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Multi-electron, multi-proton transfer is important in a wide spectrum of processes spanning biological,
chemical and physical systems. These reactions have attracted significant interest due to both
fundamental curiosity and potential applications in energy technology. In this Perspective Review, we
shed light on modern aspects of electrode processes in the 21st century, in particular on the recent
advances and challenges in multistep electron/proton transfers at solid—liquid interfaces. Ongoing devel-
opments of analytical techniques and operando spectrometry at electrode/electrolyte interfaces and
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1. Scope of this perspective review

Electrode processes based on multi-electron, multi-proton
transfer at solid-liquid interfaces are attracting widespread
interest ranging from fundamental scientific issues to engi-
neering aimed at establishing next-generation energy storage/
conversion devices. In this Perspective Review, the cutting-edge
advances and challenges of modern electrode process science are
surveyed and discussed by experts in this field: Ken Sakaushi
(Sections 1-3), Tomoaki Kumeda (Section 4: operando IR/Raman
surface-electrochemical spectrometry), Sharon Hammes-Schiffer
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her PhD in Chemistry from
Stanford University in 1993,
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Clare Boothe Luce Assistant
Professor at the University of
Notre Dame from 1995-2000
and then became the Eberly
Professor of Biotechnology at
The Pennsylvania State Univer-
sity until 2012, when she became
the Swanlund Professor of Chemistry at the University of Illinois
Urbana-Champaign. Since 2018, she has been the John Gamble
Kirkwood Professor of Chemistry at Yale University. Her research
centres on the investigation of charge transfer reactions, proton-
coupled electron transfer, nonadiabatic dynamics, and quantum
mechanical effects in chemical, biological, and interfacial
processes. Her work encompasses the development of analytical
theories and computational methods, as well as applications to
experimentally relevant systems.
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researcher at the University of
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2017, he obtained a PhD in
physical and  computational
chemistry from Aalto University
in 2015 after which he joined
the Atomic Scale Modelling and
Materials group at DTU. His
research focuses on development
and application of theory and
computational methods to study
(proton-coupled) electron transfer in electrochemical systems,
heterogeneous catalysis of complex systems, and multiscale
modelling.
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(Section 5: heterogeneous electrochemical proton-coupled
electron transfer theory), Marko M. Melander (Section 6: grand
canonical ensemble for electrochemical thermodynamics and
reaction rates), and Osamu Sugino (Section 7: quantum many-
body theory for understanding electrode processes).

The scope of this Perspective Review focuses on the modern
forms of electrode process science, including a wide range of
different aspects, i.e. experimental approach, electrode material
design, modeling, and first-principles calculations. We begin
the discussions with the dawn of modern electrochemistry
and then move to experimental approaches including kinetic
analysis, material design and operando electrochemical spectro-
metry. After these experimental topics, we move to theoretical
topics covering the recent advancements and applications of
proton-coupled electron transfer theory at electrode/electrolyte
interfaces, the grand canonical ensemble approach to simulate
electrochemical reaction rates, and quantum many-body
theories aimed toward understanding microscopic mechan-
isms of electrochemical reactions.

The aims in this Perspective Review are the following:
(1) circulating modern knowledge of electrochemistry for a wide
spectrum of scientists including graduate students, (2) summari-
zing the state-of-the-art developments in experimental and theo-
retical aspects of electrode process science, and (3) discussing
current theoretical and computational approaches including
classical, quantum mechanical, adiabatic, and nonadiabatic
treatments in electrochemical kinetics.

2. Prologue

Nature acquired one of the most efficient energy conversion
systems on the earth based on electron transfer (ET), proton
transfer (PT), and proton-coupled electron transfer (PCET) (Fig. 1).

As energy conversion in biological systems keeps on attracting
interest since the finding of the proton transfer mechanism in
the cytochrome system,™? it is well-known that this efficient
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been a professor at the University
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theory of condensed matter
physics, in particular, the first-
principles calculation of non-
adiabatic dynamics and electrode
dynamics.
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Fig.1 The light reaction of photosynthesis as highly efficient proton-based energy conversion system. Proton transfer is a key of this system.
Photosystem |l obtains replacement electrons from water molecules, resulting in their splitting into proton (H*) and oxygen atoms. The oxygen atoms
combine to form molecular oxygen (O,), which is released into the atmosphere. H* is pumped into the lumen by electron acceptor molecules. The flow
of H* back across the photosynthetic membrane provides the energy needed to drive the synthesis of the energy-rich molecule of adenosine
triphosphate (ATP). High-energy electrons, which are released as photosystem | absorbs light energy, are used to drive the synthesis of nicotinamide
adenine dinucleotide phosphate (NADPH). Photosystem | obtains replacement electrons from the electron transport chain. ATP provides the energy and
NADPH provides the hydrogen atoms needed to drive the subsequent photosynthetic dark reaction, or Calvin cycle. The figure and caption are adopted
from Encyclopaedia Britannica® by courtesy of Encyclopaedia Britannica, Inc., copyright 2006; used with permission: URL https://www.britannica.com/
plant/plant/Photosynthesis#/media/1/463192/66097, Access Date 29th Dec. 2019. The original caption was modified by KS.

system is a relay of multi-electron/-proton transfer reactions
(Fig. 2).57°

Therefore, it is not surprising that there were a large
number of researchers trying to understand the mechanisms
of surface electrode processes involving biological synthesis

of adenosine triphosphate (ATP) and adenosine diphosphate
(ADP) in the early 1970s.%” As is obvious for ET, the modern
view of PT can be described under the laws of quantum
mechanics; there are active discussions on the connections
between nuclear quantum effects (NQE) and microscopic
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Fig. 2 Classical and modern models for proton-related multistep reactions in proteins. (A) David Keilin's chemically simple respiratory chain concept.
The panel and the caption were adopted from the ref. 4, with the permission from the Nobel Foundation. Copyright: The Nobel Foundation (2020).
(B) Kinetic scheme for galactoside/H* symport, exchange, and counterflow in LacY. The panel was reprinted from the ref. 5. Copyright (2020) National
Academy of Sciences of the United States of America.
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Fig. 3 Examples of proton tunneling as key effects. (A) Tunneling control in chemical selectivity. Reprinted with the permission from the ref. 15.
Reprinted with permission from the American Association for the Advancement of Science. (B and C) A strong kinetic isotopic effect in a biological
reaction. Reprinted with permission from the ref. 11 and 13. Copyright (1999 and 2018) American Chemical Society.

mechanisms in biological systems®'® and organic chemistry
(Fig. 3)."*7'°

Similar to these examples from chemistry and biology,
electrochemists were eager to adopt the recently developed
quantum theory, and there is a rich history on utilizing quantum
mechanics in electrode processes.'” ' The marriage of electro-
chemistry and quantum mechanics in the early 20th century was a
fascinating and beautiful event in science because this opened the
door to the establishment of modern electrode process science,
which is the advanced framework of classical electrochemistry
developed by many researchers since the 18th century.>***
The birth of modern electrode process science was triggered by
R. W. Gurney at Cavendish Laboratory/Trinity Hall, University of
Cambridge in 1931: quantum mechanics was applied to interpret
a microscopic mechanism of an elementary act of the hydrogen
evolution reaction.” In this report, the proton discharge at
an electrode surface was described by state-of-the-art physical
concepts at that time, including the Franck-Condon principle
and Fermi-Dirac statistics. This arose from the communications
with Condon and Morse during Gurney’s stay at Palmer Physical
Laboratory, Princeton University.***> This illustrates that the
modern ideas of electrode processes emerged from strong inter-
actions between physics and chemistry; therefore, this subject has
considerable physics character by nature even in its modern form
of electro“‘chemistry”.

After Gurney’s work on applying quantum mechanics to an
electrode process, a wide spectrum of quantum theories were
proposed to describe microscopic electrode processes, such as
bond-stretching (inner-sphere) model based theories,?**%*
and solvent-reorganization (outer-sphere) model based
theories.?’ >*?°*3 From this point, the application of quantum
mechanics to modernize electrochemistry may have influenced
the work of three Nobel Prize laureates, i.e. P. Mitchell, R. A.
Marcus and J. B. Goodenough.***** Here we skip explaining
the detailed history of these quantum electrochemical theories
and their developments because one of the authors already

19404 | Phys. Chem. Chem. Phys., 2020, 22,19401-19442

summarized the aforementioned issues in recent reports.*®*’

It is clear that we have plenty of basic theories to consider
microscopic electrode processes; however, the development of
quantum mechanical descriptions of electrode processes had
become almost stagnant after the late 1970s. One of the main
reasons was the extraordinarily high complexity of surface
electrochemical processes at solid-liquid interfaces, requiring
advanced simulation methods, theoretical concepts, and well-
established surface-sensitive spectrometry to observe reaction
dynamics.

Fortunately, with present technology, we have enough super-
computers and equipment to make progress, as already shown in
heterogeneous surface science at solid/gas interfaces.**™* In fact,
several fascinating theoretical and computational approaches for
electrode processes containing quantum effects in electron and
proton transfer reactions were proposed since the late 1990s.%*%°
Therefore, we believe that the time for further advancement of
quantum electrode process science, a scientific topic having a
long tradition, has come. It is our hope that we can show the
importance, challenges, and excitement in this field to the readers
in order to encourage further developments of this highly inter-
disciplinary topic in the 21st century. Studying and understanding
how quantum mechanical effects such as nuclear and electron
tunneling and non-adiabaticity control electrochemical properties
will advance electrode process science and hopefully lead to
materials with increased control of selectivity and activity.

3. Experimental observations of
quantum effects in electrode
processes

3.1. Introduction to the observation of quantum effects in
multi-electron/-proton transfer electrode processes

As the lightest chemically relevant particles, electrons display
quantum effects and ET is always a quantum process (Fig. 4).%”

This journal is © the Owner Societies 2020
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Fig. 4 Schematic picture of the classification scheme for proton transfer and general PCET reactions. The abbreviation “el ad” denotes electronically
adiabatic, where the electrons respond instantaneously to the motions of all nuclei. This left branch is associated with standard electronic structure
calculations. The right branch depicts the situation in which the electrons and transferring proton are treated quantum mechanically, and all other nuclei
are treated classically. The abbreviations are defined as follows: “el” denotes electronically, “vib” denotes vibrationally, “vibron” denotes vibronically,
“ad” denotes adiabatic, and “nad” denotes nonadiabatic. This branch is subdivided into “el ad” and “el nad”, referring to the degree of electron—proton
nonadiabaticity, and the “el ad” case is subdivided further into "vib ad” and “vib nad.” The figure and caption were adopted with permission from the

ref. 67. Copyright (2012) Royal Society of Chemistry.

Similarly, protons should also be treated as quantum mechanical
particles, and PT and concerted proton-electron transfer (CPET) are
the key processes for understanding quantum effects in electrode
processes (see the state-of-the-art theory on PCET in Sections 5-7).
The details on CPET can be found in the previous report.® If a PT
for the slowest step in a multistep reaction displays quantum effects
such as tunneling or zero-point energy effects, this reaction can be
regarded as a quantum-dominated process. Therefore, quantum
effects in PT and CPET are an important focus of investigations in
quantum electrode processes.

Although the first experimental suggestion of quantum
mechanical effects in PT/CPET in an electrode process was
reported by Bawn and Ogden in 1934,'® and many leading
electrochemists, such as Conway,’*’° tried to confirm this
phenomenon, the experimental observation of quantum electrode
processes was hampered by several issues:

(1) there was no general approach to determine the rate-
determining step (RDS) of multistep electrochemical reactions
until the establishment of the Parsons’ relation.””

(2) analytical equations to diagnose quantum processes such
as the electrochemical kinetic isotope effect (EC-KIE) were less
developed.

This journal is © the Owner Societies 2020

(3) there was no easily-accessible and reliable technology to
obtain ultrapure grade heavy reagents, especially water, until
quite recently.”®%°

Especially, the issue (3) was quite important because ultra-
pure heavy water is indispensable to observe a reliable EC-KIE,
which is often taken as an indicator for NQEs. For these
reasons, observing the signs of quantum electrode processes
was enabled only quite recently.*®*”-%!

To investigate NQEs in electrode processes, first, we should
identify the RDS in the corresponding multi-electron multi-
proton transfer reaction. The first step is to classify a possible
RDS as one of the following three cases: ET, PT, or CPET
(Fig. 5).%7® Practically, the classification can be possible by
applying the combination of the Parsons’ relation to an experi-
mentally obtained the transfer coefficient () and the EC-KIE
analysis. In other words, the Parson’s relation is able to check
whether ET is involved in a RDS, and the EC-KIE analysis is able
to indicate whether PT is involved in this RDS or not.

We can confirm which reaction step is a possible RDS by
checking the Tafel slope: the relation between the Tafel slope and
the RDS is well studied for steps in typical reactions, such as the
hydrogen evolution reaction and oxygen reduction reaction.***’

Phys. Chem. Chem. Phys., 2020, 22,19401-19442 | 19405
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Fig. 5 Square scheme for proton-coupled electron transfer. ET = elec-
tron transfer, PT = proton transfer, CPET = concerted proton-electron
transfer. The figure and caption were adopted with permission from the
ref. 85. Copyright (2013) Royal Society of Chemistry.

The detailed method and equations to obtain the Tafel slope and
o are summarized in the recent report.*® Furthermore, this author
notes that there are issues to apply this method to several
reactions so far, for instance the CO, reduction reaction because
of the difference between surface and bulk [H'].2¥%® Once « is
obtained, this can be substituted into the equations to calculate
the EC-KIE (K*"), which is based on the ratio of the reaction rate
constant for hydrogen and deuterium.*® Typically, very large KIEs,
K™'P > 1 are used as indicators for NQEs. However, using the KIE
as the sole indicator for discerning quantum effects is difficult as
even non-adiabatic nuclear tunneling could result in KIEs close to
unity if excited vibronic states play a significant role.”>**

B~ G @
H/D, \ [D*]Cop jiu(n)

KORR(”) - [H+]CZZ]kE(’7) (2)
Kgég( ) _ [DJr]ij(n) (3)

[H*]ji,p(n)

With these equations, more detailed discussions are accessible,
for example, it was indicated that the size of electrocatalysts can
affect to quantum electrode processes (Fig. 6). The detailed discus-
sions of these equations are available in the previous reports.*®*”%>
These equations are easy to handle and were successfully applied to
analyze a wide spectrum of electrocatalysis,”®*® and also have been
used to observe quantum electrode processes.***”** On the other
hand, the pictures of reaction mechanisms obtained by these
equations are relatively ambiguous or too simplified. The equations
including additional effects for ORR (eqn (1)-(3)) were provided in
the recent report to demonstrate more details of the microscopic
mechanism of electrode processes.”

3.2. What do we understand about quantum electrode
processes so far?

Starting from the most important point, based on previous
investigations, we can conclude that quantum effects, for instance
zero point energy (ZPE) and tunneling, are key in electrode pro-
cesses at solid-liquid interfaces.***”#%%2 Therefore, quantum effects

19406 | Phys. Chem. Chem. Phys., 2020, 22,19401-19442
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could be universally important for multi-electron multi-proton
transfer electrode processes. For example, a strong indication of
quantum proton tunneling was observed in a system composed of
Pt electrode in an alkaline condition. In this system, a large EC-KIE
was observed in a low overpotential region but vanished at high
overpotentials. This was interpreted as a transition from a quantum
proton tunneling mechanism to a classical over-the-barrier
mechanism.®* This observation suggests a simple mechanistic
picture, ie. a high activation barrier allows tunneling to generate
a current only at a lower overpotential condition, but this barrier
height is lowered for higher overpotentials because of the Brensted-
Evans-Polanyi (BEP) principle, and therefore a current via the
classical TST path will be generated. However, this phenomenon
can also be explained within a theoretical framework in which the
proton is fully quantized for all overpotentials.”>*

Under the above simple picture, we can confirm the exis-
tence of a NQE in an electrode process. However, the important
issue here is how to see a chemical or physical picture of a
quantum electrode process that is solely dominated by quantum
effects, especially “deep” tunneling (see Section 6 for details).
As indicated by theoretical analyses (see Sections 5-7),*' the
importance of quantum effects in electrode processes is valid,
but confirming the microscopic mechanism and interpreting this
phenomenon still presents huge challenges. Furthermore, previous
reports showed the observation of a large difference in symmetry
factors in H and D systems, > which indicates a strong quantum
effect;*” however, the reason for this observation still remains an
open question. Several major challenges to understand the micro-
scopic electrode mechanism are discussed in the next section.

3.3. Key questions in experimental approach

3.3.1. The activation model: Tafel or Marcus? Based on the
traditional framework in physical electrochemistry, there are

This journal is © the Owner Societies 2020
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two main models to apply to electrode processes: the Tafel
model predicts a linear log i versus overpotential, and Marcus-
like models predict quadratic log . versus overpotential plots.
Predictions of the Tafel model are consistent with the early
bond-stretching model, while Marcus-like theories build on the
reorganization of the environment facilitating ET/PT/CPET via
tunneling. We note that Marcus-Hush-Chidsey (MHC) formalism,
which incorporates the Fermi-Dirac distribution of electrons/holes
into the classical Marcus theory, can show perfect agreements
between its modified rate equation and the curved Tafel plot.”>*”
However, this distinction is somewhat artificial, and a more
general perspective is a combination of concepts from these two
models. For instance, DFT-based approaches are mainly based on
models resembling the bond-stretching model and often neglect
the environmental reorganization but still can exhibit a quadratic
dependence of the current on the electrode potential (Fig. 7).
On the other hand, models utilizing the solvent reorganization
concept can result in (nearly) linear logji.-overpotential relations
for large reorganization energies. Indeed, modern theoretical
and computational approaches treat both the bond stretching
(inner-sphere) and solvent reorganization (outer-sphere) in a
consistent manner. Therefore, determining the activation
mode or the “correct” theoretical framework from Tafel plots
alone seems futile.

While the microscopic activation mechanism cannot be
understood from Tafel plots, it is well-known that a wide spectrum
of different electrocatalytic reactions show a change in Tafel slope
associated with a change of potential (Fig. 8).”**"*® This change in
Tafel slope due to potential is suggested to be linked to a change of
reaction mechanism, for instance, from the four-electron ORR
mechanism to another mechanism (Fig. 8C and E).**”%%%%! or
potential-dependent changes in the surface coverages.”® To under-
stand an activation mechanism and associated phenomena,
we need further details from experimental and theoretical
investigations at solid-liquid electrode processes at the mole-
cular level (see Sections 5-7). Especially, the modern view of
proton-coupled electron transfer theory (see Sections 5 and 6)
can shed light on this fundamental yet unsolved question in
electrochemistry. Moreover, a clear interpretation of activa-
tion mechanisms of electrode processes will help to discover
electrocatalysts having better or comparable activity to Pt-based
materials or to find a way to solve present issues in non-Pt
electrocatalysts (see the “In silico electrocatalyst design” in
Section 7)‘78,80,1007107

3.3.2. How to confirm further details on quantum electrode
processes? There are several quantum electrode processes that
are difficult to describe from a microscopic mechanistic per-
spective or to confirm experimentally. The first key issue is the
anomalous K*/°—; relation, which was observed for the HER on a
Au electrode in alkaline conditions (the Volmer step as the RDS).
This system showed a potential-dependent K*/°, which increases
with increasing driving force, i.e. overpotential. As a result, the
proton transfer in this system has been suggested to transition
from classical over-the-barrier TST behavior to quantum tunneling
with an increase of driving force (Fig. 9). However, this type of
potential-dependent kinetic isotope effect can also be described

This journal is © the Owner Societies 2020
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Fig. 7 Tafel and Marcus models in logj, vs. overpotential diagrams.
(A) Simulated logji—n diagrams. The dotted blue line is calculated by the
Tafel model, i.e. jx = joexp(Ay). The solid red line is calculated by the
Marcus model, ie. jx = joexp(B + Cp)% The A, B, and C are arbitrary
coefficients. (B) Example of Tafel-like and Marcus-like features obtained by
a DFT calculation. Panel B was adopted with permission from the ref. 65.
Copyright (2020) American Chemical Society.

with a vibronically nonadiabatic PCET theory in which the trans-
ferring hydrogen nucleus is quantized over the entire range of
overpotentials (see Section 5).”> Moreover, a unified framework
with a quantized proton can interpolate between adiabatic TST
behavior and nonadiabatic behavior,’* and in some cases a single
reaction can span both regimes for different distances from the
electrode surface. In addition, an increase of EC-KIE along with an
increase of driving force is unusual from the point of the BEP
principle, which is another indication of NQEs."*® Although there
are a few proposals to explain this feature,">*” the microscopic
mechanism is unclear and KIEs can result from several different
properties of the system.'®

The second key issue is that some theoretical suggestions
are challenges to observe experimentally. Recently, a vibronically
nonadiabatic process was suggested to underlie the Volmer
step at a Au electrode in acidic conditions.”® The theoretical
calculation of the n-logj. plot using the vibronically nonadia-
batic PCET theory agreed well with the experimental observations,
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Fig. 8 Examples for Tafel slope change as function of potential. (A) ORR
on Pt electrode in acidic conditions. (B) n—log i diagram for ORR on non-
metal carbon-based catalyst in ordinary and heavy water electrolyte;
(C) electron transfer number (n) according to (B) as a function of over-
potential in alkaline electrolyte (0.1 M KOH in H,O and 0.1 M KOD in H,0);
(D) n-logjy diagram for ORR on non-metal carbon-based catalyst in
ordinary and heavy water based electrolyte; (E) n according to (D) as a
function of 7 in acidic electrolyte (0.05 M H,SO4 in H,O and 0.05 M D,SO4
in D,0). The red and blue lines indicate fits to obtain the Tafel slope as the
slope of these lines in the lower (below 0.35 and 0.4 V in alkaline and acidic
solutions, respectively) and higher overpotential regions, respectively. The
panel A and the corresponding caption are reprinted from the ref. 98,
Copyright (1970), with permission from Elsevier. The panels B-E and the
corresponding captions are reprinted and modified from the ref. 78,
Copyright (2018), with permission from American Chemical Society.

and therefore this theoretical work suggested that a nonadiabatic
process could have an important role for electrode processes.
However, the experimental #-logji. plot for a Au electrode in acidic
conditions shows a linear #-logji feature with a potential-
independent K*' of ca. 3, which traditionally has been interpreted
to indicate a small contribution from nuclear quantum effects and
an over-the-barrier mechanism (Fig. 10). This indicates that the
EC-KIE alone cannot be used as a fully satisfactory proof of NQEs
and vibronically nonadiabatic tunneling.

The third key issue is clarifying when the NQEs are important
and when a classical description of electrode processes is sufficient.
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Fig. 9 Anomalous K"/P—y diagram. increases associated with an

increase of driving force. The measurements were carried out for the
HER on Au electrode in 0.1 M KOH in H,0/0.1 M KOD in D,0O. The figure
was reprinted from the ref. 46, Copyright (2020), with permission from the
Royal Society of Chemistry.

The importance of quantum effects is most probably system-
dependent and may change depending on pH, solvent, anion
additives in the electrolyte, etc. As shown in the following Sections,
recent work on electrified surface systems successfully demon-
strated various NQEs using computational and theoretical methods
to investigate barrier structures, RDS, KIEs, and adsorption pro-
cesses (see Sections 5-7 for the details).****"'® Theref