+−an•−} (CSS). If sufficiently long-
lived, the powerfully reducing anthracene radical anion,
colocalized with a proton on the amine base in the CSS,
might be primed for intermolecular PCET reactivity.

Figure 1. (A) PCET in reductive transformations. Relationship between pKa and formal potential for PCET donors with different BDFE values in
MeCN (derived using the Bordwell equation in the inset). The formal potential of the H+/H2 couple is indicated by a dashed black line. CG value
in MeCN from ref 13. (B) Previously reported electrocatalytic PCET (ePCET) mediator in comparison with this report of a photoelectrocatalytic
PCET (pePCET) mediator. (C) Examples of reported systems invoking a charge-separated state (CSS). (CS = charge separation; CR = charge
recombination). Simplified energy diagram for ET from a CSS.
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S29 
 

 

 

Fig. S30. Variable scan rate CVs of a solution containing 1 mM [(Cp)Co(CpN)][OTf] and 1 mM 
ferrocene in DME with 0.1 M [TBA][PF6] in the presence of 100 mM acid ([4-CNPhNH3][OTf]). A 
highly reversible electron transfer process is observed across the entire range of scan rates, 
indicating slow reactivity of this species toward HER. 

 
Fig. S31. Plot of the peak current of the redox wave associated to the reduction of 
[(Cp)Co(CpNH)]2+/+ from CVs of a solution containing 1 mM [(Cp)Co(CpN)][OTf] and 1 mM 
ferrocene in DME with 0.1 M [TBA][PF6] in the presence of 100 mM acid versus the square root 
of the scan rate in the presence of 100 equiv of [4-CNPhNH3]+. According to the Randles-Sevcik 
Figuation (Eq. S4) for an electrochemically reversible electron transfer process of a freely 
diffusing molecule in solution should be linear. The linear relationship observed indicates the 
reversible character of this one-electron wave and, thus, slow HER reactivity. From the slope of 
this plot, a diffusion coefficient Dcat = 5·10-10 m2·s-1 is obtained using Eq. S4. 

n Variable scan rate CVs

• High reversibility
→ Slower reactivity 

toward HER.

E0 and pKa were determined by CV 
and NMR(MeCN-d3), respectively.

n BDFE was dramatically decreased by reduction.
(redox-induced bond weakening).

CoIII
NMe2

H

CoIII
NMe2

CoIII
NMe2

CoII
NMe2

CoII
NMe2

H

BDFE =
79 kcal/mol

pKa = 8.6

pKa = 11.0

E0 = 0.52 V

E0 = –1.35 V

BDFE =
39 kcal/mol

(Med ＋Acid)
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O OHMe

HO Me
2 CoIII

NMe2

TfO

Mediator (2 mol%)
TsOH; H+ source (2 eq)

[TBA][PF6] (4 eq)

DME (50 mM),
Controled potential (–1.30 V vs Fc+/0)

[CpCoCpN]+

Model reaction using acetophenone
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Entry Mediator TM 
(%)

TM
(FE %)

rSM
(%)

HER
(FE %) TONs

1 Cp2Co 5 3 0 66 3

2 - 10 47 0 - -

3 [CpCoCpN]+ 83 39 11 45 ~40

[Entry 3]
• PCET mediator kinetically attenuates the thermally favorable HER reaction.
• HER reaction likely begins to dominate at low ketone concentrations.

𝐹𝐸 = 𝑁!"#$%&' (𝑚𝑜𝑙) ÷
𝑄 𝐶

𝐹𝑎𝑟𝑎𝑑𝑎𝑦 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ( ⁄𝐶 𝑚𝑜𝑙)
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concentration and a square root increase
in the substrate concentration (i.e., [aceto-
phenone]1/2). Thus, by systematically varying
the concentration of the reaction components,
we can use the changes observed in the cat-
alytic current to determine that the CPET
reaction is first order in cobalt, first order in
acetophenone, and zeroth order in acid (Fig. 3,
B and C). To determine whether the acetophe-
none reacts with [(Cp)Co(CpNH)]2+/+ rather
than [(Cp)Co(CpN)]+/0, we studied the influ-
ence of acetophenone on the electrochemical
behavior in the absence of acid (figs. S36
to S39). CVs of [(Cp)Co(CpN)]+ were unper-
turbed, whereas those of [(Cp)Co(CpNH)]2+

became irreversible with an additional reduc-
tion event observed at the [(Cp)Co(CpN)]+/0

redox couple. These data establish the con-
sumption of [(Cp)Co(CpNH)]+ by a net proton
and electron transfer to acetophenone, followed

by the reduction of the resulting [(Cp)Co(CpN)]+

product (Fig. 3D).
To establish the concerted nature of the

proton-electron transfer in the rate-determining
step, the kinetic isotope effect (KIE) of the
catalysis was determined by comparing the
catalytic current at different scan rates in
experiments using either [4-CNPhNH3]

+ or
[4-CNPhND3]

+ (Fig. 3E). The observed KIE
of 4.9 ± 0.7 is larger than that observed for
both chemical and photochemical CPET re-
actions with ketones: SmI2 and H2O have a
KIE of ~2 (27), and Ir(phenylpyridine)3 and
(PhO)2P(O)OH have KIEs between 1.2 and 3
(13). Thus, the collective data are fully con-
sistentwith a rate-determining reductive CPET
from [(Cp)Co(CpNH)]+ to acetophenone to
form its neutral a-radical.
The kinetics of eCPET for a series of para-

substituted acetophenones [4-RPhC(O)Me, where

R is CF3, Cl, H, Me, or OMe] was also studied.
A Hammett plot against sp (28) reveals a linear
relationship with a modest negative slope (r =
−0.50 ± 0.04; Fig. 3F). This observation sug-
gests a slight buildup of positive charge on the
acetophenone unit in the transition state (TS)
and may be consistent with an asynchronous
CPET reaction in which the TS involves slightly
more proton-transfer than electron-transfer
character (29, 30). Although these observations
warrant further study, the relative rate of re-
activity with 2-pentanone—which has a similar
basicity to acetophenone (DpKa

calc = −0.6) but
forms an a-radical with a homolytically much
weaker O–H bond (BDFEcalc = 28 kcal mol−1)
than that formed by acetophenone—clearly
illustrates the overall CPET nature of the
transformation. Indeed, 2-pentanone reacts
an order of magnitude more slowly than
acetophenone (0.31 ± 0.09 s−1 versus 4.6 ±

Chalkley et al., Science 369, 850–854 (2020) 14 August 2020 4 of 5

Fig. 3. Mechanistic details of electrocatalytic reductive CPET. (A) DFT
calculated DG (in kilocalories per mole) for initial ET, PT, and CPET from
[(Cp)Co(CpNH)]+ to acetophenone. (B) CVs showing the increase in current
with increasing concentration of [(Cp)Co(CpN)]+, with an inset demonstrating
the first order dependence of CPET on Co concentration. (C) Plot of the
catalytic current (icat) for CPET with respect to the square root of the
concentration (Conc.) of acetophenone (blue) and [4-CNPhNH3]

+ (red)
showing a first order and zeroth order dependence, respectively (eqs. S5 to

S7). (D) Demonstration of the redox couple of [(Cp)Co(CpNH)]2+/+ (red) and
[(Cp)Co(CpN)]+/0 (gray), and a CV of [(Cp)Co(CpNH)]2+ in the presence of
acetophenone (blue). (E) Comparison of CVs taken at 10 mV s−1 with
[4-CNPhNH3]

+ (red) and [4-CNPhND3]
+ (purple). The inset shows the plot used

to determine the corresponding rates for evaluation of the KIE, where ip
0 is

the current intensity of the one electron reduction for [(Cp)Co(CpNH)]2+/+ and v is
the scan rate. R2, coefficient of determination. (F) Hammett plot for the CPET
reaction with 4-substituted acetophenones against the sp parameter.
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concentration and a square root increase
in the substrate concentration (i.e., [aceto-
phenone]1/2). Thus, by systematically varying
the concentration of the reaction components,
we can use the changes observed in the cat-
alytic current to determine that the CPET
reaction is first order in cobalt, first order in
acetophenone, and zeroth order in acid (Fig. 3,
B and C). To determine whether the acetophe-
none reacts with [(Cp)Co(CpNH)]2+/+ rather
than [(Cp)Co(CpN)]+/0, we studied the influ-
ence of acetophenone on the electrochemical
behavior in the absence of acid (figs. S36
to S39). CVs of [(Cp)Co(CpN)]+ were unper-
turbed, whereas those of [(Cp)Co(CpNH)]2+

became irreversible with an additional reduc-
tion event observed at the [(Cp)Co(CpN)]+/0

redox couple. These data establish the con-
sumption of [(Cp)Co(CpNH)]+ by a net proton
and electron transfer to acetophenone, followed

by the reduction of the resulting [(Cp)Co(CpN)]+

product (Fig. 3D).
To establish the concerted nature of the

proton-electron transfer in the rate-determining
step, the kinetic isotope effect (KIE) of the
catalysis was determined by comparing the
catalytic current at different scan rates in
experiments using either [4-CNPhNH3]

+ or
[4-CNPhND3]

+ (Fig. 3E). The observed KIE
of 4.9 ± 0.7 is larger than that observed for
both chemical and photochemical CPET re-
actions with ketones: SmI2 and H2O have a
KIE of ~2 (27), and Ir(phenylpyridine)3 and
(PhO)2P(O)OH have KIEs between 1.2 and 3
(13). Thus, the collective data are fully con-
sistentwith a rate-determining reductive CPET
from [(Cp)Co(CpNH)]+ to acetophenone to
form its neutral a-radical.
The kinetics of eCPET for a series of para-

substituted acetophenones [4-RPhC(O)Me, where

R is CF3, Cl, H, Me, or OMe] was also studied.
A Hammett plot against sp (28) reveals a linear
relationship with a modest negative slope (r =
−0.50 ± 0.04; Fig. 3F). This observation sug-
gests a slight buildup of positive charge on the
acetophenone unit in the transition state (TS)
and may be consistent with an asynchronous
CPET reaction in which the TS involves slightly
more proton-transfer than electron-transfer
character (29, 30). Although these observations
warrant further study, the relative rate of re-
activity with 2-pentanone—which has a similar
basicity to acetophenone (DpKa

calc = −0.6) but
forms an a-radical with a homolytically much
weaker O–H bond (BDFEcalc = 28 kcal mol−1)
than that formed by acetophenone—clearly
illustrates the overall CPET nature of the
transformation. Indeed, 2-pentanone reacts
an order of magnitude more slowly than
acetophenone (0.31 ± 0.09 s−1 versus 4.6 ±
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Fig. 3. Mechanistic details of electrocatalytic reductive CPET. (A) DFT
calculated DG (in kilocalories per mole) for initial ET, PT, and CPET from
[(Cp)Co(CpNH)]+ to acetophenone. (B) CVs showing the increase in current
with increasing concentration of [(Cp)Co(CpN)]+, with an inset demonstrating
the first order dependence of CPET on Co concentration. (C) Plot of the
catalytic current (icat) for CPET with respect to the square root of the
concentration (Conc.) of acetophenone (blue) and [4-CNPhNH3]

+ (red)
showing a first order and zeroth order dependence, respectively (eqs. S5 to

S7). (D) Demonstration of the redox couple of [(Cp)Co(CpNH)]2+/+ (red) and
[(Cp)Co(CpN)]+/0 (gray), and a CV of [(Cp)Co(CpNH)]2+ in the presence of
acetophenone (blue). (E) Comparison of CVs taken at 10 mV s−1 with
[4-CNPhNH3]

+ (red) and [4-CNPhND3]
+ (purple). The inset shows the plot used

to determine the corresponding rates for evaluation of the KIE, where ip
0 is

the current intensity of the one electron reduction for [(Cp)Co(CpNH)]2+/+ and v is
the scan rate. R2, coefficient of determination. (F) Hammett plot for the CPET
reaction with 4-substituted acetophenones against the sp parameter.
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n DFT calculation

• DFT calculation supports the thermodynamic 
preference of PCET pathway.
(Circumvent high energy intermediates in PT/ET 
and ET/PT.)

n Dependence of PCET kinetics

PCET med., Substrate
= 1st order dependence

Proton source
= 0th order

(Substrate + Med + Acid)
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n Kinetic isotope effect

• Large KIE; 4.9 ± 0.7 was observed.
→ Rate-determining PCET process

n Hammett plot • Modest negative slope
More electron rich substrate ⇔ faster PCET
More electron deficient substrate ⇔ slower PCET

concentration and a square root increase
in the substrate concentration (i.e., [aceto-
phenone]1/2). Thus, by systematically varying
the concentration of the reaction components,
we can use the changes observed in the cat-
alytic current to determine that the CPET
reaction is first order in cobalt, first order in
acetophenone, and zeroth order in acid (Fig. 3,
B and C). To determine whether the acetophe-
none reacts with [(Cp)Co(CpNH)]2+/+ rather
than [(Cp)Co(CpN)]+/0, we studied the influ-
ence of acetophenone on the electrochemical
behavior in the absence of acid (figs. S36
to S39). CVs of [(Cp)Co(CpN)]+ were unper-
turbed, whereas those of [(Cp)Co(CpNH)]2+

became irreversible with an additional reduc-
tion event observed at the [(Cp)Co(CpN)]+/0

redox couple. These data establish the con-
sumption of [(Cp)Co(CpNH)]+ by a net proton
and electron transfer to acetophenone, followed

by the reduction of the resulting [(Cp)Co(CpN)]+

product (Fig. 3D).
To establish the concerted nature of the

proton-electron transfer in the rate-determining
step, the kinetic isotope effect (KIE) of the
catalysis was determined by comparing the
catalytic current at different scan rates in
experiments using either [4-CNPhNH3]

+ or
[4-CNPhND3]

+ (Fig. 3E). The observed KIE
of 4.9 ± 0.7 is larger than that observed for
both chemical and photochemical CPET re-
actions with ketones: SmI2 and H2O have a
KIE of ~2 (27), and Ir(phenylpyridine)3 and
(PhO)2P(O)OH have KIEs between 1.2 and 3
(13). Thus, the collective data are fully con-
sistentwith a rate-determining reductive CPET
from [(Cp)Co(CpNH)]+ to acetophenone to
form its neutral a-radical.
The kinetics of eCPET for a series of para-
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A Hammett plot against sp (28) reveals a linear
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−0.50 ± 0.04; Fig. 3F). This observation sug-
gests a slight buildup of positive charge on the
acetophenone unit in the transition state (TS)
and may be consistent with an asynchronous
CPET reaction in which the TS involves slightly
more proton-transfer than electron-transfer
character (29, 30). Although these observations
warrant further study, the relative rate of re-
activity with 2-pentanone—which has a similar
basicity to acetophenone (DpKa

calc = −0.6) but
forms an a-radical with a homolytically much
weaker O–H bond (BDFEcalc = 28 kcal mol−1)
than that formed by acetophenone—clearly
illustrates the overall CPET nature of the
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to determine the corresponding rates for evaluation of the KIE, where ip
0 is
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we can use the changes observed in the cat-
alytic current to determine that the CPET
reaction is first order in cobalt, first order in
acetophenone, and zeroth order in acid (Fig. 3,
B and C). To determine whether the acetophe-
none reacts with [(Cp)Co(CpNH)]2+/+ rather
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behavior in the absence of acid (figs. S36
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CPET reaction in which the TS involves slightly
more proton-transfer than electron-transfer
character (29, 30). Although these observations
warrant further study, the relative rate of re-
activity with 2-pentanone—which has a similar
basicity to acetophenone (DpKa
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forms an a-radical with a homolytically much
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This PCET process(TS) involves more proton 
transfer than electron transfer character.
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Fritz Haber
The Novel Prize in Chemistry 1918

Carl Bosch
The Novel Prize in Chemistry 1931

n Haber-Bosch process

• This reaction enables continuous population growth through the 
production of fertilizers.

• Very high temperatures and pressures are required. (2 % of global 
energy consumption)

n Alternative methods have been reported using transition metal catalysts. 

N2 3H2 2NH3+
cat. Fe3O2/K2O/Al2O3

200 ~ 500 atom, 500 ~ 600 °C

Peters, J. C. et al. Chem. Rev. 2020, 120, 5582.
Nishibayashi, Y. et al. Nature. 2019, 568, 536.

Hetterscheid, D. G. H. et al. Chem. Soc. Rev. 2014, 43, 5183

· · ·

N2 6SmI2 2NH3+
Mo cat.

THF, r.t., 18 h
6ROH+ 6SmI2(OR)+ H2+

(1 atom)

e.g.)
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✕ Electrocatalytic reduction in acidic conditions suffers from N2-selectivity 
over hydrogen evolution reaction(HER). 

; HER is thermodynamically and often kinetically dominant. (BDFEH–H=104 kcal/mol)
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(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
show that inclusion of the Co(III,N)+ mediator turns on electrocataly-
sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
Supplementary Section 13).

Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 

dimethoxyethane (DME) solvent and lithium bistriflimide ([Li][NTf2]) 
electrolyte. Under these optimized conditions (BDD, 0.1 M [Li][NTf2], 
DME, 5 mM TsOH, 0.05 mM W(N2)2/Co(III,N)+) N2RR electrocatalysis 
notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
co-catalyst system, a series of cyclic voltammograms (CVs) were col-
lected. Following previous studies, dissolution of W(N2)2 in THF with 
added TsOH quantitatively produces the doubly protonated hydrazido 
complex (TsO)W(NNH2)+ (ref. 16). CVs of (TsO)W(NNH2)+ in a 0.1 M [Li]
[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
complex. Although addition of excess TsOH (100 equiv.) to the solution 
containing (TsO)W(NNH2)+ leads to an increase in current (irrevers-
ible) with an onset at −1.3 V, the same response is observed without 
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Fig. 1 | Approaches to N2RR electrocatalysis. a, A representative distal cycle 
for catalytic N2-to-NH3 conversion. b, A previously reported molecular N2RR 
electrocatalyst based on the tris(phosphine)borane Fe system, operating at 
−2.1 V on a glassy carbon electrode using a temperature of −35 °C. c, Early work 
by Pickett demonstrating electrosynthesis of NH3 using the molecular complex 
W(N2)2 at an applied potential of −2.6 V on a Hg-pool electrode using TsOH. The 

protonation step had to be performed separately from the reduction step 
(0.21 equiv. NH3 per W(N2)2 after one cycle; 0.73 equiv. total NH3 per W(N2)2  
after three cycles). d, Tandem catalysis described in this work based on 
coupling the PCET mediator, Co(II,NH)+, with molecular N2RR catalysts  
to enable well-defined electrocatalysis at comparatively mild potentials  
(−1.2 V using TsOH).

Peters, J. C. et al. Nature, 2022, 609, 71.
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(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
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sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
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Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 
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notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
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[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
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Electrochemical N2 reduction reaction
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Peters, J. C. et al. Nature, 2022, 609, 71.

1); Peters, J. C. et al. J. Am. Chem. Soc. 2018, 140, 6122.
2); Pickett, C. J. & Talarmin, J. Nature. 1985, 317, 652.
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(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
show that inclusion of the Co(III,N)+ mediator turns on electrocataly-
sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
Supplementary Section 13).

Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 

dimethoxyethane (DME) solvent and lithium bistriflimide ([Li][NTf2]) 
electrolyte. Under these optimized conditions (BDD, 0.1 M [Li][NTf2], 
DME, 5 mM TsOH, 0.05 mM W(N2)2/Co(III,N)+) N2RR electrocatalysis 
notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
co-catalyst system, a series of cyclic voltammograms (CVs) were col-
lected. Following previous studies, dissolution of W(N2)2 in THF with 
added TsOH quantitatively produces the doubly protonated hydrazido 
complex (TsO)W(NNH2)+ (ref. 16). CVs of (TsO)W(NNH2)+ in a 0.1 M [Li]
[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
complex. Although addition of excess TsOH (100 equiv.) to the solution 
containing (TsO)W(NNH2)+ leads to an increase in current (irrevers-
ible) with an onset at −1.3 V, the same response is observed without 
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(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
show that inclusion of the Co(III,N)+ mediator turns on electrocataly-
sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
Supplementary Section 13).

Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 

dimethoxyethane (DME) solvent and lithium bistriflimide ([Li][NTf2]) 
electrolyte. Under these optimized conditions (BDD, 0.1 M [Li][NTf2], 
DME, 5 mM TsOH, 0.05 mM W(N2)2/Co(III,N)+) N2RR electrocatalysis 
notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
co-catalyst system, a series of cyclic voltammograms (CVs) were col-
lected. Following previous studies, dissolution of W(N2)2 in THF with 
added TsOH quantitatively produces the doubly protonated hydrazido 
complex (TsO)W(NNH2)+ (ref. 16). CVs of (TsO)W(NNH2)+ in a 0.1 M [Li]
[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
complex. Although addition of excess TsOH (100 equiv.) to the solution 
containing (TsO)W(NNH2)+ leads to an increase in current (irrevers-
ible) with an onset at −1.3 V, the same response is observed without 
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• No current was observed in the absence of mediator. 
→ Uncoupled ET/PT is not facile at this potential.
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added W and is due to background HER at the electrode (Fig. 3a). The 
independent CV of Co(III,N)+ in THF shows a reversible CoIII/II couple 
at −1.35 V (Fig. 3b), assigned to Co(III,N)+/Co(II,N)18. This couple shifts 
to −1.21 V when the mediator is protonated at the tethered dimethyl-
aniline group (that is, Co(III,NH)2+/Co(II,NH)+) (Fig. 3a). Gratifyingly, 
CVs of (TsO)W(NNH2)+ in the presence of Co(III,N)+ and TsOH result 
in an irreversible multi-electron wave at −1.2 V (Fig. 3a), consistent 
with electrocatalytic N2RR. At 100 mV s−1 an approximately threefold 
increase in the catalytic current is observed, compared with the current 
of the one-electron reduction wave of Co(III,NH)2+, which is indicative 
of relatively slow N2RR electrocatalysis. When the scan rate is reduced 
to 25 mV s−1, the increase is 6.5-fold. Therefore, on this timescale, NH3 
is expected to be produced not only at the surface of the electrode, 
as supported by rotating ring-disk electrode (RRDE) experiments 
(see Supplementary Information), but also in the bulk solution, as evi-
denced by chemical reactions between Co(II,NH)+ and (TsO)W(NNH2)+ 
and (TsO)W(NH)+ (see below). The reversible CV response of the 
Co(III,NH)2+/Co(II,NH)+ couple at −1.21 V (in the absence of TsOH) is 
noticeably altered as (TsO)W(NNH2)+ is added; if scanning at a slow 
rate (for example, 5–25 mV s−1), the presence of the Co(III,N)+/Co(II,N) 
couple becomes clearly evident (Fig. 3b). The implication is that, as 
Co(II,NH)+ is generated in the presence of (TsO)W(NNH2)+, a PCET step 
occurs that generates Co(III,N)+, the CV response of which becomes 
apparent at scan rates well matched to the kinetics of this chemical 
step in the absence of acid. On the basis of kinetic analysis via cyclic 
voltammetry (see Supplementary Section 13), a rate of approximately 
0.5 s−1 is estimated for this PCET reaction, which is consistent with the 
rate-contributing nature of this step and relatively slow catalysis overall.

To independently probe the PCET step, we generated (TsO)W(NNH2)+ 
in THF with excess TsOH present, and added 2 equiv. Co(II,N) to the 
solution, conditions under which Co(II,NH)+ is instantly generated. 
Such a reaction liberates 0.39 equiv. NH3 per (TsO)W(NNH2)+ (Fig. 3c) 
over 4 h (note: this experiment was performed at 0 °C to attenuate the 
competing HER). Analysis of the reaction mixture by 31P NMR spectros-
copy showed some remaining (TsO)W(NNH2)+ starting material and 
also a new peak corresponding to the imido complex (TsO)W(NH)+. 

The identity of the latter species was confirmed by its independent 
generation via the protonation of the nitride precursor (N3)W(N) 
with TsOH (Supplementary Fig. 56)22–24. Although other processes are 
presumably operating in this reaction (for example, HER and proton 
transfer (PT) steps to other W−NxHy intermediates), the rate correlates 
well with the CV experiment noted above, suggesting that PCET to 
(TsO)W(NNH2)+ occurs, presumably followed by N−N cleavage and 
NH3 release (equation (1) below depicts one plausible scenario). Such a 
PCET step helps to explain why the system can be turned over at −1.2 V, 
whereas one-electron reduction of (TsO)W(NNH2)+ requires a potential 
of −1.9 V.

(TsO) (NNH ) + (II, NH) → (TsO) (N) + (III, N) + NH (1)2
+ + + +

3W Co W Co

Related to this, CV of (TsO)W(NH)+ (Fig. 3d), a presumed downstream 
intermediate of the catalytic cycle generated by in situ protonation 
of the nitride complex (N3)W(N), shows a similar electrocatalytic 
behaviour in the presence of Co(III,N)+. Additionally, the reaction of 
(N3)W(N) with 4 equiv. Co(II,N) in the presence of excess TsOH afforded 
0.70 equiv. NH3 per W, along with (TsO)W(NNH2)+ and (TsO)W(NH)+ 
detected by 31P NMR spectroscopy (Supplementary Fig. 59). Again, 
PCET from Co(II,NH)+ to (TsO)W(NH)+ is probably key, given the a 
one-electron reduction potential for a (TsO)W(NH)+ species of approxi-
mately −1.8 V (Fig. 3d).

By independently varying the concentration of the W(N2)2 and 
Co(III,N)+ we could determine a positive order for both co-catalysts in 
the electrocatalytic response (Fig. 3e). Interestingly, a positive order in 
acid was also evident (Supplementary Fig. 73), as was a primary kinetic 
isotope effect (2.5) when comparing TsOH versus TsOD (Supplemen-
tary Fig. 79). These electrochemical and chemical data are consist-
ent with one or perhaps two rate-contributing PCET steps, involving 
(TsO)W(NNH2)+ and possibly also (TsO)W(NH)+, and a rate-contributing 
protonation step (such as initial protonation of W(N2)2; see Supple-
mentary Section 9). Thermodynamic arguments using associated 
rate estimates (see Supplementary Section 13)25,26 point to a probable 
concerted PCET step as being turnover limiting in this catalysis, akin 
to simpler reactions using this mediator with unsaturated organic 
substrates that we have previously attributed to CPET18,19.

To explore our strategy more broadly, we turned our attention to a 
series of complexes known to mediate catalytic N2RR in the presence 
of various reductant/acid reagents (Figs. 3f and 4a). We opted to test 
them under the standard conditions (Fig. 2a), reasoning that some 
degree of electrocatalysis might turn on at −1.2 V if PCET steps from 
Co(II,NH)+ can similarly circumvent the need for challenging ET steps 
requiring more negative potentials.

To probe this, we examined the group VIII complexes Fe(N2) and 
Os(N2), where Fe and Os feature tris(phosphine)borane and silane 
ligands, respectively (Fig. 4a). Each mediates chemical N2RR at −78 °C, 
but requires a comparatively strong reductant (Cp*2Co at −2 V) owing 
to an M−N2

0/− couple that is key to moving through their respective 
N2RR cycles via uncoupled electron transfer-proton transfer steps 
(equations (2) and (3))27,28. Strikingly, both Fe and Os display an elec-
trocatalytic wave at −1.2 V (Fig. 3f), akin to W(N2)2, and CPC at −1.35 V 
produced 5.6 and 4.5 equiv. NH3, respectively (Fig. 4b). Despite their 
relatively lower selectivity for NH3 generation compared to W(N2)2 
under these conditions, the electrocatalysis observed represents a 
remarkable shift in thermodynamic efficiency for the overall N2RR cycle 
relative to previously reported conditions (see below). To explain this, 
we posit that the neutral M−N2 adduct species are converted directly 
to M−N=NH intermediates via PCET from Co(II,NH)+ (equation (4)), cir-
cumventing the M−N2

0/− couple in the cycle . For Fe specifically, gen-
eration of the on-path Fe(N2) species requires reduction of the Fe+ 
pre-catalyst used here, which occurs at about −1.4 V (see Supplemen-
tary Section 14). Thus, applying slightly more bias in the CPC (−1.45 V 
instead of −1.35 V) results in improved NH3 yield (9.3 equiv. NH3 per Fe). 
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(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
show that inclusion of the Co(III,N)+ mediator turns on electrocataly-
sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
Supplementary Section 13).

Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 

dimethoxyethane (DME) solvent and lithium bistriflimide ([Li][NTf2]) 
electrolyte. Under these optimized conditions (BDD, 0.1 M [Li][NTf2], 
DME, 5 mM TsOH, 0.05 mM W(N2)2/Co(III,N)+) N2RR electrocatalysis 
notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
co-catalyst system, a series of cyclic voltammograms (CVs) were col-
lected. Following previous studies, dissolution of W(N2)2 in THF with 
added TsOH quantitatively produces the doubly protonated hydrazido 
complex (TsO)W(NNH2)+ (ref. 16). CVs of (TsO)W(NNH2)+ in a 0.1 M [Li]
[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
complex. Although addition of excess TsOH (100 equiv.) to the solution 
containing (TsO)W(NNH2)+ leads to an increase in current (irrevers-
ible) with an onset at −1.3 V, the same response is observed without 

e–

Demonstration of electrocatalytic N2RR 
by an iron complex

c Demonstration of electrolytic NH3 generation 
by a tungsten complex

CoII

NMe2

H

+

H+

CoIII

NMe2

+

e–

V

N2

NH3

Tandem PCET for N2RR electrocatalysis

H•PCET

N2RR

Co(II,NH) +

Co(III,N)+

Ph2
P

P
Ph2

Ph2
P

P
Ph2

N2

N2

W

Ph2
P

P
Ph2

Ph2
P

P
Ph2

N

NH2

W

OTs

0.21 equiv. NH3

2 HOTs

Step 2

Step 1

Hg-electrode/no acid

Via
N2RR
cycle

a

d

E = –2.1 V E = –2.6 V

E = –1.2 V

This work

M = W, Mo, Os, Fe

N2

[M]

PCET
mediator

Electro-
catalysis

Molecular 
N2RR

W(N2)2 (TsO)W(NNH2)

(HOTs)

N2

NH3

B

iPr2P
PiPr2

PiPr2

N2

Fe

–35 ºC

Higher 
thermodynamic 

efficiency

H+

(Ph2NH2
+)

bRepresentative N2RR catalytic cycle

[M]

N2

[M]

N

NH

[M]

NH

[M]

N

Distal mechanism
for N2RR

+

H•

[M]

N

NH2

H•

[M]

NH2

H•
H•

H•

H•

I

II

IIIIV

V

VI

NH3

NH3

Fig. 1 | Approaches to N2RR electrocatalysis. a, A representative distal cycle 
for catalytic N2-to-NH3 conversion. b, A previously reported molecular N2RR 
electrocatalyst based on the tris(phosphine)borane Fe system, operating at 
−2.1 V on a glassy carbon electrode using a temperature of −35 °C. c, Early work 
by Pickett demonstrating electrosynthesis of NH3 using the molecular complex 
W(N2)2 at an applied potential of −2.6 V on a Hg-pool electrode using TsOH. The 

protonation step had to be performed separately from the reduction step 
(0.21 equiv. NH3 per W(N2)2 after one cycle; 0.73 equiv. total NH3 per W(N2)2  
after three cycles). d, Tandem catalysis described in this work based on 
coupling the PCET mediator, Co(II,NH)+, with molecular N2RR catalysts  
to enable well-defined electrocatalysis at comparatively mild potentials  
(−1.2 V using TsOH).

(TsO)W(NNH2)+

72 | Nature | Vol 609 | 1 September 2022

Article

(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
show that inclusion of the Co(III,N)+ mediator turns on electrocataly-
sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
Supplementary Section 13).

Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 

dimethoxyethane (DME) solvent and lithium bistriflimide ([Li][NTf2]) 
electrolyte. Under these optimized conditions (BDD, 0.1 M [Li][NTf2], 
DME, 5 mM TsOH, 0.05 mM W(N2)2/Co(III,N)+) N2RR electrocatalysis 
notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
co-catalyst system, a series of cyclic voltammograms (CVs) were col-
lected. Following previous studies, dissolution of W(N2)2 in THF with 
added TsOH quantitatively produces the doubly protonated hydrazido 
complex (TsO)W(NNH2)+ (ref. 16). CVs of (TsO)W(NNH2)+ in a 0.1 M [Li]
[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
complex. Although addition of excess TsOH (100 equiv.) to the solution 
containing (TsO)W(NNH2)+ leads to an increase in current (irrevers-
ible) with an onset at −1.3 V, the same response is observed without 
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protonate (see below). In principle, a PCET step can circumvent this 
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electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.
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A related tris(phosphine)silyl iron–N2 complex, (SiP3)Fe(N2), is instead 
electrocatalytically inactive, presumably due to the generation of an 
undesired (SiP3)Fe(H)(N2) state7.

M M− N + e → − N (−2 V) (2)2
−

2
−

− N + H → − N H (3)2
− +

2M M

M Co M Co− N + (II, NH) → − N H + (III, N) (4)2
+

2
+

We also explored a series of Mo complexes, including two tetrakis 
(phosphine) systems that are structurally related to W(N2)2 (compounds 
1 and 2 in Fig. 4a), and highly active pincer-type bis(phosphine)pyridine 
complexes (3 and 4 in Fig. 4a) pioneered more recently6,29. Among the 
reductants that have proved to be effective for these systems, SmI2/
H2O has led to the most impressive results in chemically driven cataly-
sis30. We find that the Mo(N2)2 complexes 1 and 2 are both effective 
co-electrocatalysts with favourable selectivities, furnishing 13 and 

14 equiv. NH3 (51 and 55% FE for NH3), respectively. The dinuclear Mo 
catalyst system (3) also displays electrocatalysis under these conditions 
(8.7 equiv. NH3 per Mo)6. By contrast, the mononuclear triiodide com-
plex (4), which has been demonstrated to be highly active for N2RR31, 
is electrocatalytically inactive under these conditions (<0.1 equiv. NH3 
detected). The latter observation is readily explained; the strong reduc-
tion potential (−1.8 V) required to access an on-path N2RR intermediate 
by iodide loss is not accessible at −1.35 V .

The free energy for the electrocatalytic N2RR processes described 
here compares quite favourably to estimates for other systems that 
mediate catalytic and electrocatalytic N2RR. This can be readily quanti-
fied by ∆∆Gf(NH3), a term that compares the energetic input for N2RR 
relative to a reaction that derives the needed protons and electrons 
from H2 (equation (5))26. Using the bond dissociation free energy (BDFE) 
for H2 (102.5 kcal mol−1)32 and that of the PCET mediator Co(II,NH)+ 
(38.9 kcal mol−1)18, the ∆∆Gf(NH3) is 36.5 kcal mol−1 for the electrocataly-
sis observed at −1.2 V by our CV studies. This net driving force is at least 
50 kcal mol−1 lower than has been reported for most other reductant/
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Fig. 3 | Mechanistic insights into tandem PCET N2RR. a, CV of 50 mM TsOH 
(dashed grey); 0.5 mM Co(III,N)+ with 50 mM TsOH (black); 0.5 mM 
(TsO)W(NNH2)+ (solid red); 0.5 mM (TsO)W(NNH2)+ with 50 mM TsOH (dashed 
red); 0.5 mM Co(III,N)+/(TsO)W(NNH2)+ with 50 mM TsOH (purple). b, CV at 
5 mV s−1 of 0.5 mM Co(III,NH)2+/(TsO)W(NNH2)+ (purple trace) compared to 
0.5 mM Co(III,NH)2+ (red trace) and 0.5 mM Co(III,N)+ (blue trace). c, Chemical 
reaction of 0.5 mM (TsO)W(NNH2)+ in THF with 2 equiv. Co(II,N) in THF in the 
presence of excess acid and the corresponding 31P NMR spectrum. d, CV of 
0.5 mM (N3)W(N) (black); 0.5 mM (N3)W(N) and 1 equiv. TsOH (solid red); 
0.5 mM (N3)W(N) with 50 mM TsOH (dashed red); 0.5 mM Co(III,N)+/(N3)W(N) 

with 50 mM TsOH (purple). e, Plot of the catalytic current (icat) versus the 
concentration of the different co-catalysts. f, CVs of several representative 
M(N2) catalysts (see Fig. 4a for their chemical structures) studied under the 
standard electrocatalytic conditions in the presence of Co(III,N)+ and TsOH, 
showing a multi-electron catalytic wave for N2RR in each case at the same 
applied bias as for W(N2)2. Note that all CVs in a–f were performed at 100 mV s−1 
(unless otherwise stated) in 0.1 M [Li][NTf2] THF solution using a BDD disk as 
the working electrode, Pt disk as the counter electrode and Ag/AgOTf (5 mM)  
as the reference electrode. eN2RR, electrocatalytic N2RR.
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(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
show that inclusion of the Co(III,N)+ mediator turns on electrocataly-
sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
Supplementary Section 13).

Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 

dimethoxyethane (DME) solvent and lithium bistriflimide ([Li][NTf2]) 
electrolyte. Under these optimized conditions (BDD, 0.1 M [Li][NTf2], 
DME, 5 mM TsOH, 0.05 mM W(N2)2/Co(III,N)+) N2RR electrocatalysis 
notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
co-catalyst system, a series of cyclic voltammograms (CVs) were col-
lected. Following previous studies, dissolution of W(N2)2 in THF with 
added TsOH quantitatively produces the doubly protonated hydrazido 
complex (TsO)W(NNH2)+ (ref. 16). CVs of (TsO)W(NNH2)+ in a 0.1 M [Li]
[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
complex. Although addition of excess TsOH (100 equiv.) to the solution 
containing (TsO)W(NNH2)+ leads to an increase in current (irrevers-
ible) with an onset at −1.3 V, the same response is observed without 
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(for example, M−N=NH, M=NNH2, M=NH)4, with a mediator that inter-
faces the electrode and the acid with the N2 reduction cycle via PCET 
steps. Importantly, certain N2RR intermediates are challenging to move 
through the cycle; they can be difficult to independently reduce or 
protonate (see below). In principle, a PCET step can circumvent this 
issue and favourably shift the overpotential needed to drive the net 
electrochemical N2RR process. Here we show the feasibility of this tan-
dem catalysis strategy at room temperature and atmospheric pressure.

As a model system to test our tandem approach we adopted the clas-
sic tungsten system studied by Pickett15. Using W(N2)2 and the same 
solvent (tetrahydrofuran; THF), electrolyte (0.2 M [TBA][BF4]; TBA, 
tetra-N-butylammonium) and acid (100 equiv. TsOH), in the presence of 
the cobalt PCET mediator, Co(III,N)+, controlled potential coulometry 
(CPC) produced 4.7 ± 0.3 equiv. NH3 at 18 ± 2% Faradaic efficiency (FE) 
over a period of 11 h using a glassy carbon (GC) electrode at −1.35 V (see 
Supplementary Section 4). Reloading the system with an additional 
100 equiv. TsOH furnished a total of 7.6 equiv. NH3. These initial results 
show that inclusion of the Co(III,N)+ mediator turns on electrocataly-
sis by W(N2)2, at a potential that is 1.25 V positive of Pickett’s original 
work (Fig. 1c)15. In the absence of the mediator, electrocatalysis is not 
observed; N2RR is not kinetically competitive under these conditions, 
presumably because an uncoupled ET-PT pathway is not facile (see 
Supplementary Section 13).

Canvassing factors to improve electrocatalytic N2RR by this tandem 
W(N2)2/Co(III,N)+ co-catalyst system (see Supplementary Section 5) 
led us to adopt a boron-doped diamond (BDD) working electrode, 

dimethoxyethane (DME) solvent and lithium bistriflimide ([Li][NTf2]) 
electrolyte. Under these optimized conditions (BDD, 0.1 M [Li][NTf2], 
DME, 5 mM TsOH, 0.05 mM W(N2)2/Co(III,N)+) N2RR electrocatalysis 
notably improved, with 11.3 ± 0.5 equiv. NH3 per W(N2)2/Co (44.5 ± 1.9% 
FE) being generated at −1.35 V over 5.5 h (Fig. 2a,b). Quantification of 
the H2 in the headspace after an equivalent CPC experiment results in 
39% FE for HER. A higher turnover number per W(N2)2/Co(III,N)+ (up to 
39.5 equiv.) was demonstrated by using a higher surface area GC foam 
electrode and lowering the catalyst concentration (Supplementary 
Table 1). Control experiments to demonstrate that both catalysts are 
required, to rule out the presence of catalytically active decomposi-
tion products and to show that N2 is the source of the NH3 generated 
(Fig. 2c) are provided in the Supplementary Information.

To assess the electrochemical behaviour of the W(N2)2/Co(III,N)+ 
co-catalyst system, a series of cyclic voltammograms (CVs) were col-
lected. Following previous studies, dissolution of W(N2)2 in THF with 
added TsOH quantitatively produces the doubly protonated hydrazido 
complex (TsO)W(NNH2)+ (ref. 16). CVs of (TsO)W(NNH2)+ in a 0.1 M [Li]
[NTf2] THF solution on a BDD working electrode show two irrevers-
ible one-electron waves at low potential (less than −1.9 V; Fig. 3a). 
These waves are due to the generation of W(NNH2)+ and W(NNH2), 
respectively15, in which the strongly reducing potential reflects the 
challenge in reducing the 18-electron, closed-shell (TsO)W(NNH2)+ 
complex. Although addition of excess TsOH (100 equiv.) to the solution 
containing (TsO)W(NNH2)+ leads to an increase in current (irrevers-
ible) with an onset at −1.3 V, the same response is observed without 
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A related tris(phosphine)silyl iron–N2 complex, (SiP3)Fe(N2), is instead 
electrocatalytically inactive, presumably due to the generation of an 
undesired (SiP3)Fe(H)(N2) state7.

M M− N + e → − N (−2 V) (2)2
−

2
−

− N + H → − N H (3)2
− +

2M M

M Co M Co− N + (II, NH) → − N H + (III, N) (4)2
+

2
+

We also explored a series of Mo complexes, including two tetrakis 
(phosphine) systems that are structurally related to W(N2)2 (compounds 
1 and 2 in Fig. 4a), and highly active pincer-type bis(phosphine)pyridine 
complexes (3 and 4 in Fig. 4a) pioneered more recently6,29. Among the 
reductants that have proved to be effective for these systems, SmI2/
H2O has led to the most impressive results in chemically driven cataly-
sis30. We find that the Mo(N2)2 complexes 1 and 2 are both effective 
co-electrocatalysts with favourable selectivities, furnishing 13 and 

14 equiv. NH3 (51 and 55% FE for NH3), respectively. The dinuclear Mo 
catalyst system (3) also displays electrocatalysis under these conditions 
(8.7 equiv. NH3 per Mo)6. By contrast, the mononuclear triiodide com-
plex (4), which has been demonstrated to be highly active for N2RR31, 
is electrocatalytically inactive under these conditions (<0.1 equiv. NH3 
detected). The latter observation is readily explained; the strong reduc-
tion potential (−1.8 V) required to access an on-path N2RR intermediate 
by iodide loss is not accessible at −1.35 V .

The free energy for the electrocatalytic N2RR processes described 
here compares quite favourably to estimates for other systems that 
mediate catalytic and electrocatalytic N2RR. This can be readily quanti-
fied by ∆∆Gf(NH3), a term that compares the energetic input for N2RR 
relative to a reaction that derives the needed protons and electrons 
from H2 (equation (5))26. Using the bond dissociation free energy (BDFE) 
for H2 (102.5 kcal mol−1)32 and that of the PCET mediator Co(II,NH)+ 
(38.9 kcal mol−1)18, the ∆∆Gf(NH3) is 36.5 kcal mol−1 for the electrocataly-
sis observed at −1.2 V by our CV studies. This net driving force is at least 
50 kcal mol−1 lower than has been reported for most other reductant/
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with 50 mM TsOH (purple). e, Plot of the catalytic current (icat) versus the 
concentration of the different co-catalysts. f, CVs of several representative 
M(N2) catalysts (see Fig. 4a for their chemical structures) studied under the 
standard electrocatalytic conditions in the presence of Co(III,N)+ and TsOH, 
showing a multi-electron catalytic wave for N2RR in each case at the same 
applied bias as for W(N2)2. Note that all CVs in a–f were performed at 100 mV s−1 
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the working electrode, Pt disk as the counter electrode and Ag/AgOTf (5 mM)  
as the reference electrode. eN2RR, electrocatalytic N2RR.
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We also explored a series of Mo complexes, including two tetrakis 
(phosphine) systems that are structurally related to W(N2)2 (compounds 
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=

• Positive order for both co-catalysts.
→ Two rate-contributing PCET steps and 

a rate-contributing protonation step.

• Considering that the reduction potential 
of W-catalysts are < – 1.8 V, PCET is 
the key for efficient electron transfer at 
– 1.2 V.
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acid cocktails used with synthetic N2RR catalyst systems (Fig. 4c): 
SmI2/H2O (75 kcal mol−1), Cp*2Co/[Ph2NH2]+ (77 kcal mol−1), KC8/HBArF

4 
(196 kcal mol−1) (BArF

4, B(3,5-(CF3)2-C6H3)4)7,27,30. A crude comparison 
with the biological nitrogenases (approximately 117 kcal mol−1 account-
ing for ATP) is also favourable32. Likewise, heterogeneous systems based 
on Li+/Li (E°(Li+/0) < −3.7 V), which commonly utilize ethanol as the acid, 
operate at an estimated ∆∆Gf(NH3) = 133 kcal mol−1 (ref. 33). Interest-
ingly, one combination of reductant and acid, Cp2Co and lutidinium, 
first studied in the Schrock system and later applied towards N2RR 
catalysis with the Nishibayashi bis(phosphine)pyridine molybdenum 
catalyst studied herein (complex 3 in Fig. 4)5,6, is thermally favourable by 
comparison (∆∆Gf(NH3) = 26 kcal mol−1). This suggests that alternative 
acids and mediator designs may yet improve the efficiency achievable 
by tandem electrocatalysis.

G∆∆ (NH ) = 3[BDFE (H )/2 − BDFE ] (5)f 3 2 eff

In closing, it is widely appreciated that PCET steps can offer ther-
modynamic advantages relative to distinct ET-PT or PT-ET pathways 
in enzyme catalysis, in which multi-electron redox reactions must be 
driven at biologically accessible potentials26, and also in synthetic 

catalyst systems4. The tandem catalytic approach to N2RR via elec-
trochemical PCET described herein provides a vivid example of the 
latter, in which a PCET step that we suggest is largely concerted turns 
on catalysis that is otherwise inaccessible at the applied potential. 
A comparison with nitrogenase enzymes is illustrative here. It has 
been posited that the active-site cofactors of nitrogenases store 
up proton and electron equivalents via H atoms bound at or near 
to the active-site cluster, to be able to mediate N2 reduction at a sin-
gle redox potential (set by the potential of the Fe protein)34. Our 
two-component tandem catalyst system functions in a conceptually 
similar manner, in which the mediator independently stores an H 
atom equivalent at its own redox potential for delivery to a synthetic 
M−N2 active site.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-022-05011-6.
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latter, in which a PCET step that we suggest is largely concerted turns 
on catalysis that is otherwise inaccessible at the applied potential. 
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up proton and electron equivalents via H atoms bound at or near 
to the active-site cluster, to be able to mediate N2 reduction at a sin-
gle redox potential (set by the potential of the Fe protein)34. Our 
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similar manner, in which the mediator independently stores an H 
atom equivalent at its own redox potential for delivery to a synthetic 
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A related tris(phosphine)silyl iron–N2 complex, (SiP3)Fe(N2), is instead 
electrocatalytically inactive, presumably due to the generation of an 
undesired (SiP3)Fe(H)(N2) state7.
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M Co M Co− N + (II, NH) → − N H + (III, N) (4)2
+

2
+

We also explored a series of Mo complexes, including two tetrakis 
(phosphine) systems that are structurally related to W(N2)2 (compounds 
1 and 2 in Fig. 4a), and highly active pincer-type bis(phosphine)pyridine 
complexes (3 and 4 in Fig. 4a) pioneered more recently6,29. Among the 
reductants that have proved to be effective for these systems, SmI2/
H2O has led to the most impressive results in chemically driven cataly-
sis30. We find that the Mo(N2)2 complexes 1 and 2 are both effective 
co-electrocatalysts with favourable selectivities, furnishing 13 and 

14 equiv. NH3 (51 and 55% FE for NH3), respectively. The dinuclear Mo 
catalyst system (3) also displays electrocatalysis under these conditions 
(8.7 equiv. NH3 per Mo)6. By contrast, the mononuclear triiodide com-
plex (4), which has been demonstrated to be highly active for N2RR31, 
is electrocatalytically inactive under these conditions (<0.1 equiv. NH3 
detected). The latter observation is readily explained; the strong reduc-
tion potential (−1.8 V) required to access an on-path N2RR intermediate 
by iodide loss is not accessible at −1.35 V .

The free energy for the electrocatalytic N2RR processes described 
here compares quite favourably to estimates for other systems that 
mediate catalytic and electrocatalytic N2RR. This can be readily quanti-
fied by ∆∆Gf(NH3), a term that compares the energetic input for N2RR 
relative to a reaction that derives the needed protons and electrons 
from H2 (equation (5))26. Using the bond dissociation free energy (BDFE) 
for H2 (102.5 kcal mol−1)32 and that of the PCET mediator Co(II,NH)+ 
(38.9 kcal mol−1)18, the ∆∆Gf(NH3) is 36.5 kcal mol−1 for the electrocataly-
sis observed at −1.2 V by our CV studies. This net driving force is at least 
50 kcal mol−1 lower than has been reported for most other reductant/
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• Broad applicability.
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• First example of electrocatalytic N2 fixation by a tandem approach.
• High FE of N2 fixation in mild conditions; room temperature & atmospheric 

pressure.
• Reducing competing hydrogen evolution reaction (but, still 39% FE of HER).
• Higher reactivity is required for more extensive applications.

n PCET mediator for N2 fixation

N2 3H 2NH3+

CoII/III
NMe2

H

microsecond survival times are desired for efficient reactivity.
Herein, we describe a photochemical system (Figure 1B) that
exploits an excitation-quench strategy to extend the lifetime of
a powerful PCET reagent that can be electrochemically
regenerated at potentials that avoid the HER.
Visible light excitation (E00 ∼ 2−3 eV) produces transient

species that are far more readily reduced than their ground
state analogues (eq 1).

° * = ° +E E E(M ) (M )0/ 0/
00 (1)

Quenching short-lived (exponential decay time τ < 1 μs)
excited states with mild reductants (Q) can transiently produce
strong PCET donors with highly negative formal potentials
(E°(M0/−)). In our hybrid pePCET approach, the quencher is
regenerated at an electrode with an applied potential that is
only slightly more negative than E°(Q+/0). To quench high-
energy (E00 > 3 eV) short-lived singlet excited states of organic
molecules (e.g., τ < 20 ns), the electron donor can be
covalently coupled to the photosensitizer to force an
intramolecular quenching pathway, increasing the relative
quantum yield. While permitting rapid excited-state CS, this
approach runs the risk of promoting equally rapid and
nonproductive charge recombination (CR). The inverted
driving-force regime of Marcus theory30−32 offers a potential
solution to this problem.

We reasoned that if the CR reaction has sufficient driving
force and small enough reorganization energy (Figure 1C), the
survival time for a CSS might be extended into the
microsecond regime, thereby allowing ample time for
intermolecular ET or PCET steps. This strategy is the basis
of energy storage reactions in photosynthetic reaction
centers31,32 and has been employed to protract the lifetimes
of CS species in photocatalytic ETs (Figure 1C, right).33,34
The choice of the hybrid pePCET mediator was motivated

by our cobaltocene ePCET reagent and features a ferrocene
subunit as the reductive quencher and redox mediator
appended to an alkylamino Brønsted base and an anthracene
photosensitizer (abbreviated herein as {Fc−NH+−an} in its
iron(II) protonated form; Figure 1B). The synthesis of this
complex was originally reported by Farrugia and Magri for the
development of a Pourbaix sensor in logic gates.35 Near-
ultraviolet (390 nm) irradiation of {Fc−NH+−an} promotes
the anthracene chromophore to its lowest singlet excited state
(1an*, S1). This state is quenched by intramolecular ET from
Fc, producing {Fc+−NH+−an•−} (CSS). If sufficiently long-
lived, the powerfully reducing anthracene radical anion,
colocalized with a proton on the amine base in the CSS,
might be primed for intermolecular PCET reactivity.

Figure 1. (A) PCET in reductive transformations. Relationship between pKa and formal potential for PCET donors with different BDFE values in
MeCN (derived using the Bordwell equation in the inset). The formal potential of the H+/H2 couple is indicated by a dashed black line. CG value
in MeCN from ref 13. (B) Previously reported electrocatalytic PCET (ePCET) mediator in comparison with this report of a photoelectrocatalytic
PCET (pePCET) mediator. (C) Examples of reported systems invoking a charge-separated state (CSS). (CS = charge separation; CR = charge
recombination). Simplified energy diagram for ET from a CSS.
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first studied in the Schrock system and later applied towards N2RR 
catalysis with the Nishibayashi bis(phosphine)pyridine molybdenum 
catalyst studied herein (complex 3 in Fig. 4)5,6, is thermally favourable by 
comparison (∆∆Gf(NH3) = 26 kcal mol−1). This suggests that alternative 
acids and mediator designs may yet improve the efficiency achievable 
by tandem electrocatalysis.
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In closing, it is widely appreciated that PCET steps can offer ther-
modynamic advantages relative to distinct ET-PT or PT-ET pathways 
in enzyme catalysis, in which multi-electron redox reactions must be 
driven at biologically accessible potentials26, and also in synthetic 

catalyst systems4. The tandem catalytic approach to N2RR via elec-
trochemical PCET described herein provides a vivid example of the 
latter, in which a PCET step that we suggest is largely concerted turns 
on catalysis that is otherwise inaccessible at the applied potential. 
A comparison with nitrogenase enzymes is illustrative here. It has 
been posited that the active-site cofactors of nitrogenases store 
up proton and electron equivalents via H atoms bound at or near 
to the active-site cluster, to be able to mediate N2 reduction at a sin-
gle redox potential (set by the potential of the Fe protein)34. Our 
two-component tandem catalyst system functions in a conceptually 
similar manner, in which the mediator independently stores an H 
atom equivalent at its own redox potential for delivery to a synthetic 
M−N2 active site.
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Fig. 4 | Electrocatalytic N2RR using reported molecular catalysts.  
a, Molecular N2RR catalysts explored in combination with the PCET mediator 
under electrocatalytic conditions. b, Results of the electrocatalytic 
experiments for each molecular catalyst on CPC at −1.35 V versus Fc+/0 in  
0.1 M [Li][NTf2] DME solution containing 0.05 mM Co(III,N)+, 0.05 mM of N2RR 
catalyst and 5 mM TsOH, using a BDD plate working electrode. Average result  

for W(N2)2 and its associated error (standard deviation) corresponds to three 
electrocatalytic runs. *A GC foam was used as the working electrode instead  
and the concentration was 0.01 mM for both co-catalysts and 1 mM TsOH.  
c, Estimated overpotential (∆∆Gf) for N2RR, including the tandem PCET strategy 
reported here, a nitrogenase enzyme, Li-mediated N2RR using EtOH as the H+ 
source and various reductant and acid partners used in chemically driven N2RR.
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acid cocktails used with synthetic N2RR catalyst systems (Fig. 4c): 
SmI2/H2O (75 kcal mol−1), Cp*2Co/[Ph2NH2]+ (77 kcal mol−1), KC8/HBArF

4 
(196 kcal mol−1) (BArF

4, B(3,5-(CF3)2-C6H3)4)7,27,30. A crude comparison 
with the biological nitrogenases (approximately 117 kcal mol−1 account-
ing for ATP) is also favourable32. Likewise, heterogeneous systems based 
on Li+/Li (E°(Li+/0) < −3.7 V), which commonly utilize ethanol as the acid, 
operate at an estimated ∆∆Gf(NH3) = 133 kcal mol−1 (ref. 33). Interest-
ingly, one combination of reductant and acid, Cp2Co and lutidinium, 
first studied in the Schrock system and later applied towards N2RR 
catalysis with the Nishibayashi bis(phosphine)pyridine molybdenum 
catalyst studied herein (complex 3 in Fig. 4)5,6, is thermally favourable by 
comparison (∆∆Gf(NH3) = 26 kcal mol−1). This suggests that alternative 
acids and mediator designs may yet improve the efficiency achievable 
by tandem electrocatalysis.

G∆∆ (NH ) = 3[BDFE (H )/2 − BDFE ] (5)f 3 2 eff

In closing, it is widely appreciated that PCET steps can offer ther-
modynamic advantages relative to distinct ET-PT or PT-ET pathways 
in enzyme catalysis, in which multi-electron redox reactions must be 
driven at biologically accessible potentials26, and also in synthetic 

catalyst systems4. The tandem catalytic approach to N2RR via elec-
trochemical PCET described herein provides a vivid example of the 
latter, in which a PCET step that we suggest is largely concerted turns 
on catalysis that is otherwise inaccessible at the applied potential. 
A comparison with nitrogenase enzymes is illustrative here. It has 
been posited that the active-site cofactors of nitrogenases store 
up proton and electron equivalents via H atoms bound at or near 
to the active-site cluster, to be able to mediate N2 reduction at a sin-
gle redox potential (set by the potential of the Fe protein)34. Our 
two-component tandem catalyst system functions in a conceptually 
similar manner, in which the mediator independently stores an H 
atom equivalent at its own redox potential for delivery to a synthetic 
M−N2 active site.
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ABSTRACT: Interest in applying proton-coupled electron transfer
(PCET) reagents in reductive electro- and photocatalysis requires
strategies that mitigate the competing hydrogen evolution reaction.
Photoexcitation of a PCET donor to a charge-separated state
(CSS) can produce a powerful H-atom donor capable of being
electrochemically recycled at a comparatively anodic potential
corresponding to its ground state. However, the challenge is
designing a mediator with a sufficiently long-lived excited state for
bimolecular reactivity. Here, we describe a powerful ferrocene-
derived photoelectrochemical PCET mediator exhibiting an
unusually long-lived CSS (τ ∼ 0.9 μs). In addition to detailed
photophysical studies, proof-of-concept stoichiometric and catalytic proton-coupled reductive transformations are presented, which
illustrate the promise of this approach.

1. INTRODUCTION
Proton/electron transfers to chemical substrates permeate
metabolic and synthetic reactions.1−7 Proton-coupled electron
transfer (PCET) offers a means to bypass high energy
pathways associated with stepwise electron/proton transfer
(ET/PT) steps.4 Yet, such reactions pose a considerable
selectivity challenge when strongly reducing conditions are
required to generate reactive intermediates featuring weak X−
H bonds (bond dissociation free energies, BDFEX−H < 50 kcal
mol−1; Figure 1A, left). Under such conditions, the hydrogen
evolution reaction (HER) is thermodynamically (Figure 1A,
middle) and often also kinetically favored (BDFEH−H = 104
kcal mol−1). This challenge calls for approaches that disfavor
competing HER.8−12 The widespread use of stoichiometric
SmI2/ROH reagents in chemical synthesis underscores this
idea.13−15

Concomitant with growing interest in electrocatalysis for
synthetic organic16 as well as solar fuels17,18 applications, the
challenge of competing HER becomes paramount. Electrode-
mediated HER, for example at a commonly used glassy carbon
(GC) electrode,19 can kinetically dominate at an applied
potential (Eapp) sufficiently negative to drive a turnover-
limiting ET step, irrespective of the inherent selectivity of a
soluble chemical catalyst system. To mitigate this issue, our lab
recently introduced a strategy wherein a PCET mediator
composed of a cobaltocene redox site and an appended
dimethylaniline Brønsted base site (Figure 1A, right (inner
path), and Figure 1B) colocalizes a highly reactive but
kinetically trapped H+/e− equivalent (BDFEN−H ∼ 37 kcal
mol−1). The mediator facilitates single- and multielectron
substrate reductions fixed to the Eapp of its redox center. This

Eapp is anodic of the electrode-mediated HER window for acids
tuned to the mediator’s pKa (∼8.6 in MeCN), enabling
substrate reductions both in the absence20−22 and presence23,24
of a tandem cocatalyst; these reductions are not feasible in the
absence of the PCET mediator at the same Eapp.12
The linear relationship between the driving force (ΔBDFE)

and the formal potential required to regenerate the reactive
form of the PCET mediator can limit its scope. This can be
illustrated using a Bordwell analysis,4,25 which shows that
strong PCET donors (BDFEX−H < 52 kcal mol−1) will have
formal potentials more negative than the formal potential for
HER (E°(HA / 1/2 H2)) (Figure 1A, middle). An attractive
alternative is photochemical generation of highly reactive
PCET donors [Figure 1A, right (outer path)].26,27 When
coupled with acidic or basic functional groups, excited
molecules can be powerful PCET reagents.28 Recent examples
include an anthracene−phenol conjugate (Figure 1C, left)29
and a ruthenium tris−diimine complex.26 In these systems,
intermolecular PCET reactivity is limited by the lifetime of the
electronic excited state. For example, in the anthracene−
phenol conjugate, the PCET reaction was intramolecular and
the <10 ns singlet lifetime of the anthracene component was
hence compatible. For bimolecular PCET reactions, however,
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• More powerful H-atom donating capacity by photoexcitation.
(BDFE ~ 17 kcal/mol)

• Even lower cathodic potential. (Higher substrate-selectivity over HER)

• Sufficiently long-lived excited state for the intermolecular reactivity 
utilizing Marcus inverted effect.
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• The chemical reaction proceeds 
through the intersection of the 
energy surfaces of the reactants 
and products

• When the vibrational levels can be 
approximated as a harmonic 
oscillator, it is represented by a 
quadratic function.
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n Inner-sphere machanism n Outer-sphere mechanism

Ø Marcus theory was developed to explain the outer-sphere process.

• ∆E ≤ 4 kJ/mol
• Non-adiabatic process; κ <1

(e.g., Ir photocatalyst …)

• ∆E > 4 kJ/mol
• Adiabatic process; κ = 1

(e.g., EDA complex …)

A + B A + BA + B A + B
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Single electron transfer
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Reorganization energy in SET
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① Reorganization of structure

② Effect of solvent molecules

δ-δ+
; Solvent

En
er

gy
n Franck–Condon principle;

There is no change in the arrangement of the nuclei of reactants and surrounding 
solvent molecules at the moment of electron transfer. (ET rate >> motion of nuclei)

SET

SET

Relaxation

Total reorganization energy of 
SET(λ);
λ = λinner(structure) + λouter(solvent)

λ

∆G0 = λ/4

Fe2+ Fe3+

Fe3+ Fe2+

Fe3+ Fe2+

+

+ +

[FeII(H2O)6]2+ [FeIII(H2O)6]3++ + [FeII(H2O)6]2+[FeIII(H2O)6]3+Self-exchange reaction;
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Decrease of ∆G0; More exergonic 
⇔ Decrease of ∆G‡; Faster SET
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Very brief introduction of Marcus theory
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The most stable structure of 
reactant coincides with the 
activated state for SETEn

er
gy

Reaction coordinate

n Barrierless region (∆G0 = λ )

∆Gº = λ

Ea = 0

∆Gº = λ

Ea = 0∆G

∆G0 = λ ⇔ ∆G‡ = 0; Electron transfer proceeds rapidly 
without an energy barrier.

A + B

A + B
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Decrease of ∆G0; More exergonic
⇔ Increase of ∆G‡; Slower SET
(Counterintuitive)En
er

gy

Reaction coordinate

n Inverted region (∆G0 > λ )

∆Gº

Ea
Ea

∆G

A + B

A + B
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n ∆Gº dependence of SET rate

λ1 λ2Lo
g(

k E
T)

– ∆Gº– ∆G1

k1

k2

• Small reorganization energy; λ1⇔ Inverted region at ∆G1
• Large reorganization energy; λ2⇔ Normal region at ∆G1

Δ𝐺‡ =
Δ𝐺) + λ *

4λ

𝑘+, = 𝐴 ) exp −
Δ𝐺) + λ *

4λ𝑘'𝑇

Ø Minimizing the reorganization energy (rigid structure...) is important 
for slowing down the SET rate by utilizing the inverted region.
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n Reduction potential

– 3.0 – 2.0 – 1.0 0.0 + 1.0

– 2.44 V + 0.0 V

+ 0.7 V

vs Fcº/+

1＊

FeIII

singlet

ground state

3＊

– 0.6 V
triplet

n Catalyst design

microsecond survival times are desired for efficient reactivity.
Herein, we describe a photochemical system (Figure 1B) that
exploits an excitation-quench strategy to extend the lifetime of
a powerful PCET reagent that can be electrochemically
regenerated at potentials that avoid the HER.
Visible light excitation (E00 ∼ 2−3 eV) produces transient

species that are far more readily reduced than their ground
state analogues (eq 1).

° * = ° +E E E(M ) (M )0/ 0/
00 (1)

Quenching short-lived (exponential decay time τ < 1 μs)
excited states with mild reductants (Q) can transiently produce
strong PCET donors with highly negative formal potentials
(E°(M0/−)). In our hybrid pePCET approach, the quencher is
regenerated at an electrode with an applied potential that is
only slightly more negative than E°(Q+/0). To quench high-
energy (E00 > 3 eV) short-lived singlet excited states of organic
molecules (e.g., τ < 20 ns), the electron donor can be
covalently coupled to the photosensitizer to force an
intramolecular quenching pathway, increasing the relative
quantum yield. While permitting rapid excited-state CS, this
approach runs the risk of promoting equally rapid and
nonproductive charge recombination (CR). The inverted
driving-force regime of Marcus theory30−32 offers a potential
solution to this problem.

We reasoned that if the CR reaction has sufficient driving
force and small enough reorganization energy (Figure 1C), the
survival time for a CSS might be extended into the
microsecond regime, thereby allowing ample time for
intermolecular ET or PCET steps. This strategy is the basis
of energy storage reactions in photosynthetic reaction
centers31,32 and has been employed to protract the lifetimes
of CS species in photocatalytic ETs (Figure 1C, right).33,34
The choice of the hybrid pePCET mediator was motivated

by our cobaltocene ePCET reagent and features a ferrocene
subunit as the reductive quencher and redox mediator
appended to an alkylamino Brønsted base and an anthracene
photosensitizer (abbreviated herein as {Fc−NH+−an} in its
iron(II) protonated form; Figure 1B). The synthesis of this
complex was originally reported by Farrugia and Magri for the
development of a Pourbaix sensor in logic gates.35 Near-
ultraviolet (390 nm) irradiation of {Fc−NH+−an} promotes
the anthracene chromophore to its lowest singlet excited state
(1an*, S1). This state is quenched by intramolecular ET from
Fc, producing {Fc+−NH+−an•−} (CSS). If sufficiently long-
lived, the powerfully reducing anthracene radical anion,
colocalized with a proton on the amine base in the CSS,
might be primed for intermolecular PCET reactivity.

Figure 1. (A) PCET in reductive transformations. Relationship between pKa and formal potential for PCET donors with different BDFE values in
MeCN (derived using the Bordwell equation in the inset). The formal potential of the H+/H2 couple is indicated by a dashed black line. CG value
in MeCN from ref 13. (B) Previously reported electrocatalytic PCET (ePCET) mediator in comparison with this report of a photoelectrocatalytic
PCET (pePCET) mediator. (C) Examples of reported systems invoking a charge-separated state (CSS). (CS = charge separation; CR = charge
recombination). Simplified energy diagram for ET from a CSS.
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• Generation of highly reductive 
H· donor by photoinduced 
intramolecular SET.

• Regeneration of mediator at 
substantially anodic potential.
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2. RESULTS AND DISCUSSION
To guide the following discussion, Figure 2A provides our
working model for photoelectrochemical catalysis using {Fc−

NH+−an} and the pertinent physical parameters. Figure 2B
provides a corresponding Jablonski representation of the
electronic states of {Fc−NH+−an}. Anodic cyclic voltammetry
with {Fc−N−an} revealed a reversible FeIII/II redox couple [E°
= 0.00 V vs ferrocenium/ferrocene (Fc+/0) in acetonitrile;
Fc+/0 reference scale used throughout] that shifts to E° = 0.13
V upon protonation of the amine group. Cathodic voltam-
metric sweeps indicate that the anthracene components in
{N−an} (an organic model derivative without an Fc subunit;
see Figure 3A) and {Fc−N−an} have similar reduction
potentials [E°(an0/•−) = −2.44 V].36 The absorption and
fluorescence spectra of the anthracene component in {Fc−
NH+−an} indicate that E00 = 3.1 eV, consistent with a
potential of E°(1an*0/•−) = 0.7 V in the S1 excited state. An
NMR titration in deuterated acetonitrile indicates a pKa ≈ 14.3

for {Fc−NH+−an}. Using this pKa value and E°(an0/•−) for
{Fc−NH+−an} in a Bordwell analysis, we estimate a very weak
BDFEN−H of ≈17 kcal mol−1 for {Fc+−NH+−an•−} (Figure
2A; CG = 52.6 in acetonitrile3). This value compares with the
ground state BDFEN−H ≈ 75 kcal mol−1 in {Fc−NH+−an},
where Fc is the source of reducing equivalents (see Supporting
Information).
Fluorescence from 1an* (400−475 nm) in the ET-inactive

model complex {NH+−an} (Figure 3A) decays with an
exponential time constant of 6.45 ± 0.05 ns. Steady state
measurements reveal that 1an* fluorescence from {Fc−NH+−
an} in the presence of excess acid {picolinium triflate
([PicH][OTf]), 16 mM} is heavily quenched (99%) (Figure
3A), suggesting an excited state lifetime <60 ps. Time-resolved
fluorescence measurements reveal a multiexponential decay
with the fastest component having a time constant of τ1 < 20
ps (see Supporting Information). This lifetime is limited by the
response time of our instrument. On the basis of the steady-
state spectra it must represent the dominant decay pathway for
{Fc−NH+−1an*} when excess acid is present. The rapid
fluorescence decay is consistent with rapid ET from Fc to
1an*, producing {Fc+−NH+−an•−} (CSS) with a rate constant
of kCS > 5 × 1010 s−1 (−ΔG° = 0.6 eV). The slower observed
decay components may arise from {Fc−NH+−1an*} con-
formations that are not suitable for ET, or alternatively a very
minor (<1% based on NMR analysis of synthesized material)
fluorescent impurity. The 1an* decay time in {Fc−NH+−an}

Figure 2. (A) Thermodynamic parameters for the {Fc−N−an}
system toward ground-state and excited-state PCET, including
calculated parameters and measured values. (B) Jablonski representa-
tion of the electronic states of {Fc−N−an}, indicating a stabilization
of the CSS in the presence of a salt. (kBPCET = rate of back PCET; kIC
= rate of internal conversion; kISC = rate of intersystem crossing).

Figure 3. (A) Steady-state emission spectra of {Fc−NH+−an} vs
{NH+−an} in the presence of 15 mM [PicH][OTf] following
excitation at 355 nm. (B) Spectroelectrochemistry data for the
reduction of {Fc−N−an} to {Fc−N−an•−} (0.4 mM) in 0.7 M
TBAPF6 (THF). Inlay includes the TA spectrum of {Fc+−NH+−
an•−} from 690 to 790 nm. For the steady-state emission data, [{Fc−
N−an}] = [{NH+−an}] = 0.15 mM; [PicH][OTf] = 15 mM in
DME. [PicH][OTf] = 2-picolinium triflate.
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n Catalytic cycle n Jablonski diagram

• Appended mild reductant(ferrocene) enables efficient quenching of 1anthracene*.
• CSS might be extended by Marcus inverted effect.

[Hypothesis]
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metric sweeps indicate that the anthracene components in
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potentials [E°(an0/•−) = −2.44 V].36 The absorption and
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potential of E°(1an*0/•−) = 0.7 V in the S1 excited state. An
NMR titration in deuterated acetonitrile indicates a pKa ≈ 14.3

for {Fc−NH+−an}. Using this pKa value and E°(an0/•−) for
{Fc−NH+−an} in a Bordwell analysis, we estimate a very weak
BDFEN−H of ≈17 kcal mol−1 for {Fc+−NH+−an•−} (Figure
2A; CG = 52.6 in acetonitrile3). This value compares with the
ground state BDFEN−H ≈ 75 kcal mol−1 in {Fc−NH+−an},
where Fc is the source of reducing equivalents (see Supporting
Information).
Fluorescence from 1an* (400−475 nm) in the ET-inactive

model complex {NH+−an} (Figure 3A) decays with an
exponential time constant of 6.45 ± 0.05 ns. Steady state
measurements reveal that 1an* fluorescence from {Fc−NH+−
an} in the presence of excess acid {picolinium triflate
([PicH][OTf]), 16 mM} is heavily quenched (99%) (Figure
3A), suggesting an excited state lifetime <60 ps. Time-resolved
fluorescence measurements reveal a multiexponential decay
with the fastest component having a time constant of τ1 < 20
ps (see Supporting Information). This lifetime is limited by the
response time of our instrument. On the basis of the steady-
state spectra it must represent the dominant decay pathway for
{Fc−NH+−1an*} when excess acid is present. The rapid
fluorescence decay is consistent with rapid ET from Fc to
1an*, producing {Fc+−NH+−an•−} (CSS) with a rate constant
of kCS > 5 × 1010 s−1 (−ΔG° = 0.6 eV). The slower observed
decay components may arise from {Fc−NH+−1an*} con-
formations that are not suitable for ET, or alternatively a very
minor (<1% based on NMR analysis of synthesized material)
fluorescent impurity. The 1an* decay time in {Fc−NH+−an}

Figure 2. (A) Thermodynamic parameters for the {Fc−N−an}
system toward ground-state and excited-state PCET, including
calculated parameters and measured values. (B) Jablonski representa-
tion of the electronic states of {Fc−N−an}, indicating a stabilization
of the CSS in the presence of a salt. (kBPCET = rate of back PCET; kIC
= rate of internal conversion; kISC = rate of intersystem crossing).

Figure 3. (A) Steady-state emission spectra of {Fc−NH+−an} vs
{NH+−an} in the presence of 15 mM [PicH][OTf] following
excitation at 355 nm. (B) Spectroelectrochemistry data for the
reduction of {Fc−N−an} to {Fc−N−an•−} (0.4 mM) in 0.7 M
TBAPF6 (THF). Inlay includes the TA spectrum of {Fc+−NH+−
an•−} from 690 to 790 nm. For the steady-state emission data, [{Fc−
N−an}] = [{NH+−an}] = 0.15 mM; [PicH][OTf] = 15 mM in
DME. [PicH][OTf] = 2-picolinium triflate.
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2. RESULTS AND DISCUSSION
To guide the following discussion, Figure 2A provides our
working model for photoelectrochemical catalysis using {Fc−

NH+−an} and the pertinent physical parameters. Figure 2B
provides a corresponding Jablonski representation of the
electronic states of {Fc−NH+−an}. Anodic cyclic voltammetry
with {Fc−N−an} revealed a reversible FeIII/II redox couple [E°
= 0.00 V vs ferrocenium/ferrocene (Fc+/0) in acetonitrile;
Fc+/0 reference scale used throughout] that shifts to E° = 0.13
V upon protonation of the amine group. Cathodic voltam-
metric sweeps indicate that the anthracene components in
{N−an} (an organic model derivative without an Fc subunit;
see Figure 3A) and {Fc−N−an} have similar reduction
potentials [E°(an0/•−) = −2.44 V].36 The absorption and
fluorescence spectra of the anthracene component in {Fc−
NH+−an} indicate that E00 = 3.1 eV, consistent with a
potential of E°(1an*0/•−) = 0.7 V in the S1 excited state. An
NMR titration in deuterated acetonitrile indicates a pKa ≈ 14.3

for {Fc−NH+−an}. Using this pKa value and E°(an0/•−) for
{Fc−NH+−an} in a Bordwell analysis, we estimate a very weak
BDFEN−H of ≈17 kcal mol−1 for {Fc+−NH+−an•−} (Figure
2A; CG = 52.6 in acetonitrile3). This value compares with the
ground state BDFEN−H ≈ 75 kcal mol−1 in {Fc−NH+−an},
where Fc is the source of reducing equivalents (see Supporting
Information).
Fluorescence from 1an* (400−475 nm) in the ET-inactive

model complex {NH+−an} (Figure 3A) decays with an
exponential time constant of 6.45 ± 0.05 ns. Steady state
measurements reveal that 1an* fluorescence from {Fc−NH+−
an} in the presence of excess acid {picolinium triflate
([PicH][OTf]), 16 mM} is heavily quenched (99%) (Figure
3A), suggesting an excited state lifetime <60 ps. Time-resolved
fluorescence measurements reveal a multiexponential decay
with the fastest component having a time constant of τ1 < 20
ps (see Supporting Information). This lifetime is limited by the
response time of our instrument. On the basis of the steady-
state spectra it must represent the dominant decay pathway for
{Fc−NH+−1an*} when excess acid is present. The rapid
fluorescence decay is consistent with rapid ET from Fc to
1an*, producing {Fc+−NH+−an•−} (CSS) with a rate constant
of kCS > 5 × 1010 s−1 (−ΔG° = 0.6 eV). The slower observed
decay components may arise from {Fc−NH+−1an*} con-
formations that are not suitable for ET, or alternatively a very
minor (<1% based on NMR analysis of synthesized material)
fluorescent impurity. The 1an* decay time in {Fc−NH+−an}

Figure 2. (A) Thermodynamic parameters for the {Fc−N−an}
system toward ground-state and excited-state PCET, including
calculated parameters and measured values. (B) Jablonski representa-
tion of the electronic states of {Fc−N−an}, indicating a stabilization
of the CSS in the presence of a salt. (kBPCET = rate of back PCET; kIC
= rate of internal conversion; kISC = rate of intersystem crossing).

Figure 3. (A) Steady-state emission spectra of {Fc−NH+−an} vs
{NH+−an} in the presence of 15 mM [PicH][OTf] following
excitation at 355 nm. (B) Spectroelectrochemistry data for the
reduction of {Fc−N−an} to {Fc−N−an•−} (0.4 mM) in 0.7 M
TBAPF6 (THF). Inlay includes the TA spectrum of {Fc+−NH+−
an•−} from 690 to 790 nm. For the steady-state emission data, [{Fc−
N−an}] = [{NH+−an}] = 0.15 mM; [PicH][OTf] = 15 mM in
DME. [PicH][OTf] = 2-picolinium triflate.
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n Transient absorption spectrum

n Emission spectra

• 1anthracene* (400~475nm fluorescence)
is heavily quenched by intramolecular 
SET from ferrocene.

• Fast SET (kcs > 5 × 1010) at low driving 
force (0.6 eV) implies a modest 
reorganization barrier.

• Absorption of produced species is 
consistent with the spectrum of 
spectroelectrochemically prepared 
anthracene radical anion.

2. RESULTS AND DISCUSSION
To guide the following discussion, Figure 2A provides our
working model for photoelectrochemical catalysis using {Fc−

NH+−an} and the pertinent physical parameters. Figure 2B
provides a corresponding Jablonski representation of the
electronic states of {Fc−NH+−an}. Anodic cyclic voltammetry
with {Fc−N−an} revealed a reversible FeIII/II redox couple [E°
= 0.00 V vs ferrocenium/ferrocene (Fc+/0) in acetonitrile;
Fc+/0 reference scale used throughout] that shifts to E° = 0.13
V upon protonation of the amine group. Cathodic voltam-
metric sweeps indicate that the anthracene components in
{N−an} (an organic model derivative without an Fc subunit;
see Figure 3A) and {Fc−N−an} have similar reduction
potentials [E°(an0/•−) = −2.44 V].36 The absorption and
fluorescence spectra of the anthracene component in {Fc−
NH+−an} indicate that E00 = 3.1 eV, consistent with a
potential of E°(1an*0/•−) = 0.7 V in the S1 excited state. An
NMR titration in deuterated acetonitrile indicates a pKa ≈ 14.3

for {Fc−NH+−an}. Using this pKa value and E°(an0/•−) for
{Fc−NH+−an} in a Bordwell analysis, we estimate a very weak
BDFEN−H of ≈17 kcal mol−1 for {Fc+−NH+−an•−} (Figure
2A; CG = 52.6 in acetonitrile3). This value compares with the
ground state BDFEN−H ≈ 75 kcal mol−1 in {Fc−NH+−an},
where Fc is the source of reducing equivalents (see Supporting
Information).
Fluorescence from 1an* (400−475 nm) in the ET-inactive

model complex {NH+−an} (Figure 3A) decays with an
exponential time constant of 6.45 ± 0.05 ns. Steady state
measurements reveal that 1an* fluorescence from {Fc−NH+−
an} in the presence of excess acid {picolinium triflate
([PicH][OTf]), 16 mM} is heavily quenched (99%) (Figure
3A), suggesting an excited state lifetime <60 ps. Time-resolved
fluorescence measurements reveal a multiexponential decay
with the fastest component having a time constant of τ1 < 20
ps (see Supporting Information). This lifetime is limited by the
response time of our instrument. On the basis of the steady-
state spectra it must represent the dominant decay pathway for
{Fc−NH+−1an*} when excess acid is present. The rapid
fluorescence decay is consistent with rapid ET from Fc to
1an*, producing {Fc+−NH+−an•−} (CSS) with a rate constant
of kCS > 5 × 1010 s−1 (−ΔG° = 0.6 eV). The slower observed
decay components may arise from {Fc−NH+−1an*} con-
formations that are not suitable for ET, or alternatively a very
minor (<1% based on NMR analysis of synthesized material)
fluorescent impurity. The 1an* decay time in {Fc−NH+−an}

Figure 2. (A) Thermodynamic parameters for the {Fc−N−an}
system toward ground-state and excited-state PCET, including
calculated parameters and measured values. (B) Jablonski representa-
tion of the electronic states of {Fc−N−an}, indicating a stabilization
of the CSS in the presence of a salt. (kBPCET = rate of back PCET; kIC
= rate of internal conversion; kISC = rate of intersystem crossing).

Figure 3. (A) Steady-state emission spectra of {Fc−NH+−an} vs
{NH+−an} in the presence of 15 mM [PicH][OTf] following
excitation at 355 nm. (B) Spectroelectrochemistry data for the
reduction of {Fc−N−an} to {Fc−N−an•−} (0.4 mM) in 0.7 M
TBAPF6 (THF). Inlay includes the TA spectrum of {Fc+−NH+−
an•−} from 690 to 790 nm. For the steady-state emission data, [{Fc−
N−an}] = [{NH+−an}] = 0.15 mM; [PicH][OTf] = 15 mM in
DME. [PicH][OTf] = 2-picolinium triflate.
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2. RESULTS AND DISCUSSION
To guide the following discussion, Figure 2A provides our
working model for photoelectrochemical catalysis using {Fc−

NH+−an} and the pertinent physical parameters. Figure 2B
provides a corresponding Jablonski representation of the
electronic states of {Fc−NH+−an}. Anodic cyclic voltammetry
with {Fc−N−an} revealed a reversible FeIII/II redox couple [E°
= 0.00 V vs ferrocenium/ferrocene (Fc+/0) in acetonitrile;
Fc+/0 reference scale used throughout] that shifts to E° = 0.13
V upon protonation of the amine group. Cathodic voltam-
metric sweeps indicate that the anthracene components in
{N−an} (an organic model derivative without an Fc subunit;
see Figure 3A) and {Fc−N−an} have similar reduction
potentials [E°(an0/•−) = −2.44 V].36 The absorption and
fluorescence spectra of the anthracene component in {Fc−
NH+−an} indicate that E00 = 3.1 eV, consistent with a
potential of E°(1an*0/•−) = 0.7 V in the S1 excited state. An
NMR titration in deuterated acetonitrile indicates a pKa ≈ 14.3

for {Fc−NH+−an}. Using this pKa value and E°(an0/•−) for
{Fc−NH+−an} in a Bordwell analysis, we estimate a very weak
BDFEN−H of ≈17 kcal mol−1 for {Fc+−NH+−an•−} (Figure
2A; CG = 52.6 in acetonitrile3). This value compares with the
ground state BDFEN−H ≈ 75 kcal mol−1 in {Fc−NH+−an},
where Fc is the source of reducing equivalents (see Supporting
Information).
Fluorescence from 1an* (400−475 nm) in the ET-inactive

model complex {NH+−an} (Figure 3A) decays with an
exponential time constant of 6.45 ± 0.05 ns. Steady state
measurements reveal that 1an* fluorescence from {Fc−NH+−
an} in the presence of excess acid {picolinium triflate
([PicH][OTf]), 16 mM} is heavily quenched (99%) (Figure
3A), suggesting an excited state lifetime <60 ps. Time-resolved
fluorescence measurements reveal a multiexponential decay
with the fastest component having a time constant of τ1 < 20
ps (see Supporting Information). This lifetime is limited by the
response time of our instrument. On the basis of the steady-
state spectra it must represent the dominant decay pathway for
{Fc−NH+−1an*} when excess acid is present. The rapid
fluorescence decay is consistent with rapid ET from Fc to
1an*, producing {Fc+−NH+−an•−} (CSS) with a rate constant
of kCS > 5 × 1010 s−1 (−ΔG° = 0.6 eV). The slower observed
decay components may arise from {Fc−NH+−1an*} con-
formations that are not suitable for ET, or alternatively a very
minor (<1% based on NMR analysis of synthesized material)
fluorescent impurity. The 1an* decay time in {Fc−NH+−an}

Figure 2. (A) Thermodynamic parameters for the {Fc−N−an}
system toward ground-state and excited-state PCET, including
calculated parameters and measured values. (B) Jablonski representa-
tion of the electronic states of {Fc−N−an}, indicating a stabilization
of the CSS in the presence of a salt. (kBPCET = rate of back PCET; kIC
= rate of internal conversion; kISC = rate of intersystem crossing).

Figure 3. (A) Steady-state emission spectra of {Fc−NH+−an} vs
{NH+−an} in the presence of 15 mM [PicH][OTf] following
excitation at 355 nm. (B) Spectroelectrochemistry data for the
reduction of {Fc−N−an} to {Fc−N−an•−} (0.4 mM) in 0.7 M
TBAPF6 (THF). Inlay includes the TA spectrum of {Fc+−NH+−
an•−} from 690 to 790 nm. For the steady-state emission data, [{Fc−
N−an}] = [{NH+−an}] = 0.15 mM; [PicH][OTf] = 15 mM in
DME. [PicH][OTf] = 2-picolinium triflate.
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• This mediator has long-lived CSS;τ = 0.9 ~1.3 μs
([Ir(ppy)2dtbbpy]PF6; τ = 0.54 μs)*

• Back electron transfer has high driving force(2.5 eV) and closed shell product. 
→ BET is likely to be in Marcus inverted region.

n TA kinetics monitored at 700 nm

in the absence of excess acid does not exhibit the fastest (<20
ps) decay component and is not as heavily quenched. Instead,
the 1an* decay is biphasic with time constants of 2.5 ± 0.1
(46%) and 11.5 ± 0.2 ns (54%). The faster decay component
indicates that CS is much slower in the absence of excess acid.
The slower decay component may be a consequence of
conformational heterogeneity.
A transient absorption (TA) spectrum collected after 10 ns

laser excitation (355 nm) of {Fc−NH+−an} in the presence of
excess acid ([PicH][OTf], 15 mM) shows absorbance at 700
nm, consistent with the spectrum of the anthracene radical
anion measured spectroelectrochemically (Figure 3B) and
hence assignable to {Fc+−NH+−an•−} (CSS). TA kinetics
monitored at 700 nm further reveal a relatively long-lived
species (τ ∼ 0.9 μs; Figure 4A, black trace). The signal has

greater amplitude and is somewhat longer-lived (∼0.9 vs 0.6
μs) when excess [PicH][OTf] is present. When [TBA][OTf]
(15 mM) is employed as an electrolyte with isolated {Fc−
NH+−an}, the same species is observed, and its lifetime
increases to 1.3 μs, consistent with increased stabilization of
the CSS in a higher dielectric environment (Figure 2B). Rate
constants for excited-state charge shift and thermal back
transfer reactions in {Fc−NH+−an} display an inverted
driving-force behavior. The rapid excited-state charge shift
reaction at low driving force (0.6 eV) implies a modest ET
reorganization barrier. Back ET from {Fc+−NH+−an•−} to

regenerate ground-state {Fc−NH+−an} is likely disfavored by
the Marcus inverted effect, owing to the high reaction driving
force (2.5 eV) and closed shell products.37 Conformational
dynamics and electronic (spin) barriers might also modulate
the observed ET rate constants, warranting future studies to
probe them further. The slower CR at a lower driving force is
presumably the result of an increase in the reorganizational
energy in the higher dielectric medium. A different 420 nm TA
feature observed after 10 ns excitation of {NH+−an} (τ = 27.8
μs) or {Fc−NH+−an} (τ = 2.1 μs) is also present and is
attributable to the 3an* state.38 The Jablonski diagram (Figure
2B) illustrates the complex array of radiative and nonradiative
pathways available in {Fc−NH+−an}.
An alternative assignment for the 700 nm transient would be

a species resulting from protonation of the anthracene radical
anion by acid ([PicH][OTf], 15 mM) to produce the neutral
radical instead. Experimental precedent suggests that proto-
nation at C9 by [PicH][OTf] would lead to a neutral radical
fragment with absorbance below 500 nm,38 in contrast with the
observed 700 nm absorbance. Moreover, in an isotope
scrambling experiment, where a DME solution of {Fc−N−
an} and [PicD][OTf] was irradiated at 390 nm for 1 h, 2H
NMR spectra show no indication of deuterium incorporation
into the anthracene moiety (see Supporting Information).
We next tested whether photochemically generated {Fc+−

NH+−an•−} could undergo intermolecular PCET reactions,
using acetophenone (estimated BDFEO−H = 36 kcal mol−1

based on DFT calculations; see Supporting Information)20 as
an initial test substrate. {Fc−N−an} (1 mM) in the presence
of [PicH][OTf] (10 mM, pKa(MeCN) = 13.3)39 does not
react with acetophenone (10 mM) in the absence of light
excitation, owing to the large unfavorable BDFEX−H mismatch.
An analogous experiment with 390 nm irradiation, however,
afforded 29% of the pinacol-coupled product expected from
net H atom transfer to acetophenone and subsequent coupling
of the α-ketyl radical intermediates (Figure 5). A photo-
chemical quantum yield of 6% was measured under these
conditions (see Supporting Information). Control experiments
using {Fc−NMe+−an} in the presence of [PicH][OTf], or
{Fc−N−an} and a weaker acid incapable of protonating the
amine base (p-CF3-benzoic acid), did not produce the (<1%)
pinacol product. A binary mixture composed of just the organic
fragment {N−an} (1 mM) and ferrocene (10 mM) with 10
mM [PicH][OTf] also failed to generate the product, likely
owing to the short lifetime of the anthracene singlet excited
state and the low energy of the longer-lived anthracene triplet
excited state [E°(3an*0/•−) ≈ −0.6 V].40 Interestingly, despite
the large driving force toward HER, no H2 was detected upon
irradiation in the absence of the substrate (see Supporting
Information). Among the factors that may preclude such
reactivity are an unfavorable bimolecular reaction between two
cationic species, either {Fc−NH+−an} or {Fc+−NH+−an•−},
and the statistical improbability of the needed collision
between two CSS molecules, given the CSS lifetime.
In the presence of excess [PicH][OTf], transient spectros-

copy reveals that the charge-separated intermediate {Fc+−
NH+−an•−} reacts rapidly with acetophenone (Figure 4A). A
plot of the transient decay rate constant versus quencher
concentration is linear, consistent with a second-order rate
constant HkPCET = 9.0 ± 1.3 × 107 M−1 s−1 (Figure 4B). The
second-order rate constant for reaction of {Fc+−NH+−an•−}
with acetophenone in the presence of [PicD][OTf] (15 mM)

Figure 4. (A) Time-resolved TA decays for {Fc+−NH+−an•−} in the
presence of excess acid and quencher (acetophenone, sub), exciting
with a 355 nm laser pulse and monitoring the absorbance at 700 nm
after a time-delay of 10 ns. (B) Stern−Volmer quenching plots for the
rate of decay of {Fc+−NH(D)+−an•−} in the presence of varying
concentrations of sub, relative to the rate of decay in the absence of
sub, and an extracted deuterium kinetic isotope effect (KIE). (C)
Demonstration of the zero-order dependence of CR and PCET on
[H+]. For the TA data, [{Fc−N−an}] = 0.15 mM; [[PicH(D)]-
[OTf]] = 15 mM; [sub] = 18 mM in DME. For the acid-dependence
study, [[PicH][OTf]] + [[PicMe][OTf]] = 32 mM.
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in the absence of excess acid does not exhibit the fastest (<20
ps) decay component and is not as heavily quenched. Instead,
the 1an* decay is biphasic with time constants of 2.5 ± 0.1
(46%) and 11.5 ± 0.2 ns (54%). The faster decay component
indicates that CS is much slower in the absence of excess acid.
The slower decay component may be a consequence of
conformational heterogeneity.
A transient absorption (TA) spectrum collected after 10 ns

laser excitation (355 nm) of {Fc−NH+−an} in the presence of
excess acid ([PicH][OTf], 15 mM) shows absorbance at 700
nm, consistent with the spectrum of the anthracene radical
anion measured spectroelectrochemically (Figure 3B) and
hence assignable to {Fc+−NH+−an•−} (CSS). TA kinetics
monitored at 700 nm further reveal a relatively long-lived
species (τ ∼ 0.9 μs; Figure 4A, black trace). The signal has

greater amplitude and is somewhat longer-lived (∼0.9 vs 0.6
μs) when excess [PicH][OTf] is present. When [TBA][OTf]
(15 mM) is employed as an electrolyte with isolated {Fc−
NH+−an}, the same species is observed, and its lifetime
increases to 1.3 μs, consistent with increased stabilization of
the CSS in a higher dielectric environment (Figure 2B). Rate
constants for excited-state charge shift and thermal back
transfer reactions in {Fc−NH+−an} display an inverted
driving-force behavior. The rapid excited-state charge shift
reaction at low driving force (0.6 eV) implies a modest ET
reorganization barrier. Back ET from {Fc+−NH+−an•−} to

regenerate ground-state {Fc−NH+−an} is likely disfavored by
the Marcus inverted effect, owing to the high reaction driving
force (2.5 eV) and closed shell products.37 Conformational
dynamics and electronic (spin) barriers might also modulate
the observed ET rate constants, warranting future studies to
probe them further. The slower CR at a lower driving force is
presumably the result of an increase in the reorganizational
energy in the higher dielectric medium. A different 420 nm TA
feature observed after 10 ns excitation of {NH+−an} (τ = 27.8
μs) or {Fc−NH+−an} (τ = 2.1 μs) is also present and is
attributable to the 3an* state.38 The Jablonski diagram (Figure
2B) illustrates the complex array of radiative and nonradiative
pathways available in {Fc−NH+−an}.
An alternative assignment for the 700 nm transient would be

a species resulting from protonation of the anthracene radical
anion by acid ([PicH][OTf], 15 mM) to produce the neutral
radical instead. Experimental precedent suggests that proto-
nation at C9 by [PicH][OTf] would lead to a neutral radical
fragment with absorbance below 500 nm,38 in contrast with the
observed 700 nm absorbance. Moreover, in an isotope
scrambling experiment, where a DME solution of {Fc−N−
an} and [PicD][OTf] was irradiated at 390 nm for 1 h, 2H
NMR spectra show no indication of deuterium incorporation
into the anthracene moiety (see Supporting Information).
We next tested whether photochemically generated {Fc+−

NH+−an•−} could undergo intermolecular PCET reactions,
using acetophenone (estimated BDFEO−H = 36 kcal mol−1

based on DFT calculations; see Supporting Information)20 as
an initial test substrate. {Fc−N−an} (1 mM) in the presence
of [PicH][OTf] (10 mM, pKa(MeCN) = 13.3)39 does not
react with acetophenone (10 mM) in the absence of light
excitation, owing to the large unfavorable BDFEX−H mismatch.
An analogous experiment with 390 nm irradiation, however,
afforded 29% of the pinacol-coupled product expected from
net H atom transfer to acetophenone and subsequent coupling
of the α-ketyl radical intermediates (Figure 5). A photo-
chemical quantum yield of 6% was measured under these
conditions (see Supporting Information). Control experiments
using {Fc−NMe+−an} in the presence of [PicH][OTf], or
{Fc−N−an} and a weaker acid incapable of protonating the
amine base (p-CF3-benzoic acid), did not produce the (<1%)
pinacol product. A binary mixture composed of just the organic
fragment {N−an} (1 mM) and ferrocene (10 mM) with 10
mM [PicH][OTf] also failed to generate the product, likely
owing to the short lifetime of the anthracene singlet excited
state and the low energy of the longer-lived anthracene triplet
excited state [E°(3an*0/•−) ≈ −0.6 V].40 Interestingly, despite
the large driving force toward HER, no H2 was detected upon
irradiation in the absence of the substrate (see Supporting
Information). Among the factors that may preclude such
reactivity are an unfavorable bimolecular reaction between two
cationic species, either {Fc−NH+−an} or {Fc+−NH+−an•−},
and the statistical improbability of the needed collision
between two CSS molecules, given the CSS lifetime.
In the presence of excess [PicH][OTf], transient spectros-

copy reveals that the charge-separated intermediate {Fc+−
NH+−an•−} reacts rapidly with acetophenone (Figure 4A). A
plot of the transient decay rate constant versus quencher
concentration is linear, consistent with a second-order rate
constant HkPCET = 9.0 ± 1.3 × 107 M−1 s−1 (Figure 4B). The
second-order rate constant for reaction of {Fc+−NH+−an•−}
with acetophenone in the presence of [PicD][OTf] (15 mM)

Figure 4. (A) Time-resolved TA decays for {Fc+−NH+−an•−} in the
presence of excess acid and quencher (acetophenone, sub), exciting
with a 355 nm laser pulse and monitoring the absorbance at 700 nm
after a time-delay of 10 ns. (B) Stern−Volmer quenching plots for the
rate of decay of {Fc+−NH(D)+−an•−} in the presence of varying
concentrations of sub, relative to the rate of decay in the absence of
sub, and an extracted deuterium kinetic isotope effect (KIE). (C)
Demonstration of the zero-order dependence of CR and PCET on
[H+]. For the TA data, [{Fc−N−an}] = 0.15 mM; [[PicH(D)]-
[OTf]] = 15 mM; [sub] = 18 mM in DME. For the acid-dependence
study, [[PicH][OTf]] + [[PicMe][OTf]] = 32 mM.
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Control experiment

43Peters, J. C. et al. J. Am. Chem. Soc. 2024, 146, 12750. 

Entry Deviation TM 
(%)

1 No light 0

2 {Fc-NMe+-an} instead of {Fc-N-an} & [PicH][OTf] <1

3 p-CF3-benzoic acid(1) instead of [PicH][OTf] <1

4 Cp2Fe + {N-an}(2) instead of {Fc-N-an} 0

Me

O OHMe

HO Me
2 FeII

{Fc-N-an}; Mediator (1 eq)
[PicH][OTf]; H+ source (10 eq)

DME (sub; 10 mM), 390 nm LED

{Fc-N-an}(10 eq)

N
Me

N
Me

{N-an}

(1); Weak acid incapable of protonating the amine group.
(2); Inefficient intermolecular reduction due to the short lifetime of 1anthracene*.



Stoichiometric photochemical reaction

44Peters, J. C. et al. J. Am. Chem. Soc. 2024, 146, 12750. 

Entry Substrate BDFEX–H
(kcal/mol) Product TM

(%)

1 29

2 65

3 42

4 [(TfO)W(NNH2)][OTf] - [(TfO)W(NH)][OTf] ~70

Me

O

NPh

OPh

O
PhO

O

Me

O
H

36 kcal/mol

NPh
H

50 kcal/mol

OPh

O
PhO

O

H 45 kcal/mol

OHMe

Me OH

PhHN

NHPh

OPh

O
PhO

O H

H

FeII
{Fc-N-an}; Mediator (1 eq)

[PicH][OTf]; H+ source (10 eq)

DME (sub; 10 mM), 390 nm LED, 1 h

{Fc-N-an}

(10 eq)
N
Me

Sub Sub H

• No HER was observed.



FeII

{Fc-N-an}

(1 eq)
N
Me

Sub Sub H

{Fc-N-an}; Mediator (2 mol%)
[PicH][OTf]; H+ source (2 eq)

[TBA][PF6] (3 eq)

DME (50 mM), 390 nm LED, 
Controlled potential (– 0.1 V vs Fc+/0), 24 h

Photoelectrocatalytic reaction

45Peters, J. C. et al. J. Am. Chem. Soc. 2024, 146, 12750. 

Entry Substrate Product TM
(%)

rSM
(%) TONs

1 36 ± 4 51 18 ± 2

2 30 55 15

3 9 75 9

Me

O

NPh

OPh

O
PhO

O

OHMe

Me OH

PhHN

NHPh

OPh

O
PhO

O H

H

• No HER was observed.
(Retention time; H2 = 4.3 min, N2 = 4.5 min)
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Summary
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• Novel molecular design & comprehensive mechanistic analysis.
• High reactivity in mild conditions.
• Minimized hydrogen evolution reaction.

(?) Applicability to more synthetically valuable transformation;
Generality of this strategy.
(e.g., Hydrogen atom transfer to unactivated alkene · · · )

n PCET mediator for electrocatalytic activation of small molecules
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• Walker, A., Mougel, V. Chimia. 2024, 78, 251.
• 分子光化学の原理（著者；Nicholas, J. T. 他 訳者；井上 晴夫 他）
• 大学院講義有機化学第２版Ⅰ（著者；野依 良治 他）
• 量子化学 基礎からのアプローチ（著者；真船 文隆）
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• http://mol-chem.com/photoinduced_electron_transfer/index.html
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electron) to the singly reduced metal site (Fig. 1a, blue box). The ther-
modynamic and kinetic parameters required for efficient M-H genera-
tion using a CPET mediator are ultimately fixed by the BDFE and pKa 
values of the generated hydride species. Thus, the choice of the CPET 
mediator used should be tailored to the M-H species targeted and 
ultimately to the desired catalytic application. In the present work, we 
investigated the impact of the proposed CPET-mediated generation of 
M-H in the context of CO2 electroreduction, as the formation of M-H 
intermediates is known to affect the catalyst’s selectivity and prod-
uct distribution. The vast majority of molecular electrocatalysts for 
CO2RR promote two-electron reduction of CO2 to CO or HCOOH, the 
latter generally requiring formation of an M-H intermediate, whereas 
CO formation typically requires the direct interaction of CO2 with 
the metal centre and precludes M-H formation2. Among the widely 
investigated selective CO2RR catalysts, we selected MnI-cat, given its 
divergent behaviour in electrochemical and photochemical CO2RR 
(Fig. 1b). It produces CO under electrochemical conditions16, whereas 
HCOOH is generated as the major product under photochemical 
conditions17. This change of selectivity relates directly to the reaction 
pathway involved during catalysis: the C-centred activation of CO2 
under electrochemical conditions leads to CO as the main product, 
whereas the Mn-H species formed under photochemical conditions 
enables HCOOH formation18. The factors influencing the formation 
of Mn-H species in such molecular complexes under photochemical 
conditions are, however, not fully understood. Related to this, recent 
studies highlighted that the proximity of proton donors in the ligand 
framework may enable the generation of Mn-H species also under 
electrochemical conditions19,20.

An initial screening of the thermodynamic feasibility of such a 
CPET-mediated Mn-H formation using reported BDFE values21,22 (see 
below) motivated our choice of iron–sulfur clusters (Fe–S clusters) 

as CPET mediators. Synthetic Fe–S clusters have so far not been 
exploited to mediate CPET steps in a catalytic context. However, 
proton-coupled electron transfer-mediated by Fe–S clusters have 
been observed in Fe–Fe hydrogenases23 (H cluster) as well as in 3Fe–4S 
cluster-containing ferredoxins24, and recent studies have shown that 
synthetic Fe–S clusters are also capable of donating or accepting an 
effective H atom in a stoichiometric reaction21,25. In addition, their 
very low reorganization energy, which is key to the high efficiency 
of electron transfers in enzymatic systems26,27, is highly desirable 
for efficient (re)generation when used as a CPET mediator. Last, the 
multiple site nature of CPET on Fe–S clusters, in which protonation 
occurs at a sulfur base, whereas reduction occurs at a Fe centre, may 
constitute a kinetic advantage over the use of a metal hydride to carry 
out the same function as the CPET mediator, because the kinetics of 
metal hydride formation may be hampered by higher reorganiza-
tion energy costs6,28. On the basis of these facts, we investigated the 
CO2RR using the synthetic iron–sulfur cluster, Fe-S, as a potential 
CPET mediator, in combination with the well-known CO2 reduction 
catalyst MnI-cat.

Under an argon atmosphere, the cyclic voltammogram (CV) of a 1:1 
mixture of both MnI-cat and Fe-S cluster in acetonitrile (CH3CN) is 
seen to be identical to the sum of the CVs of its individual components, 
revealing three consecutive 1e− reduction events at −1.34 V, −1.65 V 
and −1.89 V (Supplementary Fig. 1; potentials expressed versus Fc/Fc+ 
(ferrocene/ferrocenium) here and in all text below). These events were 
assigned, respectively, to the Fe-S0/−1 redox process, to the reduction 
of MnI-cat to the dimeric complex [Mn0(bpy)(CO)3]2 (Mn0-dimer) and 
the subsequent reduction of the dimer to the Mn-1-cat species (Fig. 1b 
and Supplementary Section 2.1.1).

This behaviour is markedly different under CO2RR conditions using 
2,2,2-trifluoroethanol (TFE) as the proton source (Supplementary 
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Fig. 1 | CPET-mediated metal hydride formation. a, Generation of M-H 
species via stepwise proton-coupled electron transfer (PCET: ET–PT or PT–ET, 
grey box) and CPET (blue box) processes. The superscripts indicate metal 

oxidation states. b, Reaction pathways and associated product selectivity for 
MnI-cat-catalysed CO2 reduction under electro- and photochemical 
conditions.

n Challenges in Selectivity

• HCO2H is the highest value-added CO2 reduction product.
(Novel H2 career, hydride source …)

✕ Generally, CO is preferentially produced
✕ Competing HER

is DkPCET = 3.2 ± 0.5 × 107 M−1 s−1 (Figure 4B); the
HkPCET/DkPCET KIE = 2.8 ± 0.4.
Because an H-bonding interaction has been proposed

between acetophenone substrates and phosphoric acids of
similar pKa to [PicH][OTf] by Knowles,42 we explored a
similar mechanism in our studies, where [PicH][OTf] would
form an H-bonded complex with acetophenone followed by
ET from {Fc+−NH+−an•−}. We postulated that if this
mechanism was operative in the present system, we should
see a dependence of the rate of PCET on both [H+] and
[acetophenone]. To keep the dielectric of the medium
relatively constant while varying [[PicH][OTf]], we employed
the methylated salt [PicMe][OTf] to maintain the total
concentration of ions throughout; [PicMe][OTf] similarly
stabilizes the CSS (see Supporting Information). While
holding [acetophenone] constant, varying [[PicH][OTf]]
shows zero-order dependence (Figure 4C), suggesting that
PCET from {Fc+−NH+−an•−} to acetophenone does not
proceed via H-bonded preassociation with [PicH][OTf]. The
KIE value of 2.8 and the lack of dependence on [PicH+] is
consistent with concerted PT and ET to acetophenone from
{Fc+−NH+−an•−}.20 We also explored the reactivity of {Fc−

NH+−an} with N-phenylbenzylimine and diphenylfumarate
(Figure 5). Reaction with N-phenylbenzylimine, featuring a
CN π-bond and an associated BDFEN−H for its correspond-
ing iminyl radical calculated to be 50 kcal mol−1 (Figure 5),
afforded 65% of the aza-pinacol coupling product. Using
diphenylfumarate as the substrate (CC π-bond; BDFEC−H
for the succinyl radical calculated to be 45 kcal mol−1) afforded
42% of the fully reduced succinate product.41
To test the photochemical PCET mediator on an inorganic

substrate we turned to the hydrazido complex [(TfO)
W(NNH2)][OTf] [W = (dppe)2W; OTf = triflate]; we had
recently reported its thermal reactivity with a cobalt PCET
mediator toward N−N cleavage.23 Gratifyingly, irradiation of
[(TfO)W(NNH2)][OTf] in the presence of [PicH][OTf] and
{Fc−N−an} afforded ∼70% yield of the [(TfO)W(NH)]-
[OTf] imido product (evidenced by 31P NMR spectroscopy;
eq 2). When the 15N-labeled complex [(TfO)W(15N15NH2)]-
[OTf] was used instead, 15NH4OTf was detected via 1H−15N
heteronuclear multiple bond correlation (HMBC) NMR
spectroscopy. Observation of 15NH4OTf and also [(TfO)
W(15NH)][OTf] (via 31P NMR) are consistent with photo-
induced PCET concomitant with N−N bond cleavage (see

Figure 5. Scope of organic substrates amenable to photochemical reduction via pPCET using {Fc−NH+−an}. Photoelectrocatalytic reduction of
organic substrates by {Fc−NH+−an} in the presence of [PicH][OTf] under irradiation at 390 nm and an Eapp of −0.1 V vs Fc+/0 using a carbon
cloth cathode and either a Zn or GC anode. All reported yields are NMR yields measured against an internal standard (see Supporting
Information). Only trace H2 (<2% Faradaic efficiency) was detected when sub = acetophenone. Calculated BDFE values of key organic
intermediates are reported as well.41 The inlayed plot is measured current response in the presence and absence of irradiation for the
photoelectrocatalytic reduction of acetophenone by {Fc−NH+−an}. (SM = starting material).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c02610
J. Am. Chem. Soc. 2024, 146, 12750−12757
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electron) to the singly reduced metal site (Fig. 1a, blue box). The ther-
modynamic and kinetic parameters required for efficient M-H genera-
tion using a CPET mediator are ultimately fixed by the BDFE and pKa 
values of the generated hydride species. Thus, the choice of the CPET 
mediator used should be tailored to the M-H species targeted and 
ultimately to the desired catalytic application. In the present work, we 
investigated the impact of the proposed CPET-mediated generation of 
M-H in the context of CO2 electroreduction, as the formation of M-H 
intermediates is known to affect the catalyst’s selectivity and prod-
uct distribution. The vast majority of molecular electrocatalysts for 
CO2RR promote two-electron reduction of CO2 to CO or HCOOH, the 
latter generally requiring formation of an M-H intermediate, whereas 
CO formation typically requires the direct interaction of CO2 with 
the metal centre and precludes M-H formation2. Among the widely 
investigated selective CO2RR catalysts, we selected MnI-cat, given its 
divergent behaviour in electrochemical and photochemical CO2RR 
(Fig. 1b). It produces CO under electrochemical conditions16, whereas 
HCOOH is generated as the major product under photochemical 
conditions17. This change of selectivity relates directly to the reaction 
pathway involved during catalysis: the C-centred activation of CO2 
under electrochemical conditions leads to CO as the main product, 
whereas the Mn-H species formed under photochemical conditions 
enables HCOOH formation18. The factors influencing the formation 
of Mn-H species in such molecular complexes under photochemical 
conditions are, however, not fully understood. Related to this, recent 
studies highlighted that the proximity of proton donors in the ligand 
framework may enable the generation of Mn-H species also under 
electrochemical conditions19,20.

An initial screening of the thermodynamic feasibility of such a 
CPET-mediated Mn-H formation using reported BDFE values21,22 (see 
below) motivated our choice of iron–sulfur clusters (Fe–S clusters) 

as CPET mediators. Synthetic Fe–S clusters have so far not been 
exploited to mediate CPET steps in a catalytic context. However, 
proton-coupled electron transfer-mediated by Fe–S clusters have 
been observed in Fe–Fe hydrogenases23 (H cluster) as well as in 3Fe–4S 
cluster-containing ferredoxins24, and recent studies have shown that 
synthetic Fe–S clusters are also capable of donating or accepting an 
effective H atom in a stoichiometric reaction21,25. In addition, their 
very low reorganization energy, which is key to the high efficiency 
of electron transfers in enzymatic systems26,27, is highly desirable 
for efficient (re)generation when used as a CPET mediator. Last, the 
multiple site nature of CPET on Fe–S clusters, in which protonation 
occurs at a sulfur base, whereas reduction occurs at a Fe centre, may 
constitute a kinetic advantage over the use of a metal hydride to carry 
out the same function as the CPET mediator, because the kinetics of 
metal hydride formation may be hampered by higher reorganiza-
tion energy costs6,28. On the basis of these facts, we investigated the 
CO2RR using the synthetic iron–sulfur cluster, Fe-S, as a potential 
CPET mediator, in combination with the well-known CO2 reduction 
catalyst MnI-cat.

Under an argon atmosphere, the cyclic voltammogram (CV) of a 1:1 
mixture of both MnI-cat and Fe-S cluster in acetonitrile (CH3CN) is 
seen to be identical to the sum of the CVs of its individual components, 
revealing three consecutive 1e− reduction events at −1.34 V, −1.65 V 
and −1.89 V (Supplementary Fig. 1; potentials expressed versus Fc/Fc+ 
(ferrocene/ferrocenium) here and in all text below). These events were 
assigned, respectively, to the Fe-S0/−1 redox process, to the reduction 
of MnI-cat to the dimeric complex [Mn0(bpy)(CO)3]2 (Mn0-dimer) and 
the subsequent reduction of the dimer to the Mn-1-cat species (Fig. 1b 
and Supplementary Section 2.1.1).

This behaviour is markedly different under CO2RR conditions using 
2,2,2-trifluoroethanol (TFE) as the proton source (Supplementary 
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Fig. 1 | CPET-mediated metal hydride formation. a, Generation of M-H 
species via stepwise proton-coupled electron transfer (PCET: ET–PT or PT–ET, 
grey box) and CPET (blue box) processes. The superscripts indicate metal 

oxidation states. b, Reaction pathways and associated product selectivity for 
MnI-cat-catalysed CO2 reduction under electro- and photochemical 
conditions.

• Biomimetic iron-sulfur cluster was utilized as a hydrogen atom transfer mediator.
• Multiple site nature of PCET on Fe-S cluster, in which protonation occurs at a sulfur 

base, whereas reduction occurs at a Fe centre, constitute a kinetic advantage by 
the lower reorganization energy.

Mougel, V. et al. Nature. 2022, 607, 499.
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Section 2.1.1 and Supplementary Figs. 1–6). The CV of the 1:1 mixture 
of MnI-cat and Fe-S presented in Fig. 2a exhibits two significant 
changes with respect to the CVs of each complex taken separately: 
the catalytic current of the peak assigned to the electrochemical 
CO2RR activity of MnI-cat at −2.05 V is enhanced by approximately 
50%, and a new catalytic feature appears at −1.85 V (note that Fe-S 
alone does not show any catalytic features within the experimental 
potential range). In addition, a small current enhancement (2.4 times) 
of the peak at −1.65 V is observed under CO2RR conditions. In the 
absence of CO2 or TFE, the catalytic process at −2.05 V is not present 
and the process at −1.85 V is substantially lowered, whereas the Fe-S0/−1 
process remained unaltered (Supplementary Figs. 2 and 3). Increas-
ing the concentration of Fe-S (1:2 MnI-cat/Fe-S ratio) does not affect 
the current of the −2.05 V peak, but results in a further increase of the 
catalytic current at −1.85 V (Fig. 2a). These results suggest that the 
new catalytic process at −1.85 V is related to the generation of a new 
catalytic species resulting from the synergistic combination of Fe-S 
and MnI-cat and occurring at less negative potentials than that 
required for MnI-cat alone to reduce CO2. To identify the reaction 
catalysed at this new catalytic process, we carried out a series of 
90 min controlled potential electrolyses (CPEs) (Supplementary 
Fig. 7). A CPE at −1.85 V revealed a complete shift of product selectiv-
ity and formation rates (Fig. 2b): the combination of MnI-cat and Fe-S 
(1:2 ratio) enabled the formation of a large amount of HCOOH with 
high selectivity (Faradaic yield (FYHCOOH) = 92%, product yield 
(nHCOOH ) = 23 µmol) and a small amount of CO (FYCO =   6%, 
nCO = 1.6 µmol), whereas MnI-cat alone catalyses CO2RR selectively, 
as expected, to CO with low activity (FYCO = 91%, nCO = 5 µmol) with 

no formation of H2, and Fe-S alone only produces a very small amount 
of HCOOH (FYHCOOH  = 30%, nHCOOH = 1.9 µmol) and H2 (FYH2

 = 17%, 
nH2

 = 1 µmol) (Supplementary Table  1). We identified the 1:2 
MnI-cat/Fe-S ratio as optimal, as both the amount of products formed 
and the selectivity for HCOOH versus CO were enhanced when increas-
ing the concentration of Fe-S (that is, decreasing the MnI-cat/Fe-S 
ratio), reaching a plateau at a 1:2 ratio (Supplementary Fig. 7 and Sup-
plementary Table 1). With an overall turnover frequency (TOF) of 
20 s−1 at an overpotential of only 22–340 mV (Fig. 2 and Supplemen-
tary Section 2.5) measured from the long-term CPE experiment, the 
1:2 MnI-cat/Fe-S system stands among the best molecular electro-
catalytic systems for the reduction of CO2 to HCOOH, while operating 
at remarkably high Faradaic efficiency (Fig. 2f and Supplementary 
Section 2.8). In addition, independently of the selectivity shift, an 
approximately fivefold increase in turnover number (TON) for CO2RR 
was observed with respect to the analogous CPE carried out in the 
absence of Fe-S (Supplementary Table 1).

Finally, the origin of the above-mentioned increase of the current at 
−1.65 V under catalytic conditions with the 1:2 MnI-cat/Fe-S system 
was investigated by carrying out a CPE at −1.65 V. Selective HCOOH 
formation was also observed (FYHCOOH = 78%, nHCOOH = 7.6 µmol; Sup-
plementary Table 1) yet with significantly lower rates (TOF = 0.4 s−1) 
than at −1.85 V. Nevertheless, selective reduction of CO2 to HCOOH at 
such a modest overpotential (20–140 mV) is, to our knowledge, unprec-
edented for first-row transition metal catalysts (Fig. 2f). In addition, 
we suspect parasitic side reactions, significant at such low currents, 
to account for the remaining FY, as significantly increased FY for 
HCOOH were observed at −1.7 V (FYHCOOH  = 91%, nHCOOH  = 9.5 µmol; 
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Fig. 2 | Catalytic activity and spectroscopic characterization of relevant 
intermediates of CPET-mediated CO2RR activity of MnI-cat. a, Overlaid CV 
traces of MnI-cat (1 mM) in the absence and in the presence of Fe-S along with 
the CV of Fe-S alone (0.2 M TFE, 0.1 M TBAPF6 in CH3CN). b, Corresponding 
products, and associated FY obtained during 90 min CPE at −1.85 V using a 1:2 
MnI-cat/Fe-S mixture (0.2 M TFE, 0.1 M TBAPF6 in CO2-saturated CH3CN). Thick 
lines error bars indicate the systematic error of duplicate CPE measurements 
and thin line error bars correspond to the standard deviation of three 
independent GC injections. c, Time-dependent evolution of IRSEC signals of a 
1:2 MnI-cat/Fe-S mixture in the presence of CO2 on reduction at −1.65 V 
(40 equiv. TFE, 0.1 M TBAPF6 in CO2-saturated CH3CN). d, Overlay of IRSEC 
signals after 4 min CPE of a 1:2 MnI-cat/Fe-S mixture (blue) and MnI-cat only 

(orange) under the conditions described in c. e, Ex situ 1H NMR spectra 
recorded after CPE of MnI-cat (orange) and a 1:1 MnI-cat/Fe-S mixture at 
−1.65 V and addition of TFE (50 equiv.) under Ar (blue) and CO2 (green).  
f, Comparison of the performance among reported catalytic CO2RR systems 
selective for HCOOH production (Supplementary Section 2.8 and 
Supplementary Table 3). The bars indicate the range of overpotential for the 
MnI-cat/Fe-S system. To account for the uncertainties related to the actual pKa 
value of the proton source in solution: the formation of HCOOH under catalytic 
conditions used here was experimentally confirmed via FTIR studies, but 
cannot be rationalized using the pKa values reported for TFE (25.1) and 
determined here for HCOOH (21.6) (Supplementary Sections 2.3 and 2.5).
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Section 2.1.1 and Supplementary Figs. 1–6). The CV of the 1:1 mixture 
of MnI-cat and Fe-S presented in Fig. 2a exhibits two significant 
changes with respect to the CVs of each complex taken separately: 
the catalytic current of the peak assigned to the electrochemical 
CO2RR activity of MnI-cat at −2.05 V is enhanced by approximately 
50%, and a new catalytic feature appears at −1.85 V (note that Fe-S 
alone does not show any catalytic features within the experimental 
potential range). In addition, a small current enhancement (2.4 times) 
of the peak at −1.65 V is observed under CO2RR conditions. In the 
absence of CO2 or TFE, the catalytic process at −2.05 V is not present 
and the process at −1.85 V is substantially lowered, whereas the Fe-S0/−1 
process remained unaltered (Supplementary Figs. 2 and 3). Increas-
ing the concentration of Fe-S (1:2 MnI-cat/Fe-S ratio) does not affect 
the current of the −2.05 V peak, but results in a further increase of the 
catalytic current at −1.85 V (Fig. 2a). These results suggest that the 
new catalytic process at −1.85 V is related to the generation of a new 
catalytic species resulting from the synergistic combination of Fe-S 
and MnI-cat and occurring at less negative potentials than that 
required for MnI-cat alone to reduce CO2. To identify the reaction 
catalysed at this new catalytic process, we carried out a series of 
90 min controlled potential electrolyses (CPEs) (Supplementary 
Fig. 7). A CPE at −1.85 V revealed a complete shift of product selectiv-
ity and formation rates (Fig. 2b): the combination of MnI-cat and Fe-S 
(1:2 ratio) enabled the formation of a large amount of HCOOH with 
high selectivity (Faradaic yield (FYHCOOH) = 92%, product yield 
(nHCOOH ) = 23 µmol) and a small amount of CO (FYCO =   6%, 
nCO = 1.6 µmol), whereas MnI-cat alone catalyses CO2RR selectively, 
as expected, to CO with low activity (FYCO = 91%, nCO = 5 µmol) with 

no formation of H2, and Fe-S alone only produces a very small amount 
of HCOOH (FYHCOOH  = 30%, nHCOOH = 1.9 µmol) and H2 (FYH2

 = 17%, 
nH2

 = 1 µmol) (Supplementary Table  1). We identified the 1:2 
MnI-cat/Fe-S ratio as optimal, as both the amount of products formed 
and the selectivity for HCOOH versus CO were enhanced when increas-
ing the concentration of Fe-S (that is, decreasing the MnI-cat/Fe-S 
ratio), reaching a plateau at a 1:2 ratio (Supplementary Fig. 7 and Sup-
plementary Table 1). With an overall turnover frequency (TOF) of 
20 s−1 at an overpotential of only 22–340 mV (Fig. 2 and Supplemen-
tary Section 2.5) measured from the long-term CPE experiment, the 
1:2 MnI-cat/Fe-S system stands among the best molecular electro-
catalytic systems for the reduction of CO2 to HCOOH, while operating 
at remarkably high Faradaic efficiency (Fig. 2f and Supplementary 
Section 2.8). In addition, independently of the selectivity shift, an 
approximately fivefold increase in turnover number (TON) for CO2RR 
was observed with respect to the analogous CPE carried out in the 
absence of Fe-S (Supplementary Table 1).

Finally, the origin of the above-mentioned increase of the current at 
−1.65 V under catalytic conditions with the 1:2 MnI-cat/Fe-S system 
was investigated by carrying out a CPE at −1.65 V. Selective HCOOH 
formation was also observed (FYHCOOH = 78%, nHCOOH = 7.6 µmol; Sup-
plementary Table 1) yet with significantly lower rates (TOF = 0.4 s−1) 
than at −1.85 V. Nevertheless, selective reduction of CO2 to HCOOH at 
such a modest overpotential (20–140 mV) is, to our knowledge, unprec-
edented for first-row transition metal catalysts (Fig. 2f). In addition, 
we suspect parasitic side reactions, significant at such low currents, 
to account for the remaining FY, as significantly increased FY for 
HCOOH were observed at −1.7 V (FYHCOOH  = 91%, nHCOOH  = 9.5 µmol; 
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Fig. 2 | Catalytic activity and spectroscopic characterization of relevant 
intermediates of CPET-mediated CO2RR activity of MnI-cat. a, Overlaid CV 
traces of MnI-cat (1 mM) in the absence and in the presence of Fe-S along with 
the CV of Fe-S alone (0.2 M TFE, 0.1 M TBAPF6 in CH3CN). b, Corresponding 
products, and associated FY obtained during 90 min CPE at −1.85 V using a 1:2 
MnI-cat/Fe-S mixture (0.2 M TFE, 0.1 M TBAPF6 in CO2-saturated CH3CN). Thick 
lines error bars indicate the systematic error of duplicate CPE measurements 
and thin line error bars correspond to the standard deviation of three 
independent GC injections. c, Time-dependent evolution of IRSEC signals of a 
1:2 MnI-cat/Fe-S mixture in the presence of CO2 on reduction at −1.65 V 
(40 equiv. TFE, 0.1 M TBAPF6 in CO2-saturated CH3CN). d, Overlay of IRSEC 
signals after 4 min CPE of a 1:2 MnI-cat/Fe-S mixture (blue) and MnI-cat only 

(orange) under the conditions described in c. e, Ex situ 1H NMR spectra 
recorded after CPE of MnI-cat (orange) and a 1:1 MnI-cat/Fe-S mixture at 
−1.65 V and addition of TFE (50 equiv.) under Ar (blue) and CO2 (green).  
f, Comparison of the performance among reported catalytic CO2RR systems 
selective for HCOOH production (Supplementary Section 2.8 and 
Supplementary Table 3). The bars indicate the range of overpotential for the 
MnI-cat/Fe-S system. To account for the uncertainties related to the actual pKa 
value of the proton source in solution: the formation of HCOOH under catalytic 
conditions used here was experimentally confirmed via FTIR studies, but 
cannot be rationalized using the pKa values reported for TFE (25.1) and 
determined here for HCOOH (21.6) (Supplementary Sections 2.3 and 2.5).
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Section 2.1.1 and Supplementary Figs. 1–6). The CV of the 1:1 mixture 
of MnI-cat and Fe-S presented in Fig. 2a exhibits two significant 
changes with respect to the CVs of each complex taken separately: 
the catalytic current of the peak assigned to the electrochemical 
CO2RR activity of MnI-cat at −2.05 V is enhanced by approximately 
50%, and a new catalytic feature appears at −1.85 V (note that Fe-S 
alone does not show any catalytic features within the experimental 
potential range). In addition, a small current enhancement (2.4 times) 
of the peak at −1.65 V is observed under CO2RR conditions. In the 
absence of CO2 or TFE, the catalytic process at −2.05 V is not present 
and the process at −1.85 V is substantially lowered, whereas the Fe-S0/−1 
process remained unaltered (Supplementary Figs. 2 and 3). Increas-
ing the concentration of Fe-S (1:2 MnI-cat/Fe-S ratio) does not affect 
the current of the −2.05 V peak, but results in a further increase of the 
catalytic current at −1.85 V (Fig. 2a). These results suggest that the 
new catalytic process at −1.85 V is related to the generation of a new 
catalytic species resulting from the synergistic combination of Fe-S 
and MnI-cat and occurring at less negative potentials than that 
required for MnI-cat alone to reduce CO2. To identify the reaction 
catalysed at this new catalytic process, we carried out a series of 
90 min controlled potential electrolyses (CPEs) (Supplementary 
Fig. 7). A CPE at −1.85 V revealed a complete shift of product selectiv-
ity and formation rates (Fig. 2b): the combination of MnI-cat and Fe-S 
(1:2 ratio) enabled the formation of a large amount of HCOOH with 
high selectivity (Faradaic yield (FYHCOOH) = 92%, product yield 
(nHCOOH ) = 23 µmol) and a small amount of CO (FYCO =   6%, 
nCO = 1.6 µmol), whereas MnI-cat alone catalyses CO2RR selectively, 
as expected, to CO with low activity (FYCO = 91%, nCO = 5 µmol) with 

no formation of H2, and Fe-S alone only produces a very small amount 
of HCOOH (FYHCOOH  = 30%, nHCOOH = 1.9 µmol) and H2 (FYH2

 = 17%, 
nH2

 = 1 µmol) (Supplementary Table  1). We identified the 1:2 
MnI-cat/Fe-S ratio as optimal, as both the amount of products formed 
and the selectivity for HCOOH versus CO were enhanced when increas-
ing the concentration of Fe-S (that is, decreasing the MnI-cat/Fe-S 
ratio), reaching a plateau at a 1:2 ratio (Supplementary Fig. 7 and Sup-
plementary Table 1). With an overall turnover frequency (TOF) of 
20 s−1 at an overpotential of only 22–340 mV (Fig. 2 and Supplemen-
tary Section 2.5) measured from the long-term CPE experiment, the 
1:2 MnI-cat/Fe-S system stands among the best molecular electro-
catalytic systems for the reduction of CO2 to HCOOH, while operating 
at remarkably high Faradaic efficiency (Fig. 2f and Supplementary 
Section 2.8). In addition, independently of the selectivity shift, an 
approximately fivefold increase in turnover number (TON) for CO2RR 
was observed with respect to the analogous CPE carried out in the 
absence of Fe-S (Supplementary Table 1).

Finally, the origin of the above-mentioned increase of the current at 
−1.65 V under catalytic conditions with the 1:2 MnI-cat/Fe-S system 
was investigated by carrying out a CPE at −1.65 V. Selective HCOOH 
formation was also observed (FYHCOOH = 78%, nHCOOH = 7.6 µmol; Sup-
plementary Table 1) yet with significantly lower rates (TOF = 0.4 s−1) 
than at −1.85 V. Nevertheless, selective reduction of CO2 to HCOOH at 
such a modest overpotential (20–140 mV) is, to our knowledge, unprec-
edented for first-row transition metal catalysts (Fig. 2f). In addition, 
we suspect parasitic side reactions, significant at such low currents, 
to account for the remaining FY, as significantly increased FY for 
HCOOH were observed at −1.7 V (FYHCOOH  = 91%, nHCOOH  = 9.5 µmol; 
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Fig. 2 | Catalytic activity and spectroscopic characterization of relevant 
intermediates of CPET-mediated CO2RR activity of MnI-cat. a, Overlaid CV 
traces of MnI-cat (1 mM) in the absence and in the presence of Fe-S along with 
the CV of Fe-S alone (0.2 M TFE, 0.1 M TBAPF6 in CH3CN). b, Corresponding 
products, and associated FY obtained during 90 min CPE at −1.85 V using a 1:2 
MnI-cat/Fe-S mixture (0.2 M TFE, 0.1 M TBAPF6 in CO2-saturated CH3CN). Thick 
lines error bars indicate the systematic error of duplicate CPE measurements 
and thin line error bars correspond to the standard deviation of three 
independent GC injections. c, Time-dependent evolution of IRSEC signals of a 
1:2 MnI-cat/Fe-S mixture in the presence of CO2 on reduction at −1.65 V 
(40 equiv. TFE, 0.1 M TBAPF6 in CO2-saturated CH3CN). d, Overlay of IRSEC 
signals after 4 min CPE of a 1:2 MnI-cat/Fe-S mixture (blue) and MnI-cat only 

(orange) under the conditions described in c. e, Ex situ 1H NMR spectra 
recorded after CPE of MnI-cat (orange) and a 1:1 MnI-cat/Fe-S mixture at 
−1.65 V and addition of TFE (50 equiv.) under Ar (blue) and CO2 (green).  
f, Comparison of the performance among reported catalytic CO2RR systems 
selective for HCOOH production (Supplementary Section 2.8 and 
Supplementary Table 3). The bars indicate the range of overpotential for the 
MnI-cat/Fe-S system. To account for the uncertainties related to the actual pKa 
value of the proton source in solution: the formation of HCOOH under catalytic 
conditions used here was experimentally confirmed via FTIR studies, but 
cannot be rationalized using the pKa values reported for TFE (25.1) and 
determined here for HCOOH (21.6) (Supplementary Sections 2.3 and 2.5).

• New redox process at –1.85V resulting 
from the synergistic combination of Fe-S 
and MnI-cat

n CV chart

n Complete shift of product selectivity n Minimized overpotential
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Two CPET steps have to be considered: (1) the (re)generation of the 
med-H species with an electron and a proton; and (2) the overall trans-
fer of an apparent hydrogen atom to the singly reduced metal site 
[M(n−1)+] (Fig. 3a). Both steps can be interpreted in a Marcus-type for-
malism (Fig. 3b), in which a symmetric dependence between the rate 
of the reaction (kCPET) and the thermodynamic driving force (∆G°

CPET) 
is expected, resulting in a lower activation barrier than required for 
the stepwise ET–PT and PT–ET processes. This dependence may be 
diminished by the fact that both a proton and an electron must syn-
chronously tunnel, resulting in a potentially higher pre-exponential 
factor (A) than for isolated ET and PT steps. Nevertheless, the use of 
mild reducing agents and weak acid sources should mitigate that 
fact, and enable faster CPET rates, while being highly beneficial for 
catalytic purposes because the reaction proceeds at a lower overall 
driving force ∆G°

CPET. Hence, considering the two steps of a catalytic, 
CPET-mediated generation of M-H species in the Marcus formalism, 
as presented in Fig. 3a, enables identification of the key parameters to 
optimize for an effective catalytic M-H formation that occurs at high 
rate and minimal thermodynamic cost while enabling regeneration 
of the CPET mediator.

First, efficient (re)generation of the CPET mediator requires mini-
mizing the driving force ∆G°

1 and the reorganization energy λ1 for 
the generation step med → med-H. ∆G°

1 corresponds to the BDFE of 
the med-H species, which can be estimated using the Bordwell equa-
tion (Fig. 3b). The two main parameters affecting the reorganization 
energy λ1 are the solvent reorganization energy and the inner-sphere 

reorganization energy of the mediator, which is related to the intrin-
sic geometry change that occurs on generation of the med-H species. 
In the specific case of a CPET mechanism, the overall charge will not 
vary, and the main contributor to the overall reorganization energy 
will be the inner-sphere one. A good strategy to lower λ1 is therefore 
to select a mediator with minimal structural and polarity changes 
on CPET.

Second, from a thermodynamic point of view, for the CPET to occur 
from med-H to the reduced metal complex M (that is, ∆G°

2 < 0), the 
BDFE of the med-H species (BDFEmed-H) should be lower than the BDFE 
of the M-H species (BDFEM-H) formed33. These values should, however, 
be close, to lower the associated kinetic energy barrier, as highlighted 
above.

Last, to ensure an efficient proton transfer from the proton source 
to the mediator, the relation pKa

proton source ≤ pKa
med-H should be fulfilled. 

Additional selection factors come into play when H2 generation is not 
the reaction of interest and will be discussed below.

Hence, for the present system, an effective CPET can occur if BDFE[Fe-S]H  
is lower than BDFEMn-H. However, verifying this condition first implies 
determining these BDFEs, which were not previously reported. We 
determined BDFE[Fe-S]H here to be as low as 63.5 kcal mol−1, in good 
agreement with the BDFE value of 60.5 kcal mol−1 recently reported 
for another Fe–S cluster bearing substituted thioaryloxide ligands21. 
The determination of this value necessitated evaluating the pKa value 
of [Fe-S]H, which we determined electrochemically using a proto-
nated P1 phosphazene base (Supplementary Section 7) and found 
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integrals of the electronic and proton vibrational states between the substrate 
and product, T is the absolute temperature and kB is the Boltzmann constant. 
The Bordwell equation (3) enables estimating the BDFE values using Ka as the 
acidity constant of the protonated mediator med-H, E0 as the reduction 
potential of the med0/− couple, CG being a solvent-dependent constant.  
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Two CPET steps have to be considered: (1) the (re)generation of the 
med-H species with an electron and a proton; and (2) the overall trans-
fer of an apparent hydrogen atom to the singly reduced metal site 
[M(n−1)+] (Fig. 3a). Both steps can be interpreted in a Marcus-type for-
malism (Fig. 3b), in which a symmetric dependence between the rate 
of the reaction (kCPET) and the thermodynamic driving force (∆G°

CPET) 
is expected, resulting in a lower activation barrier than required for 
the stepwise ET–PT and PT–ET processes. This dependence may be 
diminished by the fact that both a proton and an electron must syn-
chronously tunnel, resulting in a potentially higher pre-exponential 
factor (A) than for isolated ET and PT steps. Nevertheless, the use of 
mild reducing agents and weak acid sources should mitigate that 
fact, and enable faster CPET rates, while being highly beneficial for 
catalytic purposes because the reaction proceeds at a lower overall 
driving force ∆G°

CPET. Hence, considering the two steps of a catalytic, 
CPET-mediated generation of M-H species in the Marcus formalism, 
as presented in Fig. 3a, enables identification of the key parameters to 
optimize for an effective catalytic M-H formation that occurs at high 
rate and minimal thermodynamic cost while enabling regeneration 
of the CPET mediator.

First, efficient (re)generation of the CPET mediator requires mini-
mizing the driving force ∆G°

1 and the reorganization energy λ1 for 
the generation step med → med-H. ∆G°

1 corresponds to the BDFE of 
the med-H species, which can be estimated using the Bordwell equa-
tion (Fig. 3b). The two main parameters affecting the reorganization 
energy λ1 are the solvent reorganization energy and the inner-sphere 

reorganization energy of the mediator, which is related to the intrin-
sic geometry change that occurs on generation of the med-H species. 
In the specific case of a CPET mechanism, the overall charge will not 
vary, and the main contributor to the overall reorganization energy 
will be the inner-sphere one. A good strategy to lower λ1 is therefore 
to select a mediator with minimal structural and polarity changes 
on CPET.

Second, from a thermodynamic point of view, for the CPET to occur 
from med-H to the reduced metal complex M (that is, ∆G°

2 < 0), the 
BDFE of the med-H species (BDFEmed-H) should be lower than the BDFE 
of the M-H species (BDFEM-H) formed33. These values should, however, 
be close, to lower the associated kinetic energy barrier, as highlighted 
above.

Last, to ensure an efficient proton transfer from the proton source 
to the mediator, the relation pKa

proton source ≤ pKa
med-H should be fulfilled. 

Additional selection factors come into play when H2 generation is not 
the reaction of interest and will be discussed below.

Hence, for the present system, an effective CPET can occur if BDFE[Fe-S]H  
is lower than BDFEMn-H. However, verifying this condition first implies 
determining these BDFEs, which were not previously reported. We 
determined BDFE[Fe-S]H here to be as low as 63.5 kcal mol−1, in good 
agreement with the BDFE value of 60.5 kcal mol−1 recently reported 
for another Fe–S cluster bearing substituted thioaryloxide ligands21. 
The determination of this value necessitated evaluating the pKa value 
of [Fe-S]H, which we determined electrochemically using a proto-
nated P1 phosphazene base (Supplementary Section 7) and found 
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Two CPET steps have to be considered: (1) the (re)generation of the 
med-H species with an electron and a proton; and (2) the overall trans-
fer of an apparent hydrogen atom to the singly reduced metal site 
[M(n−1)+] (Fig. 3a). Both steps can be interpreted in a Marcus-type for-
malism (Fig. 3b), in which a symmetric dependence between the rate 
of the reaction (kCPET) and the thermodynamic driving force (∆G°

CPET) 
is expected, resulting in a lower activation barrier than required for 
the stepwise ET–PT and PT–ET processes. This dependence may be 
diminished by the fact that both a proton and an electron must syn-
chronously tunnel, resulting in a potentially higher pre-exponential 
factor (A) than for isolated ET and PT steps. Nevertheless, the use of 
mild reducing agents and weak acid sources should mitigate that 
fact, and enable faster CPET rates, while being highly beneficial for 
catalytic purposes because the reaction proceeds at a lower overall 
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CPET. Hence, considering the two steps of a catalytic, 
CPET-mediated generation of M-H species in the Marcus formalism, 
as presented in Fig. 3a, enables identification of the key parameters to 
optimize for an effective catalytic M-H formation that occurs at high 
rate and minimal thermodynamic cost while enabling regeneration 
of the CPET mediator.

First, efficient (re)generation of the CPET mediator requires mini-
mizing the driving force ∆G°
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the generation step med → med-H. ∆G°

1 corresponds to the BDFE of 
the med-H species, which can be estimated using the Bordwell equa-
tion (Fig. 3b). The two main parameters affecting the reorganization 
energy λ1 are the solvent reorganization energy and the inner-sphere 

reorganization energy of the mediator, which is related to the intrin-
sic geometry change that occurs on generation of the med-H species. 
In the specific case of a CPET mechanism, the overall charge will not 
vary, and the main contributor to the overall reorganization energy 
will be the inner-sphere one. A good strategy to lower λ1 is therefore 
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2 < 0), the 
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be close, to lower the associated kinetic energy barrier, as highlighted 
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med-H should be fulfilled. 
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a value of 30.3 ± 0.3. This value lies in the expected range for this 
species assuming that a one-electron transfer increases the pKa by 
4–6 units compared to the oxidized species, as observed for syn-
thetic Fe2S2 clusters25. The lower limit of BDFEMn-H was estimated as 
65.8 kcal mol−1 on the basis of CV and 1H NMR data (Supplementary 
Section 8). This value is slightly higher than those reported for other 
manganese hydride complexes, such as HMn(CO)5 (60 kcal mol−1) 
and HMn(CO)4PPh3 (61 kcal mol−1)22. To further assess BDFEMn-H, we 
studied the CO2 electroreduction activity and respective product 
ratios between CO and HCOOH of MnI-cat in the presence of a series 
of CPET mediators (Fig. 4a) covering a range of BDFE values around 
this estimated lower boundary. Figure 4b reveals that the amount of 
HCOOH is lowered with increasing the BDFEmed-H of the CPET mediator 
using [RuII(acac)2(PyImz)] (Ru-NH) (acac, acetylacetonate; PyImz, 
2-pyridyl-imidazole) and 2,5-di-tert-butylhydroquinone (DTH2Q) 
and vanished in the presence of 1,4-dihydroquinone (H2Q) or phenol 
(PhOH), for which CO was observed to be the sole CO2RR product 
(Supplementary Section 9). The presence of significant amounts of 
HCOOH as a reaction product reveals the formation of MnI-H, and ena-
bles bracketing BDFEMn-H between 63.5 kcal mol−1 and 67.3 kcal mol−1, in 
good agreement with the experimentally determined lower boundary 
of 65.8 kcal mol−1. This first evaluation of BDFEMn-H enables determi-
nation of the thermodynamic feasibility of the hydride transfer from 
MnI-H to CO2 from a hydricity point of view34,35. The lower limit of 
hydricity of the MnI-H is estimated to be approximately 57.6 kcal mol−1 
according to the standard reduction potential correlation (Supple-
mentary Section 10). This is significantly higher than the thermo-
dynamic threshold for HCOOH production (44 kcal mol−1)35. Such a 
hydride transfer to CO2, occurring despite an apparently unfavourable 
driving force, was recently observed for a related MnI-H complex, and 

was proposed to be driven by the formation of a MnI-OCHO species19. 
To demonstrate that such a transfer could occur in the specific case of 
MnI-H, we reacted a solution of MnI-H prepared by CPE under CO2, and 
observed the consumption of the MnI-H species and the appearance 
of [MnI(bpy)(CO)3(OCHO)] (MnI-OCHO). (Supplementary Figs. 19 and 
22). Nevertheless, the low rate observed for HCOOH generation when 
CPE is carried out at −1.65 V confirms that MnI-H needs to be further 
reduced to generate a more active catalyst. This reduction occurs at 
approximately −1.85 V to generate a formal Mn(0)-hydride species 
(Mn0-H), whose BDFE value can be approximated as 10–15 kcal mol−1 
lower than that of MnI-H36,37. The hydricity value of Mn0-H lies in the 
range observed for very selective CO2RR to HCOOH catalysts34,35, and 
is hence fully consistent with the observed high selectivity and rate 
for HCOOH production observed here. This latter finding permits us 
to validate the reaction pathway for the fast electrocatalytic CO2RR to 
HCOOH by the composite system (MnI-cat/Fe-S) shown in Fig. 4d; Fe-S 
mediates a CPET step to electrogenerated Mn0-cat affording MnI-H 
while hindering the competitive dimerization of Mn0-cat; MnI-H is 
further reduced to generate Mn0-H, which subsequently mediates a 
hydride transfer to CO2 to produce HCOOH. The reduction to Mn0-H 
remains thermodynamically more favourable (approximately 65 mV 
difference in peak potential) than the direct generation of MnI-H 
in the absence of a CPET mediator via the protonation of Mn−1-cat 
(Supplementary Fig. 6).

The determined BDFE and hydricity values also shine a light on 
the observed selectivity towards HCOOH generation when MnI-cat 
is used in photochemical CO2RR. The typical decrease of the BDFE 
for the composite system made of the photosensitizer and proton 
source, to values below 40 kcal mol−1 on light excitation38, is sufficient 
to trigger the formation of MnI-H and HCOOH production. Similarly, 
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MnI-cat in the presence of various CPET mediators. The first three entries from 
the left correspond to experiments carried out in the presence of a proton 
source (0.2 M TFE, except for Ru-NH* where 1.5 M H2O was used), whereas the 
other entries relate to catalytic tests carried out in the absence of a proton 
source and at high concentration of the CPET mediator (0.1–0.5 M), error bars 

indicate the systematic error of duplicate independent CPE measurements.  
c, Scaling relation of BDFEmed-H with formic acid production, which led to the 
determination of BDFEMn-H via the reaction shown at the top. The BDFE values 
mentioned here are summarized in Supplementary Section 6. d, Proposed 
mechanistic cycle for Fe-S-mediated MnI-H formation and subsequent transfer 
of the hydride to CO2.
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a value of 30.3 ± 0.3. This value lies in the expected range for this 
species assuming that a one-electron transfer increases the pKa by 
4–6 units compared to the oxidized species, as observed for syn-
thetic Fe2S2 clusters25. The lower limit of BDFEMn-H was estimated as 
65.8 kcal mol−1 on the basis of CV and 1H NMR data (Supplementary 
Section 8). This value is slightly higher than those reported for other 
manganese hydride complexes, such as HMn(CO)5 (60 kcal mol−1) 
and HMn(CO)4PPh3 (61 kcal mol−1)22. To further assess BDFEMn-H, we 
studied the CO2 electroreduction activity and respective product 
ratios between CO and HCOOH of MnI-cat in the presence of a series 
of CPET mediators (Fig. 4a) covering a range of BDFE values around 
this estimated lower boundary. Figure 4b reveals that the amount of 
HCOOH is lowered with increasing the BDFEmed-H of the CPET mediator 
using [RuII(acac)2(PyImz)] (Ru-NH) (acac, acetylacetonate; PyImz, 
2-pyridyl-imidazole) and 2,5-di-tert-butylhydroquinone (DTH2Q) 
and vanished in the presence of 1,4-dihydroquinone (H2Q) or phenol 
(PhOH), for which CO was observed to be the sole CO2RR product 
(Supplementary Section 9). The presence of significant amounts of 
HCOOH as a reaction product reveals the formation of MnI-H, and ena-
bles bracketing BDFEMn-H between 63.5 kcal mol−1 and 67.3 kcal mol−1, in 
good agreement with the experimentally determined lower boundary 
of 65.8 kcal mol−1. This first evaluation of BDFEMn-H enables determi-
nation of the thermodynamic feasibility of the hydride transfer from 
MnI-H to CO2 from a hydricity point of view34,35. The lower limit of 
hydricity of the MnI-H is estimated to be approximately 57.6 kcal mol−1 
according to the standard reduction potential correlation (Supple-
mentary Section 10). This is significantly higher than the thermo-
dynamic threshold for HCOOH production (44 kcal mol−1)35. Such a 
hydride transfer to CO2, occurring despite an apparently unfavourable 
driving force, was recently observed for a related MnI-H complex, and 

was proposed to be driven by the formation of a MnI-OCHO species19. 
To demonstrate that such a transfer could occur in the specific case of 
MnI-H, we reacted a solution of MnI-H prepared by CPE under CO2, and 
observed the consumption of the MnI-H species and the appearance 
of [MnI(bpy)(CO)3(OCHO)] (MnI-OCHO). (Supplementary Figs. 19 and 
22). Nevertheless, the low rate observed for HCOOH generation when 
CPE is carried out at −1.65 V confirms that MnI-H needs to be further 
reduced to generate a more active catalyst. This reduction occurs at 
approximately −1.85 V to generate a formal Mn(0)-hydride species 
(Mn0-H), whose BDFE value can be approximated as 10–15 kcal mol−1 
lower than that of MnI-H36,37. The hydricity value of Mn0-H lies in the 
range observed for very selective CO2RR to HCOOH catalysts34,35, and 
is hence fully consistent with the observed high selectivity and rate 
for HCOOH production observed here. This latter finding permits us 
to validate the reaction pathway for the fast electrocatalytic CO2RR to 
HCOOH by the composite system (MnI-cat/Fe-S) shown in Fig. 4d; Fe-S 
mediates a CPET step to electrogenerated Mn0-cat affording MnI-H 
while hindering the competitive dimerization of Mn0-cat; MnI-H is 
further reduced to generate Mn0-H, which subsequently mediates a 
hydride transfer to CO2 to produce HCOOH. The reduction to Mn0-H 
remains thermodynamically more favourable (approximately 65 mV 
difference in peak potential) than the direct generation of MnI-H 
in the absence of a CPET mediator via the protonation of Mn−1-cat 
(Supplementary Fig. 6).

The determined BDFE and hydricity values also shine a light on 
the observed selectivity towards HCOOH generation when MnI-cat 
is used in photochemical CO2RR. The typical decrease of the BDFE 
for the composite system made of the photosensitizer and proton 
source, to values below 40 kcal mol−1 on light excitation38, is sufficient 
to trigger the formation of MnI-H and HCOOH production. Similarly, 
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the left correspond to experiments carried out in the presence of a proton 
source (0.2 M TFE, except for Ru-NH* where 1.5 M H2O was used), whereas the 
other entries relate to catalytic tests carried out in the absence of a proton 
source and at high concentration of the CPET mediator (0.1–0.5 M), error bars 

indicate the systematic error of duplicate independent CPE measurements.  
c, Scaling relation of BDFEmed-H with formic acid production, which led to the 
determination of BDFEMn-H via the reaction shown at the top. The BDFE values 
mentioned here are summarized in Supplementary Section 6. d, Proposed 
mechanistic cycle for Fe-S-mediated MnI-H formation and subsequent transfer 
of the hydride to CO2.
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a value of 30.3 ± 0.3. This value lies in the expected range for this 
species assuming that a one-electron transfer increases the pKa by 
4–6 units compared to the oxidized species, as observed for syn-
thetic Fe2S2 clusters25. The lower limit of BDFEMn-H was estimated as 
65.8 kcal mol−1 on the basis of CV and 1H NMR data (Supplementary 
Section 8). This value is slightly higher than those reported for other 
manganese hydride complexes, such as HMn(CO)5 (60 kcal mol−1) 
and HMn(CO)4PPh3 (61 kcal mol−1)22. To further assess BDFEMn-H, we 
studied the CO2 electroreduction activity and respective product 
ratios between CO and HCOOH of MnI-cat in the presence of a series 
of CPET mediators (Fig. 4a) covering a range of BDFE values around 
this estimated lower boundary. Figure 4b reveals that the amount of 
HCOOH is lowered with increasing the BDFEmed-H of the CPET mediator 
using [RuII(acac)2(PyImz)] (Ru-NH) (acac, acetylacetonate; PyImz, 
2-pyridyl-imidazole) and 2,5-di-tert-butylhydroquinone (DTH2Q) 
and vanished in the presence of 1,4-dihydroquinone (H2Q) or phenol 
(PhOH), for which CO was observed to be the sole CO2RR product 
(Supplementary Section 9). The presence of significant amounts of 
HCOOH as a reaction product reveals the formation of MnI-H, and ena-
bles bracketing BDFEMn-H between 63.5 kcal mol−1 and 67.3 kcal mol−1, in 
good agreement with the experimentally determined lower boundary 
of 65.8 kcal mol−1. This first evaluation of BDFEMn-H enables determi-
nation of the thermodynamic feasibility of the hydride transfer from 
MnI-H to CO2 from a hydricity point of view34,35. The lower limit of 
hydricity of the MnI-H is estimated to be approximately 57.6 kcal mol−1 
according to the standard reduction potential correlation (Supple-
mentary Section 10). This is significantly higher than the thermo-
dynamic threshold for HCOOH production (44 kcal mol−1)35. Such a 
hydride transfer to CO2, occurring despite an apparently unfavourable 
driving force, was recently observed for a related MnI-H complex, and 

was proposed to be driven by the formation of a MnI-OCHO species19. 
To demonstrate that such a transfer could occur in the specific case of 
MnI-H, we reacted a solution of MnI-H prepared by CPE under CO2, and 
observed the consumption of the MnI-H species and the appearance 
of [MnI(bpy)(CO)3(OCHO)] (MnI-OCHO). (Supplementary Figs. 19 and 
22). Nevertheless, the low rate observed for HCOOH generation when 
CPE is carried out at −1.65 V confirms that MnI-H needs to be further 
reduced to generate a more active catalyst. This reduction occurs at 
approximately −1.85 V to generate a formal Mn(0)-hydride species 
(Mn0-H), whose BDFE value can be approximated as 10–15 kcal mol−1 
lower than that of MnI-H36,37. The hydricity value of Mn0-H lies in the 
range observed for very selective CO2RR to HCOOH catalysts34,35, and 
is hence fully consistent with the observed high selectivity and rate 
for HCOOH production observed here. This latter finding permits us 
to validate the reaction pathway for the fast electrocatalytic CO2RR to 
HCOOH by the composite system (MnI-cat/Fe-S) shown in Fig. 4d; Fe-S 
mediates a CPET step to electrogenerated Mn0-cat affording MnI-H 
while hindering the competitive dimerization of Mn0-cat; MnI-H is 
further reduced to generate Mn0-H, which subsequently mediates a 
hydride transfer to CO2 to produce HCOOH. The reduction to Mn0-H 
remains thermodynamically more favourable (approximately 65 mV 
difference in peak potential) than the direct generation of MnI-H 
in the absence of a CPET mediator via the protonation of Mn−1-cat 
(Supplementary Fig. 6).

The determined BDFE and hydricity values also shine a light on 
the observed selectivity towards HCOOH generation when MnI-cat 
is used in photochemical CO2RR. The typical decrease of the BDFE 
for the composite system made of the photosensitizer and proton 
source, to values below 40 kcal mol−1 on light excitation38, is sufficient 
to trigger the formation of MnI-H and HCOOH production. Similarly, 
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Fig. 4 | CO2RR activity of MnI-cat in the presence of various CPET mediators. 
a,b, Product yields (a) and associated Faradaic yields (b) for CO2RR using 
MnI-cat in the presence of various CPET mediators. The first three entries from 
the left correspond to experiments carried out in the presence of a proton 
source (0.2 M TFE, except for Ru-NH* where 1.5 M H2O was used), whereas the 
other entries relate to catalytic tests carried out in the absence of a proton 
source and at high concentration of the CPET mediator (0.1–0.5 M), error bars 

indicate the systematic error of duplicate independent CPE measurements.  
c, Scaling relation of BDFEmed-H with formic acid production, which led to the 
determination of BDFEMn-H via the reaction shown at the top. The BDFE values 
mentioned here are summarized in Supplementary Section 6. d, Proposed 
mechanistic cycle for Fe-S-mediated MnI-H formation and subsequent transfer 
of the hydride to CO2.

n Product yield n Faradaic yield

n Catalytic cycle

Ø HCO2H was observed in 
a faradaic efficiency of 
92%!

Mougel, V. et al. Nature. 2022, 607, 499.
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The reduction of catalyst can also be performed electrochemically.

Peters, J. C. et al. Science, 2020, 369, 850.
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S6. Stoichiometric photochemical reactions 

General set up for a typical photochemical experiment: in a N2 filled glove box, the corresponding 
mass of the {Fc‒N‒an} mediator, the [PicH][OTf] acid and the substrate was weighed and placed 
in a vial with a magnetic stir bar. Subsequently, 1 ml of dried and degassed THF was added and 
the vial was closed with a septum to ensure inert atmosphere. The vial was brought out of the glove 
box and irradiated with a 390 nm LED lamp during 1 h. Stirring and refrigeration with a fan was 
maintained throughout the experiment. 
 
General work up methodology: after the reaction, the reaction vessel was open to air and 1 ml of 
HCl in diethyl ether was delivered. After stirring for 5 min, the mixture was evaporated to dryness. 
The remaining solids were extracted with 5 ml of diethyl ether, which was subsequently filtered, 
washed with concentrated solution of saturated NH4Cl and water, dried over sodium sulfate and 
evaporated to dryness. Subsequently, 1 ml of CDCl3 and 5 µL of CH2Br2 as internal standard were 
added and 1H NMR was performed to analyze for product formation. 
 
 

 
 
Fig. S16. Schematic representation of the photochemical reaction of 2 mM {Fc‒NH+‒an} in DME 
upon irradiation with a 390 nm LED lamp for 1 h at room temperature to test the potential 
formation of H2 under photochemical conditions. The graph represents the GC-TCD trace of the 
headspace analyzed after the reaction (red trace) and the injection of 5µL of H2 as a standard 
(corresponding to approximately the maximum amount of H2 from the headspace detected in a 100 
µL injection). 
 

1. Stoichiometric photochemical reaction
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2. Photoelectrocatalytic reaction
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S12. Photoelectrocatalytic reactions 
 
General Controlled Potential Coulometry (CPC) Procedure: Carbon cloth electrodes were cut 
to 5 cm2 and used as obtained from the supplier. Controlled potential coulometry (CPC) 
experiments were carried out in a gas-tight two compartment cell using a carbon cloth (dimensions 
1 x 2 cm) working electrode, a Pt wire pseudo-reference electrode, and a carbon cloth (5 cm2) or 
Zn foil (10 cm2) counter electrode. The solution was stirred throughout the CPC. In a typical 
experiment with an organic substrate, a 6 mL solution of 0.15 M [TBA][PF6] with two equivalents 
of acid (based on desired number of H-atom equivalents delivered to substrate) in DME was added 
to the solution which was added to the electrochemical cell distributing evenly between both 
compartments. Then, an appropriate amount of substrate (50 mM in 3 mL) and {Fc‒N‒an} (1 mM 
in 3 mL) was added to the working compartment. After the appropriate reaction time, the solution 
was quenched with 2 M HCl in ether (1 mL) except for the acid sensitive N-phenylbenzaldimine. 
After 5 min of stirring, the solvent was evaporated under reduced pressure until dryness. The 
resulting solids were dissolved in diethyl ether (20 mL). For the diphenylfumarate reaction, ethyl 
acetate (10 mL) was first added to the carbon cloth working electrode, then sonicated to extract 
the remaining starting material (sparingly soluble in diethyl ether) before 100 mL of diethyl ether 
was added. The solution was subsequently washed with either 1 M HCl (aq, acetophenone), sat. 
NaHCO3 (aq, N-phenylbenzaldimine), or 0.1 M Na2CO3 (aq, diphenylfumarate) solution (20 mL) 
and extracted with ether (5 x 20 mL). The organic layers were combined, dried over Na2SO4, and 
concentrated in vacuo. A crude 1H-NMR was taken with CH2Br2 as internal standard. In reactions 
where ferrocene oxidation was used as the anodic reaction, an amount of ferrocene equivalent to 
that of the acid in the working compartment was dissolved in the counter compartment. Upon 
completion of the CPC, the counter compartment is a deep blue color, indicating the formation of 
Fc+. 

Because of the photo-induced reduction of Ag+ to form Ag0 nanoparticles, we opted to use 
a Pt-wire pseudo-reference that was calibrated from the Fe(III/II) couple of {Fc‒NH+‒an} in a CV 
before electrolysis. 

 
 
Fig. S96. Photoelectrocatalysis setup as described, with a two compartment electrochemical cell 
separated by a fine pore frit, 390 nm Kessil H150 lamp, and fan cooling.  

 
 

S73 

S12. Photoelectrocatalytic reactions 
 
General Controlled Potential Coulometry (CPC) Procedure: Carbon cloth electrodes were cut 
to 5 cm2 and used as obtained from the supplier. Controlled potential coulometry (CPC) 
experiments were carried out in a gas-tight two compartment cell using a carbon cloth (dimensions 
1 x 2 cm) working electrode, a Pt wire pseudo-reference electrode, and a carbon cloth (5 cm2) or 
Zn foil (10 cm2) counter electrode. The solution was stirred throughout the CPC. In a typical 
experiment with an organic substrate, a 6 mL solution of 0.15 M [TBA][PF6] with two equivalents 
of acid (based on desired number of H-atom equivalents delivered to substrate) in DME was added 
to the solution which was added to the electrochemical cell distributing evenly between both 
compartments. Then, an appropriate amount of substrate (50 mM in 3 mL) and {Fc‒N‒an} (1 mM 
in 3 mL) was added to the working compartment. After the appropriate reaction time, the solution 
was quenched with 2 M HCl in ether (1 mL) except for the acid sensitive N-phenylbenzaldimine. 
After 5 min of stirring, the solvent was evaporated under reduced pressure until dryness. The 
resulting solids were dissolved in diethyl ether (20 mL). For the diphenylfumarate reaction, ethyl 
acetate (10 mL) was first added to the carbon cloth working electrode, then sonicated to extract 
the remaining starting material (sparingly soluble in diethyl ether) before 100 mL of diethyl ether 
was added. The solution was subsequently washed with either 1 M HCl (aq, acetophenone), sat. 
NaHCO3 (aq, N-phenylbenzaldimine), or 0.1 M Na2CO3 (aq, diphenylfumarate) solution (20 mL) 
and extracted with ether (5 x 20 mL). The organic layers were combined, dried over Na2SO4, and 
concentrated in vacuo. A crude 1H-NMR was taken with CH2Br2 as internal standard. In reactions 
where ferrocene oxidation was used as the anodic reaction, an amount of ferrocene equivalent to 
that of the acid in the working compartment was dissolved in the counter compartment. Upon 
completion of the CPC, the counter compartment is a deep blue color, indicating the formation of 
Fc+. 

Because of the photo-induced reduction of Ag+ to form Ag0 nanoparticles, we opted to use 
a Pt-wire pseudo-reference that was calibrated from the Fe(III/II) couple of {Fc‒NH+‒an} in a CV 
before electrolysis. 

 
 
Fig. S96. Photoelectrocatalysis setup as described, with a two compartment electrochemical cell 
separated by a fine pore frit, 390 nm Kessil H150 lamp, and fan cooling.  



Other applications of PCET mediator

59

1. Stahl S. S. et al. Cooperative electrocatalytic alcohol oxidation with electron-proton-transfer mediators. 
Nature. 2016, 535, 406.

2. Peters, J. C. et al. Electrocatalytic Reduction of C−C π-Bonds via a Cobaltocene- Derived Concerted 
Proton−Electron Transfer Mediator: Fumarate Hydrogenation as a Model Study. J. Am. Chem. Soc. 
2021, 143, 9303 

3. Waymouth, R. M. et al. Electron-Rich Phenoxyl Mediators Improve Thermodynamic Performance of 
Electrocatalytic Alcohol Oxidation with an Iridium Pincer Complex. J. Am. Chem. Soc. 2020, 142, 
19368.

4. Peters, J. C. et al. Electrocatalytic Ketyl-Olefin Cyclization at a Favorable Applied Bias Enabled by a 
Concerted Proton−Electron Transfer Mediator. Inorg. Chem. 2022, 61, 6672 

5. Peters, J. C. et al. Use of a PCET Mediator Enables a Ni-HER Electrocatalyst to Act as a Hydride 
Delivery Agent. J. Am. Chem. Soc. 2022, 144, 20118 

6. Meyer, G. J. et al. Direct Evidence for a Sequential Electron Transfer−Proton Transfer Mechanism in 
the PCET Reduction of a Metal Hydroxide Catalyst. J. Am. Chem. Soc. 2024, 146, 1742.

7. Peters, J. C. et al. Catalytic Reduction of Cyanide to Ammonia and Methane at a Mononuclear Fe Site. 
J. Am. Chem. Soc. 2024, 146, 5343 

8. Waymouth, R. M. et al. Cobaltocene-Mediated Catalytic Hydride Transfer: Strategies for 
Electrocatalytic Hydrogenation. J. Am. Chem. Soc. 2024, 146, 17075.

· · · 


