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ABSTRACT: Proton-coupled electron transfer (PCET) plays an essential role in a wide
range of electrocatalytic processes. A vast array of theoretical and computational methods
have been developed to study electrochemical PCET. These methods can be used to
calculate redox potentials and pK, values for molecular electrocatalysts, proton-coupled
redox potentials and bond dissociation free energies for PCET at metal and semiconductor
interfaces, and reorganization energies associated with electrochemical PCET. Periodic
density functional theory can also be used to compute PCET activation energies and
perform molecular dynamics simulations of electrochemical interfaces. Various approaches
for maintaining a constant electrode potential in electronic structure calculations and
modeling complex interactions in the electric double layer (EDL) have been developed.
Theoretical formulations for both homogeneous and heterogeneous electrochemical PCET
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spanning the adiabatic, nonadiabatic, and solvent-controlled regimes have been developed and provide analytical expressions for the
rate constants and current densities as functions of applied potential. The quantum mechanical treatment of the proton and inclusion
of excited vibronic states have been shown to be critical for describing experimental data, such as Tafel slopes and potential-
dependent kinetic isotope effects. The calculated rate constants can be used as input to microkinetic models and voltammogram

simulations to elucidate complex electrocatalytic processes.
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1. INTRODUCTION

Proton-coupled electron transfer (PCET) is a critical step in a
wide range of important electrocatalytic processes, including
hydrogen oxidation and production, carbon dioxide reduction,
nitrogen reduction, and oxygen reduction.' ™ At the most basic
level, PCET is defined as any process that entails the combined
movement of at least one electron and one proton.'® The
electron and proton could move in the same direction or in
opposite or orthogonal directions. They could transfer between
distinct or identical donors and acceptors. The mechanism
could be sequential, with initial electron transfer (ET) or proton
transfer (PT) producing a thermodynamically stable inter-
mediate, or concerted, without such an intermediate. In general,
an electrocatalyst facilitates an electrochemical reaction that
occurs at an electrode interface without being consumed. Many
electrocatalytic reaction mechanisms require multiple electron
and proton transfers, which could be coupled to each other and
to other chemical steps.

Under this broad umbrella, electrochemical PCET denotes
the subset of these reactions in which an electrode participates in
ET. Electrochemical PCET can be further divided into two main
categories (Figure 1). In homogeneous electrochemical PCET,
the electrode serves as a reservoir for electrons but does not
participate in the chemical reaction. In this case, electrons are
transferred between the electrode and a redox molecule in
solution, but PT occurs within the redox molecule or between
the redox molecule and another molecule such as a solvent or
buffer. Typically, the redox molecule does not chemisorb onto
the surface but instead remains solvated at the electrode—
solution interface, and the electronic coupling between the

redox molecule and the electrode is relatively weak. A wide range
of molecular electrocatalysts undergo homogeneous electro-
chemical PCET.

In heterogeneous electrochemical PCET, the electrode
participates in chemical bond breaking and forming, as well as
serving as a reservoir for electrons. In this case, the proton is
transferred to or from the electrode surface, which is broadly
defined as the combined electrode and chemisorbed species.
The simplest heterogeneous electrochemical PCET reaction is
proton transfer from a proton donor in solution to a metal
electrode surface, also called the Volmer reaction.'” In aqueous
solution, the proton donor is typically a water molecule or
hydronium ion, and in nonaqueous solution, it is usually a
solvated acid. When the proton is transferred to the metal
electrode, an electron is transferred from the electrode to form a
metal—hydrogen bond. More complex electrocatalytic reactions
involve proton transfer between a chemisorbed species and the
electrode or between a chemisorbed species and a solvent
molecule, a solvated species, or another chemisorbed species.
Because of this complexity, heterogeneous electrochemical
PCET reactions may span the strong and weak electronic
coupling regimes. Furthermore, heterogeneous electrochemical
PCET reactions can also occur at semiconductor interfaces.'® In
the literature, homogeneous and heterogeneous electrochemical
PCET reactions are often related to outer-sphere and inner-
sphere ET, respectively; however, this equivalence is not strictly
held across all systems.

Given the importance and pervasiveness of electrochemical
PCET, a wide range of theoretical and computational methods
have been developed to study these reactions. This review will
summarize the main approaches developed to study electro-
chemical PCET, along with illustrative examples. The first part
of this review will focus on the computational methods
developed to study the thermodynamics of electrochemical
PCET. For homogeneous electrochemical PCET, methods have
been developed to compute redox potentials and pK, values for
molecular electrocatalysts, typically using density functional
theory (DFT). For heterogeneous electrochemical PCET,
periodic DFT methods have been developed to compute
proton-coupled redox potentials or bond dissociation free
energies for removing a hydrogen atom from a surface. Various
computational methods have been developed to maintain a
constant potential on the electrode during these types of
calculations to mimic experimental conditions. The computed
proton-coupled redox potentials can be compared to exper-
imental voltammetry measurements to benchmark theoretical
calculations. These methods can be used to generate Pourbaix
diagrams, which identify the most stable species as a function of
pH and applied potential. Moreover, a variety of computational
methods have been developed to compute the inner-sphere
solute and outer-sphere solvent reorganization energies of
electrochemical PCET reactions.

The next part of this review will describe the computational
methods used to generate potential energy surfaces and free
energy surfaces for electrochemical PCET reactions. A
combination of geometry optimizations and molecular dynam-
ics in conjunction with periodic DFT has been used to
characterize the potential energy surfaces. Enhanced sampling
methods such as umbrella sampling have been used to generate
free energy surfaces for PCET. Analysis of these surfaces
provides insight into the stable intermediates and possible
reaction mechanisms for electrocatalytic reactions. The
computed activation energies or free energy barriers can be

https://doi.org/10.1021/acs.chemrev.1c00929
Chem. Rev. XXXX, XXX, XXX—=XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Homogeneous electrochemical PCET
S0% 00 00
000 OF .,

3853 o2 a0°

Electrode . Solution

Heterogeneous electrochemical PCET

&)

099 o Qe o°
0%°® ©

Electrode .

Solution

Figure 1. Schematic depictions of homogeneous (left) and heterogeneous (right) electrochemical PCET. In homogeneous electrochemical PCET, the
electrode provides or accepts electrons for reduction or oxidation of the redox molecule but does not participate directly in the proton transfer reaction,
which typically occurs within the redox molecule or between the redox molecule and another molecule. In heterogeneous electrochemical PCET, the
electrode provides or accepts electrons and also participates directly in the chemical bond breaking and forming associated with the proton transfer
reaction. The specific example shown here is proton discharge on the electrode surface (i.e., the Volmer reaction), where the proton is transferred from
a proton donor to the electrode, and an electron is provided by the electrode to form a metal—hydrogen bond. Heterogeneous electrochemical PCET
could also involve chemisorbed species in both the electron and proton transfer steps.

used in conjunction with transition state theory to estimate rate
constants. However, such approaches assume that the reaction
occurs on the ground electronic state and typically neglect
hydrogen tunneling effects.

Because PCET reactions typically involve charged species,
they are strongly influenced by the electrostatic potentials and
electric fields at the electrode—solution interface. This review
will briefly summarize the computational methods developed to
model and simulate the electric double layer (EDL), which is
composed of the solvent and ions at this interface. The ability to
compute the electrostatic potential in the EDL is important for
the calculation of rate constants for electrochemical PCET
reactions. At the simplest level, multilayer dielectric continuum
models have been used to describe the EDL and provide an
estimate of the electrostatic potential as a function of the
distance from the electrode. However, the electrostatic
potentials have been shown to exhibit spatial heterogeneity in
the EDL, and therefore an atomic-level description is often
warranted. Simulations of the EDL with explicit solvent and ions
have been performed with first-principles methods and
molecular mechanical force fields. To further characterize the
EDL, computational methods have been used to predict
spectroscopic properties such as the vibrational frequency shifts
of nitrile probes as a function of the applied electrode potential.
Comparison of computational results to experimental measure-
ments has provided detailed information about the structure and
dynamics of the EDL.

This review will then focus on theoretical formulations of
homogeneous electrochemical PCET that treat the transferring
proton(s) quantum mechanically to include hydrogen tunneling
effects. These PCET theories are related to Marcus theory for
electron transfer'”~> in that the PCET reaction occurs along a
collective solvent coordinate. The description of concerted
PCET in terms of electron—proton vibronic states”* >’ enables
the treatment of both adiabatic and nonadiabatic mechanisms,
as well as the intermediate regime. In this context, vibronically
nonadiabatic refers to the regime in which the vibronic coupling
is much smaller than the thermal energy. Within the vibronically
nonadiabatic regime, electronically adiabatic refers to the limit in
which the electrons respond instantaneously to the proton
motion, whereas electronically nonadiabatic refers to the
opposite limit.'*’">* A series of analytical vibronically
nonadiabatic rate constant expressions have been derived,”***!

and computational methods have been developed to compute
the input quantities. These quantities include the inner-sphere
solute and outer-sphere solvent reorganization energies, the
proton potential energy curves and associated vibrational wave
functions and energy levels, and the electronic coupling.
Applications to nickel-based electrocatalysts with pendant
amines for hydrogen production,” benzimidazole-phenol
molecules designed for use in artificial photosynthetic systems,*”
and ionic liquids at gold or platinum electrodes for oxygen
reduction” will be presented.

The next section of the review will discuss related theoretical
formulations developed for heterogeneous electrochemical
PCET. Many of these theories have been developed in the
context of the proton discharge or Volmer reaction. Both
adiabatic and nonadiabatic models, as well as approaches that
interpolate between these two regimes, have been developed to
describe this fundamental heterogeneous PCET reaction.”>~**
A more recently developed general theory™" of heterogeneous
electrochemical PCET in the diabatic vibronic representation
inherently spans both of these limits. All of these approaches can
be extended to include the solvent-controlled regime through
interpolation schemes. This section will end with a brief
description of the grand canonical formulation of electro-
chemical rate theory.*

The final topics covered in this review are microkinetic
modeling strategies and voltammogram simulations for electro-
chemical PCET. Given the breadth of this review, some topics
will be covered only briefly, but references to more
comprehensive treatments will be provided. Moreover, only
the aspects of computational electrochemistry that are directly
relevant to PCET will be addressed. This review will end with a
discussion of the remaining challenges and future directions in
the field of theoretical and computational electrochemical
PCET. Although much progress has been made, there are many
unanswered questions and technical challenges to overcome.

2. THERMODYNAMICS OF ELECTROCHEMICAL PCET

This section will discuss computational methods for calculating
thermodynamic properties of electrochemical PCET reactions.
The first topic will be the calculation of redox potentials and pK,
values for molecular systems that participate in homogeneous
electrochemical PCET reactions. The description of heteroge-
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neous electrochemical PCET reactions requires a suitable
reference, which is often chosen to be the computational
hydrogen electrode. The next topic covered will be the
calculation of proton-coupled redox potentials or bond
dissociation free energies for heterogeneous electrochemical
PCET reactions. Such calculations benefit from constant
potential methods that properly describe charging effects and
electric fields at the electrochemical interface. All of these
methods can be combined in various ways to generate Pourbaix
diagrams for PCET reactions. The last topic that will be covered
in this section is the calculation of reorganization energies for
PCET processes.

2.1. Calculating Redox Potentials and pK, Values for
Molecular Electrocatalysts

In molecular homogeneous catalysis, the electrode is not directly
involved in bond making or breaking during redox processes.
Outer-sphere PCET reactions in homogeneous electrocatalysis
can occur by sequential ET and PT steps, concerted PCET steps
(EPT), or a combination of sequential and concerted
steps.””' > Computational studies typically consider re-
action intermediates associated with the ET and PT constituents
of PCET reactions to determine the thermodynamically
favorable mechanism, although as described later in this review,
the kinetics of these PCET processes is also very important.
The reaction free energies for ET and PT are related to the
redox potentials and pK, values, respectively, which are
properties of the catalyst. The redox potential E° associated
with an ET reaction is E° = —AG,4/nF, where AGy, is the
reaction free energy for the reduction reaction in solution, # is
the number of electrons transferred, and F is the Faraday
constant. The treatment of reference values for the redox
potentials will be discussed below. The pK, of an acid AH is
defined as pK, = AGp/[RT In(10)], where AGpy is the

reaction free energy for the removal of a proton in solution, and
Rand T are the ideal gas constant and temperature, respectively.

These reaction free energies can be computed through
geometry optimizations and subsequent normal-mode analyses
in dielectric continuum solvent using, for example, density
functional theory (DFT) with the polarizable continuum model
(PCM). In this case, the enthalpic, zero-point energy, entropic,
and solvation free energy contributions are all computed directly
in the solution phase. Historically, these free energies have been
computed using Born—Haber cycles to allow for the calculation
of the enthalpic, zero-point energy, and entropic contributions
to the free energy in the gas phase, followed by computation of
the solvation free energies for these gas phase optimized
geometries.** However, most quantum chemistry codes enable
reliable geometry optimizations and normal-mode analyses in
dielectric continuum solvent. When the optimized geometries
are similar in the gas phase and solution phase, these two
approaches produce similar results. When these geometries
differ significantly, the solvated geometry is most likely the more
relevant geometry.

The absolute magnitudes of ET and PT reaction free energies
are generally not expected to be quantitatively accurate using
standard quantum chemistry methods.*”~** Instead, computing
relative redox potentials and pK, values can benefit from error
cancellation and enable more reliable predictions. This
procedure has been discussed in terms of “isodesmic reactions”
in the literature, with the general forms used to calculate redox
potentials and pK, values given in Scheme 1. Typically, the redox
potential or pK, of the reference reaction is obtained from

Scheme 1. Calculation of Redox Potentials and pK, Values
using Isodesmic Reference Reactions

Redox Potential Isodesmic Reactions

Al + e > [A] -FE°
[1ve']7 - [1vef]0 + e FE
(a] + (A > [ + [A] AGP

E —Af_ff 1E,

pK, Isodesmic Reaction

[AH]' > [A] o+ H IN(10)RT xpK,
[’ + H o> [H,] ~IN(10)RT xpK,
[l + [AH] - [Hi,] + [AT AG?
AG?
PK, = W +PK et

experimental data. Thus, this approach is equivalent to adding a
correction to each computed redox potential or pK, value that is
the difference between the experimental value and the computed
value for the reference reaction. The main advantage of this
approach is that the free energy associated with the solvated
electron and the reference electrode potential do not need to be
computed for redox potentials, and the free energy associated
with the solvated proton does not need to be computed for pK,
calculations. Another advantage is the cancellation of errors
inherent to DFT and the solvation models. These types of
isodesmic reactions have been used in computational studies of
solution-phase hydride transfer,’> proton transfer,”* and
PCET. 475557

2.2. Computational Hydrogen Electrode
Potential-dependent PCET reaction free energies in heteroge-
neous electrocatalysis commonly employ the reference reaction
for H, oxidation through the computational hydrogen electrode
(CHE) model.*® At the standard hydrogen electrode (SHE), the
rates of H, oxidation and H, evolution are equal, and the
reactants and products in the following equation are in
equilibrium:

H,=2H"+¢) (1)
In other words, the SHE corresponds to standard conditions (T
=298 K, P = 1 bar, pH = 0) when the reaction in eq 1 is at
equilibrium, with an electrochemical potential equivalent to
Egp:

AGy, _t4e) [0V vs SHE] = 2(fiye oy o) + ) = 15,

= 2y ~ <) ~ 5
=0
(2)
where At o o) 1 the electrochemical potential of a solvated
proton at pH = 0, i - = —eEgyy, is the electrochemical potential
of an electron at the SHE, and g} is the chemical potential of H,

gas under standard conditions.

In this treatment, the chemical potential reference of a
proton—electron pair is related to charge-neutral H, gas, and
potential and pH effects are included a posteriori according to

/’NlHJr (PH) + ﬂe*(E) = :uH*_'_e*(PH) E)

Lo
= H, kyT In(10) X pH — €E 3)
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In eq 3, E is the electrode potential relative to SHE; i.e., Egyy is
chosen as the reference potential. Moreover, fi;* (pH) is the
electrochemical potential of a proton at the specified pH, ji,- (E)
is the electrochemical potential of an electron at potential E
relative to SHE, and yyy , .~ (pH, E) is the chemical potential of a
proton—electron pair at the specified pH and E. Because
heteroggreneous PCET reactions are often, although not
always, 999762 concerted, it is often convenient to combine
the electrochemical potentials of the proton—electron pair,
rather than evaluating them separately. The CHE model
provides an efficient procedure that relates the chemical
potential of H, gas to the electrochemical potential of a
proton—electron pair. However, the CHE model does not
directly account for surface charge effects on energetics or for the
effect of pH on the surface structure.

Combined with calculated adsorption energies, the CHE
model can be used to evaluate potential-dependent reaction
thermodynamics without direct treatment of charged electrons
and protons at the electrochemical interface. In particular, the
thermodynamics of elementary PCET steps in a reaction
mechanism can be computed using the CHE model to estimate
the potential-limiting steps and reaction overpotentials. This
procedure was demonstrated”® for oxygen reduction (Figure
2A), where for potentials greater than the thermodynamic
limiting potential of 0.78 V, PCET to adsorbed HO* to form
solution-phase H,O is uphill, and the oxygen reduction reaction
(ORR) is thermodynamically unfavorable. Although catalytic
activity depends on the kinetics of the PCET steps involved,
these thermodynamic analyses have successfully described
activity trends of catalysts for various electrocatalytic reactions
such as hydrogen evolution,’>** oxygen reduction,”*~*" and
CO, reduction.”®

The computational electrode potential E can be determined
from the work function ®:*

C=ef, — & (4)

Here, ¢, is the electrostatic potential in vacuum, and & is the
Fermi energy, as depicted in Figure 3. The work function can be
converted to an electrode potential E vs SHE by the relationship
E=(® — ®gy) /e, where Egyyp; is approximately —4.44 V relative
to vacuum.”””’ In calculations that use continuum solvation
models, the electrostatic potential in bulk implicit solvent can be
used in place of ¢,,. and related to the SHE using calculated
potential offsets.”’ However, E may also be determined using
other valid definitions.’*”*

The generalized CHE model enables the description of the
interfacial thermodynamics as a function of pH and applied
potential using the computational electrode potential.”* For a
given DFT calculation, @ (and by proxy, E) is constant, and
My 4 o depends on the pH according to the thermodynamic
relation in eq 3. In this manner, the free energy is computed as a
function of the applied potential and pH from a series of DFT
calculations.”*”* As an example, this relationship was used to
compute potential- and pH-dependent adsorption free energies
of ORR intermediates, lending theoretical insights into the ORR
activity of Au(100) under alkaline conditions.”®

2.3. Proton-Coupled Redox Potentials and Bond
Dissociation Free Energies

An important property for heterogeneous electrochemical
PCET reactions is the proton-coupled redox potential or bond
dissociation free energy (BDFE) associated with removing an
electron and a proton from a surface. In the context of

Oxygen reduction Pt(111)

3
2(H* +e)+1/120,
U=0 =
2 L
2x1.23 eV
3
2 4} u=078V * +aHO
5 = Io=0.5 NzekHO
g AR
N CES .23 eV H,0
g
AaF
-2
Reaction coordinate
B Hydrogen evolution U=0 V
0.6
pH=0 H*
04 Au
02
3
2 HY +e” 12H
2 00 2
c
o
g -0.2
-04 Mo
-0.6

Reaction coordinate

Figure 2. Potential-dependent PCET reaction free energies using the
computational hydrogen electrode (CHE) model. (A) Free energy
diagram for the oxygen reduction reaction on Pt(111) at three different
applied potentials. At the equilibrium potential (1.23 V vs SHE), the
reactants (2H", 2¢7, 1/20,) have the same free energy as the product
(H,0O). At 0V vs SHE, the reaction free energy is 2.46 eV because there
are two proton—electron pairs in the reactants. The potential-
dependent free energy of a proton—electron pair relative to the SHE
is adjusted by an amount equivalent to the applied potential, according
to eq 3. The blue calculation labeled 6y = 0.5 corresponds to
calculations at 1.23 V with an O atom surface coverage of 0.5 ML. Panel
reproduced with permission from ref 58. Copyright 2004 from the
American Chemical Society. (B) Free energy diagram for the hydrogen
evolution reaction on close-packed metal (111) surfaces at the reaction
equilibrium potential, 0 vs SHE. Panel reproduced with permission
from ref 63. Copyright 2005 The Electrochemical Society.

electrochemical PCET, the proton-coupled redox potential is
defined as the potential at which a proton adsorbs to or desorbs
from an electrode surface, concurrently with an electron
provided by or removed by the external circuit of the electrode.
The BDEFE is the free energy associated with removing an
adsorbed H atom from the electrode surface to bulk solvent. The
hydrogen binding free energy, which is related to these
quantities, is of great interest for many electrocatalytic reactions
with PCET elementary steps, especially for the hydrogen
evolution reaction (HER), wherein it is commonly employed as
a catalytic activity descriptor.”***””~7° For example, the free
energy diagram shown in Figure 2B suggests that the optimal
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Figure 3. A schematic of the electrostatic potential profile across a
periodic unit cell used to compute the work function and electrode
potential. Here, explicit water layers are included on each side of a
Cu(111) slab with a region of vacuum in between. The potentials ¢(v),
¢(m), and ¢(f) denote the vacuum reference, bulk metal, and Fermi
potentials. The vacuum reference and the Fermi energy ;. = ¢p(f) /e can
be used to compute the work function. Figure reproduced with
permission from ref 73. Copyright 2006 American Physical Society.

catalyst for HER in acid is one where the hydrogen binding free
energy is zero at 0 V vs SHE, as the reaction involves only a single
adsorbed intermediate. In this figure, the metal that most closely
aligns with these optimal conditions is Pt,°> but within this
model a surface that has a perfectly thermoneutral hydrogen
binding free energy may further enhance the HER rate.
Although the actual HER rate depends on other quantities,
including the operating overpotential, coverage, and kinetics of
elementary steps,”~®* such BDFEs are nonetheless critical
properties in electrocatalysis.

In general, trends in BDFEs and proton-coupled redox
potentials determined from quantum chemical methods such as
DFT are more reliable than absolute magnitudes of these
properties. As a result, internal reference reactions are
commonly used to evaluate such trends. For example, hybrid
periodic DFT was used to calculate the proton-coupled redox
potentials of NiFe oxyhydroxides, referencing all calculations to
the experimentally determined Ni**/3* redox potential for the
undoped NiOOH, system (Figure 4A).*’ In an analysis of

graphite-conjugated catalysts, proton-coupled redox potentials
of the terminal organic acid sites, aid 1, were computed relative
to those at the connecting phenazine bridge, ERiSSy, where
AEpcgr = Ebity — Epe (Figure 4B).** The calculated Epe;
was used as a reference redox potential because it was shown
experimentally to be consistent for different graphite-conjugated
acids.*>*® The AEpcgr predicted from DFT showed close
agreement with experimental measurements and predicted the
PCEél; thermochemistry of newly synthesized materials (Figure
4B).

The BDFEs of X—H bonds can be determined (in kcal/mol)
from calculated or electrochemically measured proton-coupled
redox potentials, Epcgr (at pH 0, vs SHE), by the expression™®®

BDFE(X — H) = 23.06 Epcpr(pH = 0) + C (s)

where C, is related to the ionization and solvation free energies
of a hydrogen atom in the working solvent.*” This relation was
demonstrated in recent experiments by Wise and Mayer,”
where BDFEs of surface O—H bonds on nickel oxide were
determined using experimentally measured redox potentials
(Figure SA) and eq S. In additional experiments, a solid
Ni""O(OH) surface was oxidized with a series of different
hydrogen atom transfer reagents, and the BDFE of the reagent
associated with Ni"'O(OH) and Ni"’(OH), at equilibrium was
similar to the BDFE measured electrochemically (Figure SB).
Building off these experimental findings, hybrid functional
periodic DFT was used to analyze BDFEs for O—H bonds on
anatase TiO, surfaces.” In this study, the CHE model was used
to calculate Epcpr in the BDFE expression given in eq S. This
analysis demonstrated that geometrically similar O—H bonds
have BDFEs that vary by ~81 kcal/mol (3.50 eV) depending on
whether the redox reaction (i.e., ET) involved proton-induced
defects at the valence p- or conduction d-band edge.”” By using a
square scheme approach commonly employed in molecular
catalysis, the proton-coupled redox potentials for the interfacial
PCET reactions at TiO, surfaces (Figure 6A) were broken down
into their constituent ET and PT reaction free energies (Figure
6B). In turn, the difference in the two types of BDFEs (ABDFE)
was shown to be nearly equivalent to the difference in ET driving
forces (Figure 6C), which were evaluated using a Marcus theory
framework (Figure 6D) to calculate vertical energy gaps and
inner-sphere reorganization energies. The interpretation of
electrochemical PCET thermochemistry in terms of BDFEs
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Figure 4. Example systems using internal PCET reference reactions to evaluate trends in proton-coupled redox potentials. (A) Predicted changes in Fe
and Ni oxidation states coinciding with PCET reactions as a function of applied potential on NiFe,  OOH electrodes. Proton-coupled redox

potentials are calculated relative to the computed Ni**/**

potential of the Fe-free NIOOH system and compared with cyclic voltammetry

measurements. Panel is reproduced with permission from ref 87. Copyright 2021 Springer Nature. (B) Parity plot between calculated and
experimentally measured proton-coupled redox potentials for different graphite-conjugated organic acids. Here, AEpcgr = Exidy — ERRDL is the
difference between the proton-coupled redox potentials for protonation at the acid site (functionalized at the R and R’ positions shown in the inset)
and the proton-coupled redox potential for the double protonation of the phenazine bridge. Panel reproduced with permission from ref 84. Copyright

2020 American Chemical Society.
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permission from ref 92. Copyright 2021 American Chemical Society.

provides a direct connection to in situ or operando experimental
characterization.

2.4. Constant Potential Methods for Electrochemical PCET

Experimental measurements of electrochemical PCET thermo-
dynamic properties typically occur at constant potential.
Computational chemistry methods such as DFT are typically
performed with the number of electrons N, fixed. In electro-
chemical systems, however, N, can fluctuate to maintain a
constant electrochemical potential of electrons, fi,, which is
related to the electrode potential E. The relevant thermody-
namic quantity for electrochemistry is therefore the grand
potential Q. As mentioned in section 2.2, the effects of electrode
potential are often applied a posteriori through eq 3. This
treatment typically entails using charge-neutral model systems
that do not enforce charge equilibrium criteria of the grand

canonical ensemble corresponding to constant applied potential.
Consequently, all PT reactions are explicitly modeled as
concerted PCET, and all ion electrosorption valencies are
limited to integer values. In some cases, the CHE model also
may not capture potential-dependent geometries of reactants,
products, or transition states in PCET processes. To address
these limitations, constant potential methods have been
developed and used to analyze PCET thermodynamics at
constant potential.

Various computational approaches have been developed to
model charged surfaces with periodic boundary conditions,
enabling constant-potential quantum chemical calculations. At
constant fi, and variable N,, the grand potentials of different
structures can be calculated to evaluate relative thermodynamic
stabilities.”””* Calculations of surfaces are generally performed
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Figure 7. (A) Computational unit cell setup for the COO™ termination of the graphite-conjugated phenazine carboxylic acid, GCC-phen-COOH. The
net charge g in the atomistic system (sum of 5g on carbon surface) is compensated by the strip of countercharges in dielectric continuum solvent
(purple — 5q on diagonal striped blue strip). The negatively charged carboxylate induces a positive hole, h*, on the carbon surface. (B) A schematic of
the two capacitors present within the computational model, with one capacitor (total system) of charge g and capacitance C and the other (charged
adsorbate) of charge q,4, and capacitance C,4,. For these capacitors electrically connected in parallel, the total energy of the interface can be represented
by a single effective capacitor related to the charge on the graphite surface of charge 1, and capacitance Cypoph- (C) PCET reactions at the acid and
phenazine sites in the GCC-phen-COOH system. The grand potential Q is computed as a function of applied potential E for the three different surface
terminations. The curve intersections correspond to the proton-coupled redox potentials for PCET at the phenazine bridge (green—brown
intersection at low potential) and the terminal carboxylic acid site (brown—pink intersection at higher potential). (D) Parity plot between calculated
and experimentally measured proton-coupled redox potentials for different graphite-conjugated organic acids. Here AEpcgr = Exid . EBeR s the
difference between the proton-coupled redox potentials for protonation at the acid site (functionalized at the R and R’ positions shown in the inset)
and the proton-coupled redox potential for the double protonation of the phenazine bridge. These calculations were performed with constant potential
methods, which are independent of cell size, whereas the results in Figure 4B were performed with constant charge methods relying on unit cell-size
extrapolation techniques and, in some cases, additional adsorbates. Figures reproduced with permission from ref 119. Copyright 2021 American
Chemical Society.

on slab models that are periodic in all three directions, so than an electron number constraint. Such methods have been

charged atomistic systems must be compensated by counter-
charges within the unit cell to prevent the electrostatic potential
and energy from diverging. Various charge compensation
methods have been used in the analysis of electrochemical
processes,”” including a homogeneous background
charge,”>?°™?% explicit counterions or a counterelec-
trode,”'%°7'%* or a two-dimensional strip of countercharge
(e.g, solvated jellium or fictitious charged particle meth-
0ds). 19713 An alternative alpproach entails utilization of
real-space codes such as GPAW' " that allow two-dimensional
periodicity, circumventing such divergence issues and the need
for charge compensation. Constant-potential PCET reaction
free energies can be computed from a series of constant-charge
calculations. The electrode potential E can be computed for each
charge, enabling a subsequent grid-based mapping of the free
energies as a function of E. These analyses can also be performed
using constant-potential calculations, where the grand potential
is variationally minimized by using Lagrange multipliers that
enforce a target electron chemical potential constraint, rather

implemented in the JDFTx''* and GPAW'"® codes.

PCET reaction free energies in the grand canonical ensemble
can be calculated as the difference in the grand potentials of
products (P) and reactants (R) at a given potential E:

AQ = Qp(E) — Qg(E) (6)

As the reaction free energies are determined at a given E,
proton—electron transfer is not obligatorily concerted; i.e., the
number of added/removed protons between reactants and
products is not necessarily equal to the number of added/
removed electrons. In contrast to the CHE model, the
electrochemical potentials of protons and electrons are treated
independently on absolute potential scales rather than
referenced to the chemical potential of H, gas at SHE
conditions, as in eq 3.7/ 10711113

The internal energy U of a charged interface as a function of
charge tends to be roughly parabolic in charge g. This behavior
has been noted in various computational studies,*%''%! 167!
including analyses of PCET systems, and can be understood by
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Figure 8. (A) Computed interfacial capacitance for Pt(111) in implicit water using different p,;/me parameters of the density-dependent interface
switching function. The boxed data point corresponds to the parameters chosen based on agreement with experimental measurement. Figure
reproduced with permission from ref 107. Copyright 2019 American Institute of Physics. (B) Inverse capacitance, C™', of Pt(111) with (in blue) and
without (in black) CO adsorbed on the surface. The inverse capacitance C™* is defined in this figure as C™* = 0 ¢(z)/0N, where N is the number of
electrons in the DFT calculation and ¢(z) is the planar-averaged electrostatic potential along the z-axis of the simulation cell. The different capacitors
in series are m = metal, a = CO adlayer, g = gap, and d = diffuse capacitance. Figure reproduced with permission from ref 125. Copyright 2017 American

Chemical Society.

expanding U about an uncharged interface, i.e., ¢ = 0, in a Taylor
series:

ou

o’U
U~x UO + qa—q =

1
Zq 0q

4=0 ()

Here the first derivative corresponds to the electrode potential
of the uncharged interface, E, and the second derivative is the
inverse of the capacitance, C, such that

2
q

U~ U, + qE, + —

o T gk e

q
=U,+gE,+ —(E — E
o T qk¢ 2( 0) (8)

where the second equality is obtained using the relation g = C(E
— E,). This expansion can be generalized to include multiple
charging components, such as explicit ions and surface
adsorbates, in the form of a Taylor series expansion about
multiple variables. '

A computational analysis of PCET reactions at the surface of
graphite-conjugated organic acids showed that the energetics of
interfaces containing adsorbates with constant charge are
determined by the graphite electrode surface charge, qgmph.ug
In this case, the Taylor series expansion for an interface that is
polarized by both counter-charges in the EDL, denoted g, and
constantly charged adsorbates, q,q4, simplifies to a function of
graph DLy (Figure 7A—B):

1
U=y, + qgmphEo + qumph(E - E,) (9)
where E, is the graphite electrode potential of zero free charge
(PZFC). This result was consistent with earlier work, which
demonstrated that constant-charge PCET reaction energetics
are uniquely defined as a function of the effective surface
charge."'” The computational analysis of the graphite-
conjugated organic acids showed that the internal energy
Ul 4graph(E)] can be calculated using the DFT energy Upgr and a
shift associated with the capacitive contributions of the

constantly charged surface adsorbate:'"”

1
U[q (E)] = UDFT[q (E)r qads] + Eqads(E - Eo)

(10)

The energetic shift arises because the internal energy is a
function of surface charge g, whereas DFT calculations are
performed at constant total (i.e., net) charge q = Qgraph T Gads-
Note that the contributions of the adsorbate capacitor become
small with increased unit cell size, and therefore the results
obtained using this constant-potential approach are similar to
those obtained using cell-size extrapolation techniques with
constant-charge calculations.®*

This multicapacitor formulation, which is depicted schemati-
cally in Figure 7A—B, was used to calculate proton-coupled
redox potentials for graphite-conjugated organic acids within the
grand canonical ensemble. In particular, eq 10 was used to
compute the internal energy for grid points of varying charge g,
which in turn were mapped onto grid points of varying
computational electrode potential E. The grand potential £ was
calculated from

graph graph

1
Q(E) = Upgrlg,, , (E), 9., + EqadS(E — E,) + ZPE

graph
1

- TS - Gref - NH+ E”HZ - e(E - ESHE) - qE

(11)

where ZPE is the zero-point energy, T is the temperature, S is the
entropy, Ny is the number of added protons, and G, is a
reference Gibbs free energy. Using eq 11, the grand potential
curves were computed as a function of E for different graphite
conjugated catalyst (GCC) surface terminations (Figure 7C).
Analysis of the intersections of different grand potential curves
yielded proton-coupled redox potentials that were independent
of unit cell size and in good agreement with both constant-
charge calculations relying on cell-size extrapolation techniques
and experimental measurements for various GCCs. This study
highlighted the utility of grand canonical analyses of PCET
thermochemistry, which can circumvent the need to perform
unit-cell extrapolation calculations.""”

In the context of constant-potential methods, these types of
multicapacitor models are useful for studying electrochemical
PCET reactions. However, many challenges arise in efforts
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aimed at an accurate description of the interface capacitance. For
example, computed capacitances are sensitive to the parameters
of implicit solvent models,"””'*”"" including the electron
density-dependent interface switching functions for the
continuum dielectric (Figure 8A). Moreover, the contributions
of specifically adsorbed molecules or molecular fragments can
have a significant impact on the overall interfacial capacitance,
especially when hydrophobic surface terminations or ordered
low-dielectric solvent manifests in large gradients in the
electrostatic potential (i.e., large interfacial electric fields) at
the electrode—electrolyte interface (Figure 8B). Improved
descriptions of interfacial electrostatics may be achieved through
explicit simulation of solvent and ions,'** tuning implicit solvent
parameters to benchmark against experimentally measured
capacitance,'””"'? or using classical DFT for a self-consistent
determination of the interfacial dielectric environment based on
nuclear densities of solvent molecules.'”~"**

Another compelling example of grand canonical DFT
calculations is the investigation of H adsorption free energies
on nitrogen-doped graphene and MoS,."*® The band structure
of common two-dimensional materials was found to have a
significant impact on the occupation of electronic states with
applied potential. In particular, the associated changes in the
surface charge of these materials significantly impact H
adsorption free energies, i.e, PCET thermochemistry. This
work demonstrated that charge-neutral approaches can fail to
capture even qualitative conclusions, such as whether H
adsoréption is exothermic at a given applied potential (Figure
9)."*° Both models capture the expected result that H
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Figure 9. H atom (i.e., proton—electron pair) adsorption free energy
AG at 0 and 1.23 V vs SHE computed using the charge-neutral CHE
model (denoted “cnm”) and constant potential methods (denoted
“cpm”). Calculations were performed on pyridinic N-doped graphene
at sites containing 1 N atom in the basal plane (1N), 3N atoms in the
basal plane (3N), a N atom at the zigzag edge (Z), a N atom at the
armchair edge (A), and a N atom at two different kink sites (K1 and
K2). The results for these and 2D MoS, are compared to 3D
metal(111) surfaces. Figure reproduced with permission from ref 126.
Copyright 2018 American Chemical Society.

adsorption (proton reduction) becomes more exothermic with
increasing potential because there is less negative charge density
on the electrode surface under these conditions. However, H
adsorption energies calculated using the CHE model at 0 V
(enm-0 in Figure 9) and 1.23 V (cnm-1.23) vary by 1.23 eV by
construction. The constant potential approach accounts for
deviations from this construction because the calculations are
performed using different electrode surface charges correspond-
ing to 0 V (cpm-0) and 1.23 V (cpm-1.23).

Grand canonical methods have also been shown to be
essential for computing the pH dependence of proton

electrosorption on Pt(111). The electrosorption potentials,
denoted Uy, were calculated relative to the pH-corrected RHE
scale (Figure 10A)."% These potentials were calculated as a
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Figure 10. (A) Proton electrosorption potentials for Pt(111)
computed at 0.25 ML (red) and 1.0 ML coverage of adsorbed H*.
The calculations shown on the left used the charge-neutral CHE model,
a fully grand canonical (FGC) model, and a second-order Taylor
expansion of interface energies with respect to surface charge (second
order). The experimental electrosorption potentials (right) were
obtained from ref 129 (orange squares) and ref 130 (black stars).
Panel reproduced with permission from ref 108. Copyright 2020
Hormann, Marzari, and Reuter under CC BY 4.0 license https://
creativecommons.org/licenses/by/4.0/. (B) The computed apparent
pK, versus applied potential for 4-mercaptobenzoic acid on Au(111). 0
is the surface coverage of the molecule, and ¢ is the tilt angle. Panel
reproduced with permission from ref 127. Copyright 2020 American
Chemical Society.

function of pH at two different H surface coverages. Although
the RHE scale is pH-independent using the CHE model,
intrinsic pH dependencies were introduced using a second-
order Taylor expansion of charge-neutral calculations (analo-
gous to the expansion in eq 8) and using a variable charge “fully
grand canonical” approach. By construction, URH;, is independ-
ent of pH within the CHE model because protons and electrons
are added in equal ratios (solid curves, left side of Figure 10A).
However, both the second-order expansion and the fully grand
canonical calculations were able to reproduce the experimentally
observed (right side of Figure 10A) trends in Ui "

A final representative example is the use of grand canonical
DEFT calculations to study the heterogeneous PCET reaction of
4-mercaptobenzoic acid adsorbed on Au(111)."*” In particular,
the apparent pK, values were computed as a function of the
applied potential by decoupling the chemical potentials of
electrons and protons in the thermodynamic model. The slopes
of the calculated potential-dependent apparent pK, values
(Figure 10B) deviated from the expected Nernstian 59 mV/pH
unit shift for concerted PCET. The theoretical calculations were
supported by complementary experiments performed using 4-
mercaptobenzoic acids adsorbed on polycrystalline Au thin
films. The DFT calculations at 0.25 ML 4-mercaptobenzoic acid
surface coverage and the accompanying experimental measure-
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Figure 11. (A—C) Experimental and theoretical Pourbaix diagram of Ru(OH,)(Q)(tpy)** in the (A) low pH and high potential region, (B) high pH
and high potential region, and (C) low potential region. The red dots are experimental measurements of E (relative to SCE) at various pH values, and
the dashed red and solid blue lines are experimental pK, values and redox potentials, respectively. The black lines are theoretical predictions. Panels
A—C reproduced with permission from ref 53. Copyright 2009 American Chemical Society. (D) Experimental and computational data for the
Ni(P,N,), catalyst, where the P,N, ligands are denoted “L”, and therefore Ni(P,Nj,), is denoted Ni(L,). The species in gray are not directly observed
experimentally, and their thermodynamic stability relative to the other compounds is determined using DFT calculations. (E) Pourbaix diagram
determined from the thermodynamic data in (D). The vertical and horizontal lines correspond to pK, values and redox potentials, respectively. The red
lines have a slope of ~29.5 mV/pH unit (2¢~, 1H" transfer). The blue and green lines each have a slope of ~59 mV/pH unit, where the blue line isa 2¢”,
2H" transfer process, and the green line is a 1e~, 1H" transfer process. Panels D and E are reproduced with permission from ref 132. Copyright 2013

American Chemical Society.

ments (Figure 10B) demonstrated a partial charge transfer of
~0.1 electrons per proton from the electrode to the adsorbed
hydrogen atom. This result suggested that 90% of the potential
drop occurs across the self-assembled monolayer.'”” These
results and interpretations were subsequently augmented by
additional experiments.'**

2.5. Pourbaix Diagrams of PCET Systems

The thermodynamic approaches discussed in subsections
2.1-2.4 can be used to calculate ab initio Pourbaix diagrams
for electrochemical PCET systems. In this context, Pourbaix
diagrams are phase diagrams with applied potential E and pH as
the independent variables.">' From a more general thermody-
namic perspective, the ab initio phase diagram approach entails
representing the most stable phase (i.e., redox and protonation
state for PCET) of a chemical system at a given set of conditions.
In this subsection, we will briefly highlight some computational
Pourbaix analyses pertaining to PCET processes in homoge-
neous and heterogeneous systems. These Pourbaix diagrams are
plotted with pH and potential on the horizontal and vertical
axes, respectively. Hence, the vertical, horizontal, and diagonal
lines on these diagrams correspond to PT, ET, and concerted
PCET, respectively.

As an example of such analyses applied to homogeneous
PCET systems, theoretical calculations in combination with
experimental studies were used to gain insights into the Pourbaix
diagram of Ru(OH,)(Q)(tpy)** (Q = 3,5-di-tert-butyl-1,2-
benzoquinone, tpy = 2,2":6’,2""-terpyridine) molecular water
oxidation catalysts.”® To aid in characterizing the different redox
states of the catalyst, complete active space self-consistent-field
(CASSCEF) calculations were used to analyze ferromagnetic and

antiferromagnetic spin states, and time-dependent DFT
(TDDFT) was used to compare calculated UV—vis spectra to
experiment. These analyses at various levels of theory helped
inform the phases that were included on the Ru(OH,)(Q)-
(tpy)** Pourbaix diagram (Figure 11A—C) and elucidated each
of the many species involved in PT, ET, and PCET reactions.”

In another study of homogeneous electrochemical PCET, the
Pourbaix diagram of the Ni(P,N,), (where P,N, is 1,5-dibenzyl-
3,7-diphenyl-1,5-diaza-3,7-diphosphacyclooctane) hydrogen
evolution molecular electrocatalysts was computed.'** Figure
11D shows the various ET or PT reactions of the Ni(P,N,),
catalyst determined from a combination of experimental'** and
theoretical ** data. These data were converted into the Pourbaix
diagram in Figure 11E, which demonstrates the thermodynami-
cally relevant PT, ET, and PCET processes involving Ni(P,N,),
compounds. This Pourbaix diagram elucidates PCET mecha-
nisms involving one-electron/one-proton transfers (green
diagonal with slope of ~59 mV/pH unit), two-electron/two-
proton transfers (blue diagonal with slope of ~59 mV/pH unit)
and two-electron/one-proton transfers (red diagonals with
slope of ~30 mV/pH unit).

In heterogeneous PCET systems, Pourbaix diagrams derived
from first-principles calculations have been used to study ORR
mechanisms on Pt(111), Ag(111), and Ni(111) surfaces under
relevant reaction conditions.'’* Using the surface structures
derived from the Pourbaix diagrams, the CHE model was used
to determine the highest applied potential at which all PCET
steps in the ORR pathway were downhill. The results obtained
using Pt(111) and Ag(111) surface structures self-consistent
with the Pourbaix diagram were similar to those obtained for
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bare surfaces that did not contain spectator surface adsorbates.
Because Ni(111) becomes partially oxidized under ORR
conditions (red region in Figure 12A), however, the spectator
O* adsorbates facilitate O, adsorption and reduction through
PCET to form HOO*, which is predicted to be the rate-limiting
step. In contrast, ORR modeling on the bare Ni(111) surface
predicted an onset potential nearly 0.3 V lower because of facile
dissociation of O, and strong binding energies of O* and HO*.
This study demonstrated the importance of determining the
relevant surface composition to gain even qualitative insights
into electrocatalytic mechanisms involving multiple PCET
steps.134

Pourbaix diagrams can also account for the explicit adsorption
of electrolyte ions on electrode surfaces. For example, the
explicit adsorption of sulfate (SO,>7) and bisulfate (HSO,)
electrolyte ions on metal surfaces were considered in Pourbaix
diagrams calculated under electrochemical conditions (Figure
12B)."** The electrochemical potentials of SO,*~ and HSO,~
were treated using tabulated redox potentials for SO,*~/SO, and
HSO,7/SO, electrochemical half-reactions, enabling simulta-
neous consideration of H*, SO,*”, and HSO,  binding
adsorption thermodynamics as a function of applied potential
and pH. These diagrams reproduced experimental voltammetric
data indicating stable SO,*>~ and HSO,~ formation on Pt(111)
and Ag(111). This approach demonstrates the generalizability
of computational Pourbaix diagrams to rigorously analyze
electrode surface structure under conditions of electrochemical
PCET reactions. "’

Another example of the use of Pourbaix diagrams to
investigate heterogeneous electrochemical PCET is an
application to the HER at (hydroxy)oxide thin films supported
on transition metal surfaces.'** The electrochemical Pourbaix

diagrams of different bulk metal and (hydroxy)oxide phases
were computed (top, Figure 12C) and compared to analogous
phases as thin-film monolayer films supported on metal
substrates (bottom, Figure 12C). Interestingly, this analysis
demonstrated that interactions with the metal substrate
modified the stability of certain (hydroxy)oxide phases and
was also used to identify phases with stoichiometries that are
unstable as bulk materials. The most thermodynamically stable
structures identified by the computational Pourbaix diagrams
were supported by in situ crystal truncation rod and X-ray
absorption near edge spectroscopic measurements, and they
were used to elucidate PCET mechanisms during HER
catalysis."*

Although the Pourbaix diagrams of the heterogeneous PCET
systems shown in Figure 12 were calculated using the CHE
model, they could also be constructed using constant potential
or grand canonical methods (section 2.4). These methods could
incorporate phenomena such as noninteger electrosorption
valencies and non-Nernstian effects into computational
Pourbaix diagrams. Given the availability of constant potential
methods in various electronic structure codes, such Pourbaix
diagrams could be constructed to elucidate the surface states of
heterogeneous catalysts under electrochemical reaction con-
ditions.

2.6. Reorganization Energies
19-22

and
the PCET theories** >’ discussed below, reorganization
energies are critical parameters that impact the rate constants
of ET, PT, and PCET processes. The reorganization energy 4 is
the free energy associated with changes in the solute structure or
solvent polarization upon charge transfer. It is often convenient

In the context of Marcus theory for electron transfer
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to separate the contributions of the solute and solvent into the
inner-sphere (4;) and outer-sphere (4,) reorganization energies,
respectively. Typically, the inner- and outer-sphere reorganiza-
tion energies are assumed to be independent and are computed
separately, although in principle they could be computed
simultaneously. For example, constrained DFT formal-
isms'*®"* applied to atomistic simulations in explicit solvent
can be used to simultaneously calculate inner- and outer-sphere
reorganization energies.'*”'*' This section describes some of
the computational methods that have been developed to
compute the inner- and outer-sphere reorganization energies.
The use of these reorganization energies to calculate PCET rate
constants will be described in section S and section 6.

2.6.1. Inner-Sphere Reorganization Energies. The
inner-sphere reorganization energies for ET reactions can be
determined using two different approaches. In the first approach,
/; is estimated within the harmonic approximation as a sum of
energies arising from bond length changes Ax; between the
oxidized and reduced states of the solute molecule. In this
approach, ; is approximated as*>'*>'*}

® ()
A= L Ax.)?
VT f(p>( %)

i j (12)

where the summation is over the relevant inner-sphere
vibrational modes, f]-(r) and fj(P) are the force constants for the
jth inner-sphere solute vibrational mode in the reactant and
product states, respectively, and Ax; is the difference between
the equilibrium values in the reactant and product states for the
coordinate corresponding to the jth vibrational mode. For ET
reactions, the reactant and product states correspond to the
oxidized and reduced states. This approximate expression has
been applied directly to PCET reactions to include the inner-
sphere reorganization energy associated with metal—ligand
bonds (i.e., the changes in these bond lengths for the reactant
and product PCET states).**'** In principle, it could also be
used to include the inner-sphere reorganization energy
associated with all of the solute vibrational normal modes,
excluding contributions from the transferring proton.

In the second approach, 4 is estimated using the four-point
scheme, which requires the calculation of the energies of the
oxidized and reduced states at both the oxidized and reduced
equilibrium geometries. The equilibrium geometries of the
oxidized and reduced states are denoted Q°* and Q%
respectively. The inner-sphere reorganization energy associated
with the oxidized state, 1,°%, is the difference between the energy
of the oxidized state at the equilibrium geometry of the reduced
state and the energy of the oxidized state at the equilibrium
geometry of the oxidized state: 1°% = Eq, (QRd) — Eo (Q%).
The inner-sphere reorganization energy associated with the
reduced state, 4%, is defined analogously as **¢ = Eg.q (Q%%)
— Erea(Q®Y). The overall inner-sphere reorganization energy is

computed as the average of these two quantities:'**'*
/1i — l[ﬂiOx + j’iRed]
2
1 Gl X X Gl
= E[EOX(QR ) = Eou(Q™) + Egeg(Q™) = Egea(Q™)]

(13)

Typically, these energies are computed as electronic energies in
the gas phase based on the assumptions that the zero-point

energy and entropic contributions cancel, and solvent effects are
included in the outer-sphere reorganization energy.

The four-point scheme'*® has been extended to compute the
inner-sphere reorganization energies for PCET."** For PCET
reactions, the electron and proton are defined to be on their
donors for the reactant and on their acceptors for the product.
The PCET inner-sphere reorganization energy must account for
the solute energy changes upon simultaneous electron and
proton transfer. To aid in the description of the four-point
scheme for PCET, the oxidized and reduced states can be
assigned as the reactant and product, respectively. In this case,
the proton is on its donor for the equilibrium geometry of the
oxidized state Q°% and the proton is on its acceptor for the
equilibrium geometry of the reduced state Q. For the
calculation of Eq,(Q"?), the proton must be optimized on its
donor with all other nuclei fixed to Q®%. For the calculation of
Egea (Q®), the proton must be optimized on its acceptor with all
other nuclei fixed to Q°%. This method has been applied to a
wide range of homogeneous molecular electrocatalysts.”>*>"**

2.6.2. Outer-Sphere Reorganization Energies. The
outer-sphere reorganization energy A, is associated with the
translation and reorientation of the solvent molecules occurring
in conjunction with the ET or PCET process. The simplest
approach for computing the outer-sphere reorganization energy
for electrochemical ET or PCET is to represent the solute as a
point charge at the center of a spherical cavity in dielectric

continuum solvent and use the following analytical expres-
L 23,149
sion:

; _ML_L(i_L)
°T 2 €so € N\a 2d (14)

Here Agq is the change in charge upon ET or PCET, €, is the
optical dielectric constant, €, is the static dielectric constant, a is
the cavity radius of the solute, and d is the distance between the
solute and the electrode surface. In practice, the cavity radius a
can be computed by equating the volume of a sphere of radius a
to the volume of the cavity obtained with a dielectric continuum
method such as PCM in conjunction with a DFT calculation of
the molecular solute.'*” A schematic of this point-charge model
for determining A, is depicted in Figure 13. Equation 14 is
related to the two-sphere donor—acceptor model for homoge-
neous ET originally derived by Marcus,'” where the donor—
acceptor distance is between the charged solute and its image
charge in the electrode. According to eq 14, A, will decrease as
the redox molecule moves closer to the electrode (i.e., as d
decreases), as also observed experimentally.' >’

An approach has also been developed to calculate the outer-
sphere reorganization energy for electrochemical ET and PCET
using the integral equation formalism within the polarizable
continuum model (IEF-PCM) framework.'*” This approach
separates the electronic and inertial polarization response of the
solvent and accounts for the detailed molecular charge
redistribution. The solute—solvent boundary is treated explicitly
by the molecular-shaped cavity within the framework of PCM,
and the effects of the electrode—solvent boundat}r are included
with an external Green’s function (Figure 14A)."*" For relatively
simple molecules, this quantum chemistry-based approach
yields similar results as the point-charge model given by eq
14."*7 Moreover, A, was found to decrease as the molecule
moves closer to the electrode,'"” as also observed experimen-
tally."* This IEF-PCM method was extended to incorporate the
effects of low-dielectric regions of self-assembled monolayers
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Figure 13. Schematic of the point-charge model for electrochemical
outer-sphere reorganization energies. The point charge is shown by the
filled red circle with a solute radius a at a distance d from the electrode
(shown as the silver slab). Figure reproduced with permission from ref
147. Copyright 2014 American Chemical Society.

(SAMs) attached to electrodes (Figure 14B),"" as well as the
effects of the EDL and the ionic strength of the solvent'>”
through the external Green’s function. Moving beyond electro-
chemical ET, these methods were extended to electrochemical
PCET and were shown to produce accurate total reorganization
energies for two experimentally studied PCET systems (Figure
14C).">?

The outer-sphere solvent reorganization energy for electro-
chemical ET and PCET has also been investigated using MD
simulations with explicit solvent. Classical MD simulations were
used to calculate free energy surfaces for outer-sphere ET
reactions at electrodes to determine A4.."°~"” In another
approach, constant-potential classical MD simulations were
used to calculate A, based on the equilibrium statistics of the
vertical energy gap of the reduced and oxidized states of the
system.158 The periodic model system, depicted in Figure 15,
utilized a nondimensional Lennard-Jones unit system. In
agreement with the point—char_ge model given by eq 14> and
the IEF-PCM calculations,'*” these MD simulations also
demonstrated attenuated A, values near electrode surfaces.

The effects of the temperature dependence of the outer-
sphere reorganization energy and other thermodynamic
parameters on the ET rates have been analyzed."””™'® In the
context of electrochemical PCET, however, these effects are not
expected to be significant in the experimentally relevant
temperature ranges.

3. ELECTROCHEMICAL PCET SURFACES AND
BARRIERS

Computational studies of PCET kinetics using a method such as
transition state theory require an estimate of the activation
energies of PCET processes. These kinetic barriers are typically
calculated using quantum chemical calculations of the minimum
energy path (MEP) connecting the reactants and products of a
PCET step. Combining transition state and reactant state
electronic energies, zero-point energies, and entropies to
compute the free energy barriers enables the estimation of
PCET rate constants using transition state theory. In this
section, we will focus on methods used to calculate activation
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Figure 14. (A) Depiction of the IEF-PCM framework to calculate
electrochemical solvent reorganization energies for outer-sphere ET
reactions. Panel reproduced with permission from ref 147. Copyright
2014 American Chemical Society. (B) Schematic of framework to
compute electrochemical solvent reorganization energies associated
with redox molecules attached to or near a SAM-modified electrode,
wherein the SAM region is modeled as an interfacial region of low
dielectric constant. Panel reproduced with permission from ref 151.
Copyright 2015 American Chemical Society. (C) Extension of the IEF-
PCM framework to calculate electrochemical solvent reorganization
energies for PCET systems. Panel reproduced with permission from ref
152. Copyright 2016 American Chemical Society.

energies for heterogeneous electrochemical PCET processes
using potential energy surfaces derived from first-principles
calculations. Special attention will be given to methodologies
aimed at computing activation energies as a function of applied
potential using constant-potential methods and deriving
parameters relevant to the Butler—Volmer equation, such as
electrochemical transfer coeflicients. The last part of this section
will describe the use of first-principles molecular dynamics
simulations to compute free energy barriers and to investigate
the dynamics of PCET reactions at electrochemical interfaces.

3.1. First-Principles PCET Potential Energy Surfaces

Activation energies are typically calculated by identifying the
first-order saddle point on the Born—Oppenheimer (i.e.,
electronically adiabatic) potential energy surface connecting
the reactants and products.'”* One of the most common
approaches is the nudged elastic band (NEB) method,'**™"'%
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Figure 15. Schematic of computational unit cell in explicit simulations of outer-sphere reorganization energies using classical MD. The periodic
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or oxidized state (filled blue triangle in bottom panel). Additional solvent molecules are shown as filled black circles. The reflections of all particles are
in the image box and are depicted by open symbols. Figure reproduced with permission from ref 158. Copyright 2020 American Institute of Physics.
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Figure 16. (A) Illustration of the nudged elastic band (NEB) method used to generate the minimum energy path (MEP) between two local minima of
an adiabatic potential energy surface. The MEP computed using the NEB method is shown by the black dots, representing the images along the band,
and the dashed lines connecting them. The actual MEP is shown by the solid black line. Reproduced with permission from ref 167. Copyright 2000
American Institute of Physics. (B) MEP calculated using the NEB method for the Heyrovsky PCET reaction (H,4 + H" + e~ — H,) on Pt(111). The
initial state (IS), transition state (TS), and final state (FS) are shown along the reaction path. The solvated proton H" in the IS is shown in yellow, and
the adsorbed H,4, is shown in green. Reproduced from ref 100 with permission from the PCCP Owner Societies. Copyright 2007 Royal Society of

Chemistry.

which enforces harmonic interactions between adjacent
configurations (i.e., images) connecting the initial and final
states to mimic an elastic band that can be minimized to estimate
the MEP (Figure 16A). The climbing image NEB method forces
one of the images to the saddle point of the MEP, providing a
direct estimate of the transition state geometry and energy. A
more comprehensive review of these and related methods to
locate transition states on adiabatic surfaces is provided
elsewhere.'*®

Note that the NEB method and related methods are restricted
to identifying saddle points and minima on Born—Oppenheimer
potential energy surfaces. As such, these methods are only
directly amenable to adiabatic PCET reactions that obey
transition state theory, and they do not account for hydrogen
tunneling or excited electron—proton vibronic states. However,
a few computational studies in thermal heterogeneous catalysis
have considered spin-crossover effects in hydrogen atom
transfer reactions.'® """ Theoretical approaches that include

the effects of hydrogen tunneling and excited electron—proton
vibronic states are described below in sections S and 6.
Calculations of adiabatic MEPs have found wide utility in
various applications related to analysis of PCET steps in
heterogeneous electrocatalysis. For example, the activation
energies of different elementary PCET processes involved in the
HER on Pt(111) were calculated using the NEB method.'”
This study represented the solvent as an ice-like layer of water
and determined that the activation energies for proton
adsorption through the Volmer reaction (H' + e~ — H,q,)
were computed to be quite low (<0.2 eV) at different levels of
hydrogen surface coverage, supporting previous work suggesting
that the Volmer reaction is fast on Pt(111). Additionally, these
NEB methods were used to examine competition between the
Tafel reaction (2H, 4, — H,) and the Heyrovsky reaction (H,4, +
H* + e~ — H,) for the hydrogen evolution step. The Tafel
reaction does not involve electrons from the external circuit and
therefore is not dependent upon the applied potential. However,
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the Heyrovsky reaction is a potential-dependent PCET process
wherein solvated protons in the EDL combine with electrons
from the external circuit to react with adsorbed hydrogen, H,4,.
Figure 16B shows the MEP computed for the Heyrovsky step
and configurations corresponding to the initial state, transition
state, and final state. Various intermediate images along the band
are denoted by the filled black circles, and the maximum of the
MEDP is the estimate of the activation energy. This computa-
tional analysis indicated that the activation energies of the Tafel
and Heyrovsky steps are similar, suggesting that both hydrogen
evolution mechanisms could occur in parallel.

3.2. PCET Activation Energies at Constant Potential

Typically, constant-charge DFT calculations lead to a change in
the electrode Fermi energy between the reactant and product of
redox processes associated with PCET. This change in the Fermi
energy is also related to the computational work function or
electrode potential. In the example of the Heyrovsky PCET
reaction on Pt(111) shown in Figure 17, the change in work

0.9 T 7.0
TS
e
0.8 P .
- ~~._ 165
0.7 -— b T
[ g /
> —_
>, 0.6} # 6.0 >:
5 / o
g 0.5 o 5
5 i Sisg
2 04 ! E
g i =
503 502
3 $ FS &
0.2 4
1S 45
0g___/_ _____
0% 1 2 3 5 6 gho
reaction path [A]

Figure 17. Constant charge calculation to determine the Heyrovsky
reaction barrier on Pt(111) using a 3 X 4 unit cell. The top panel shows
the charge density difference isosurfaces for the initial state (IS),
transition state (TS), and final state (FS) of the reaction. The
isosurfaces are referenced to the FS, where the magenta and blue
surfaces correspond to negative charge accumulation and depletion,
respectively. The bottom panel shows the electronic energy profile (in
red) and the work function (in blue) for different images along the
minimum energy path. Reproduced with permission from ref 172.
Copyright 2015 American Chemical Society.

function can be on the order of several electron volts between
reactants and products.'”” The sensitivity of calculated
activation energies to the applied potential has been recognized
in many computational heterogeneous electrocatalysis studies,
and various computational methods have been developed to
address this issue.

In the H-shuttling mode the transition state of a water-
assisted surface hydrogenation reaction is assumed to be similar
to that of the analogous PCET reaction. This approach was
introduced in the analysis of the kinetics of elementary steps in
CO, electroreduction, as shown by the transition state
geometries for CO* and CH;0* reduction in Figure 18."7

173
l,

A

Figure 18. DFT calculations of C—H bond formation barriers in CO,
electroreduction pathways on Cu(111) using a water-assisted H-
shuttling model. Transition states for (A) CO* reduction to COH* and
(B) CH;0* reduction to CH;OH*. The transition states identified for
water-mediated hydrogenation reactions are hypothesized to be similar
to those of electrochemical PCET steps. Figure reproduced with
permission from ref 173. Copyright 2013 Wiley-VCH.

The main advantage of this approach is that by modeling PCET
as a hydrogenation process that does not involve ET from the
electrode, the change in work function between the reactants
and the transition state is small, and the calculated activation
energy is expected to be similar to that of a constant-potential
PCET process. These methods were used to evaluate potential-
dependent barriers for O—H and C—H bond forming PCET
steps, as well as C—C bond coupling in CO, electroreduction on
Cu(111)."” This study demonstrated that analysis of the
competing pathways in CO, reduction using reaction free
energies can be deceptive. In particular, an analysis of the
kinetics of the elementary steps revealed the importance of an
adsorbed COH* intermediate in the selectivity-determining
steps between methane and methanol. These H-shuttling
methods have proved to be useful in identifying transition
states for hetero§eneous PCET processes on metal surfaces for
NO reduction'”" "7 as well as CO, reduction.'”*'””'7#

Cell-size extrapolation techniques have also been used to
compute activation barriers at constant potential. An analysis of
the Heyrovsky reaction on Pt(111) elucidated the impact of
finite unit cell size on calculated reaction free energies and
activation energies.'”* Because the free energy of the electro-
chemical interface corresponds to the energy stored in a
capacitor formed between the electrode and protons in the EDL
(see subsection 2.4), the transition state energy is expected to
depend on the size of the unit cell. Figure 19A shows linear
scaling of activation energies with the change in the computa-
tional electrode potential between reactants and products for
various unit cell sizes and hydrogen surface coverages. Note that
the computational electrode potential can be determined from
the computed work function given in eq 4. These results may be
extrapolated to the limit where the electrode potential is
constant (i.e., the same for reactants and products) to determine
the electrochemical PCET barriers at constant potential.'’*
Note that maintaining a constant transition state geometry at
different unit cell sizes may not be accurate because the
computational electrode potential is different in each calcu-
lation. However, reoptimization of transition state geometries at
different unit cell sizes can significantly add to the computational
expense of activation energy calculations.

The cell-extrapolation approach was also used to evaluate the
relationship between computed reaction energies and activation
energies for the Heyrovsky reaction on Pt(111).'” The linear
relationship between these two quantities, shown in Figure 204,
is representative of the typical dependence of the electro-
chemical PCET barrier on overpotential, which is related to the
transfer coefficient # in Butler—Volmer kinetics.'” While
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Figure 19. (A) Cell-extrapolated activation energies (E,) as a function
of the change in computational electrode potential (AU) between the
reactants and products for the Heyrovsky reaction, H* + H" + ¢~ = H,,
on Pt(111). Different data points correspond to different unit cell sizes.
Different marker types and linear fits correspond to calculations
performed at different adsorbed hydrogen coverages (®). The
extrapolation to AU = 0 corresponds to the activation energy of the
PCET reaction at constant electrode potential. Figure reproduced with
permission from ref 104. Copyright 2008 Elsevier. (B) Parity plot
comparing reaction energies and activation energies obtained using the
charge-extrapolation model (eq 15) and the cell-extrapolation model
for various electrochemical reactions on Pt(111). Panel reproduced
with permission from ref 172. Copyright 2015 American Chemical
Society.

previous computational studies had established the existence of
Bronsted—Evans—Polanyi relationships for thermal (de)-
hydrogenation reactions on metal surfaces,'”” this later study
provided computational support for these linear Bronsted—
Evans—Polanyi relations in heterogeneous electrochemical
PCET and established their relationship to Butler—Volmer
transfer coefficients.

In the charge-extrapolation approach developed by Chan and
Norskov, a single barrier calculation is used to estimate
activation energies at constant potential by separating the
chemical and electrostatic contributions to the chan§e in energy
of a PCET process at an electrochemical interface.'”” Separating
the chemical and electrostatic (capacitive) contributions to the
total energy leads to the following expression for the difference
in energy between states 1 and 2 (corresponding to the initial
state, transition state, or final state) at a constant applied
potential:

(‘JZ - ql)(q)z - )

AU(q)l) Uz(q)z) - Ul(q)l) +

(q2 - ql)(q)z - (I)1)
2

AU(q)Z) UZ((DZ) - UI(CDI) -

(18)
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Figure 20. (A) Bronsted—Evans—Polanyi relationship between
activation energy (E,) and reaction energy (AE) for the Heyrovsky
reaction on Pt(111). Reproduced from ref 100 with permission from
the PCCP Owner Societies. Copyright 2007 Royal Society of
Chemistry. (B) Parity plot between Butler—Volmer transfer coefficient
P determined from a linear fit of reaction energies and activation
energies vs work function (horizontal axis), and  determined from
Bader charge analysis (vertical axis). Reproduced with permission from
ref 180. Copyright 2016 American Chemical Society.

Here, @; is the work function, and g; is the net charge of the slab
and any surface adsorbates for state i. The g; terms in eq 15 can
be determined from DFT calculations using population analysis
techniques, such as Bader charges. This expression was used to
calculate activation energies and reaction energies, where this
charge-extrapolation model'”* gave similar results as the cell-
extrapolation model (Figure 19B).'°*'®' The charge-extrap-
olation model mitigates the need to perform multiple DFT
calculations at varying unit cell sizes to determine reaction
energies and activation energies.

In an extension of the charge-extrapolation model, Chan and
Norskov showed that evaluation of eq 15 at two different applied
potentials between the initial state (state 1) and the transition
state (state 2) yields a %eneral expression for constant-potential
activation energies E,' ? The resulting expression is

Ea(q)) = Ea(q)ref) - AQ(q) - q)ref) (16)

where @ corresponds to a reference work function and Agq is
the difference in net charge of states 2 and 1. Note that the
reaction energy may also be substituted for E, in eq 16. In this
model, Aq is related to the transfer coefficient # in Butler—
Volmer kinetics by Aq = —f. For transition state calculations,
this ff corresponds to the partial charge transfer at the transition
state.'** Using eq 16, the value of f was estimated by linear fits of
reaction energies and activation energies versus work functions,
demonstrating reasonable agreement with 3 values determined
from Aq calculations using Bader analysis (Figure 20B). Janik
and co-workers,"%*'®* as well as Greeley and co-workers,'** later
expanded on these insights, unifying Brensted—Evans—Polanyi
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Figure 21. Grand potential free energies relative to the initial state for different steps in the HER as a function of applied potential. (A) Volmer reaction
on Au(111), (B) Volmer reaction on Pt(111), (C) Heyrovsky step on Pt(111), and (D) Tafel step on Pt(111). The barriers for the Tafel step are
shown for different permutations of adsorbed H* on top and hollow surface sites. The insets in each figure correspond to the initial state, transition
state, and final state geometries. The Volmer and Heyrovsky barriers are sensitive to the applied potential because they are electrochemical PCET
reactions, whereas the Tafel step does not exhibit this sensitivity because it is a nonelectrochemical combination of surface H atoms to form solvated
H,. Note that the notation for grand potential free energy shown on the y-axes differs for A and B versus C and D. Panels A and B are reproduced with
permission from ref 111. Copyright 2018 American Chemical Society. Panels C and D are reproduced with permission from ref 112. Copyright 2020

American Chemical Society.

relationships for (de)hydrogenation reactions with Butler—
Volmer transfer coeflicients for potential-dependent interfacial
PCET. Overall, these studies elucidate relationships between
Brensted—Evans—Polanyi slopes, the character of the transition
state geometry (i.e., early, initial state-like or late, final state-
like), and Butler—Volmer transfer coefficients.

Another approach that has been used to obtain potential-
dependent activation energies is to directly control the electrode
Fermi level in the electronic structure calculations using
constant-potential (or grand canonical) DFT methods. Peterson
and co-workers calculated PCET activation barriers by varying
the number of electrons in the unit cell along with a neutralizing
countercharge in dielectric continuum solvent.''' This
approach, termed the “solvated jellium” (SJ) method, was
used to compute barriers for proton discharge from H;O" during
the acidic Volmer reaction on Au(111) and Pt(111) as a
function of applied potential from the saddle point of the
constant-potential MEP using the climbing image NEB method
(Figure 21A,B). The results demonstrated that Pt is a better
HER catalyst than Au not only from the standpoint of
thermodynamics predicted by the CHE model® but also
because there is a lower kinetic barrier when the Volmer reaction
is thermoneutral; i.e., the barrier is greater than 0.2 eV on
Au(111) at —1.0 V (Figure 21A) and less than 0.2 eV on
Pt(111) at 0 V (Figure 21B).""" These SJ methods were
subsequently extended to the Heyrovsky and Tafel steps in the
HER mechanism on Pt(111). In these steps, the Heyrovsky

PCET step exhibits potential-dependent barriers (Figure 21C),
whereas the Tafel step (2H* — H, + 2*) is largely independent
of potential (Figure 21D) because there is no formal charge
transfer during the Tafel step.'"”

Interestingly, this work based on the SJ method showed that
the potential-dependent relationship between the reaction
energy AU and the activation energy E, can be treated using a
single parameter b for a given reaction according to the following
expression:

0, AU < —4b
A 2
E, = M —4b < AU < 4b
16b
AU AU > 4b (17)

This expression is based on the model of two intersecting
parabolas in Marcus theory'® with the reorganization energy 4
= 4b, where the inverted region is treated as activationless. This
model adds complexity to established Bronsted—Evans—Polanyi
relations. Moreover, it smoothly interpolates from conditions of
intermediate reaction energies to conditions where the barrier
vanishes for very exothermic or endothermic reactions, and E, is
approximately equal to zero or the reaction energy, respectively.
A variety of other constant-potential approaches have been used
to evaluate PCET barriers in mechanistic analyses of hydrogen
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3.3. Interfacial Dynamics of PCET

reduction,

The previous subsections outlined methods and applications to
evaluate potential energy surfaces and activation barriers for
electrochemical PCET using periodic DFT calculations.
However, these methods do not directly include entropic effects
and do not capture the dynamics of the redox species, proton
donors and acceptors, solvent molecules, and ions at the
electrochemical interface during PCET reactions. Although
implicit solvent models can alleviate the need for statistical
sampling of the solvent, they do not explicitly model hydrogen
bonding interactions that involve solvent molecules. This
subsection summarizes ab initio molecular dynamics (AIMD)
methods and applications to electrochemical interfaces. In
particular, we focus on methods that relate to modeling PCET at
these interfaces, including constant-potential and rare event
sampling methods.

Free energy barriers can be evaluated by sampling the free
energy surfaces using methods such as metadynamics'”' or
constrained MD.'?* Each of these methods relies on the choice
of collective variables used to represent the free energy
landscape. In metadynamics, the free energy surface is sampled
over the chosen collective variables, and Gaussian potentials are
added to accelerate the sampling of regions that are higher in free
energy. In constrained MD, integration of the potential of mean
force'”'? at each value of the collective variable can be used to
generate the free energy surface and barrier along the reaction
coordinate. In analyses of heterogeneous PCET, these collective
variables are typically defined by the bond being broken or
formed in the reaction. For example, Blue Moon ensemble
constrained MD calculations constrained O—H and C—H bond
lengths for CH;OH dehydrogenation to OCH; and CH,OH,
respectively.'”* Similar bond lengths were used as the collective
variables in metadynamics simulations of PCET steps in CO,
reduction,'”>'*® although more complex collective variables
defined by the collective modes of a hydrogen-bonding network

involved in Eley—Rideal PCET processes have also been
used."”” Constrained MD has also been used to evaluate the
reaction free energy landscapes of the Volmer and Tafel steps of
HER.'”® These calculations also included a posteriori effects of
the applied potential using the capacitive charge-extrapolation
scheme described in subsection 3.2.

The computational electrode potential can be modified in
MD simulations by carrying out AIMD studies with excess
charge,'” building upon calculations of charged slabs with
periodic boundary conditions.” In this approach, termed the
“effective screening medium” (ESM) or “fictitious charged
particle” method, the excess charge is compensated within a
fictitious slab of infinite dielectric in the vacuum region between
periodic images of the slab (Figure 22A). These methods were
used in studies of the orientation of water molecules near
charged metal electrode surfaces.'””*%°

The ESM approach was later adapted to constant Fermi level
AIMD (Figure 22B-D).”" In this method, the system
exchanges electrons with an external reservoir to maintain
constant potential, representing a potentiostat, while simulta-
neously maintaining constant temperature with a thermostat
(Figure 22B—C). This type of approach is necessary to maintain
a constant electrode potential at solid—liquid interfaces because
for a given charge, the potential can vary on the order of a volt
based on the orientation of polar solvent molecules near the
interface. In this constant Fermi level AIMD approach, charge
thermalization can be achieved through the Nosé—Hoover
thermostat connected to the particle degrees of freedom r;, based
on the coupling between r; and the charge degrees of freedom 7,
(Figure 22B). Because this coupling is generally weak,
equilibration can be accelerated by connecting n, to its own
thermostat with temperature T... Provided there is weak coupling
between r; and n,, it is not necessary that T, = T, and the system
approaches a quasi-equilibrium defined by these two temper-
atures. The utility of decoupling the two thermostats is that a
smaller T reduces fluctuations in the potentiostat (Figure 22D).
Similar constant Fermi level AIMD methods were developed””
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and applied to evaluate solvation energies of PCET
intermediates in the OER reaction mechanism on Pt(111).>%

In another approach beyond maintaining a constant Fermi
level, constant inner potential methods have been applied to
constant electrode potential DFT and AIMD calculations.”
Rather than maintaining a constant Fermi level, these methods
modulate the inner potential of the electrode bulk, which is more
closely related to the relevant electrochemical potential that is
controlled by the potentiostat in experiments. This distinction
becomes most important for systems such as semiconductors
and outer-sphere redox species that are weakly coupled to the
electrode surface.”***

AIMD simulations of charged interfaces enable the modeling
of the dynamics of potential-dependent PCET processes. By
introducing excess charge at the aqueous Pt(111) interface,
proton discharge from H;0" in conjunction with the
reorientation of interfacial water in response to proton transfer
was observed (Figure 23A,B).'° Figure 23C shows a snapshot
from the Blue Moon ensemble constrained MD simulations that
were performed in conjunction with the ESM method to
maintain constant potential in a mechanistic study of hydrogen
evolution by a 4,4'-bipyridine (BiPy) molecular catalyst
adsorbed on Ag(lll).206 Because of the large change in the
Fermi level between the reactant and transition state, a high
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Figure 23. (A) Excess charge density o,, and average water dipole
moment y, over the time of an AIMD simulation of the aqueous
Pt(111) interface where charge is modified as an input. (B) The
minimum Pt—H distance over the duration of the AIMD trajectory in
(A). Panels A and B are reproduced with permission from ref 106.
Copyright 2008 Physical Society of Japan. (C) AIMD snapshot near the
transition state, rcy = 1.5 A, for the PCET reaction converting BiPy-H®
to BiPy-H,. C, O, H, N, and Ag atoms are represented by green, red,
white, blue, and pink, respectively. The gray line indicates the
constrained CH bond in the Blue Moon ensemble constrained MD
simulation. (D) Free energy and forces between constrained atoms for
the reaction in (C). Panels C and D are reproduced with permission
from ref 206. Copyright 2017 Elsevier.

activation energy of 0.9 eV was estimated from constant-charge
dynamical simulations of the PCET step converting BiPy-H* to
BiPy-H,. However, the calculated barrier was reduced to ~0.7
eV for the constant-potential ESM simulations (Figure 23D)
because the excess charge supplied to the unit cell reduced the
transition state energy. Similar methods were applied to the
PCET steps in ORR on Pt(111), where performing the
simulations using different Fermi levels enabled the calculation
of activation ener§ies and symmetry parameters in Butler—
Volmer equations.””

Recently, constant potential AIMD methods have been
combined with slow-growth constrained MD into a “constant-
potential hybrid-solvation dynamic model” to analyze hydrogen
peroxide formation mechanisms in ORR.””” Although these
studies were only used to analyze constant-potential O—O bond
cleavage in electrocatalysis, the application of such methods that
combine constant-potential dynamics and rare-event sampling is
very promising for PCET studies. Moreover, even though many
of the constrained MD studies described in this subsection
utilized atomic distances as the reaction coordinates, more
representative reaction coordinates could be used for PCET
reactions,"" such as those related to the collective bonds of the
hydrogen-bonding network at the interface.'”’

4. CHARACTERIZING THE REACTION ENVIRONMENT
IN THE ELECTRIC DOUBLE LAYER

The EDL, which is composed of solvent and ions at the electrode
interface, could significantly impact electrochemical PCET
reactions. Thus, understanding the structure and dynamics of
the EDL is essential for a proper description of interfacial PCET.
This field has received considerable attention, and here we only
touch upon a few of the models and computational studies used
to characterize the EDL. We start with a discussion of multilayer
dielectric continuum models and then discuss simulations of the
EDL with explicit solvent and ions. The last subsection discusses
computational methods that have been used to compute
spectroscopic properties, such as vibrational frequencies of
probe molecules, for comparison to experiments investigating
PCET at electrode interfaces. This section should not be viewed
as comprehensive but rather should be viewed as providing
representative examples. Other reviews have covered this topic
more comprehensively.””®

4.1. Dielectric Continuum Models of the EDL

The Gouy—Chapman—Stern model”””~>'* has been used to
describe the EDL in a mean-field manner. This model includes
the inner Helmholtz layer (IHL), the outer Helmholtz layer
(OHL), and the diffuse layer, as depicted in Figure 24. The IHL
is composed of partially oriented solvent molecules and
specifically adsorbed molecules, with a width typically
determined by the diameter of a solvent molecule. The IHL is
expected to have a low dielectric constant, often assumed to be
the square of the refractive index of the solvent. The OHL is
defined as the region between the exterior plane of the IHL and a
plane passing through the center of the solvated counterions
closest to the electrode. The dielectric constant of the OHL is
expected to depend on the applied potential. The diffuse layer
extends from the external plane of the OHL to bulk solution and
is typically assumed to have the same dielectric constant as the
bulk solvent.

An extended Gouy—Chapman—Stern model based on the
generalized Stern model with spatial variation of permittiv-
ity”*"> has been used in the context of electrochemical
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Figure 24. Schematic depiction of an extended Gouy—Chapman—
Stern model of the EDL. The dielectric constants in the inner
Helmholtz layer and diffuse layer are the square of the refractive index n
and the solvent dielectric constant &, respectively, and the dielectric
constant in the outer Helmholtz layer is a function of the electric field.
The lower portion of this figure shows the electrostatic potential as a
function of distance R from the electrode for various applied potentials
relative to the potential of zero charge. Figure adapted with permission
from ref 216. Copyright 2018 American Chemical Society.

PCET.”'® In this model, the Laplace and Langevin—Poisson—
Boltzmann equations with appropriate boundary conditions are
solved self-consistently to determine the dielectric constant in
the OHL as a function of the magnitude of the electric field in
this region. As shown in Figure 24, the electrostatic potential
increases (or decreases) linearly in the IHL and OHL, with the
majority of the increase (or decrease) occurring in the IHL
because of the low dielectric constant in this region. As described
in sections 5 and 6, the electrostatic potential obtained from this
type of model can be added to the driving force when computing
rate constants for electrochemical PCET reactions.

Continuum representations of the EDL entail self-consistent
solutions to the electronic structure problem of the electrode
with a Poisson or Poisson—Boltzmann theory treatment of the
continuum solvent.'*>*'”~*'* These calculations often involve
interfacial switching functions”*”**" and solute cavity defini-
tions based on solute electron density”*” as well as nonlocal
solvent-aware treatments.””> Other treatments account directly
for the nuclear density over liquid solvents using classical density
functionals,'>>?**7 %2 Through an interaction functional
between the solute and solvent, joint density functional theory
enables a description of nonlinear fluid responses at solid—liquid
interfaces'***”*** and can reproduce interfacial electrostatic
profiles consistent with the Gouy—Chapman—Stern theory
from first principles.'*”

4.2, Simulation of the EDL with Explicit Solvent and lons

The structure and dynamics of ions and solvent in the EDL have
been examined in various classical and first-principles MD
studies. In particular, AIMD-based methods have been useful in
estimating the potential of zero charge (PZC) of met-
als'****7*3? and alignment of redox levels of semiconduc-
tors.”"”** Dynamical sampling is needed to estimate these
properties because the calculated electrode potential can vary

widely based on the EDL structure, especially the orientation of
solvent molecules near the surface. From these simulations,
alignment schemes™***** can be used to reference computed
PZCs and band levels to the SHE. AIMD simulations have
provided key insights into the water structure and double layer
reorganization near metal”**~>** and semiconductor’"'*¥**°
surfaces, as well as the differential capacitance in the EDL.**!
Pertaining directly to electrocatalysis, sampling of explicit
solvent configurations has aided in the prediction of solvation
energies of adsorbed intermediates.’”*'”* While AIMD
simulations are limited in terms of the system size and sampling
time, machine learning methods can use data from equilibrated
AIMD runs to parametrize force fields for classical simulations
with improved statistics.”**

Classical MD simulations performed with molecular mechan-
ical force fields have implemented electrode and electrolyte
boundary conditions to describe the electrochemical inter-
face.”™** The augmentation of such methods to include
potential bias has been shown to reproduce the characteristic
double-layer structure of the electrochemical electrode—electro-
Iyte interface.”***” However, the structure of interfacial water
in classical simulations can be sensitive to the hydrophilicity of
the electrode surface.”** Classical MD simulations have also
helped establish the role of spectator cations on solvation of
redox molecules in the EDL, which in turn impacts outer-sphere
ET rates.”* Reactive force fields parametrized from QM
calculations (i.e,, ReaxFF) can provide additional insights into
chemical bonding at solid—liquid interfaces.”*”**" For example,
the RexPoN reactive force field was recently used to describe
interfacial long-range polarization effects and combined with
machine learning methods to describe the structure and
reactivity of the electrode—electrolyte interface in the proximity
of different types of surface sites on realistic Au nanoparticle
catalysts.”>”> Combining such approaches enables the descrip-
tion of the EDL using simulations with thousands of atoms,
beyond that which could be probed using ab initio methods.

4.3. Computing Spectroscopic Observables to Characterize
the EDL

Computational chemistry methods have been useful in
describing the PCET reaction environment within the EDL
through direct comparison with in situ or operando experimental
measurements. For example, a-Al,0,/water interfaces have
been characterized through direct comparison of measured and
simulated interfacial X-ray reflectivity patterns, providing a
protocol to validate theoretical modeling approaches for solid—
liquid interfaces.”>® In another study, periodic DFT and AIMD
calculations of adsorbed OH in both hydrated and nonhydrated
environments on Pt(111) showed that hydrated OH adsorbates
most likely dominate under ORR conditions, despite previous
X-ray photoelectron spectroscopy studies suggesting that
adsorbed OH is not hydrated.”>* The interfacial structures
discerned from these joint computational and experimental
studies help establish the interfacial PCET reaction environment
within the EDL with molecular-level precision.

Beyond X-ray characterization techniques, vibrational spec-
troscopy has been useful in the description of the reaction
environment for PCET in electrochemical systems. Inspired in
part by studies of enzyme catalysis,”>>** vibrational probes can
be used to measure the local electric field in the EDL.”" "> To
a first-order approximation, the change in the local electric field
AF can be inferred from the change in the probe vibrational
frequency Av using the linear Stark equation:
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Figure 25. (A) Schematic of the grid-based approach used to calculate the energy splitting between the lowest two vibrational states of a CN vibrational
probe, where the Fourier grid Hamiltonian method is used to solve the one-dimensional Schrédinger equation on the potential energy curve along the
CN normal mode. (B) Surface-normal electric fields relative to the field at PZC in the yz plane across 4-MBN adsorbed on Au(111). Panels A and B
adapted with permission from ref 262. Copyright 2020 American Chemical Society. (C) Upper right: a schematic of the Volmer reaction using a
tertiary ammonium proton donor attached to a benzonitrile vibrational probe. Lower right: Periodic DFT calculations showing physisorption of the
protonated molecule and chemisorption of the deprotonated molecule. Left: surface-enhanced Raman spectra as a function of applied potential, with
the blue and red dashed lines indicating the peaks assigned to the protonated and deprotonated molecule, respectively. Periodic DFT calculations using
the grid-based approach depicted in panel A were used to interpret these spectra in terms of different stages of the Volmer reaction. Panel reproduced

with permission from ref 265. Copyright 2021 American Chemical Society.

hAv = Au-AF (18)

where & is Planck’s constant and Ay is the Stark tuning rate.
However, this linear relationship does not always hold at
electrochemical interfaces due to the complexity of the EDL.
Periodic DFT in dielectric continuum solvent has been used
to calculate potential-dependent vibrational frequencies of 4-
mercaptobenzonitrile (4-MBN) adsorbed on Au(111).”°* The
electrode potential was altered in these calculations by varying
the number of electrons in the unit cell, and the CN vibrational
frequencies of the nitrile probe were calculated for different
applied electrode potentials using a grid-based approach that
accounts for anharmonicity. In this approach, a potential energy
curve is computed by performing single-point energy calcu-
lations on a grid along the CN vibrational mode, and the Fourier
grid Hamiltonian method****** is used to compute the energy
splitting between the lowest two vibrational states (Figure 25A).
The calculated shifts in nitrile frequencies using this approach
exhibited close agreement with experiments by the Dawlaty
group.”””?*® Interestingly, the interfacial electric fields across
the 4-MBN molecule (i.e., the first-derivative of the electrostatic
potential) showed significant spatial inhomogeneity (Figure
25B),”** implying atomic-level complexity of the relationship
between the nitrile stretch frequency and the applied potential

extending beyond the linear Stark equation given in eq 18. These
calculations demonstrate the limitations of the linear Stark
equation and mean-field models such as the Gouy—Chapman—
Stern model described above.

Another study used the aforementioned grid-based approach
to compute potential-dependent CN vibrational frequency shifts
for 4-[(dimethylammonium)methyl], a benzonitrile probe
attached to a tertiary ammonium proton donor that undergoes
the Volmer reaction at a silver electrode (Figure 25C).** This
computational study assisted in the interpretation of operando
surface-enhanced Raman spectroscopy measurements that
monitored the interfacial PCET process corresponding to
proton donation to the electrode. In particular, the calculations
showed that the nitrile frequencies shift based on the
protonation state of the molecule as well as when the molecule
enters the EDL. These findings elucidated key stages of the
nonaqueous Volmer reaction involving the entry of the proton
donor into the EDL, the formation of a stationary product layer
on the electrode surface, and the generation of steady-state
current. These studies demonstrate the important interplay
between interfacial electrostatics and PCET and illustrate how
theory and experiment can gauge the impact of interfacial
electric fields in the reaction environment.
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5. THEORY OF HOMOGENEOUS ELECTROCHEMICAL
PCET

The fundamental concepts underlying PCET are related to
Marcus theory for electron transfer'” >’ and extensions by
Hynes and co-workers to proton transfer.”**™*’" Subsequently,
Marcus theory for electron transfer was extended to describe
PCET by treating the groton transfer coordinate as an inner-
sphere solute mode.”’*~>”> A more general, comprehensive
theory for homogeneous PCET in solution, proteins, and
electrochemical systems was developed by Soudackov and
Hammes-Schiffer.””*~>”*° The relationship between these
various theories has been discussed elsewhere,”® but to retain
coherence, this section focuses mainly on the more general
formulation. Homogeneous electrochemical PCET, in which
the electrode does not participate directly in the chemical bond
breaking and forming associated with proton transfer, is
discussed in this section, and heterogeneous electrochemical
PCET will be discussed in the next section.

5.1. Fundamental Theoretical Concepts

A general theory for homogeneous PCET in solution and
proteins has been developed by Soudackov and Hammes-
Schiffer.”*™*”*° In this theory, a PCET reaction involving one
electron and one proton is described in terms of four diabatic
electronic states associated with the electron and proton both
localized on either their donors or their acceptors or one
localized on its donor with the other localized on its acceptor
(Figure 26). This formalism can describe both sequential and

[ D; — D — HA, — A, ] ) [ D; —D,-H—Af —A, ]
ET EPT ET
AN
[ D,—D; —H--A, —A; ] = { D, — D,H — At —A; ]

Figure 26. Four diabatic electronic states used to describe a PCET
reaction involving one electron and one proton. The sequential
mechanism corresponds to moving along the outer edges of the
rectangle, either ET—PT or PT—ET. The concerted mechanism
corresponds to moving along the diagonal, indicated as EPT. These
diabatic states serve as the basis for the multistate continuum theory
developed for PCET and used to derive analytical rate constant
expressions.

concerted PCET mechanisms, depending on the relative
energies and couplings among these four states. The sequential
mechanism corresponds to moving around the edges of the
rectangle, either ET—PT or PT—ET, whereas the concerted
mechanism corresponds to moving along the diagonal, denoted
EPT. The concerted mechanism can be described in terms of
two states corresponding to the electron localized on its donor
or acceptor, designated the reactant and product, respectively.
In this PCET theory, the transferring hydrogen nucleus is
treated quantum mechanically, and the proton vibrational states
are computed for the reactant and product electronic states. This
procedure leads to a set of reactant and product electron—
proton vibronic states, where each vibronic state is the product
of an electronic state and an associated proton vibrational state.
Specifically, if the reactant (initial) and product (final)
electronic states are denoted ly;) and |l//{> , and the corresponding
proton vibrational states are denoted I)(”i) yand [y(?), the reactant
and product vibronic states are given by the direct products lys)

I;(fli)) and ly) Iy, respectively.
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A multistate continuum theory was used to derive
expressions for the free energies of these vibronic states as
functions of two collective solvent coordinates corresponding to
ET and PT, respectively, as depicted in Figure 27A. Under
certain well-defined approximations,zs‘zs the PCET reaction can
be described in terms of the one-dimensional parabolas
connecting the minima of these two-dimensional free energy
surfaces (Figure 27B). These parabolic free energy curves along
a collective solvent coordinate are analogous to the electronic
curves in Marcus theory for electron transfer'”*”*”” and the
proton vibrational curves in subsequent theories bZ Hynes and
co-workers and others for proton transfer.”**>*%*/57>%! [n the
case of PCET, these curves correspond to the reactant and
product electron—proton vibronic states.”**® More generally,
this theoretical formulation produces two sets of stacked
paraboloids, or parabolas for a one-dimensional slice, corre-
sponding to the different proton vibrational states for each
electronic state (see lighter blue and red parabolas in Figure
27B). Note that the splittings between the parabolas correspond
to the splittings between the proton vibrational energy levels. In
the vibronically adiabatic regime, PCET reactions are described
in terms of motion on the adiabatic ground vibronic state using a
framework such as transition state theory. In the vibronically
nonadiabatic regime, PCET reactions are described in terms of
nonadiabatic transitions between pairs of reactant and product
vibronic states.

To describe vibronically nonadiabatic PCET, Fermi’s golden
rule was used to derive rate constant expressions in various well-
defined regimes. For a fixed proton donor—acceptor distance R,
the vibronically nonadiabatic PCET rate constant is*®

7
k= 2 E L\ Gt 7
" v

where the summations are over reactant and product vibronic
states, P, is the Boltzmann population of reactant state p, V,,, is
the vibronic coupling between reactant and product vibronic
states 4 and 2, A is the reorganization energy, and AG,, is the free
energy of reaction for states y and v (Figure 27B). The
vibronically nonadiabatic rate constant is applicable when the
vibronic coupling is much less than the thermal energy, in
conjunction with fast solvent relaxation and other condi-
tions.” %

The form of the vibronic coupling depends on the electron—
proton nonadiabaticity.”**” In the electronically nonadiabatic
limit, V,,, = Vel S,y where Ve = (y; IHI yy) is the electronic
coupling between the reactant and product electronic states y;
and y and S, = O(/(ti) | 79 is the overlap integral between the
reactant and product proton vibrational wave functions ;(,(4‘) and
20 (magenta region in Figure 27B). In the electronically
adiabatic limit, the vibronic coupling is half the tunneling
splitting for the ground electronic state. In the intermediate
regime, a general expression for the vibronic coupling,”**” which
is the product of a prefactor k and the adiabatic vibronic
coupling, should be used. The factor k depends on the electronic
coupling and the proton potential energy curves associated with
the two diabatic electronic states. A variety of diagnostics have
been devised to determine the degree of electron—proton
nonadiabaticity.””***7** For example, a semiclassical formal-
ism”® can be used to compute the effective electronic transition
and proton tunneling times, and the ratio between these
quantities determines the degree of electron—proton non-
adiabaticity. An alternative approach is to analyze the electronic

_(agG, + 2
43y T (19)
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Figure 27. Schematic depiction of fundamental concepts underlying general PCET theory. (A) Reactant (blue) and product (red) two-dimensional
vibronic free energy surfaces as functions of the ET and PT collective solvent coordinates. The reactant and product states correspond to the electron
on its donor or acceptor, respectively. The reaction free energy AG® and reorganization 4 are indicated. (B) One-dimensional slice connecting the
minima of the vibronic free energy surfaces shown in panel A (dark blue and red parabolas for the reactant and product, respectively). The proton
potential energy curves and associated ground state proton vibrational wave functions for the reactant (blue) and product (red) are depicted in gray
circles. The overlap between the reactant and product proton vibrational wave functions at the crossing point, where the two vibronic states are
degenerate, is shown in magenta. The lighter blue and red parabolas indicate the excited reactant and product vibronic free energy surfaces, which
correspond to the excited proton vibrational states for each electronic state. Figure adapted with permission from ref 27. Copyright 2008 American
Chemical Society.
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Figure 28. (A) Schematic picture of a homogeneous electrochemical PCET reaction system consisting of a solute complex near the surface of a metal
electrode in solution. The electron transfers from the electron donor D, of the solute complex to the electrode, and the proton transfers from D, to A,
within the solute complex. Filled circles represent the ions of the supporting electrolyte in the solvent. ¢ is the inner potential of the electrode, ¢(x) is
the electrostatic potential in solution at a distance x from the electrode surface, and R is the proton donor—acceptor distance within the solute complex.
(B) Free energy curves for the electrochemical PCET reaction as functions of the collective solvent coordinate. The reactant free energy curve on the
left (blue) corresponds to the reduced form of the solute complex, SC, in solution and the metal electrode, M, in its initial electronic state. The
continuum of curves on the right (red) represents the oxidized solute complex, SC*, and the metal electrode, M[e™], with an additional electron
occupying one of the one-electron states in the conduction band of the metal. In the anodic (oxidation) process, the reaction occurs via nonadiabatic
transitions from the left curve to any of the curves in the product continuum. The transitions occur at the intersection points between the blue and red
curves. The reaction free energy for each of these transitions is the sum of the intrinsic free energy difference, AU, the Fermi level of the electrode, py,
the energy, ¢, of the accepting one-electron state of the electrode, and —e (¢by; — ¢b;), which arises from the difference between the electrostatic
potentials in the metal and in solution at the location of the solute complex. The proton potential energy profiles as functions of the proton coordinate
and the associated ground-state proton vibrational wave functions are also shown for the reactant and product vibronic states. Figure adapted with
permission from ref 31. Copyright 2008 American Chemical Society.

charge distribution or the nonadiabatic coupling component constant k(R) by the probability P(R) of sampling that value of
along the proton transfer coordinate.”**~**’ R:

The vibronic coupling depends strongly on the proton
donor—acceptor distance R. As a result of this strong ke = /P(R)k(R) dr
dependence, this PCET theory has been extended to include
the dynamical motion of this proton donor—acceptor distance.*’
Analytical rate constant expressions were derived based on the

(20)

The analytical and thermal averaged rate constants have been
shown to be mathematically equivalent in certain well-defined

assumption that the vibronic coupling decreases exponentially limits. 25

with R for each pair of reactant and product vibronic states, and a )

series of PCET rate constants were derived in well-defined 5.2. Vibronically Nonadiabatic Homogeneous

regimes.30 An alternative, more general approach utilizes a Electrochemical PCET Theory

thermal averaging procedure, in which the PCET rate constant In homogeneous electrochemical PCET, the electrode serves as
given in eq 19 is calculated at a series of different distances R to a reservoir for electrons but does not participate in the forming
yield k(R). In this approach, the total PCET rate constant is and breaking of chemical bonds. In this case, the electron
calculated by integrating over all values of R, weighting each rate transfers between the redox molecule and the electrode
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concurrently with proton transfer within the molecule or
hydrogen-bonded molecular complex (Figure 28A).

The vibronically nonadiabatic PCET theory described in the
previous subsection has been extended to describe homoge-
neous electrochemical PCET.*"*****® An analogous four-state
model is used to describe the PCET reaction, and the
transferring proton is treated quantum mechanically. In the
electrochemical case, the product state corresponds to a
continuum of electronic states in the electrode (Figure 28),
and the effects of the applied electrode potential and EDL must
be included. The electrochemical PCET process is also
described in terms of nonadiabatic transitions between reactant
and product electron—proton vibronic states. Analogous to the
homogeneous case, analytical rate constant expressions were
derived in various well-defined regimes under the assumption
that the vibronic coupling decreases exponentially with the
proton donor—acceptor distance R. These expressions are
provided elsewhere.”””® The expressions using the more
general, thermal averaging procedure are given here.

For a fixed proton donor—acceptor distance R and distance x
between the redox molecule and the electrode, the anodic and

cathodic vibronically nonadiabatic PCET rate constants
re2731,289,291

Pr [ 2/

k.(n; R, x) = — P IV _I* [ de[l —

o Ro) = 5 e 2B f delt = f(e)

(AG, +e—e(n— @) + A)*
exp|—
42k, T

k(n; R, x) =

(1 R, x) = hﬂ lkB

U - e(n — 21)?
fdsf(e)exp (AU, e;k(n #) +4)
B

(21)

Here py. is the density of electronic states at the Fermi level of the
electrode, f(¢) is the Fermi distribution function for the
electronic states with energy & in the electrode, # is the
overlpotential defined relative to the formal electrode potential
E°>"*7* and ¢ is the electrostatic potential at the position x of
the redox molecule relative to the potential in the bulk solvent.
Typically, homogeneous electrochemical PCET is expected
to be electronically nonadiabatic with respect to the proton
motion, mainly due to relatively large electron tunneling
distances, and therefore V,, = VEIS;“,.ZQ’Z&%285 Moreover,
homogeneous electrochemical PCET is typically vibronically
nonadiabatic in that the vibronic coupling V,, is much less than
the thermal energy, mainly due to the small proton vibrational
wave function overlap, allowing the use of the golden rule rate
constant expression. In eq 21, #' is a parameter of magnitude ~1
A representmg the exponential decay of the electronic
coupling V¥ with distance x from the electrode surface.
Moreover, AUW = AU, + kT In(Q™/Q™?), where AU, is
the energy difference between the vibronic states v and y, and
Q" and Q° are the total partition functions of the reduced and
oxidized solute species, respectively, in bulk solution. In practice,
often it is reasonable to assume that Af] — g, where ¢,
and ¢, are the proton vibrational energy levels for the reactant
and product relative to their respective ground states.”’ The
other quantities are defined as for eq 19 in the previous
subsection. Here P,, V,,, and Af],w depend on the proton

donor—acceptor distance R, and typically the other quantities
are assumed to be independent of R. A comparison between
these rate constant expressions and those used by Savéant and
co-workers®”*™** is provided elsewhere.*’

The total homogeneous electrochemical anodic and cathodic
PCET rate constants are obtained by thermal averaging over the
proton donor—acceptor distance R:

k0 %) = [PRK,Gr5 R, %) dR

i %) = [ PRI R, ) R o2
In these expressions, P(R) is the normalized probability
distribution function for the proton donor—acceptor distance
R. In principle, P(R) could be different for the anodic and
cathodic processes, but they are often assumed to be the same. In
practice, P(R) can be chosen to be the classical or quantum
probability distribution function for a harmonic oscillator with
specified equilibrium proton donor—acceptor distance and
effective force constant. Alternatively, P(R) can be computed
numerically with a series of DFT geometry optimizations of the
redox molecule with the proton donor—acceptor distance
constrained. In general, P(R) may depend on the applied
potential, but this dependence is expected to be weak and
therefore is often neglected because the proton transfer interface
is spatially separated from the electrode surface in homogeneous
electrochemical PCET (Figure 28A). The standard homoge-
neous electrochemical rate constant is defined for the 7 at which
the anodic and cathodic current densities are equal, thus
corresponding to the equilibrium potential. The anodic and
cathodic current densities are obtained by explicit integration of
the corresponding rate constants over the distance x between
the redox molecule and the electrode, weighting by the
concentrations of the reduced and oxidized species, C,.4 and
C,, respectively:”"

.00 = F [[dx Coglns 90k, s %)
L) = F [ dx Cs )k )

(23)

Nonadiabatic PCET rate constant expressions have also been
derived using model system-bath Hamiltonians in conjunction
with a four-state model and a quantum mechanical treatment of
the transferring proton.””**” The Anderson—Newns—Schmick-
ler model for PCET* includes an explicit double-well potential
for the proton and explicit electron—proton and proton—solvent
interaction terms. This Hamiltonian describes the interaction
between the redox molecule and the electrode in terms of
electronic couplings that are independent of the proton and bath
vibrational modes. A subsequent extension of this model
Hamiltonian®®” is expressed in a basis of electron—proton
vibronic states without introducing an explicit proton
coordinate or proton potential. This extension also includes
the proton donor—acceptor mode coordinate, which is known
to be important for PCET,” and describes the interaction
between the redox molecule and the electrode in terms of
vibronic couplings that depend on this proton donor—acceptor
mode coordinate.

The extended Anderson—Newns—Schmickler model Hamil-
tonian was also used to derive electrochemical PCET rate
constant expressions that inter golate between the golden rule
and solvent-controlled limits.*”’ In the golden rule limit, which
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corresponds to weak vibronic coupling and fast solvent
relaxation, the rate constant is proportional to the square of
the vibronic coupling and is independent of the solvent
relaxation time. In the solvent-controlled limit, which
corresponds to strong vibronic coupling and slow solvent
relaxation, the rate constant is independent of the vibronic
coupling and increases as the solvent relaxation time decreases.
These rate constant expressions are provided elsewhere.””’

5.3. Calculation of Input Quantities to Vibronically
Nonadiabatic PCET Rate Constant Expressions

5.3.1. Reorganization Energy. The total reorganization
energy is typically expressed as the sum of the inner-sphere and
outer-sphere reorganization energies. The inner-sphere reor-
ganization energy can be calculated using the extended four-
point method given in eq 13. This expression requires geometry
optimizations of the molecule in both the reduced and oxidized
states, leading to the equilibrium geometries defined as Q™ and
Q™ respectively. Subsequently, the energy of the oxidized state
at Q™! is computed after optimizing the transferring proton at its
position in the oxidized state, and the energy of the reduced state
at Q™ is computed after optimizing the transferring proton at its
position for the reduced state. These two nonequilibrium
energies, in conjunction with the energies of both states at their
respective equilibrium geometries, are combined to compute the
inner-sphere reorganization energy. These electronic energies
are computed in the gas phase, but they may be computed for
geometries optimized either in the gas phase or in solution
because the geometries do not need to be stationary points in the
gas phase.

The outer-sphere (solvent) reorganization energy can be
calculated using the analytical expression given in eq 14. This
expression depends on the static and optical dielectric constants
of the solvent as well as the change in charge of the molecule
upon oxidation or reduction, which is often +1. The radius of
the spherical cavity representing the redox molecule can be
estimated from the volume of the molecular cavity determined
from a dielectric continuum model calculation. For simplicity,
the distance between the molecule and the electrode can be
assumed to be the same as the cavity radius (i.e, d = aineq 14),
or it could be placed elsewhere if more information about its
location is known. More elaborate calculations of the solvent
reorganization energy with molecular cavities can be performed
using electronic structure calculations combined with the IEF-
PCM method'*”">"'* as described in subsection 2.6.2.

5.3.2. Proton Potentials, Vibrational Wave Functions,
and Energy Levels. The vibronically nonadiabatic PCET
theory described above requires the proton potential energy
curves for the redox molecule at a range of different proton
donor—acceptor distances R. The proton potentials for the
reduced and oxidized states of the redox molecule can be
computed in various ways. Here we describe one approach that
has been successfully applied to homogeneous electrochemical
PCET systems.” In this approach, the proton potentials are
computed for average structures generated by averaging the
optimized reduced and oxidized structures at each proton
donor—acceptor distance R. This procedure is consistent with
the occurrence of nonadiabatic transitions at the crossing point
between the initial and final states, corresponding to a structure
in between the equilibrium reduced and oxidized structures. In
practice, constrained geometry optimizations are performed for
the reduced and oxidized species for a series of distances R, and

the reduced and oxidized structures are aligned and averaged for
each R.

For each average structure, the proton coordinate is defined
on a one-dimensional grid placed along the axis connecting the
equilibrium positions of the proton on its donor and acceptor
with all other atoms fixed. A series of single-point energy
calculations at these grid points produces the proton potential
energy curve for each proton donor—acceptor distance R. The
shapes of the proton potential energy curves depend strongly on
R, with the proton transfer barrier increasing as R increases. The
proton vibrational wave functions and energy levels can be
computed by numerically solving the one-dimensional Schro-
dinger equation for the proton moving according to each of
these proton potential energy curves. These wave functions and
energies are used to compute the overlap S, and the energy
splittings AU, in the PCET rate constant expressions given
above.

5.3.3. Proton Donor—Acceptor Distance Probability
Distribution Function. In the thermal averaging approach, the
total homogeneous electrochemical rate constant is obtained by
numerically integrating eq 22. In this expression, the probability
distribution function P(R) indicates the probability of sampling
each proton donor—acceptor distance R. This probability
distribution function can be calculated in several different
ways. For example, it could be expressed as the probability
distribution function for a classical harmonic oscillator. The
equilibrium distance could be chosen to be the average of the
proton donor—acceptor distances in the reduced and oxidized
optimized structures. The effective force constant can be chosen
to be the average of the effective force constants for the reduced
and oxidized optimized structures. Each effective force constant
can be obtained by projecting all of the normal modes onto the
proton donor—acceptor axis and computing a weighted sum, as
described elsewhere.*”'** Alternatively, P(R) could be obtained
from the energies of the average structures used to compute the
proton potential energy curves or from the energies determined
from the constrained geometry optimizations of the reactant
state (i.e., either the reduced or oxidized species).

5.3.4. Electronic Coupling. The electronic coupling
between the redox molecule and the electrode states in the
general nonadiabatic rate constant expression is usually assumed
to be constant for the electrode states near the Fermi level. This
assumption corresponds to the wide band approximation,”’
which is a reasonable approximation for most metals. In this
case, the electronic coupling can be described by a single
parameter V¥, which is associated with the electronic coupling
between the redox molecule and the electronic state at the Fermi
level of the metal electrode. The squared V*! then appears in the
nonadiabatic rate constant expression as a prefactor and thus is
not required when calculating relative rate constants or kinetic
isotope effects because this prefactor cancels. When absolute
rate constants are calculated, this parameter can in principle be
computed using electronic structure methods such as con-
strained DFT"***%%7% adapted for periodic calculations within
the Projector Augmented Wave method.””" To go beyond the
wide band approximation, the total density of states weighted by
the squared electronic couplings for all electronic states of the
electrode, known as the weighted density of states (WDOS),
must be calculated. This far more challenging task can be
accomplished using complex scaling techniques,’”> Green’s
function methods,>*>™3% and diabatization schemes based on
projection operator techniques.g’%_312
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Figure 29. Application of vibronically nonadiabatic electrochemical PCET theory to Ni(P,N,), electrocatalysts for hydrogen oxidation and evolution.
(A) Four diabatic electronic states for PCET involving ET between the electrode and this electrocatalyst and PT between the nickel and the pendant
amine nitrogen. (B) At the top is the electrocatalyst with the Ni (dark pink) and N (dark blue) atoms involved in the PT reaction, as well as the proton
axis used for generation of the proton potentials (red line). The hydrogen atom is shown at its equilibrium position for both the reduced and oxidized
states (i.e,, bound to the Ni and N atoms, respectively), but in the calculations only one hydrogen atom is included here and is moved along the proton
axis to generate the proton potentials. In the lower portion, proton potential energy curves for (top) the reduced state and (bottom) the oxidized state
of the catalyst for the average structures at the Ni—N distances indicated. As the Ni—N distance decreases, the separation between the minima and the
barrier for each proton potential decrease. (C) Proton potentials and corresponding vibrational wave functions for the contributing reactant (blue,
reduced) and product (red, oxidized) vibronic states at a Ni—N distance of 2.94 A. The main contributions to the standard rate constant arise from the
(1,0) and (2,0) pairs of reactant/product vibronic states (i.e., the first and second excited reactant states in conjunction with the ground product state).
These excited reactant proton vibrational wave functions (blue {1l and (2I) are delocalized enough to have significant overlap with the ground product
wave function (red 10)). The dominant and average equilibrium Ni—N distances are 3.0 and 3.25 A, respectively. A detailed analysis of the
contributions of excited vibronic states to the total rate constant for other proton donor—acceptor distances and higher overpotentials is provided in ref
32. Figure adapted from ref 32. Copyright 2012 United States National Academy of Sciences.

5.4. Applications of Homogeneous Electrochemical PCET

5.4.1. Homogeneous Electrochemical PCET in Nickel
Catalysts with Pendant Amines. The vibronically non-
adiabatic PCET theory described in subsection 5.3 was used to
study several different electrocatalytic systems. This formulation
inherently includes the zero-point energy and tunneling effects
of the transferring proton(s). One of the first examples is the
investigation of the Ni(P,N,), electrocatalysts for hydrogen
oxidation and production.” In the PCET reaction studied, the
electron transfers between the electrode and the nickel complex,
and the proton transfers between the nickel and the nitrogen of
the pendant amine. The four-state model for this PCET reaction
is depicted in Figure 29A.*” The molecular electrocatalyst and
the proton potential energy curves for several different nickel—
nitrogen distances are depicted in Figure 29B. The proton
vibrational wave functions for the reactant and product vibronic
states that contribute the most to the rate constant at a relatively
short proton donor—acceptor distance are shown in Figure 29C.
This study provided a clear illustration that the concerted PCET
standard rate constant increases as the equilibrium proton
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donor—acceptor distance decreases. This trend was attributed to
the greater overlap between the reactant and product proton
vibrational wave functions, despite the lower probability of
sampling these shorter distances. Thus, these calculations
predicted that the concerted PCET mechanism would be
favored when the pendant amine becomes more flexible because
the contraction of this distance would incur a lower energy
penalty.

5.4.2. Homogeneous Electrochemical PCET in Benzi-
midazole Phenols. This PCET theory was also used to study a
range of substituted benzimidazole phenols (BIPs), which were
designed to mimic the tyrosine—histidine pair in photosystem
IL”’ In these systems, oxidation induces proton transfer from the
oxygen to the nitrogen. The four-state model for this system is
shown in Figure 30A, and the proton potential energy curves for
a range of oxygen—nitrogen distances are shown in Figure 30B.
The PCET mechanism was found to be concerted for this
molecule. A variant of this BIP molecule with a COOCH;
substituent, shown in Figure 30C, also exhibits a concerted
PCET mechanism. The dominant pair of reactant/product
vibronic states at the dominant oxygen—nitrogen distance for
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Figure 30. Application of vibronically nonadiabatic electrochemical PCET theory to BIP molecules designed to mimic the tyrosine—histidine pair in
photosystem II. (A) Four diabatic electronic states for PCET involving ET between the electrode and the phenol of BIP and proton transfer between
the oxygen and nitrogen. In the direction shown, oxidation induces proton transfer from oxygen to nitrogen. (B) Proton potential energy curves for
(top) the reduced state and (bottom) the oxidized state of BIP for the average structures at the O—N distances indicated. (C) BIP-COOCH; molecule
(left) with its proton potential energy curves and main contributing proton vibrational wave functions for the reduced (blue) and oxidized (red) states
at the dominant O—N distance of 2.48 A. The main contributing pair of reactant/product vibronic states at this distance is the (1,0) pair shown (i.e.,
the first excited reactant and ground product proton vibrational states). (D) BIP-CH,NEt, (Et denotes an ethyl group) molecule that undergoes
double proton transfer upon oxidation, corresponding to E2PT. Figure adapted from ref 33. Copyright 2017 American Chemical Society.

this BIP-COOCH; molecule was found to be the first excited
reactant and the ground product vibronic states, as shown in
Figure 30C.

DEFT calculations of redox potentials guided the design of BIP
molecules in which two, three, or four protons transfer upon
oxidation.””*'? For example, the amino-substituted BIP
molecule shown in Figure 30D exhibits double proton transfer
upon oxidation, denoted an E2PT mechanism. The PCET
theory described earlier in this section** has been extended to
systems with N charge transfer reactions, where N is the total
number of possible electron and proton transfers. In this case, 2~
diabatic states are required, and the free energy surfaces depend
on N collective solvent coordinates. The dimensionality of the
proton potential energy surfaces and vibrational wave functions
is equal to the number of proton transfer reactions. Thus, the
E2PT system with one electron and two proton transfers shown
in Figure 30D requires the calculation of two-dimensional
proton potential energy surfaces and two-dimensional proton
vibrational wave functions, as shown elsewhere.*®> The form of
the rate constant expression given in eq 21 is still applicable to
PCET reactions with multiple proton transfers.

A detailed analysis of the PCET rate constants for these
systems provided an explanation of the experimentally observed
kinetic isotope effects. In particular, the kinetic isotope effect is
~2 for the BIP and BIP-COOCH; EPT systems, which exhibit
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only single proton transfer, but decreases to ~1 for the amino-
substituted E2PT system, which exhibits double proton transfer.
These kinetic isotope effects were explained in terms of the
dominant reactant/product vibronic states contributing to the
PCET rate constant. The dominant contributions for the EPT
systems exhibit moderate overlap between the reactant and
product proton vibrational wave functions (Figure 30C),
whereas the dominant contributions for the E2PT systems
exhibit a larger overlap that does not distinguish as much
between hydrogen and deuterium.**'*

5.4.3. Electrochemical PCET for Oxygen Reduction at
Gold or Platinum Electrodes in lonic Liquids. This
vibronically nonadiabatic PCET theory”®*”*" has also been
used to investigate the ORR at an interfacial layer of protic ionic
liquid on gold or platinum.”* The ORR activity was found to be
enhanced by the presence of the ionic liquid, with a volcano-
shaped dependence on the pK, of the ionic liquid. In the
proposed mechanism, the ionic liquid protic cation forms a
hydrogen bond with OOH adsorbed on the gold electrode or
OH adsorbed on the platinum electrode. The ensuing concerted
PCET reaction entails proton transfer from the protic cation to
the adsorbed species, producing H,0, or H,O, respectively, in
conjunction with electron transfer from the metal electrode
(Figure 31). Although this is a heterogeneous PCET reaction,
the homogeneous concerted PCET rate constant expres-
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Figure 31. Application of vibronically nonadiabatic electrochemical PCET theory to the oxygen reduction reaction at Pt and Au surfaces. (A)
Schematic of the PCET reaction at a hydrogen-bonded interface. The red and blue curves depict the proton potential and wave function in the ground
state of the reactant and product as functions of the proton coordinate. The intermediate corresponds to either OOH adsorbed on Au (OOH,,) or OH
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Schematic depiction of the free energy curves and associated proton potentials and wave functions for the dominant contributing pair of reactant and
product vibronic states for each of these PCET reactions. Figure adapted with permission from ref 34. Copyright 2021 Springer Nature Limited.

sion”®*”" was used to describe it by treating the protic cation

and either OOH or OH as a hydrogen-bonded molecular species
in implicit 2-pentanone solvent, neglecting the effects of the
electrode and the applied potential. Analysis of the contributions
to the rate constant indicated that the observed dependence of
ORR activity on the pK, of the ionic liquid can be explained in
terms of stronger hydrogen bonds exhibiting greater overlap
integrals S, for the dominant pair of reactant and product
vibronic states (Figure 31). Thus, these calculations revealed
that stronger hydrogen-bonding interactions between ionic
liquids and ORR intermediates with comparable pK, values
enhance the hydrogen tunneling probability of the interfacial
PCET reaction.

6. THEORY OF HETEROGENEOUS ELECTROCHEMICAL
PCET

In heterogeneous electrochemical PCET processes, the
electrode participates directly in the chemical reaction,
specifically the breaking and forming of chemical bonds during
the proton transfer reaction. Thus, the electrode surface not only
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serves as a reservoir for electrons but also plays the role of proton
acceptor in the adsorption process or proton donor in the
desorption process. In some cases, a chemisorbed species may
play this role of proton acceptor and donor. Heterogeneous
electrochemical PCET underlies a wide range of electrocatalytic
processes. Although many of the fundamental concepts
discussed in the previous section for homogeneous electro-
chemical PCET also apply to the heterogeneous reaction,
several new concepts must be developed when the electrode
participates in the chemical reaction.

The HER at metal electrodes has been widely studied due to
its importance in hydrogen production from water splitting and
as the reverse of the anodic hydrogen oxidation reaction in
hydrogen fuel cells.'®"*'>?*'® The first elementary step in
heterogeneous HER is proton discharge on the electrode
surface, also referred to as the Volmer step. This step can be
viewed as a heterogeneous electrochemical PCET reaction
because both a proton and an electron participate in a single
elementary act occurring at the electrode surface. The Volmer
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step can be formally described by the following chemical
equation

AH" + M* + e~ 2 A + MH,4 (24)
where AH" is the general acid playing the role of the proton
donor, M* designates an active site on the electrode surface, and
MH,, is the adsorbed hydrogen atom. The electron on the left
side of this equation is supplied from the electron reservoir of the
metal electrode kept at a constant applied potential. Although
the subsequent steps of HER resulting in formation of molecular
hydrogen are very important and sometimes even rate limiting,
they will not be described here. Instead, this section will focus on
the Volmer step, which represents the most fundamental
heterogeneous electrochemical PCET reaction.

6.1. Early Models for Proton Discharge on Metal Electrodes

Early theoretical models of proton discharge on metal
electrodes®'"7**° were based on an adiabatic picture of
proton transfer from the donor molecule (i.e., the general acid)
to the active site on the electrode surface occurring by a
thermally activated process of breaking and forming of the
chemical bonds. Bockris and Matthews’'” suggested that
initially the proton is delivered to one of the water molecules
near the surface of the electrode by a fast Grotthuss-type transfer
from a hydronium ion in the bulk solution. Then the elementary
act of proton discharge occurs as a proton transfers from the
surface hydronium to the active site at the electrode surface. In
this model, the reaction coordinate was associated with the
transferring proton, and the energy profile along the proton
coordinate was assumed to have a typical double well form with
a barrier. The quantum mechanical nature of the proton transfer
was also recognized to be important, and early quantum
mechanical models®>*'” described the proton transfer as
tunneling between the ground vibrational levels in the reactant
and product wells under the barrier approximated by an
analytical Eckart barrier. In these models, the role of the solvent
in the reaction was underestimated and was reduced to
equilibrium solvation of the reactant complex. The coupling of
solvent fluctuations to the reaction coordinate was simply
ignored.

The early nonadiabatic theoretical models for the Volmer step
or proton discharge on metal electrodes®**”**"*** were based
on the nonadiabatic theory of electrochemical ET developed by
Marcus, Levich, and Dogonadze.zo_zz"n?”324 As in ET theory,
the reaction is described in terms of nonadiabatic transitions
between the initial and final quantum states when these states
are brought into resonance by the fluctuations of the slow
classical environment described by the solvent polarization. In
the case of the proton discharge reaction, however, the initial
and final states are represented as products of the initial and final
electronic states ly;) and |l//f(> and the corresponding proton
vibrational states U(SP) and ly\9). The proton vibrational states
are obtained by quantization along the proton coordinate in the
initial and final electronic states and are assumed to be
independent of the solvent configuration due to weak coupling
between the solvent polarization and the proton. In the original
formulation,>® the theory was based entirely on the harmonic
approximation, and the proton vibrational states were defined as
harmonic oscillator states for the normal modes associated with
the hydrogen stretch in the initial (i.e., the proton in the
hydronium ion, H;O") and final (i.e., the adsorbed hydrogen
atom) electronic states. The stretching vibrational modes of the
proton are usually well localized with high frequencies on the
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order of 3000 cm™!, and thus the separation of the proton
motion within the double adiabatic approximation is reasonable.
For a metal electrode kept at a constant applied potential E,
the transition probability W(e, E) for the discharge of the
hydronium ion when an electron is supplied from one of the
occupied levels & of the metal electrode can be obtained using
Fermi’s golden rule and averaging over all pairs of proton
vibrational states. In this case, the transition probability is

1 _o0
W(e, E) = - YT N (e, E)
v

P u (25)

where Z, is the proton vibrational partition function, w,, (¢, E) is
a partial transition probability for a given pair of initial and final
proton vibrational states I)(;(f)) and ly?), and 8,(2) are the energies
of the reactant proton vibrational states. In the harmonic
approximation, the latter quantity was obtained analytically in
various limits.”**” In the nonadiabatic regime and the high
temperature limit for the solvent modes, the expression for
w,, (¢, E) closely resembles the nonadiabatic expression for
electrochemical ET:

1 el 2 T
e, E) = —vis | |[F—
Wa() B) = 2 IVES,l Ak, T

2
(AU, +e—¢€E+ 1)
42k, T

exp|—
(26)

Here V*!is the constant electronic coupling parameter, / is the
solvent reorganization energy, AU, is the intrinsic energy bias,
which includes the energy difference el — 8}(;) for the pair of
proton vibrational states y and v, and S, = (){S) | 79y is the
proton vibrational overlap. The additional prefactor with the
proton vibrational overlap does not appear in the theory of
electrochemical ET and reflects the effects of proton tunneling
in the nonadiabatic limit.

Finally, the expression for the total current density associated
with proton discharge is obtained by integrating over all
occupied energy levels in the electrode

J(E) = EC, f W(e, E)f(e)p(e) de )
where F is the Faraday constant, C; is the surface concentration
of hydronium ions, f(¢) is the Fermi distribution function, and
p(&) is the density of electronic states in the electrode. Model
calculations using various limits of the general expression in eq
27 for a wide range of applied potentials were used to explain the
basic features of Tafel plots, including the deviation from linear
behavior observed in the region of high overvoltage.*

This nonadiabatic theory, referred to as the Dogonadze—
Kuznetsov—Levich (DKL) model for the electrochemical
proton discharge reaction, was extended and generalized in
several important directions.”®*>™**’ These directions include
developing models with different frequencies of the proton
vibration in the initial and final states* accounting for
electron—electron repulsion leading to modulation of the
effective charge on the transferring groton due to interaction
with the electrostatic environment,”” accounting for electronic
friction due to electron—hole excitations in the electrode,**® and
incorporating the effects of the interaction of the local proton
mode with the environment.””” These models were reasonably
successful in reproducing the experimentally observed depend-
ence of the transfer coeflicient on the applied potential, in
particular, the much wider high overvoltage regions with linear
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Tafel plots and constant transfer coeflicient than predicted by
the original DKL model. The important contributions of the
excited proton vibrational states were also shown to be partially
responsible for extended linear regions of the Tafel plots.**
6.2. Potential-Dependent Kinetic Isotope Effects for Volmer
Reaction in Acetonitrile

The interest in theoretical modeling of the proton discharge
reaction has been renewed recently due to refined experiments
that pose new questions®*°~**° and suggest that the underlying
mechanism of this elementary reaction is not yet fully
understood. As an illustrative example, recent electrochemical
experiments’>* probing the reaction of proton discharge from
triethylammonium (TEAH') and its deuterated counterpart
(TEAD") on a gold surface in acetonitrile (Figure 32) revealed

.
My
Pan
.y

Au + TEAH* Au-H + TEA

Figure 32. Schematic depiction of the PCET reaction between TEAH"
and the Au electrode surface; Au atoms are gold, N atoms are blue, C
atoms are gray, and H atoms are white. Figure reproduced with
permission from ref 216. Copyright 2019 American Chemical Society.

new features that have not been observed in acidic aqueous
solution, where the proton donor is the hydronium ion H;O".
These experiments showed significantly different Tafel slopes
for TEAH' and TEAD", resulting in a kinetic isotope effect that
depends strongly on the applied potential. This phenomenon
has been explained”'® using an extension of the vibronically
nonadiabatic electrochemical PCET theory’"**” described in
subsection 5.2, which is also related to the nonadiabatic theory
for proton discharge discussed in subsection 6.1.

To model the experimental data,”** the cathodic current
density was calculated”'® by thermal averaging of the non-
adiabatic rate constant k (R, E) over the distance R between the
proton donor (i.e., the nitrogen atom) and the gold electrode
surface:

j(E) = F [ cyx(R, E)k(R, E) dR (28)
Here cy,+ (R, E) is the potential-dependent concentration of the
acid at the distance R from the electrode surface. Note that R is
the proton donor—acceptor distance, analogous to its definition
for the homogeneous case in section S, except the proton
acceptor is the gold electrode surface in the Volmer reaction, and
the probability distribution function is replaced by the
concentration of the acid.

The rate constant is given by the following weighted sum of
partial rate constants for nonadiabatic transitions between pairs
of reactant and product electron—proton vibronic states with

o 1031216
indices y and v, respectively:

AE

Pr 7 2
k(R,E) = — |— PV, (R)I
( ) [/} /lkBT%” ”()

(AG,(R, E, &) + A)*
[1e) exp| - poT

(29)

Here pg is the density of states at the Fermi level for the gold
electrode, A is the total reorganization energy, which includes
outer-sphere solvent and inner-sphere solute components, P, is
the Boltzmann population of the reactant vibronic state y,
V,(R) is the coupling between the vibronic states ¢ and v, and
f(€) is the Fermi distribution function.

The free energy difference AG,, (R, E, &) for the pair of states
u and v depends on the distance R to the electrode surface, the
applied potential E relative to the reference potential E,; and the
energy of the electronic level ¢ relative to the Fermi level:

AG,(R, E, &) = AG°(R) + Ag,, — & + ¢(E + E )
- €¢S(R, E)

Here AG® is the intrinsic free energy bias, which includes the
nonelectrostatic work term associated with bringing the acid
molecule from bulk solution to a distance R from the electrode
surface and moving the conjugate base from R to bulk solution,
Ag,, is the difference between the proton vibrational energy
levels for the product vibronic state v and the reactant vibronic
state y relative to the minima of their respective potentials, and
¢, (R, E) is the electrostatic potential near the electrode surface
relative to bulk solution. The electrostatic potential ¢ (R, E)
was calculated in the framework of the extended Gouy—
Chapman—Stern model with a variable dielectric constant in the
outer Helmholtz layer,”'#*''* a5 described in subsection
4.1. Note that the dependence of the rate constant in eq 29 on
the distance R is determined by a balance between the distance
dependence of the vibronic coupling and the electrostatic
potential>' %

One of the important differences between the model
employed in ref 216 and the earlier nonadiabatic models is the
treatment of the vibronic couplings VW(R) between the mixed
electron—proton vibronic states. These couplings were calcu-
lated using the general semiclassical expression valid in the
electronically adiabatic and nonadiabatic regimes as well as the
intermediate regime”®”’

A

uv

(30)

v

w =K

) (31)
Here A, is the tunneling splitting between two vibrational levels
in the electronically adiabatic proton potential computed from
the diabatic electronic proton potentials associated with the
degenerate vibrational levels y and v (see ref 216 for technical
details). Moreover, the prefactor k,, depends on the electronic
coupling and other quantities that are obtained from the diabatic
electronic proton potentials. This prefactor spans the electroni-
cally adiabatic (k,, ~ 1) and electronically nonadiabatic (,, <
1) regimes. In the electronically nonadiabatic regime, the
expression in eq 31 reduces to the product of the electronic
coupling and the proton vibrational overlap, V,, = % Sy
This theoretical model®'® was able to reproduce the
experimentally measured Tafel plots for the Volmer reaction
from TEAH" and TEAD" to gold in acetonitrile.”** The results
presented in Figure 33B exhibit excellent agreement with the
experimental data in Figure 33A. Most of the input quantities to
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Figure 33. Tafel plots, which reflect the current density versus the
applied potential, obtained from (A) experimental data®* and (B)
theoretical calculations™'® for the PCET reaction associated with
proton discharge from TEAH" (red circles) or TEAD* (black, squares)
on a gold electrode in acetonitrile. The theoretical data are shifted
horizontally to correspond to the experimental range of applied
potentials. The reported Tafel slopes and electrochemical transfer
coefficients, @, are obtained from linear fits to the data points shown.
The smallest and largest KIEs reported are the ratios between the
TEAH" and TEAD" linear fits at —1.30 V and —1.46 V, respectively.
Figure reproduced with permission from ref 216. Copyright 2018
American Chemical Society.

the rate constant expression were calculated with DFT or other
computational methods, but there were also several free
parameters fit to certain aspects of the experimental data, such
as constants that shifted the absolute values of the current
density and applied potential. More important than the
quantitative agreement with the experimental data was the
ability of this theoretical model to describe the potential-
dependent kinetic isotope effect and to provide a physical
explanation for this unusual phenomenon.

The analysis of the contributions of individual pairs of
reactant and product vibronic states to the total current density
revealed that the different Tafel slopes measured for TEAH" and
TEAD" are due to different relative contributions from excited
vibronic states that depend strongly on the applied potential. In
TEAH, the pair of vibronic states corresponding to the first
excited reactant and ground product vibronic states represented
the dominant contribution to the current density, whereas in
TEAD?, the pair of vibronic states corresponding to the second
excited reactant and ground product vibronic states represented
a significant contribution. The greater contribution from higher
excited reactant vibronic states for deuterium is due to the
smaller splittings between the vibrational states for deuterium
than for hydrogen, leading to greater Boltzmann populations of
the excited reactant vibronic states for deuterium. The
percentage of this contribution depends on the applied
potential, leading to a potential-dependent kinetic isotope
effect. In this formalism, the magnitude and potential depend-
ence of the kinetic isotope effect are determined primarily by the
relative contributions from the excited vibronic states and the
corresponding vibrational wave function overlaps for hydrogen
and deuterium.

AF

The importance of the contributions from excited proton
vibrational states to the total current density was also
emphasized when analyzing the origins of the wide linear
regions in the Tafel plots at high overvoltages in the framework
of earlier nonadiabatic models.”*” It appears that the
participation of excited proton vibrational states is a character-
istic feature of nonadiabatic electrochemical PCET theories with
quantization of the transferring proton.

6.3. Adiabatic Models for Volmer Reaction

As discussed in subsection 6.1, early adiabatic models of the
Volmer reaction described the elementary act of proton
discharge as overcoming the barrier on the free energy surface
corresponding to the ground electronic adiabatic state of the
reaction system. If an excess proton is delivered to the compact
layer via Grotthuss-type transfer from the bulk solution, as
hypothesized by Bockris and Matthews,”'” or comes directly
from a water molecule, as must be the case in alkaline solution,
then the adiabaticity of the electron—proton subsystem with
respect to the environment degrees of freedom might be a
reasonable assumption. Relatively short distances between the
water molecules in the compact layer and the electrode surface
would imply strong electronic coupling with partially occupied
electronic bands of the metal electrode. When the proton is
treated quantum mechanically, the double adiabatic approx-
imation is often invoked, whereby the transferring proton
responds instantaneously to the classical motion of the solvent
nuclei, and the electrons respond instantaneously to the motion
of the proton. In this approximation, the reaction proceeds on a
single free energy surface corresponding to the ground double
adiabatic electron—proton vibronic state.

An adiabatic model for the combined electron and proton
transfer in electrochemical systems was developed by
Grimminger and Schmickler’””” and further extended by
Koper."** They proposed a model Hamiltonian similar to
the Anderson—Newns Hamiltonian used in chemisorption
theory’*®™>** and adiabatic theories of electrochemical
ET.>*7%* In addition to electronic terms for the transferring
electron and quasi-free electrons in the metal electrode, the
model Hamiltonian also included the proton terms for two
localized quantum states of the proton corresponding to the
proton bonded to its donor or acceptor, respectively. The
solvent environment was represented by a bath of harmonic
oscillators linearly coupled to both the electron and proton
subsystems.””* In the simple case when only two modes of bath
oscillators are coupled to the electron and the proton, it is
straightforward to define two reaction coordinates correspond-
ing to the reorganization of these two modes and associate them
with the electron and proton transfer directions, respectively.
The two-dimensional adiabatic ground state potential energy
surface for this model Hamiltonian can be obtained analytically
in the mean-field approximation and can be used for the analysis
of the reaction mechanism,*** dynamical simulations, and
estimations of rate constants using adiabatic rate theories.”” This
construction is very similar to the original general formulation of
the multistate continuum theory of homogeneous PCET
reactions”* >’ based on the four-state model of the electronic
subsystem, as described in section S. As also discussed in section
S, the corresponding model system-bath Hamiltonian in the
second quantization representation in the basis of electron—
proton vibronic states coupled to the bosonic bath of harmonic
oscillators was rigorously derived and used to formulate
nonadiabatic theories of electrochemical PCET.**”**°
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Figure 34. Free energy surfaces for hydrogen adsorption at Cd(0001), Cu(111), Au(111), and Pt(111). Figure reproduced with permission from ref

41. Copyright 2009 American Physical Society.

An adiabatic model specifically designed for the reaction of
proton discharge on metal electrodes was developed by Santos
and Schmickler based on the adiabatic theory for electro-
chemical ET coupled to bond breaking.**'~*** This model
describes the proton discharge reaction as the outer-sphere
electron transfer from the metal electrode to the Is-orbital
localized on the proton and unoccupied in the reactant
state.">>*737 This picture is reminiscent of the Anderson—
Newns model of chemisorption®*" except that it explicitly treats
the distance from the proton to the electrode surface as one of
the reaction coordinates. In the mean field approximation, the
analytical expression for the two-dimensional adiabatic ground
state potential energy surface as a function of the generalized
solvent coordinate q and the distance d from the proton to the
electrode surface has the following simple form

0
_ 2
E(r, q) = [mgz(e)e de + Aq” + 24q (32)

Here A is the solvent reorganization energy, and p,(¢) is the
projected density of states for the hydrogen 1s orbital. This key
quantity is expressed as

A(e)
{e — [, + Ale) — 21q]F + Ae)®

p(e) =
(33)

where ¢, is the energy of the unperturbed hydrogen 1s orbital. In
this expression, A(¢) is the weighted density of states (WDOS),
defined as the density of electronic states in the metal weighted
by the electronic couplings V) with the hydrogen 1s orbital,

AG

Ale) = ) IGP5(e — &)
k

(34)
and A(¢) is the level shift or chemisorption function,
A(e")
Ale) =P f 2 g
(&) e— ¢ ¢ (33)

with # denoting the principal value integral. The WDOS in eq
34 can in principle be obtained from electronic structure
calculations either directly or by fitting the parameters of a
model function for A(e), typically in the form of a semielliptic
electronic band, to reproduce the calculated p,(¢). This strategy
was used in model calculations in conjunction with electronic
structure parameters obtained in DFT calculations.*"**’
Examples of the calculated free energy surfaces for proton
discharge on various metal electrodes are shown in Figure 34.

Another adiabatic model of proton discharge on metal
electrodes has been developed with the aim to perform large-
scale explicit MD simulations of metal/electrolyte solution
interfaces.*”*>® This model utilizes the multistate empirical
valence bond (EVB) methodology359_362 to describe the proton
translocation near the electrode surface via the Grotthuss
mechanism. The EVB model parametrized with assistance from
DFT calculations was used to perform large-scale MD
simulations for H,O/Pt(111)*’ and H,0/Ag(111)**" interfaces
with an excess proton for different surface charge densities. The
simulations revealed interesting energetic and structural features
of these complex interfaces.

The importance of noncovalent interactions in the EDL has
been stressed in a recent theoretical framework.’®® This
adiabatic framework is based on the Anderson—Newns model
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Hamiltonian with an additional noncovalent term that is derived
self-consistently from the mean field model of the EDL. The
model has been used to describe the kinetics of the Volmer
reaction in alkaline conditions.>**

A more general electronically adiabatic model that includes
the nuclear quantum effects of the transferring proton in the
double adiabatic approximation was developed for proton
discharge on metal electrodes.®® In this model, the electronic
states are described in the framework of EVB theory, the
electrostatic solvent interactions in the bulk and EDL are treated
using a multilayer dielectric continuum model, and quantization
along the proton coordinate accounts for hydrogen tunneling
effects. This formulation allows the calculation of the ground
and excited state electron—proton vibronic free energy surfaces
as functions of the proton donor—acceptor distance and a
collective solvent coordinate.

In this model, the electronic model Hamiltonian is
constructed in the basis of diabatic EVB states depicted in
Figure 35. The single reactant state corresponds to the valence

( Reactant State ) Product States
M H—A M—H A
b , *
. - k4=
+# +
8o 85
3§ |a) g8 |k
g a g Qo

Figure 35. Schematic depiction of the reactant and product diabatic
electronic states for the Volmer reaction. The dotted arcs connecting
the electrons of opposite spins occupying the donor and hydrogen
orbitals in the reactant state and the hydrogen and metal orbitals in the
product states designate a conventional two-electron covalent bond.
These product states form a basis for the product state corresponding to
hydrogen adsorbed to the metal surface. Figure adapted with
permission from ref 365. Copyright 2019 American Chemical Society.

bond state with two electrons forming a covalent bond between
the hydrogen and the donor atom of the general acid. The
continuum of product states includes all of the valence bond
states with two electrons shared between the orbital localized on
hydrogen and one of the delocalized orbitals below the Fermi
level in the metal electrode. These valence bond states are used
as a basis set to describe the physically meaningful product state
for a hydrogen atom adsorbed at one of the active sites of the
electrode surface. The interaction with the solvent polarization
is incorporated into this model Hamiltonian by analogy with the
standard ET theory in the linear response regime. The resulting
infinite-dimensional matrix representation of the Hamiltonian is
parametrized to yield matrix elements that depend on the
applied potential E, proton coordinate r, distance R between the
proton donor and the electrode surface, and a single collective
solvent coordinate X related to the difference (energy gap) in
electrostatic interaction energies of the solute charge distribu-
tions in the reactant and product states with the inertial
polarization field of the solvent.

In this framework, the free energy surfaces for the ground and
excited electronic states U(r, R, X; E) are obtained by
diagonalization of the electronic Hamiltonian matrix. For a
continuum of basis states, the eigenvalues are solutions of the
following nonlinear equation for the energy &:

AH

E+ AGi(r, R, E) + X — A(E) +iA(E) =0 (36)
where AGy(r, R, E) is the gas phase electronic energy bias,
A(e) is the WDOS for the occupied levels of the electrode, and
A(e) is its Hilbert transform or chemisorption function. For a
given WDOS and chemisorption function parametrized using
periodic DFT calculations, the nonlinear equation in eq 36 can
be solved numerically, producing the ground state free energy
surface. Uy(r, R, X; E) and a continuum of excited state
surfaces, separated from the ground state by a finite energy
gap.*®® To obtain the double adiabatic vibronic free energy
surfaces, the transferring proton is quantized by solving the
vibrational Schrodinger equation for the proton moving on
Uy(r, R, X; E) along the proton coordinate r at fixed values of
the other coordinates.

This model was parametrized to describe proton discharge
from the hydronium ion on a gold electrode. The calculated
ground and excited state adiabatic vibronic free energy surfaces
as functions of the solvent coordinate X and the distance R
between the proton donor and the electrode surface revealed
important features of the free energy landscape for this reaction.
These calculations also illustrated how the free energy surface is
influenced by the applied potential and the strength of electronic
coupling for the d- and sp-bands of the gold electrode.
Illustrative examples of two-dimensional free energy surfaces
for three different strengths of electronic coupling are shown in
Figure 36.

Three important features of the vibronic free energy surfaces
were observed from these calculations.>® First, the increase in
the strength of the electronic coupling with the electronic bands
of the electrode stabilizes only the reactant and saddle point
regions of the ground state free energy surface while having
virtually no effect on the product region. This feature is also
characteristic of other related adiabatic models®******°° for an
electronic level interacting with a continuum of electronic states.
Second, the distance of the proton donor from the electrode
surface is significantly larger in the product minimum than in the
reactant minimum, suggesting that the proton donor (i..,
water) is immediately expelled from the electrode surface after
the proton is transferred. Finally, the analysis of the excited state
vibronic free energy surfaces revealed that even in the compact
layer with relatively short distances between the proton donor
and the electrode surface, there exist avoided crossing regions
with small energy gaps between the adjacent vibronic surfaces.
This finding indicates that vibrational nonadiabaticity may play
an important role in proton discharge reactions, and the reaction
might span all regimes from the fully adiabatic at shorter
distances near the electrode surface to nonadiabatic at longer
distances further away from the electrode. Thus, a balanced
description may require approaches capable of properly
interpolating between these regimes.

6.4. Vibrational Nonadiabaticity and Interpolation
Schemes for Volmer Reaction

A curve-crossing formulation for the Volmer reaction was
developed43 as a generalization of the adiabatic model in ref 365
to include effects of vibrational nonadiabaticity and solvent
dynamics. This idea of combining the adiabatic and non-
adiabatic theories of electrochemical PCET into a universal
model is rooted in the analogous theories of ET reactions.>®” 7%
In the PCET formulation, the reaction is described in terms of
Landau—Zener nonadiabatic transitions at the crossing point
between the two diabatic vibronic states obtained by exact
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Figure 36. Two-dimensional ground vibronic state free energy surfaces
as functions of R and X computed at T =298 K and E = —0.42 V vs
RHE, using the d-band and sp-band electronic coupling parameters V,
=60, Vy, =20 (top), V4 =65, V=20 (center), and V; = 60, V=30
(bottom) keal mol ™. Figure reproduced with permission from ref 365.
Copyright 2019 American Chemical Society.

diabatization of the two lowest double adiabatic vibronic states
within the adiabatic model. These two diabatic vibronic states
correspond to the lowest two proton vibrational states on the
ground electronic potential energy surface. Landau—Zener
theory”””**" allows the natural interpolation between the
adiabatic and nonadiabatic limits as the magnitude of the
vibronic coupling between the reactant and product states
decreases. The effects of solvent dynamics have also been
included in this model in the framework of the stable-states
picture of chemical reactivity.**”**!

In this formulation, the rate constant for proton discharge ata
given distance R between the proton donor and the electrode
surface was expressed as

Al

where the first factor is the ratio of the concentration of the
proton donor in bulk solvent and at distance R, and AGZis the
effective activation free energy that includes the work term
needed to bring the acid from the bulk solution to a distance R
from the electrode. The effective prefactor v(R) includes the
effects of vibrational nonadiabaticity and solvent dynamics:**

~1
1 1

+
IJLZ(R) USC(R)

v(R) =

(38)

The Landau—Zener frequency factor 1/*(R) is obtained by
averaging the total Landau—Zener transition probability over
the thermal Maxwell—Boltzmann distribution of velocities at the
crossing point (see eqs 8 and 9 in ref 43 for the explicit
expression). This factor accounts for multiple recrossings at the
crossing point and thus naturally describes both the non-
adiabatic (i.e., small vibronic coupling) and adiabatic (i.e., large
vibronic coupling) limits as well as the intermediate regime. The
factor °“(R) is independent of the vibronic coupling and is
inversely proportional to the longitudinal relaxation time 7; of
the solvent. It can be expressed in terms of the reaction free
energy 3AG and reorganization energy A according

368, 82,383
to

1
—C = TL1/4ﬂ'ﬂkBT
12

Note that this expression is not valid near the activationless
region where AG = +/.

Thus, the expression for the effective prefactor given in eq 38
covers all magnitudes of the solvent relaxation time and vibronic
coupling. Moreover, this expression yields the familiar adiabatic
transition state theory prefactor w/27 and nonadiabatic
prefactor proportional to the square of the vibronic coupling
in the appropriate limits. Figure 37 illustrates the applicability
range of this curve-crossing formulation.

This formulation has been applied to the aqueous Volmer
reaction on a gold electrode under acidic conditions (Figure
38)." One-dimensional slices along the solvent coordinate of
the two lowest adiabatic vibronic free energy surfaces were used
in the diabatization procedure performed for each value of the
proton donor—acceptor distance. The current densities were
computed at each value of the applied potential by integrating
the rate constant over the proton donor—acceptor distance,
weighting by the concentration of H;O". The calculated transfer
coefficients and kinetic isotope effects are in good agreement
with experimental data.***™** The calculations revealed that
both vibrational nonadiabaticity and solvent dynamics play
significant roles. The reaction is vibrationally nonadiabatic at
large proton donor—acceptor distances, and at shorter distances
its rate constant is controlled predominantly by solvent
dynamics.

Although it successfully described the Volmer reaction in
acidic aqueous solution, this curve crossing formulation has two
significant drawbacks. First, it relies on only the two lowest
adiabatic vibronic free energy surfaces with an avoided crossing.
At low overpotentials or for highly endergonic reactions (e.g.,
proton discharge on mercury electrodes), the two lowest
surfaces might both possess reactant character and not exhibit an
avoided crossing, thereby preventing meaningful diabatization.

1 1
+
IAG + Al |AG - Al

(39)
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Figure 37. Schematic representation of the unified formulation to
account for both nonadiabaticity and solvent dynamics. In the limit of
fast solvent dynamics (bottom of figure), the pre-exponent is given by
", which in the normal region interpolates between the nonadiabatic
Fermi’s golden rule (FGR) limit 2F°* (bottom left) and the adiabatic
transition state theory (TST) limit ™57 (bottom right). In the limit of
slow solvent dynamics (top), the pre-exponent is given by °C,
corresponding to the solvent-controlled regime. Figure reproduced
with permission from ref 43. Copyright 2019 American Chemical
Society.

metal electrode

Figure 38. Schematic depiction of the curve-crossing formulation that
includes the effects of vibrational nonadiabaticity and solvent dynamics
and its application to the Volmer reaction from H;O* to a gold
electrode. The free energy curves associated with the two lowest double
adiabatic vibronic states (black dashed curves) are diabatized to
generate the free energy curves associated with the diabatic vibronic
states (red and blue) corresponding to the lowest two proton
vibrational states on the ground electronic potential energy surface.
The effective prefactor v is expressed in terms of the Landau—Zener
factor 11, which accounts for multiple recrossings at the crossing point,
naturally describing both the nonadiabatic and adiabatic limits as well as
the intermediate regime, and the solvent-controlled factor V5C, which is
independent of the vibronic coupling and inversely proportional to the
longitudinal relaxation time. Figure reproduced with permission from
ref 43. Copyright 2019 American Chemical Society.

Inclusion of more excited states in the formulation significantly
complicates the diabatization procedure. Second, the presence
of the continuum of excited electronic states is neglected. For
highly endergonic reactions, the energy gap between the discrete
ground electronic state and the continuum of excited states may
become very small,*®® requiring consideration of proton
vibrational states associated with the electronic states in the
continuum. Thus, the development of even more general
theoretical frameworks is warranted.

6.5. General Electrochemical PCET Theory in Diabatic
Vibronic Representation

In a more general formulation®* of the Volmer reaction, the
proton discharge reaction is described in terms of Landau—
Zener transitions at the continuum of crossing points between
the free energy curves for the reactant and product vibronic
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states represented as Marcus parabolas along a collective solvent
coordinate. In contrast to the nonadiabatic DKL model,>*>*!
however, these transitions are not treated as independent
transitions. Instead, the probability of undergoing a transition at
a given crossing point is determined not only by the Landau—
Zener probability multiplied by the probability of reaching this
crossing point due to an equilibrium solvent fluctuation but also
by the combined probability of bypassing all of the intermediate
crossing points on the way from the reactant minimum. This
mechanism is illustrated in Figure 39, where the green circles

|AG| > 4
a0 ay kv k0

|AG]| < 4

au
/a0
1

kv k0
.

Free energy
Free energy

1 X* X

ko0 4
Figure 39. Stacked reactant (blue) and product (red) Marcus parabolas
associated with the vibronic states. The reorganization energy A and the
total reaction free energy AG defined relative to the Fermi level of the
electrode are indicated. The red shaded regions designate the
overlapping quasi-continua of the product vibronic states correspond-
ing to the occupied electronic levels of the electrode. The solid red and
blue lines correspond to the Marcus parabolas for the ground reactant
and product vibronic states, and the dashed lines show the Marcus
parabolas for an individual pair of excited reactant and product vibronic
states. The black and white circles designate the crossing points at
which the nonadiabatic transitions occur. The green circles designate
the crossing points that must be bypassed on the way to a given crossing
point. Figure reproduced with permission from ref 44. Copyright 2019
American Chemical Society.

designate the crossing points that are bypassed on the way from
the minimum of the reactant free energy curve to a given
crossing point. A similar treatment of Landau—Zener transitions
has also been utilized in Monte Carlo simulations of electro-
chemical electron transfer processes, where the electrode levels
were modeled as a quasi-discrete set of delocalized electronic
states.”’

This formulation utilizes a diabatic representation for the
vibronic states involved in electrochemical PCET. In this
representation, the reactant and product vibronic states are
defined as direct products of the unperturbed diabatic electronic
states shown in Figure 35 and the associated proton vibrational
states. As pointed out in the context of electrochemical
ET,***3%83% the nonadiabatic treatment based on Fermi’s
golden rule, where the reaction is described in terms of
nonadiabatic transitions at the crossing points between the
unperturbed electronic state of the redox species and the
continuum of unperturbed electronic states in the metal
electrode, is justified because of the highly delocalized nature
of the electronic states in the metal. Because the normalization
factor of the wave functions for these electronic states is
inversely proportional to the square root of the volume of the
electrode, the electronic coupling between the electronic state of
the redox species and any individual electronic state in the metal
is very small for macroscopic electrodes. These small electronic
couplings justify the use of perturbation theory for describing
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the nonradiative transitions.*#****%%3%9 I the case of PCET,
the assumption of small vibronic couplings is even better
justified because of the typically small overlaps between the
reactant and product proton vibrational wave functions. This
treatment is analogous to Sumi’s treatment of free carrier
capture by deep-level defect electronic states in semiconduc-
tors*® but is based on the vibronic representation of the active
states.

In this formulation, the delocalized electronic states in the
metal electrode are used as a convenient basis of single-particle
states of quasi-free electrons in the metal for the construction of
the reactant and product states in the PCET reaction. The main
advantage of this basis is that the individual electronic couplings
(i.e., the matrix elements of the Hamiltonian between the one-
electron state of the redox species and these delocalized quasi-
free electron states in the metal) are small by construction,
allowing the use of a truncated expansion of the exponential in
the Landau—Zener expression for the transition probabilities. In
general, the results do not depend on the choice of the basis.
Moreover, the strength of the electronic coupling that
determines the adiabatic or nonadiabatic behavior of the overall
PCET reaction is associated with the coupling between the
electronic state of the redox species and an orbital localized at
the active site of the electrode.

In the general PCET formulation,** the total reaction
probability for a given crossing point between one of the
reactant vibronic states ¢ and a product vibronic state kv, with k
denoting the electronic state in the metal electrode, is given by

Yk;w :fkpkyu H (1 _fk'Pk/;u/]

k't (40)
Here f is the discrete Fermi distribution giving the probability
of the electrode level k being occupied, and Py, are the
Landau—Zener nonadiabatic transition probabilities. Explicitly
accounting for the nonreactive bypassed crossings has very
important consequences. Even when the vibronic couplings
between individual reactant and product vibronic states are
small and the individual transitions are nonadiabatic, this
treatment ensures the emergence of adiabatic behavior for the
overall reaction in the appropriate limit, as demonstrated for the
case of electrochemical ET.”

The final rate constant expression derived in ref 44 after
averaging over equilibrium distributions of the solvent
coordinate and corresponding velocity has the following integral
form:

poo 2 ;wﬂ [ aeBeme [ ax M

Lo  _
X O[sign(X) (e — Fﬂo)] exp[—%‘ f dg’Aﬂ(g/) }

(41)

Here W, (¢) is the probability of sampling a crossing point for a
given electrode level with energy & and reactant and product
proton vibrational states u and v, M(X) is the Maxwell
distribution function for velocities along the solvent coordinate
X, and 4] .. .] is the Heaviside step function. The very important
quantity A,(e) characterizes the strength of the vibronic
couplings. This quantity is a cumulative weighted density of
states (CWDOS) for the occupied levels of the electrode and is
given by

AK

A (e) = ) 1S,,Pf(e + E)A(e + E,)
a (42)

where S, is the overlap integral for the reactant and product
proton vibrational states i and a, f(¢) is the Fermi distribution
function for the electrode, E, is the energy of proton vibrational
state a relative to the ground state proton vibrational energy for
the product, and A(¢) is the WDOS for the electrode defined in
eq 34.

The general rate constant expression in eq 41 smoothly
interpolates between the limits of weak and strong coupling, as
characterized by the magnitude of the WDOS integrated over
the entire electronic band of the electrode. In the weak coupling
or nonadiabatic limit, the rate constant expression reduces to
half of the nonadiabatic rate constant expression in the DKL
model.* In the opposite strong coupling or adiabatic limit, the
rate constant becomes independent of the coupling strength
(i.e., A does not appear in the limiting expression) and reaches
the adiabatic limit of transition state theory. It is interesting to
note that in the case when the electronic band of the electrode
extends over a broad range of energies below and above the
Fermi level (i.e., the extended band case) the adiabatic limit is
characterized by zero activation barrier with a prefactor doubled
relative to conventional transition state theory. The effects of
solvent dynamics were also included using a separate
interpolation scheme based on the stable-states picture of
chemical reactivity,**”**' analogously to the curve-crossing
formulation described in the previous subsection.*

This general formulation was applied to the reaction of proton
discharge on a gold electrode in alkaline aqueous solution.** The
proposed mechanism of this reaction, where the role of the
proton donor is played by a water dimer in the compact layer
near the electrode surface, is shown in Figure 40A. The
calculated Tafel plots and kinetic isotope effects are in
qualitative agreement with experimental measurements by
Sakaushi.**® A comparison of the calculated and measured
kinetic isotope effects as functions of applied potential is given in
Figure 40B. The unusual decrease of the kinetic isotope effect
with increasing applied potential observed experimentally was
explained in terms of increasing contributions to the current
density from the excited reactant proton vibrational states. The
overlap integrals associated with the excited reactant proton
vibrational states are larger and less isotope-dependent. The
origin of this potential-dependent kinetic isotope effect is the
same as the origin of the experimentally observed potential-
dependent kinetic isotope effect for the Volmer reaction from
triethylammonium acid to a gold electrode in acetonitrile,”® as
discussed in section 6.2. Thus, this physical explanation was
obtained with two different theoretical formulations applied to
two different Volmer reactions.

In general, proton tunneling is a characteristic of electro-
chemical PCET in acidic and alkaline aqueous solution as well as
other solvents such as acetonitrile. The formalism based on the
diabatic vibronic representation inherently includes zero-point
energy and tunneling of the transferring proton(s). Within this
framework, the magnitude of the kinetic isotope effect and its
potential dependence are determined mainly by the relative
contributions from excited vibronic states and their associated
vibrational wave function overlaps.

6.6. Grand Canonical Formulations of Electrochemical Rate
Theory

The most distinct feature of electrochemical reactions is the
presence of the electrode kept under constant applied potential.

https://doi.org/10.1021/acs.chemrev.1c00929
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Figure 40. (A) Schematic illustration of the mechanism for the
elementeu}r act of the Volmer reaction on a gold surface in alkaline
solution.** The Au atoms are depicted with bronze spheres, and the
oxygen and hydrogen atoms are depicted with red and gray spheres,
respectively. Adapted with permission from ref 44. Copyright 2021
American Chemical Society. (B) Comparison of 8potential dependent
kinetic isotope effects measured experimentally®*® (solid black line)
and calculated** using the general Landau—Zener expression in eq 41
(blue circles), and the expression interpolating between the Landau—
Zener regime and the solvent-controlled regime (red triangles). Figure
reproduced with permission from ref 44. Copyright 2020 American
Chemical Society.

The applied potential controls the chemical potential of the
electrons in the electrode and thus directly affects the
thermodynamics and kinetics of electrochemical reactions.
The system under constant applied potential can be viewed as
an open system in contact with a large external reservoir of
electrons (i.e., a potentiostat), and thus its thermodynamics can
be rigorously described within the formalism of the grand
canonical ensemble (GCE). The GCE framework for
thermodynamics of electrochemical systems has been relatively
well developed and has been used in conjunction with DFT to
model electrocatalytic systems at constant electrode potential
and at constant chemical potentials of ions in solu-
tion.73102107,111,113,114,119,122,172,181,227,390

The rate theory of electrochemical reactions has also been
recently formulated in the GCE framework.*''>**" The
straightforward generalization of the rate theory for a canonical
ensemble (CE)™ leads to the general expression for the GCE
rate constant k°“F for a system at a constant chemical potential
4, volume V, and temperature T as the following GCE average
over systems with different numbers of particles N

(9]

KSE(u, v, T)E, = Z exp
N=0

N
= [, v, 1),

B
(43)
where & and Q, are the initial state GCE and CE total partition

functions, respectively, and k°F is the CE rate constant defined
for a system at constant volume V, temperature T, and number
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of particles N. This expression implies that all of the rate
constants derived within the formalism of a CE can be
generalized to the GCE by simply performing the GCE average.

The input quantities for the GCE versions of adiabatic TST
rate constants, nuclear tunneling corrections, and rate constants
of nonadiabatic electrochemical reactions can be extracted
directly from DFT calculations in the GCE framework.*>"'"* The
constrained DFT methodology”®' in conjunction with a GCE
formulation of the two-state model for PCET reactions has been
applied to the adiabatic Volmer reaction at a gold electrode
(Figure 41).* This application demonstrates the power of the
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Figure 41. Grand potential along the reaction pathway for the Volmer
reaction at a gold electrode at different applied potentials calculated
using the GCE constrained DFT methodology in ref 45. Figure
reproduced with permission from ref 45. Copyright 2019 IOP
Publishing Limited.

approach and its applicability to study other electrocatalytic
reactions at the electrode—solution interface using first-
principles methods.

7. KINETIC MODELING AND VOLTAMMETRY FOR
ELECTROCHEMICAL PCET

7.1. Microkinetic Modeling of Electrocatalytic PCET
Processes

Competing chemical and electrochemical steps determine the
dominant mechanisms of electrocatalysts and their selectivity
toward desired products. Because PCET reactions are the
elementary steps in many electrocatalytic reactions, the
methodologies used to calculate PCET thermodynamics and
kinetics can be applied toward the analysis of more complex
catalytic reactions. Moreover, microkinetic modeling studies
have found utility in connecting computational insights to
experimental observables for multistep reaction mechanisms. In
this subsection, we will briefly outline some examples that
provide key mechanistic insights into critical electrochemical
reactions, as well as their connections to experimental
observables.

Calculated potential-dependent PCET reaction free energies
and barriers can be used in microkinetic models*”> ™" to
quantify experimental observables such as reaction orders and
apparent activation energies, as well as to identify rate- and
selectivity-determining steps in catalytic mechanisms.***™**® A
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Figure 42. Results of a microkinetic model and CV simulations for hydrogen evolution using Ni(N,P,), electrocatalysts. (Top left) The current in the
simulated CV is deconvoluted into elementary redox reactions. Panels (a), (b), and (c) show the dominant concentrations of reaction intermediates
and reaction fluxes at each of the potentials labeled in the simulated CV. The radius of the yellow circles and thickness of the arrows are proportional to
the logarithm of the intermediate mole fraction and the reaction flux, respectively. Blue, red, and black arrows correspond to electron transfer,
intermolecular proton transfer, and intramolecular proton reorganization and H, elimination, respectively. Figure reproduced with permission from ref

399. Copyright 2015 American Chemical Society.

microkinetic model using first-principles calculations as input
was used to describe the homogeneous electrochemical
production of hydrogen by the Ni(P,N,), electrocatalysts
shown in Figure 42.”7 This model reproduced the exper-
imentally observed turnover rate as a function of acid
concentration and applied potential and provided insights into
the thermodynamically and kinetically preferred reaction
pathways.

In an analysis of the HER on Pt(111), a microkinetic model
using potential-dependent reaction free energies and barriers
was used to gain a deeper understanding of the reaction
kinetics.''” In contrast to previous explanations for the optimal
HER activity of Pt based on an optimal thermoneutral H binding
free energy at hollow sites,”> the microkinetic model
demonstrated that the adsorbed hydrogens at the top of the
HER volcano are inert. Instead, weaker binding top-site
hydrogens have much lower barriers in the dominant Tafel
pathway. However, the reactivity of different adsorbed hydro-
gens and the validity of the H* binding free energy remains a
subject of debate for further exploration.**’

Kinetic modeling studies have also been used to understand
the Tafel slopes (i.e., the relationship between applied potential
and the log of the current) as well as other experimental
observables of electrochemical reactions. A microkinetic analysis
of the ORR on Pt was performed using as a baseline a simplified
mechanistic analysis assuming a single rate-limiting step at low
adsorbate coverage. Combined with a Pourbaix diagram derived
from periodic DFT calculations, a change in the ORR Tafel
slope from —60 mV/dec at low overpotentials to —120 mV/dec

AM

at high overpotentials was determined to be due to the
availability of bare surface sites for the initial PCET to O,
rather than a change in the rate-limiting step (Figure 43A).*"’
Similar microkinetic analyses of ORR were performed on
different metal electrode surfaces using periodic DFT inputs to
further understand pH-dependent Tafel slopes.***

Another approach has been to combine periodic DFT
calculations with kinetic Monte Carlo simulations to analyze
the mechanism of NO electroreduction on Pt(100)."”® The
kinetic Monte Carlo simulations were first used to simulate the
voltammetric stripping profile of adsorbed NO, which is reduced
through five PCET steps to form NH,', achieving close
agreement with experimental measurements (Figure 43B).
The mechanistic details embedded in this curve were extracted
through multiple kinetic Monte Carlo simulations to determine
the most probable pathways of NO electroduction.'”> Recent
studies have used ion reorganization energies and Marcus work
terms as fit parameters in microkinetic models, which have
helped elucidate the impact of applied potential, pH, and O,
partial pressure on oxygen evolution kinetics.******

In future studies, such analyses of heterogeneous electro-
catalytic reactions can be combined with PCET rate constant
calculations for the elementary steps. Incorporation of vibroni-
cally nonadiabatic effects in these PCET rate constant
calculations could find utility in discerning reaction mechanisms
wherein nuclear quantum effects are observed. For example,
significant kinetic isotope effects have been observed exper-
imentally for reactions such as ORR**>*%%*"” and HER.**®
These experimental observations could be combined with
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Figure 43. (A) Tafel slope as a function of OH adsorbate coverage oy
for different rate-limiting steps as determined from a microkinetic
model for ORR on Pt(111). Panel reproduced with permission from ref
401. Copyright 2012 Electrochemical Society. (B) Voltammetric
profile for proton-coupled reductive stripping of adsorbed NO on
Pt(100). The blue profile was simulated usin§ kinetic Monte Carlo, and
the inset is the experimentally measured’® stripping profile. Panel
reproduced with permission from ref 175. Copyright 2017 American
Chemical Society.

electronic structure calculations, nonadiabatic PCET theory,
and microkinetic modeling to gain further insights into complex
electrocatalytic reaction networks involving several PCET steps.

7.2. Simulating Voltammograms for PCET Processes

A wide range of methods have been developed to simulate cyclic
voltammograms for electrochemical processes."””~*'* Rather
than attempt to review this vast field, we describe a single
example of how such simulations can be performed in
conjunction with concepts from the vibronically nonadiabatic
PCET theory described in section 5.2. Current—potential
profiles obtained from linear voltammetric sweeps were
simulated using a generalized Anderson—Holstein model for
PCET with a quantized proton coordinate.*'® The classical
master equation, which included an embedded quantum
classical Liouville equation, was solved by combining diffusion
of the reactant and product species in solution and surface
hopping between vibronic states. The nuclear quantum effects
were found to impact the voltammograms to a minor extent, and
kinetic isotope effects were observed for the peak potentials but
not the peak currents. Combining these current—voltage
simulation methods with more accurate potential energy
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surfaces obtained from first-principles calculations could
strengthen their predictive power and lead to further
mechanistic insights.

8. REMAINING CHALLENGES AND FUTURE
DIRECTIONS

Despite significant advances, many challenges must still be
overcome in efforts to model and simulate electrochemical
PCET. The quantum mechanical treatment of the transferring
protons is important for a complete description of PCET
reactions. Adding zero-point energy and hydrogen tunneling
corrections to conventional electronic structure calculations is
often inadequate. Quantization of the transferring protons with
multicomponent quantum chemistry methods, such as the
nuclear-electronic orbital (NEO) approach*'**'> or path
integral methods,*' is computationally challenging for electro-
chemical systems, although such calculations are becoming
more tractable. In addition, the majority of homogeneous
electrochemical PCET reactions are expected to be vibronically
nonadiabatic. Traditional adiabatic methods such as transition
state theory are unlikely to be applicable to such reactions.

The vibronically nonadiabatic PCET theory”’ provides an
accurate description of a wide range of homogeneous electro-
chemical PCET reactions, utilizing a general form of the vibronic
coupling to span the range of electronically adiabatic and
nonadiabatic proton transfer. The input quantities to the
vibronically nonadiabatic PCET rate constant expressions
include reorganization energies, proton potential energy curves,
and electronic couplings. These quantities can be computed
with electronic structure methods combined with other
approaches described within this review. Each of these methods,
however, has underlying approximations limiting the quantita-
tive accuracy of the computed electrochemical rate constants
and current densities.

Heterogeneous electrochemical PCET can span the range of
the vibronically adiabatic and nonadiabatic regimes. In some
cases, a single system can span both limits because the rate
constant is obtained by integrating over all distances between
the proton donor or acceptor molecule and the electrode. Thus,
a general theoretical framework™ that spans the vibronically
adiabatic and nonadiabatic regimes, as well as the solvent-
controlled regime, provides the most reliable approach for these
processes. When a specific reaction is known to be adiabatic or
nonadiabatic, however, one of the more specialized rate constant
expressions may be applicable. As in the homogeneous case, the
quantitative calculation of the input quantities to these rate
constant expressions can be challenging.

A realistic description of the EDL is required to model both
homogeneous and heterogeneous PCET but is especially
relevant to the latter because the proton transfer reaction occurs
at the surface. Dielectric continuum models of the EDL are
advantageous because they inherently include the entropic
effects associated with the solvation free energies and do not
require conformational sampling. Disadvantages of such models
are that they cannot describe hydrogen-bonding interactions
between the solvent molecules and the redox molecules and
surface, and they do not describe the structure of individual ions
at the interface. An explicit molecular description of the solvent
and ions at the EDL addresses these issues, but conformational
sampling to compute free energies is computationally intensive,
particularly with first-principles electronic structure methods.
Molecular mechanical force fields alleviate some of this
computational expense but introduce errors from the force
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fields, and reactive force fields are necessary to model chemical
reactions such as PCET.

Other challenges arise for the description of the electrode
surface itself. Often catalysis occurs at defect sites that are not
present when the electrode is modeled as a perfect crystal. For
electrochemical PCET, determining the active site at which the
proton will adsorb is not always straightforward. Thermody-
namic analyses, such as computational phase and Pourbaix
diagrams, are useful computational approaches to characterize
the electrode surface structure under reaction conditions but are
limited by the underlying assumptions of the models and
methods. Moreover, the rigorous implementation of a constant
electrode potential typically entails the use of emerging grand
canonical methods. The reliability of these various methods for
describing the EDL and the electrode surface can be ascertained
by direct comparisons to experimental spectroscopic measure-
ments for the systems of interest. This type of feedback between
computation and experiment is essential for effective modeling
of heterogeneous surfaces.””*'”

Direct molecular dynamics simulations of electrochemical
PCET avoids the use of analytical rate constant expressions and
also can provide dynamical information. Such simulations
describe the electrode, solvent, ions, and redox molecules at an
atomic level. The challenges of applying a constant electrode
potential can be overcome by performing these simulations with
the grand canonical ensemble (refs 73, 102, 107, 111, 113, 114,
119, 122, 172, 181, 227, and 390). The choice of functional
within periodic DFT is not straightforward for these types of
simulations because hybrid functionals may be necessary to
describe the solvent and redox molecules but may not provide an
accurate description of the metal electrode. Further develop-
ment of functionals that are accurate in both circumstances is an
important direction to explore. As mentioned above, the
quantization of the protons with the NEO approach or path
integral methods is expected to be important for describing
electrochemical PCET. The inclusion of nonadiabatic effects
through Ehrenfest dynamics*'® or surface hopping dynamics*'”
is also expected to be critical in many cases. Furthermore,
because these PCET reactions are usually too slow for direct
simulation, enhanced sampling methods designed for rare events
will be required.

Machine learning methods will also play a role in the field of
electrochemical PCET, potentially facilitating the design of
effective electrocatalysts.””"~*** Machine learning-based ap-
proaches have already been agg)lied toward computational
Pourbaix diagram construction,”*” transition state searches on
adiabatic surfaces,”***° and reactive force field development.**
Moving forward, machine learning can also be used to facilitate
the calculation of PCET rate constants through accelerated
predictions of input quantities such as proton vibrational wave
functions,“s’427 reorganization energies, or electronic couplings
relevant to PCET processes at electrodes. Theoretical models
and computational chemistry calculations integrated with
machine learning algorithms can help identify new descriptors
for electrochemical PCET thermochemistry and rate constants.

In addition to all of these issues, electrochemical PCET is
usually part of a larger catalytic process. The coupling of
electrochemical PCET to the other catalytic steps requires a
more macroscopic approach in the form of kinetic modeling,
Similar to the analytical PCET rate constants, the accuracy of a
kinetic model relies on the input quantities, which can be
computed at various levels of theory. Designing strategies to
combine microscopic and macroscopic approaches in a rigorous

AO

and physically realistic way will provide insights into these
complex catalytic processes. The further development of both
theories and computational methods, in conjunction with direct
comparison to experimental observables, is essential to progress

in this field.
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