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1

Introduction to Atomic Scale Electrochemistry
Marko M. Melander, Tomi T. Laurila, and Kari Laasonen

1.1 Background

Electrochemistry and electrocatalysis are at the forefront of many technological fields
related to solving the grand challenges encountered in advanced energy solutions, per-
sonalized medicine, and environmental issues. Electrochemical technologies of interest
include, among others, batteries, CO, mitigation, various sensor technologies, water purifi-
cation, molecular electronics, fuel-cells, hydrogen powered energies, and solar-powered
renewable technologies.

To improve upon existing electrochemical technologies in a rational way, understand-
ing and controlling the atomic scale properties of the electrochemical interface is vital. In
particular, the connection between atomic scale surface chemistry and the electrocatalyti-
cal performance needs to be established. Rational design of better electrocatalysts working
in complex electrochemical environments needs insight from experiments, computational
methods, as well as theoretical approaches. While experimental electrochemical and spec-
troelectrochemical methods are well-established and can often be routinely applied, the-
oretical and computational methods have not yet reached the same level of maturity. The
lack of generally accepted and applicable computational and theoretical tools is due to the
high complexity of the electrochemical interface which provides a number of challenges for
atomic scale theory and modelling. Specific challenges include; (i) inclusion of the electrode
potential, (ii) the need for several time and length scales to assess both thermodynamic and
kinetic properties of the solid-liquid interface, and (iii) a quantum mechanical treatment to
describe chemical bond making and breaking.

The field of atomistic modelling in electrochemistry has made impressive progress during
the last 15 years. In this book, we will the review state-of-the-art computational and theoret-
ical methods for modelling, understanding, and predicting the properties of electrochemi-
cal interfaces. Specifically, we discuss different ways of (i) including the electrode potential
in the computational setup and fixed potential calculations within the framework of grand
canonical density functional theory, (ii) quantum mechanical models for the solid-liquid
interface and the formation of an electrochemical double-layer using molecular dynamics
and/or continuum descriptions, (iii) thermodynamic description of the interface and reac-
tions taking place at the interface as a function of the electrode potential, (iv) novel ways of

Atomic-Scale Modelling of Electrochemical Systems, First Edition.
Edited by Marko M. Melander, Tomi T. Laurila, and Kari Laasonen.
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1 Introduction to Atomic Scale Electrochemistry

describing rates for heterogeneous electron transfer (both with the outer and inner sphere
redox couples), proton-coupled electron transfer, and other electrocatalytic reactions as a
function of the electrode potential, and (v) multiscale modelling where atomic level infor-
mation is used for predicting experimental observables to enable direct comparison with
experiments, to rationalize experimental results and to predict the electrochemical perfor-
mance. We will also highlight several applications in electrocatalysis and electrochemistry
using state-of-the-art methods.

This book will provide a comprehensive view on the current theoretical and computa-
tional methods and their application for understanding, predicting, and optimizing the
properties of electrochemical interfaces starting from the atomic scale. While several books
have been devoted to either experimental electrochemistry or computational chemistry,
there are no books on atomistic computational electrochemistry! Hence, we hope that this
volume contributes to fill this gap in the literature.

1.2 The thermodynamics of electrified interface

In Fig. 1.1, a simplified view of a typical electrochemical interface in aqueous electrolyte is
shown. On the far left is the electrode, which provides the source/sink of electrons at a con-
stant electrochemical potential as well as a substrate for any chemical reactions accompa-
nying redox reactions. The surface of the electrode typically contains specifically adsorbed
ions in addition to solvent molecules and reaction intermediates and products. In addi-
tion, the surface chemistry of the electrode is heavily dependent on the value of the applied
potential.

The structure of the solvent adjacent to the electrode is significantly affected by the charge
on the electrode. On the solvent side we have one compact layer where the change in the

Inner Outer
Electrode Helmholtz Helmholtz Diffuse
plane (IHP) plane (OHP) layer
1 1

(™

i L

Figure 1.1 Schematic presentation of the electrochemical double layer showing the IHP, OHP, and
diffuse layer as well as how the potential changes as a function of distance from the electrode
surface. See text for further details. Source: Courtesy of Nico Holmberg.
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potential is approximately linear and a more spread out region where the change is more
or less exponential (diffuse layer). These layers together constitute the so-called electrical
double layer (EDL). Note that the EDL is formed at the interface of any type of different
phases owing to the electrostatic interactions and is by no means restricted to solid/liquid
interfaces. However, the structure of this interphasial region can be quite different at dif-
ferent type of interfaces. For example, if one is working with ionic liquids the double layer
region differs significantly from the one shown in Fig. 1.1 [1]. The compact layer is fur-
ther composed of two sublayers as shown in Figure 1.1. The one closest to the electrode is
called the inner Helmholtz layer (IHL) and it contains, in addition to the solvent molecules,
specifically adsorbed ions (typically anions or large cations). These ions have lost at least
partially their solvation sheet and have direct contact to (also partly desolvated) electrode.
The so-called inner Helmholtz plane (IHP) is typically defined to go through the centers of
these specifically adsorbed ions. In the other part of the compact layer further away from
the electrode surface, in the outer Helmholtz layer (OHL), in addition to solvent, ions that
have retained their solvation sheets are located. Thus, within OHL there are no specific
chemical interactions between the electrode and the redox species and the interaction is
thus purely electrostatic. The so-called outer Helmholtz plane (OHP) is typically defined as
the plane going through the centers of the these non-specifically adsorbed ions. Thus, the
OHP can be thought of as the distance of closest approach of surface inactive ions. After
the compact layer, before the bulk of the solution, comes the diffuse layer, where there is a
dynamic equilibrium between the ordering tendency caused by the electric field from the
electrode and the disordering thermal motion. At this point, it is helpful to mention some-
thing about the dimensions of these layers. The thickness of the compact layer (consisting
of inner and outer Helmholtz layers) is typically in the order of 0.5nm or less. The thick-
ness of the diffuse layer depends heavily on the total ionic concentration and is less than
10 nm for concentrations greater than 0.01 M. Note also that the inner layer and diffuse layer
together have a net electrical charge equal in magnitude to that of the electrode surface but
of opposite polarity. As a result, the complete structure is electrically neutral.

In addition to the ion distribution and potential profile, important properties of the double
layer include its capacitance. The double layer capacitance is an important factor in elec-
troanalytical measurements as well as in sensor technologies and electrocatalytical appli-
cations. The double layer capacitance defines the electric field experienced by the species at
the surface and within the EDL. The surface capacitance also directly influences how the
charge state of the electrode surface depends on the applied potential. In addition, when one
drives reactions on the electrode surface by changing the potential, there will always be a
contribution from the charging current of the double layer (so-called non-faradic current)
to the total current that has to be somehow subtracted from it to obtain the faradic cur-
rent corresponding to the actual redox reaction under investigation. The charging current
arises from the rearrangement of the species constituting the double layer as the potential
changes. In fact, there are several electroanalytical techniques, such as differential pulse
voltammetry (DPV) and square wave voltammetry (SWV), that have been developed in
order to minimize the contributions arising from this background current. This double layer
capacitance can be measured with various different ways the simplest being cyclic voltam-
metry (CV) — if there is a suitable double layer region in the voltammogram. It is to be
noted that when measured with CV the double layer capacitance usually contains some

5
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fraction of pseudocapacitance from the parasitic faradic reactions occurring during the
potential cycling. Another feasible way is to use Electrochemical Impedance Spectroscopy
(EIS) where the pseudocapacitance is typically neglible and one obtains smaller (perhaps
more correct) values for the capacitance than in the case of CV.

Well-established classical models for the double layer capacitance exist and are reviewed
for example in [2] and we will therefore not discuss those here. We just want to empha-
size two things of importance: (i) the effect of the electrode on the magnitude of the double
layer capacitance and (ii) variation of the value of the dielectric constant in the interfa-
cial region. In the context of the first point the electronic structure of the electrode will
significantly influence the capacitance of the compact part of the double layer and thus
must be appropriately taken into account. For example, metals typically have higher double
layer capacitances than graphite owing to the differences in their electronic structure [3].
Regarding point (ii), it is perhaps good to take water as an example. Based on extensive
experimental studies it appears that the dielectric constant for highly oriented water imme-
diately next to the electrode (in IHP) is about 5 and it then steadily grows toward the bulk
value as one moves away from the electrode/solvent interface [4]. As the nature of the elec-
trode will have an effect on the ordering of water at the interface points (i) and (ii) are not
independent of each other but are heavily interrelated.

There is a third layer close to the electrode that has not been shown in Fig. 1.1 called
diffusion layer. This is a region, which is electrically neutral, but where concentration (or
more precisely chemical potential) profiles exist created by the redox reactions at the inter-
face. This layer has a significant role in many electrochemical reactions and its thickness
develops as a function of time being zero right at the start of the measurement and growing
steadily up to millimeters during the duration of the experiment (although natural convec-
tion starts to interfere with its growth around thicknesses of 0.5 mm or so). The thickness
of this layer can be minimized by accelerating mass transport from the bulk towards the
interface (preventing the relaxation of the diffusion layer into the bulk of the solution).
Acceleration can be achieved, for example, by using convection as in the case of rotating
disk electrode (RDE) or by increasing cycling speed during cyclic voltammetry (CV) mea-
surements. By using electroanalytical techniques under typical conditions (for example not
using extremely fast cycling speed of hundreds of thousands of V/s or exceeding rotating
speeds of 10000 rpm in RDE) the thickness of the diffuse layer cannot be pushed lower than
to about 5um or so. Thus, its dimensions during practical experiments or measurements
greatly exceed the dimensions of the EDL.

The electrified interface together with the diffusion layer sets the stage for the electro-
chemical reactions and as seen from Fig. 1.1 is relatively complex. Thus, it is a good idea
to divide the complete electrochemical interface into smaller parts and see what atomistic
simulations can contribute to our understanding in each case.

1.2.1 Electrode

If the electrode material used in the experiments is a single crystal metal, such as Pt(111)
or Pt(100), its structure is relatively easily simulated by slab calculations with periodic
boundary conditions. However, as electrodes used in practise are often polycrystalline
(especially when applications are considered) these single crystal studies can only act as
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model systems. For example, work function, which is needed when the value of electrode
potential is calculated, is different for various lattice planes of the metal, and some kind
of average must be used for a polycrystalline surface. In addition, the effect of surface
oxidation, defects, roughness and impurities at the electrode surfaces will have a significant
effect on both faradic and non-faradic currents in practice. In the case of surface oxidation,
the surface composition can also change significantly. The starting material can be an
almost pure metal, but after several consecutive cycles in basic environment the surface
can be completely oxidized. The real value of the high purity and well controlled single
crystal electrochemical studies is that they provide a convenient experimental benchmark
for the simulations.

In case of non-metallic materials, the situation is even more challenging. For example,
with carbonaceous materials the surface contains different functional groups of which rel-
ative fractions depend heavily on the applied potential and the history of the sample. In
addition, the standard (or in practice formal) potential of a metal with respect to its reduc-
tion reaction is obtained as a steady state with respect to dissolution and deposition (in
aqueous solutions), whereas the formal potential of carbonaceous materials is typically
established with respect to some surface reactions occurring on a carbon surface under
experimental conditions (owing to the restricted solubility of the carbon to aqueous solu-
tions). Moreover, the structure of the solvent next to the electrode can be expected to be
different with metals and carbonaceous materials due to differences in location of the image
plane [3] and chemical interactions. The chemical nature of the surface heavily influences
the so-called inner sphere redox reactions where breaking and making of chemical bonds
take place. This process is also accompanied by the simultaneous loss of solvation sheet
of the redox active species as well as that of the electrode. Thus, in addition to the direct
chemical interactions between the redox probe and the electrode, all factors influencing
the solvent structure around the redox species and next to the electrode, will have a strong
effect on inner sphere reactions (ISR). This is in contrast to the so-called outer sphere redox
couples where no bond breaking or formation during the reactions take place and the redox
species retain their solvation sheet to a large degree. If one considers the double layer pic-
ture above one can roughly state that outer sphere reaction (OSR) species never enter the
IHL and the electron transfer takes place at a fixed distance from the OHP without direct
contact with the electrode. More discussion on the differences between OSR and ISR probes
is provided below.

1.2.2 Electrical double layer

To complement the classical macroscopic models of the EDL discussed above, many
computational models have been introduced, these models are often based on modified
Poisson-Boltzmann approaches and are thus continuum models similar to the classical
ones [5, 6]. They have proven themselves practical tools to account for the presence
of the electrical double layer at the electrochemical interfaces. However, as these are
simplifications of the actual complex electrochemical interface, there are issues and open
questions, such as which features must be included into the models to achieve an adequate
description of the EDL and which features can be left out to simplify the approach. In addi-
tion, as one of the goals of applying molecular simulation to the EDL region is to provide
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a molecular interpretation of the experimental capacitance data, continuum models are
not appropriate for this. Thus, recently much activity has been devoted to combining
the continuum models with explicit DFT based (grand canonical) simulations to provide
an accurate description of the interface at the most important locations complemented
with an adequate continuum description in the less critical regions. In this book, several
examples of various recent approaches striving to accomplish this task are presented.

1.2.3 Solvation sheets

As already discussed, solvation of the redox active species is highly important for electro-
chemical reactions. It is well known that the structure of the solvation sheet is typically
time dependent and thus requires explicit calculations to simulate thermodynamic aver-
ages. In a recent paper a computationally feasible methodology to estimate solvation free
energies from dynamically evolving solvation sheets was presented [7]. The main outcome
from the study was that only by explicitly treating water molecules dynamically (using ab
initio molecular dynamics (AIMD)) can the whole complexity of the solvation process be
addressed. As many of the electrochemical reactions of practical importance include ion
transfer, the changes occurring in the solvation sheets of the redox active species as they
approach the electrode must be taken into account. This has been mainly done by utiliz-
ing potential of mean force approach (PMF) [8]. However, the approach does not provide
details of the changes of the solvation sheet structure during ion movement and thus new
approaches need to be developed. One effect omitted (to our knowledge) from all the solva-
tion effect calculations so far is the explicit effect of ionic strength on the process. As already
discussed, the ionic strength has a strong effect on the structure of the EDL and likewise on
the solvation sheet. According to the Debye-Huckel theory all ions are surrounded by an
atmosphere of counter ions in the solution and this should be taken into account when sol-
vation effects are simulated. During dynamic changes in the solvation sheet there is likely
to be also changes in the local concentrations of these counter ions. This charge in/outflow
can be modelled using a grand canonical approach and will have an effect when for the
electron transfer considerations (see below) as changes in the local ionic atmosphere should
accompany the fundamental act of electron transfer. There are various molecular level solu-
tion models that take explicitly into account the presence of ions and their interactions in
the electrolyte [9, 10], but to our knowledge a combination of these type of models with
explicit solvation calculations are missing. One link between computational studies and
experimental information on solutions that has not been extensively utilized with topics
central to the present book is provided by the Kirkwood-Buff theory [11, 12]. Application
of Kirkwood-Buff theory and especially the approach developed by Ben-Naim [12] within
the context of this book is briefly touched upon in Chapter 3. The theory provides relation-
ships between particle distribution functions accessible by computational techniques in the
grand canonical ensemble and derivatives of the chemical potentials of all species involved
thus enabling direct comparison between experiment and simulations.

1.2.4 Electrode potential

The inner or Galvani (¢) potential of a phase is divided into outer (Volta, y) potential and
surface () potential (Fig. 1.2). These formal definitions are based on the following thought
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experiments. In the case of outer potential, the electrode and the electrical double layer
(solvent) are dismantled and both are placed in contact with the vacuum. A test charge of
unit positive charge is brought from infinity (in vacuum) close to the electrode surface to a
location that is just outside the reach of image forces arising from the electrode surface. The
work done in bringing a test unit charge from infinity up to this point as well as the poten-
tial at this point, is determined solely by the charge on the electrode and is not influenced
by any image interactions (chemical terms) between the test charge and the electrode. This
potential just outside the charged electrode is defined as the outer potential of an electrode.
A similar thought experiment is then carried out for the solution phase to obtain its outer
potential. After these two steps have been completed, one may reassemble the original inter-
face to obtain the outer (Volta) potential difference. It is to be noted that the outer potential
is defined on charged but dipole free surface. Further, it should be emphasized that the
Volta potential difference for an electrode can be measured experimentally [13], which is
not the case for the inner and surface potentials as will be discussed.

To define the surface potential another thought experiment is carried out. The
electrode-solvent interface is again dismantled and placed in contact with the vacuum
and additionally all excess charge is eliminated from both phases (electrode and solvent).
However, the surface dipoles on both surfaces remain intact. Again a test charge (unit
positive charge) is brought from infinity towards the dipole layer and then made to cross
it. The work done during this process defines a potential, which is not related to the excess
charge on the solution/electrode phase as the excess charges on the phases are maintained
at zero. Since the work is related to penetrating a surface layer on the electrolyte/electrode,
the corresponding potential is called a surface potential (or a y potential). If, now, the
electrode and solution phases are brought together, there will be dipole layers in the
two phases and the work done to take the test charge through these layers defines the
surface potential difference. As the surface potentials above were defined separately in
contact with vacuum there will be some changes in both of them when we reassemble the
system (electrons overspill less from the metal in the presence of solvent than at vacuum
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interface and solvent molecules are also differently oriented at electrode/solvent than at
vacuum/solvent interface), which have to be taken into account in the calculations. It
is also important to realize that surface potentials cannot be measured (as the potential
and its reference state are situated in different phases and the interactions are not purely
electrostatic). This means that the inner potential of an electrode cannot be measured
either and only differences between two inner potentials can be measured.

The charge free phase used while defining the surface potential gives us access to an
important property of an electrode/electrolyte system called potential of zero charge. This
is the potential where there is no excess charge on the surface of the electrode in contact
with an electrolyte. This quantity can be measured and is typically (on clean metal elec-
trodes) associated with the minimum in the double layer capacitance. However, as most
of the electrolytes adsorb on the surface of the electrodes at least to some degree the mea-
sured quantity is typically considered as the potential of zero total charge as it contains
in addition to free charge also any charge associated with the adsorbed species [14]. As
stated above, out of the constituents contributing to inner potential, only outer potential
can be measured in practice. This means that also the inner potential cannot be measured
and only differences in inner potentials can be measured. Therefore, an arbitrary reference
has been established that is used as the reference point for all other redox reactions. This
is called the standard hydrogen electrode (SHE) and is defined under standard conditions
(activities of the species taking part into the reaction are all equal to one, pressure is 1 atm
and pH is zero) and put as zero at all temperatures. If we relax the requirements of unit
activity a bit and use 1 M acid solution instead of unit activity we obtain a quantity called
the normal hydrogen electrode (NHE) whose value is practically the same as that of SHE.
Another variant of of hydrogen electrodes used in practice is the reversible hydrogen elec-
trode (RHE) where the reference electrode is immersed into the test solution used for the
the electroanalytical experiment (and hydrogen is bubbled through the cell). Other widely
used reference electrodes in aqueous solutions include saturated calomel electrodes (SCE)
as well as silver/silver chloride (Ag/AgCl), whose potentials are then defined against the
SHE reference.

The types of references described above are not ideal ones to be used in computational
studies, where the vacuum level (either absolute or just outside solution) or deep in the
electrolyte would perhaps be more feasible. Thus, there has been number of studies how
to relate these scales to each other in computational studies. This is intimately related to
the incorporation of the electrode potential to the calculations in the atomistic simulations
and therefore there are many examples about this work also in this book. The theoreti-
cal basis for the connection between SHE and the vacuum level reference was established
already in the 1960s by Bockris et al. [15]. The concept of an “absolute electrode poten-
tial” raised significant discussion among electrochemists during the 1970s and 1980s. The
disputes were settled in 1990 [16] when it was shown that no universally general “abso-
lute electrode potential” exists - instead a “single electrode potential” scale should be used.
Besides semantics, the use of a single - rather than absolute - electrode potential scale opens
up the possibility of choosing the potential scale conveniently. What is convenient depends
on whether one utilizes the single potential experimentally or computationally. For experi-
ments the most useful scale is set by the electron at rest in vacuum while in a computational
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work the most convenient reference might an electron in the solvent interacting only elec-
trostatically with other species as is the case for Poisson-Boltzmann models [5]. Indeed, it
can be shown [16] that independent of the reference state, all single electrode potentials are
related to each other by

E(abs) = E(red) + K (1.1)

where K is a constant depending on the reference scale and the reduced absolute potential
is given by

E(red) = 8¢5, — i, (1.2)

with a Galvani potential difference 54)?/[ between the electrode and solvent and y, the chem-
ical potential of electrons, i.e. the Fermi-level (see Flecther). Therefore, depending on the
definition of K various single electrode potentials can be used and inter-converted flexibly.
Nevertheless, it should not be forgotten that the experimental determination of single inner
electrode potential is not possible.

When we have redox active species in the system (or a metal in contact with aqueous
solvent) there will be faradic reactions taking place and the reaction rates are directly pro-
portional to the measured current (density). When forward and backward rates are equal
and no net current is flowing in the system, a steady state has been established and the
corresponding potential is called the standard electrochemical potential for that particular
reaction. If the species participating in the reaction are not in their standard states (activ-
ities are less than one when pure element reference state is used), the quantity is called
the formal potential. In some cases the measurement of formal potentials for especially
sluggish reactions can be difficult. Therefore, in a recent paper, a computationally feasi-
ble methodology to calculate formal potentials of various species without any experimental
input was proposed [7]. This opens up new possibilities to predict beforehand these val-
ues for molecules without appropriate electrochemical data as well as providing us with
the means to assess formal potentials of molecules of which redox reactions are kinetically
so sluggish that they do not take place inside the solvent electrochemical window despite
the (possible) thermodynamic feasibility. The solvents’ thermodynamic electrochemical
window defines the interval of potentials between the anodic and cathodic background pro-
cesses arising from the decomposition of the solvent. In aqueous solvents this means the
formal potential difference between hydrogen evolution reaction (HER) at the cathodic end
and oxygen evolution reaction (OER) at the anodic end. The kinetic electrochemical win-
dow used in practice is defined as the potential range where the currents arising from these
reactions do not yet significantly interfere with any other currents arising from the faradic
reactions of interest. The kinetic electrochemical window can be significantly wider than
the thermodynamic one. As discussed, the formal potential is associated with a steady state
electron transfer (no net current) and the current corresponding to the situation is called
the exchange current density, which is directly related to the heterogeneous electrochemical
rate constant and thus to the intrinsic kinetic feasibility of the reaction under given condi-
tions (at the formal potential). As this current density can be measured (by Tafel analyses
or electrochemical impedance spectroscopy (EIS), for example) and, based on that, the het-
erogeneous electrochemical rate constant at formal potential calculated, the latter provides
a natural variable that can be compared with the computational results.
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1.3 Chemical interactions between the electrode and redox
species

Many of the practically important electrochemical reactions proceed via an inner sphere
route and therefore involve specific interactions between the electrode and the redox species
in question. One of the most important processes is the adsorption of either reactants,
intermediate species or products on the electrode surface. This may lead to electrocatal-
ysis or blocking of the electrode surface depending on the nature and extent of adsorption.
This phenomenon can also be utilized to improve the performance of the electrochemi-
cal devices. For example in sensing applications, in a biological environment, one of the
greatest challenges is to increase the selectivity towards the analyte and expel interfering
elements. Specific adsorption of various species on the electrode surface can be used to
improve selectivity and to shift the oxidation or reduction peaks anodically or cathodically
depending on the details of interaction of the electrode surface with the reactant and prod-
uct species. If one can induce preferential adsorption of product species of a given oxidation
reaction on the electrode surface this will result into reduction in the activation energy
for the reaction and corresponding cathodic shift in the oxidation peak or a appearance of
a pre-peak depending on the solute concentration. Favoring the adsorption of a reactant
species naturally provides an opposite effect. Another manifestation of adsorption and sub-
sequent surface reactions on the electrode is the passivation of the electrode surface which
is typical for many biological reactions [17]. It is obvious that computational studies must
play a key role in understanding these types of phenomena and in defining the optimal
surface chemistries for a given analyte as shown in Refs. [18, 19].

In the area of chemical catalysis there is a long history of utilizing computational schemes
to understand catalytic behavior at the microscopic level [20]. However, in the electrochem-
ical case, owing to the complexity of the electrified interface, the situation is considerably
more difficult. Some semi-quantitative guidelines, such as volcano plots exist, but the valid-
ity of these rather ad hoc correlations remain a controversial issue and therefore they have
only a limited predictive value [21]. Much of the work in this area has been concentrat-
ing in defining suitable descriptors to access interfacial interactions and electrocatalytical
reactions with variable success [22]. However, to our knowledge there are no studies where
adsorption studies on electrode surface would have been combined with explicit solvation/-
electrolyte models and interfacial charge transfer.

Most of these correlations and guidelines have been directly adopted from the field of
heterogeneous catalysis. However, it needs to be stressed that there is no a priori guar-
antee that concepts derived for solid-gas interfaces can be directly utilized at electrified
solid-liquid interfaces.[23] For instance, the celebrated d-band model [24] in heterogeneous
catalysis is derived from a Newns-Anderson-Grimley (NAG)[25, 26] Hamiltonian and
the use of Greens function methods to define chemisorption functions. The role of the
d-band center in the interaction between the molecule and surface is then inferred from
these chemisorption functions. At electrochemical interfaces the NAG model needs to
be extended to include the electrode potential and solvent interactions [27-29]. Both the
electrode potential (Fermi-level) and the solvent enter the chemisorption functions and
explicitly determine the interaction strength between the surface and molecule. Therefore,
directly adopting the d-band model and its predictions from heterogenous catalysis to
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electrocatalytic environments should be done with care. The same care should also be exer-
cised when transferring descriptors, volcano plots, Bronstedt-Evans—Polanyi free energy
relationships between binding energies and reaction kinetics etc. from heterogeneous
catalysis to the electrified interface.

1.4 Reaction kinetics at electrochemical interfaces

Arguably the most interesting and wide-spread electrochemical and electrocatalytic reac-
tions are electron transfer (ET), proton transfer (PT), and proton-coupled electron transfer
reactions (PCET). These reactions constitute the elementary steps in e.g. oxygen reduc-
tion and evolution reactions, hydrogen evolution, electrosynthesis of CO,-based fuels and
chemicals, organic electrochemistry, ammonia synthesis, and so forth. Understanding the
chemistry of these reactions ET, PT, and PCET is at the very core of many electrochemical
and electrocatalytic applications.

The traditional approach to quantifying electron transfer reactions is to use the
Butler-Volmer (B-V) analysis, which is the linearized version of the more advanced
Marcus-Hush theory of electron transfer [30]. The B-V equation provides a connection
between the measured current density and the overpotential used. It is strictly valid only
for pure electron transfer reactions (outer sphere), but it works surprisingly well also for
ion transfer reactions (inner sphere) and electrocatalytic reactions. It has three important
special solutions: (i) with overpotential of zero it reduces to the Nernst equation, (ii)
with small overpotential (around 10 mV) it provides a linear relationship that enables a
convenient way of assessing charge transfer resistance (and thus heterogeneous electron
transfer coefficient), and (iii) at large anodic or cathodic overpotentials (more than 50 mV)
it becomes the famous Tafel equation. The latter can be used to obtain mechanistic
information about the redox reactions under study by analyzing the so-called Tafel slopes
and transfer coefficients [31]. For OSR reactions the transfer coefficients are always close
to 1/ and they sum up to unity (they are in fact often associated with the name symmetry
factor). They are also in general independent of temperature. On the contrary, in ion
transfer/inner sphere (ITR/ISR) reactions the single electron transfer step is not necessary
the rate determining step (RDS). There may be other steps than simple electron transfer
that constitute the RDS or there are electron transfer steps before the RDS. In these cases
the simple symmetry factor must be replaced by transfer coefficient, which includes
symmetry factor (kinetics), but contains also stoichiometric and rate determining step
considerations [32]. Thus, there are no grounds to assume that transfer coefficient in these
cases would be close to 0.5 or anodic and cathodic parts would add up to one. It should also
be noted that in the case of inner sphere reactions where adsorption plays a significant role,
the close proximity of the electrode and the redox probe enable much higher interaction
strengths than in the OSR case and thus electrocatalysis becomes possible.

1.4.1 Outer and inner sphere reactions

Traditionally, ET, PT, and PCET reactions at electrochemical interfaces have been divided
to inner- and outer-sphere reactions. Outer-sphere reactions are rather independent of the
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electrode material and the role of electrode is mainly to provide a sink/source for the charge
transfer. In outer-sphere reactions there is no bond breaking or making during the redox
reaction (which of course does not rule out changes in the bond lengths or in the solvation
sheet). Inner-sphere reactions on the other hand involve bond breaking and/or making, at
least partial loss of their solvation sheet as well as chemical (specific) interaction between
the reactants and the electrode — in fact the electrode should be considered as a reactive
“species” .

Outer-sphere reactions on unoxidized metals are usually taken to be adiabatic (examples
include such redox couples as Ru(NH3), and IrCly) as they proceed extremely rapidly [33].
On oxidized metals, semiconductors as well as on insulators on other hand OSR reactions
are considered as non-adiabatic transitions between initial and final states. Hence, the
kinetics are based on variations of Fermis Golden Rule; the prefactor is determined by the
non-adiabatic transition probability while the reaction energy barrier is determined by
medium reorganization facilitating the non-adiabatic tunneling event. There are only a
limited number of simple OSR couples in practice. In addition to the two species mentioned
above, a ferrocene(methanol), some aromatic compounds and anthracene-based redox
couples behave as OSR probes on most electrode surfaces (in appropriate solvents). On the
other hand, ferrocyanide couple previously taken to be an OSR probe has been shown to
experience strong chemical interactions with especially oxygen-based functional groups
on the electrode surfaces [34, 35]. As the electronic interaction between the electrode and
the redox couple decays exponentially as a function of distance it is possible to change an
adiabatic OSR reaction into a non-adiabatic one by increasing the distance of the redox
species from the electrode surface by using for example layers of self-assembled monolayer
(SAMs) as shown experimentally in [36].

As pointed out in the chapter by Fletcher, one of the known shortcoming of the traditional
Marcus-Hush theory is that it does not explicitly take into account effects of ionic strength
(ions do not have the ionic atmosphere required by the Debye-Huckel theory). These effects
can be included into expression for the reaction rate by changing the Coulomb interactions
involved in the binary correlation function into the screened Coulomb interactions (in case
of outer-sphere reacions between ions) as well as including the additional contribution from
the reorganization of the ionic atmosphere (to reach the transition configuration) to the acti-
vation free energy, which will affect the probability of the electron transfer. With a suitable
choice of reaction coordinate (by using diabatic vertical energy gap - although the validity
to use this as a reaction coordinate has been challenged (see again chapters by Fletcher and
Melander) and with a proper solvent model it may be feasible to take ionic strength into
account directly also in the computational studies.

Most electrocatalytic reactions of practical interest take place via the inner-sphere route.
In this case one requires at least two reaction coordinates out of which one is likely to be the
distance of the incoming species from the electrode surface. This is in contrast to the outer
OSR reaction that takes place from a fixed distance (from OHP typically), and thus one
reaction coordinate is typically sufficient. Under these circumstances the problem becomes
significantly more complicated as the chemical nature of the electrode surface and changes
in the solvation sheets of the redox species and the electrode become decisive. There are
many approaches that have tried to tackle this problem, but there are still many open ques-
tions related to these issues as exemplified also by this book. For example, approaches based
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on grand canonical DFT might in the near future become feasible tools to study practically
interesting electron transfer reactions and be able to replace approaches based on model
Hamiltonians (see below).

In many cases, especially in biological redox and electrocatalytic reactions, electron trans-
fer is coupled with proton transfer. One example is oxidation of an important neurotrans-
mitter dopamine, where in addition to two electrons two protons are also transferred. There
are a few investigations where it has been claimed that the dopamine (DA) oxidation reac-
tion is enhanced on electrode surface, which are capable of forming hydrogen bonds. How-
ever, no quantitative data has been provided to back up these claims. From the theory of
PCET reactions it is known that if there is a tendency for strong hydrogen bonding from the
acceptor (either molecule or electrode), this tends to make the proton transfer more adia-
batic and thus necessarily reduces the activation energy for tunneling. This might explain
the experimental observations regarding dopamine.

Simultaneous PCET reactions have received significant interest also from the electro-
catalytic community. The computational electrocatalysis field in particular has focused
almost exclusively on the study of simultaneous PCET. Usually decoupled ET/PT have
been neglected because the electron transfer is considered very fast and coupled to the
proton motion in inner-sphere electrocatalytic reactions. Also simultaneous transfer of
electrons and protons seems thermodynamically favorable because formation of unstable
charged species is avoided. It should, however, be kept in mind that the decoupled PCET
might be kinetically favored over the simultaneous pathway. Furthermore, whether the
simultaneous or decoupled PCET is the dominant pathway depends on the solvent, pH, the
electrode material, reaction etc. For instance, strongly binding catalysts such as platinum
seem to favor simultaneous PCET while a decoupled pathway is observed on weakly
binding catalysts such as carbon or gold. Also the lack of protons in non-protonated
solvents or under alkaline conditions favors the decoupled pathway [37].

One example of a biologically important non-concerted proton electron transfer can be
found from the redox reactions associated with the family of catechols. The structures
of catechol, methylcatechol, and dopamine are closely related and are shown in Fig. 1.3.

Catechol Methylcatechol
HO HO CHs
HO HO
Dopamine DHBA
HO NHy  HO NH,*
HO HO

Figure 1.3 The structures of catechol, methylcatechol, dopamine and DHBA
(3,4-dihydroxybenzylamine) at physiological pH [17]. Source: From Tommi Palomki, Sara Chumillas,
Sami Sainio, Vera Protopopova, Minna Kauppila, Jari Koskinen, Vctor Climent, Juan M. Feliu, and
Tomi Laurila. Electrochemical reactions of catechol, methylcatechol and dopamine at tetrahedral
amorphous carbon (ta-c) thin film electrodes. Diamond and Related Materials, 59:30-39, 2015.
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These three catechols oxidize to the corresponding orthoquinones in a two-electron,
two-proton transfer process as discussed above. The order of proton and electron transfer
follows the scheme of squares, presented in Fig. 1.4, and is heavily dependent on pH. This
model assumes that protonations are at equilibrium and that the electron transfer step is
rate-determining [38-40].

The proposed electron and proton transfer sequence at neutral pH HY — e —
H* — e~ (sequence starting from QH, at the lower right corner) and it is illustrated
in red in the scheme of squares in Fig. 1.4. This transfer sequence has been suggested
for hydroquinone on platinum [38] and for methylcatechol, 3,4-dihydroxybenzylamine
(DHBA), and 3,4-dihydroxyphenylacetic acid (DOPAC) on carbon paste electrodes [39, 40].
Since DA is structurally very similar to DHBA (Fig. 1.4), it was suggested in [17] that it
most likely follows the same reaction sequence during its oxidation.

1.4.2 Computational aspects

The separation of electrochemical reaction into inner- and outer-sphere reactions is also
reflected in the quantum mechanical treatment used for computing the reaction energet-
ics. Outer-sphere reactions are typically treated using model Hamiltonians parametrized
in terms of the environment reorganization and interaction strength (coupling element)
between the initial and final states. In an electrochemical setting the electrode potential is
usually added as an external parameter controlling the reaction energy in a predefined way.
While the model Hamiltonians are often analytically solvable, parametrizing these models
in a meaningful way is difficult. For instance, the solvent contributions are often treated
using simple (Born) continuum models, which overestimates the solvation energies and
Poisson-Boltzmann double layer models. As the OSR reactions take place from a fixed posi-
tion (redox species is assumed to be localized at OHP) a single reaction/solvent coordinate
is typically used. The electrode electronic structure is usually based on semi-elliptic d-band
density of states models or more complicated analytic models [41] and the role of electrode
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potential is to shift the Fermi-level of an otherwise static electronic structure. Transition
probabilities are computed as orbital-to-orbital transitions between localized orbitals of the
electrode and a molecular redox-level; computing these matrix elements from e.g. density
function theory depends heavily on the orbital localization [42]. Due to a large number
of free and tunable parameters, it is possible that various parameter sets can fit the same
experimental data [43]. To date, studies on outer-sphere kinetics with general Hamiltoni-
ans including the solvent, electrode potential, reactive species, and general rate theory have
not yet been accomplished (to our knowledge).

Unlike outer-sphere models, studies on inner-sphere reactions are routinely carried
out using general first principles models, usually based on large-scale density functional
theory calculations. The advantage of these models is that they can accurate model the
electronic structure to capture the intricate bonding between the electrode and reactants.
Nowadays, also the electrode potential and solvent can be included in the model. Solving
the electronic structure problem, however, requires significant computing facilitates and
(both human and machine) time. Analytically solvable models of inner-sphere reactions
have proven more difficult and the most successful theory is Schmickler’s extension of the
Newns-Anderson-Grimley chemisorption theory to electrochemical systems [44]. In fact,
using the Schmickler-Newns-Anderson-Grimley model for ET and its extension to PCET
reactions can provide a general model Hamiltonian for both adiabatic (inner-sphere) and
non-adiabatic (outer-sphere) reactions [28, 29]. The inner-sphere reaction kinetics are
usually addressed using adiabatic transition state theory (TST) [28, 29, 42]. Unlike in the
outer-sphere case, the reaction coordinate may include the bonds being broken/formed. In
the case of PT and PCET, for instance, movement of the transferring proton provides the
reaction coordinate. If the solvent polarization/reorganization is regarded important, also
the solvent coordinate should be included in the adiabatic TST model [27-29] .

1.4.3 Challenges

Given the analytical and numerical tools to compute various energetic quantities of an elec-
trocatalytic reaction, it should still be kept in mind that computing the reaction barrier is
not enough (be it the adiabatic transition state barrier or the non-adiabatic barrier); com-
puting the reaction pre-factor determining the transition probability is equally important.
For instance, is the reaction non-adiabatic? Is nuclear tunneling for PT or PCET important?
Another uncertainty is the preconceived choice of the mechanism: Does the reaction take
place in a concerted PCET step or do ET/PT follow each other sequentially?

Another crucial question regards the choice of the reaction coordinate(s) and the way of
computing the reaction rate: should the reaction be described in terms of a non-adiabatic
transition and environment reorganization or is it more appropriate to a transition state
theory description of bond forming and breaking? The latter has been widely used in the
field computational heterogeneous catalysis and practically all first principles work on elec-
trocatalytic reaction barriers. On the other hand, the non-adiabatic formalism has been the
preferred way in the traditional theoretical electrochemical and electrocatalytic fields uti-
lizing model Hamiltonians. Finally, in multistep reactions care should be taken to verify
which step is the rate determining step (RDS) and can the preceding steps be taken to be
under steady state conditions etc.
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1.5 Charge transport

In addition to interfacial electron transfer, redox reactions may be controlled in some cases
also by electron transport inside the electrode materials. This is the case e.g. for semicon-
ducting electrodes encountered in some (photo)electrocatalytic applications, battery mate-
rials, or, as shown in a recent investigation, when using ultra thin tetrahedral amorphous
carbon (ta-C) films as electrodes [45]. It can be expected that similar phenomena can be
observed also in other dielectric materials with highly heterogeneous spatial distribution
of more conductive and more insulating parts. Depending on the material, the nature of
the charge conduction may vary. As discussed in Chapter 11 by Vegge et al., for example,
in metal oxide materials hopping-like electron transfer between different redox centers has
been demonstrated as the conduction mechanism. It has also been recently demonstrated
that non-adiabatic effects in electron transfer may have considerable role in the poor con-
duction of electrons in lithium sulphur batteries. [46] Again in the field of lithium battery
materials, slow lithium diffusion may become the rate-determining step. While the above
examples are based on an equilibrium transition state theory -like picture, a broad class
of non-equilibrium transport phenomena may also be encountered in electrochemical sys-
tems. To investigate these types of processes at the DFT level (or beyond) requires the use
of techniques based on non-equilibrium Green’s function or similar.

1.6 Mass transport to the electrode

Mass transfer at electrodes takes place due to electron transfer reactions, where the species
involved in the reactions are either depleted or produced at the electrode surface. As a con-
sequence, (electro)chemical potential gradients will develop in the system leading to mass
transfer. The modes of mass transport are:

1. Diffusion, which is the movement of a chemical species caused by a chemical gradi-
ent i.e. a difference in chemical potential (quite often approximated by concentration
differences).

2. Migration, which is the movement of a charged species under the effect of an electric
field.

3. Convection, resulting from a fluid flow that occurs naturally as a consequence of density
gradients or forced by the cell design (for example a rotating disk electrode).

The mass transfer to an electrode due all these effects is coined in the Nernst-Planck
equation. An exact solution of the Nernst-Planck equation that takes into account all of
the three modes of mass transfer is difficult. Therefore, electrochemical systems are usu-
ally designed so that the mass transfer of an electroactive species at the electrode can be
restricted to diffusion alone.

Diffusive transport from the bulk to the electrode surface takes place within the diffu-
sion layer whose thickness is time dependent and varies from practically zero at the start
of the experiment to several mm as discussed in section 2. Typically the mass transport by
diffusion is approached by continuum methods by: (i) first using Fick’s II law, with appro-
priate initial and boundary conditions to obtain time dependent concentration profile and
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(ii) then using this profile (at a fixed time) in Fick’s I law combined with the relationship
between current and diffusion flux at the surface of the electrode. This classical continuum
approach works well when one is working with electrodes larger than nanometer size, but
when the diffuse double layer and diffusion layer start to overlap owing to the reduced size
of the electrode the classical treatment might not be valid anymore. Naturally, also all kind
of atomic-level information about the transfer processes are missing from this treatment.

There have been some attempts to use molecular dynamics to obtain a more microscopic
view of the diffusion processes in electrolytes [47, 48]. However, we are unaware of any
investigations where detailed atomistic studies would have been carried out where diffusion
to the electrode would have been coupled to the redox reactions taking place at the electrode
surface. This type of investigation undoubtedly requires multilevel approaches.

1.7 Summary

As described above, the electrochemical process can be divided into several steps that
include in the case of inner sphere redox species (at least):

. mass transfer to the electrode

. possible adsorption on the surface

. diffusion on the surface to find a reactive site

. electron transfer and other chemical reactions

. transport of the electron through the electrode to the outside circuitry
. diffusion away from the reactive site

. desorption from the surface

. diffusion away from the surface region.

OO L1 AW

In addition to these steps related to the faradic reaction there is always the non-faradic
current present, which is associated with the changes in the fine structure of the electri-
cal double layer as a function of potential. In this book, there are many different examples
where parts of the electrochemical interface have been assessed from the atomic perspec-
tive using different levels of theory and computation. These studies have provided a wealth
of very important atomic level information that can be used to rationalize the experimental
results as well as to provide a more fundamental understanding of the phenomena tak-
ing place at the electrified interface. There are also examples in this book where multilevel
approaches have been utilized in order to model the whole interfacial area. This is an area
which undoubtedly will grow in importance in the near future and requires new innovative
approaches to coarse grain the electrified interface during simulations to keep the compu-
tational burden bearable.

There are many challenges in experimental electrochemistry that will benefit greatly from
the increased understanding arising from these computational studies. One particularly
important topic is electrocatalysis, whose understanding holds the key to better advanced
energy solutions, superior sensor devices, as well as to CO, mitigation technologies, to name
just a few. Taking into account the advancement of the field during the last 15 years, we
can expect a plethora of major breakthroughs in the next coming 15 years in this field. This
book tries to show the current state of the art of computational and theoretical atomic-scale
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electrochemistry. As the reader hopefully notices, there are various different flavours in
how the same problems are approached, but that also unifying concepts and methods are
emerging that can hopefully in the future bridge over various levels of theory and time
scales that are needed in computational electrochemistry.
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Retrospective and Prospective Views of Electrochemical Electron
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2.1 Introduction - interfacial molecular electrochemistry
in recent retrospective

2.1.1 An electrochemical renaissance

Prompted by concepts and methodologies of solid state and surface physics, a new era
of physical and theoretical electrochemistry, almost like an electrochemical renaissance,
began in the 1970s, transforming electrochemistry into interdisciplinary, highly sophisti-
cated condensed matter physical science [1-4]. Notions were “clean”, i.e. single-crystal,
atomically planar electrochemical surfaces, and a range of surface spectroscopies including
UV/Vis, infrared, Raman, surface enhanced Raman, and X-ray photoelectron spectroscopy.

From the same time statistical physics [5-7] and electronic structure theories [8-10] were
introduced, with the palatable jellium or free electron gas model in initial focus [10]. Prior to
the electrochemical renaissance the electrochemical surface was viewed as a hard wall with
all physical events on the solution side. A jellium “tail” interfacing the electrolyte, exposed
to surface charging and molecular “pseudopotentials”, could incorporate exciting features
of metal dependent capacitance [8, 9], solvent structure [6-9, 11], adsorption [12], and
effects such as surface plasmonics [13] and second harmonic generation [14]. Well-defined
electrochemical microenvironments [15-17] paved the way for electrochemical scanning
tunneling (STM) and atomic force microscopy (AFM) (in situ STM and AFM) [4, 17-20],
with both surface and tip under electrochemical control. In situ STM/AFM brought electro-
chemical surface mapping to atomic and adsorbates to sub-molecular resolution [3, 20-23]
by a subtle phenomenon, quantum mechanical tunneling [24, 25]. New approaches to elec-
trochemical processes were opened, creating a new area suitably denoted as single-molecule
electrochemistry.

2.1.2 A bioelectrochemical renaissance

Similar boundary-traversing efforts were introduced in interfacial electrochemistry of
redox metalloproteins [4, 26, 27], DNA-based molecules [4, 28-30], and even whole protein
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and enzyme complexes [31]. It is in fact remarkable that molecules as large and fragile as
metalloproteins can now be mapped to the single-molecule level directly in aqueous bio-
logical media. Single-molecule electrochemistry has prompted new concepts of interfacial
electron transfer (ET) through complex molecules, relating both to the finite-size system
nature (stochastic as opposed to statistical) [32] and to new single-molecule ET phenomena
[23, 32-35]. Phenomenological theory offers powerful frames, but major computational
efforts are now needed. For example, even the prettiest in situ STM images of the best
organized self-assembled molecular monolayers (SAMs) reduce to “blobs”, unless backed
up by large-scale electronic structure computations. Such computations convert the
images to electronic conductivity through the molecular fragments, with amazing detail
and sometimes surprises, never deciphered just by looking at the images (see section 2.5).
We start with a retrospective view on quantum electrochemical processes, including
less-known elements of electrochemical ET theory. We then proceed to the new nanoscale
and single-molecule electrochemistry. Along the way, and in our third part, we overview
computational methods and their application to some electrochemical systems.

2.2 Analytical theory of molecular electrochemical ET
processes

2.2.1 A Reference to molecular ET processes in homogeneous solution

As a reference, we provide first a brief overview of simple ET processes in homogeneous
solution. Core concepts carry over to electrochemical processes. Following pioneering work
of Marcus [36, 37], Hush [38, 39], Levich and Dogonadze [40, 41], and their associates
from the late 1950s, condensed matter ET theory developed to comprehensive sophisticated
chemical rate theory throughout following decades. The core notion of ET as a quantum
mechanical transition between donor and acceptor states, coupled to both solvent and local
nuclear modes was recognized in this early phase. The quantum mechanical approach of
Levich and Dogonadze, and of Hush drew inspiration from other condensed matter elec-
tronic processes, i.e. optical intervalence transitions [42], nonradiative ionization of impu-
rity atoms in solids, electronic energy transfer, and excess electron localization in solids or
liquids (polaron formation) [24, 25]. Proton and proton coupled ET, also introduced early,
is another major area with close physical and formal relations to chemical ET.

The following attractive equation, first reported by Levich and Dogonadze [40] (1959),
already summarizes these early achievements and is still a broad conceptual basis for chem-
ical, electrochemical, and biological ET theory [24, 25]:

Wefr AG
Wap = KE\IDES\/W exp {— kB‘]”i” (2.1

kg is Boltzmann’s constant, T the temperature, and w,; the effective vibrational frequency
of all nuclear modes reorganized. The other symbols are defined below. We note:

e The ET process rests on Born-Oppenheimer separation of the electronic and nuclear sys-
tem. Relaxation of this view is discussed elsewhere [43, 44]. The electronic subsystem is
inherent in the transmission coefficient (“tunneling factor”), k. the nuclear system in
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Figure 2.1 Left: The electronic energies at the electron donor (D) and acceptor (A). The electronic
energies in the reactants’ and products’ state at different nuclear coordinate g values are indicated.
Right: Potential (free) energy surfaces. AG® is the reaction free energy (driving force) and A, the
total reorganization free energy.

the rest of Eq. (2.1). This view is the basis for the notion of potential (free) energy surfaces,
Figure 2.1.

e In the diabatic limit of weak donor-acceptor electronic coupling, x4 el 1, takes the form

= [T,p )2 LZ <<1; g =Ag + Ao (2.2)
ArkpTh wsz
A and A, are the reorganization free energies of the collective (polarization and other)
nuclear modes and of local, still low-frequency metal-ligand stretching and other modes.
The most important factor in Eq. (2.2) is the electronic coupling T ,p,, with all informa-
tion about donor-acceptor interactions, wave functions, tunneling and spin, intermediate
“matter” etc. i = h/2 = where h is Planck’s constant.

j"D — 1 in the opposite, adiabatic limit of strong interaction. ET is still an elec-
tron tunneling process, now reflected in a lower activation free energy, AGjD —
AGjD — 14 T,p. The two limits are commonly bridged by the Landau-Zener correlation,
taking the following form for motion along a pair of one-dimensional potential energy
surfaces, Up(q) and U ,(q) spanned by the nuclear coordinate, g

| Tl
W|U)(q*) - U, (gl
v is the nuclear velocity, and g = g* at the potential surface crossing. |U’,(q) — U}, (q)| is
replaced by gradlUf'x({q;:}) - Ub({q;z})l in multidimensional {g, }-space. Landau-Zener
nuclear tunneling is discussed elsewhere [45]. An attractive form alternative to
Eq. (2.3)is

2.3)

KAD =1 —exp(—274,); Yo =

2|Tpl? AgkpT(hwyy)?
Ko = 2—; TAD,critical = T (24)
AD,critical

where T yp irica 18 @ “critical value” of Ty, separating the diabatic and adiabatic limits.
Practical boundaries are T}, . iicq ~ 0.05 €V, i.e. roughly ~ ki T (= 0.025 eV, T = 298 °K).

29



30

2 Retrospective and Prospective Views of Electrochemical Electron Transfer Processes

e The activation free energy is

AG‘?A&N_L

= ——(g +AG +¢, —¢,+w, —wp)? (2.5)
4ip

where wj, and w, are work terms equivalent to electrochemical double layer effects. AG°
is the only parameter directly accessible (the reduction potentials). The other parame-
ters can only be extracted indirectly, or by electronic structure or molecular dynamics
computations.

o The high-frequency modes are represented by the Franck Condon overlap factor, S, cou-
pling the vibrational states ¢, and e, and modifying the driving force as AG® - AG® +
&, — &,. High-frequency modes are reorganized by nuclear tunneling, particularly impor-
tant in proton and hydrogen atom transfer processes. Vibrational motion e.g. in organic
skeletal, C-O etc. modes are also high enough that nuclear tunneling prevails.

Egs. (2.1) and (2.5) do not specify the particular vibrational wave functions, and incor-
porate not only displaced harmonic modes but also mode deformation, anharmonicity
etc. High- and low-frequency notions depend on the temperature. Proton stretching
(w ~ 3000cm™) is well in the tunneling regime at room temperature, metal-ligand
stretching modes (w ~ 3-400 cm™!) borderline cases. As temperature is lowered, increas-
ingly lower frequency modes are quantized. All chemical processes are solely by nuclear
tunneling as T — 0.

2.2.2 Brief discussion of contemporary computational approaches

‘We provide here a prelude to our discussion of computational approaches to ET kinetics
in section 2.6. Modern computational approaches rest on state-of-the-art quantum chem-
istry, mostly density functional theory (DFT) and molecular dynamics (MD) simulations
[46-51]. The latter employ classical force field (pair potentials), or ab initio MD (AIMD), as
well as Carr-Parrinello MD, CPMD) methods. All forces in both AIMD and CPMD are cal-
culated from the position of the nuclei and the total electronic density. Quantum chemical
calculations offer detailed information on geometry and electronic structure of the reactants
and products. Wave functions are used to estimate the electronic transmission coefficient
(weak coupling) or activation barrier lowering (strong coupling). Electrostatic reactants’
potential, inner-sphere reorganization, potential energy surfaces for dissociative ET, and
standard electrode potentials can be calculated as well. Solvation is addressed, either explic-
itly by including individual solvent molecules, or implicitly using continuum theories (for
example, Polarized Continuum Model, PCM or conductor like Screening Model, COSMO).
Mixed models are effective, when the first coordination shells include solvent molecules,
while long-range solvation is treated implicitly. A hybrid scheme is frequently used for com-
plex (biochemical) systems, when part of the solvent molecules is addressed by molecular
mechanics (QM/MM, e.g. the review [51].

MD offers other insight. The following scheme is widely adopted [46]. The reac-
tion coordinate (X) is defined as the fluctuational non-equilibrium energy difference
between the equilibrium solvation free energies in the reactants’ (R) and products’ (P)
states. Histograms (fitted to smooth the probability functions, Py (X)) describing such
fluctuations are built in the next step. The free energy surfaces are then calculated as
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GrepyX) = —kpT In PR(P)(X). The GR(X)/Gp(X)crossing defines the activation barrier. In
the strong-coupling limit GR(X) and Gp(X) are combined using the resonance integral
(cf. below). An important reorganization asymmetry effect (when the solvent reorgani-
zation energies of forward and reverse ET are different) was investigated [47], cf. section
2.2.4.1. The Pg)(X)s are usually well described by Gaussians. Gy (X) are then parabolic,
but in some environments (for example protein/water interfaces [48] non-Gaussian
fluctuations prevail, deviating from the quadratic free energy relation. Still another issue
is high-frequency quantum solvent mode cutting off, relocating this free energy barrier
contribution to nuclear tunneling. This correction can be estimated as [24, 25]
o
o 2 [ me@ 4 2.6)
7CJo  olle)|?

C is the Pekar factor (= e,7! — e,~! where ¢, is the optical and ¢, the static dielectric
constant). e(w) is the complex dielectric spectrum and " a vibrational frequency (~ kzT/h)
roughly separating nuclear tunneling and thermal activation. For water, £ ~ 0.8-0.9 from
dielectric spectra. As in MD simulations, nuclear tunneling is not considered directly, but
can be addressed by path integral methods [49]. MD is also used to calculate the reactants’
and products’ potentials of mean force, i.e. the free energy surface [50]. The PMF is crucial,
as it defines the distance of closest approach. PMFs usually take the form of a double-well
potential but can also reduce to a single-well potential.

As a final note, resting on linear response theory [24, 25, 36, 52], the attractive quadratic
free energy formalism is very general and has met with great success, but the generality is
at the same time a limitation. The nature of the electronic-vibrational interactions cannot,
for example, be extracted. Pressure-density response in polar media is equally represented
[53], as long as the response is linear, but mode distortion (frequency changes), anhar-
monicity, mode mixing, and other non-linear effects common in chemical processes are
not covered.

With the fundamental ET phenomenon broadly understood, present-day efforts seem
to move along at least three major lines. One is to find new sophisticated target systems.
Chemical and biological ET systems, as well as multifarious catalytic and electrocatalytic
systems [4, 23, 54, 55], are examples. A second line is that new ET phenomena are
under discovery in single-molecule electrochemistry [4, 23] (cf. section 2.5). Multi-ET,
interplay between tunneling and hopping [56], and stochastic molecular systems are
examples [32]. The third line is to integrate first principle electronic structure and MD
computational efforts with ET parameters into the complex interfaces and single-molecule
electrochemistry [57].

2.2.3 Molecular electrochemical ET processes and general chemical rate
theory

The introduction of quantum mechanical approaches to the fundamental electrochemical
process dates back to Gurney (1931) [58], whose description of the electrochemical
dihydrogen evolution reaction already included core concepts of later theoretical work.
Although qualitative - and for a long time overlooked - Gurney introduced electron
tunneling, the continuous electronic spectrum of the electrode, and electronic-vibrational
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Figure 2.2 Left: Electronic energies of electrode and redox molecule at different solvent
polarization P. Pp, and Py, are the equilibrium values of P in the reactants’ and products’ states,
respectively. Right: Potential free energy surfaces for electrochemical (cathodic) electron transfer
process.

coupling. Gurney’s work was followed nearly 30 years later by Gerischer [59], and slightly
later, in more stringent form by Dogonadze, Chizmadzhev, Levich, and their associates. In
spirit and reality these early studies, summarized by Dogonadze and Kuznetsov [60, 61],
and by others [24, 25], constitute the basis also of present day electrochemical rate theory.

Electrochemical ET bears obvious relations to ET in solution. A strongly solvated molec-
ular reactant is involved in both cases, with nuclear reorganization and driving force as
core notions. Both classes are quantum mechanical transitions, with diabatic and adiabatic
notions in common. The core difference is the continuous electronic manifold in the metal
(or semiconductor) electrode. For, say, a cathodic process the electron is transferred from
a continuous distribution of delocalized “quasiparticle” states to a localized state on the
molecule, Figure 2.2. In general the electronic transition is accompanied by redistribution
of all the other electrons. A continuum of potential (free) energy surfaces (PFESs) in both
reactants’ (electron in the metal electrode) and products’ state (electron on the molecule)
therefore in general represents the process (see section 2.6.2). In a single-electron view the
simpler representation in Figure 2.2 applies, which we shall first discuss.

Figure 2.2 illustrates the electrochemical process. A single reactive attempt at the cross-
ing of a pair of reactants’ and products’ surfaces occurs in homogeneous solution. Frictional
forces in the transition region can modify this view [62]. Electrochemical ET involves mul-
tiple attempts as the nuclear system begins to relax after the first transition around the
Fermi level. Most of these are abortive in the diabatic limit, but a multitude of forward and
reverse transitions operate in the adiabatic limit, giving a random walk pattern across the
crossing region. These have been analyzed [57, 63-65] (cf. section 2.6) and lead to more
tricky diabaticity/adiabaticity distinction than for ET in homogeneous solution.

The differences are summarized in the relation between current density and overpoten-
tial, equivalent to the free energy relation for ET in homogeneous solution, Egs. (2.1)—(2.3)
[24, 25, 60, 61]:
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W ,p(€;n) is the rate constant (s7!) and j(e;n) the (infinitesimal) current density from a
given electrode level ¢, f{e) the Fermi function, p(e) the electrode electronic level density,
I, and I',,, the population of the oxidized and reduced molecule close to the surface, and
e the electronic charge. « is the observable electrochemical transfer coefficient

a = —kgTdIn j(n)/d(en) (2.8)
The following equation, equivalent to Egs. (2.1)~(2.3), applies broadly:

[Ag —en+w —w¥ — (e —ep)]?
445k T

a)eﬂ‘
W,p(esn) = ky——exp {4 — (2.9)
2r
k,(€;1) is the transmission coefficient, where the electron exchange energy, T ,(g;n),
couples the molecular acceptor level (A) with the metallic, “quasiparticle” level . Levels
around the Fermi level € = £ dominate, as long as lenl << A = A, + 4. Eqs. (2.4)-(2.9)
give
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Ko = 4k g(eps Mplep)kpT, if kyy << 1, otherwise k,p— 1

Egs. (2.4)-(2.10) summarize similarities and differences between ET processes in solution
and electrochemical ET processes, and underlines computational challenges:

o The electronic continuum is specific to metal, semiconductor, semi-metal (such as car-
bon), or superconducting materials. Different conduction bands contribute differently.

o The current/overpotential relation, equivalent to free energy correlations in solution,
holds greater computational challenges. The “work terms”, wy and w;p are now the
electrochemical double layer effects, first recognized by Frumkin [66, 67]. Present
and forthcoming theoretical efforts were initiated by Kornyshev, Badiali, Schmickler,
Henderson, Nazmutdinov and others [6-13, 57], and will be discussed below.

o Egs. (2.4)~(2.10) constitute a frame of the Tafel relation. A quadratic overpotential depen-
dence turns linear with @ = 1/, for small overpotentials, leyl << A = Ay + 4., observed
for simple ET processes [68-70], but there are also deviations. Egs. (2.4)-(2.10) rest on
nuclear motion as a set of displaced harmonic oscillators. Vibrational frequency changes
give limiting a-values different from 5. In other cases such as electrochemical dihydro-
gen evolution, the linear Tafel range is “too wide” (see section 2.5.3). Anharmonic modes
[71], charge redistribution [72], and excited vibrational states (cf. section 2.6.2) account
for such behaviour ultimately, however, to be resolved by computational efforts. As len!
approaches the reorganization free energy, levels below the Fermi level take over, and
“activationless” ET prevails. There is therefore no “inverted” free energy region in elec-
trochemical ET.

e ET in homogeneous solution rests on electronic wave functions, while theoretical
approaches to interfacial structural properties, capacitances etc. mostly rest on elec-
tronic densities [6-9]. Correlations between densities and wave functions are inherent
in Kohn-Sham schemes, but transparent correlations, where for example interfacial
capacitance is combined with ET properties, are missing. Suggestions as to how jellium
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density can be incorporated in electrochemical ET were offered [74], but have not been
followed up.

o Analytical theory of adiabatic electrochemical ET is available [74, 75, 78]. Eq. (2.10) with
K. — 1 and electronic activation (free) energy lowering, but is more sophisticated than for
single-electron levels, including for example spin interaction. Attempts to bridge diabatic
and adiabatic electrochemical ET processes analytically have been offered with noted
limitations [74], and would be a field for novel theoretical efforts.

e The transmission coefficient, K> ES. (2.7)~(2.10) can be recast as energy broadening,
A, rooted in Anderson-Newns theory of atomic adsorption on metal surfaces [76, 77]

Ae) = 7 Y [VE,(©)26(e — &) > 7[Vap(e)2p(e) (2.11)
k

“k” refers to the momentum of the electron in the electrode. In the diabatic limit,

AkgT =~ 4mel’ 1 1 T
4r rB [(AgkgT) << 1; j(n) = 4me (1);(1 7ed_th Ak exp
T R™B

l— Uy —en + 5~ Wg)Z] (2.12)
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In the opposite, adiabatic limit, k;T < A < Ay electron delocalization prevails, leading
to the notion of electronic occupation number of the molecular reactant, n, (0 <n, <1)
[12, 57].

Itis important to note that the activation barrier is lowered, when the donor and acceptor
orbital overlap is significant. This is illustrated most simply by homogeneous ET. The free
energy surface E(q) along the reaction coordinate q is recast as

B(@ = 2[Ux(@) + Up(@) = |/ (U@ = Up(@)* +4T}] (213)

where Typ is the resonance integral (measure of the orbital overlap). Ug(q) = Azq? and
Up(q) = 4x(g — 1)* + AG®, where Ay is the reorganization energy along the dimension-
less g-mode and AG° the reaction free energy. If the resonance integral is small, then
E(q) = Ug(q) or Up(q) for the reactants’ and products’ states, respectively.

However, this simple model is not suitable for electrochemical ET, because of the mani-
fold of donor (acceptor) levels. As first noted by Schmickler [78], Anderson-Newns theory is
instead a convenient frame. In the spin-less, correlation energy-free, and “wide band” limit
(s- and p-metals), the activation free energy can be brought to the form (n = 0) [23, 57, 78]

A? | €4 — EF
Ay e TR
R A

AGY = %ARG —-2n,)+ % In (2.14)
€, being the configurationally fluctuating molecular level (counted from the Fermi level).
A — 0and n, — 01in the diabatic limit, reducing AGZ to Egs. (2.9), (2.10), and (2.12).

Experimental studies point to the nature of most electrochemical processes, whether sim-
ple ET or complex processes such as dihydrogen evolution, as adiabatic or weakly diabatic.
Strongly diabatic processes prevail at surfaces modified by self-assembled molecular mono-
layers (SAMs). We shall discuss cases of both these limits below.
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2.2.4 Some electrochemical ET systems at metal electrodes

Our discussion above offers a frame for simple electrochemical ET at metal electrodes. Elec-
trochemical ET theory extends, however, much wider to include ET at semiconductor and
semimetal electrodes, complex processes such as proton and atom group transfer, dissocia-
tive ET, and biological processes [24, 25, 79-84], some of which we shall discuss further.

2.2.4.1 Some outer sphere electrochemical ET processes
Transition metal complexes have long been primary probes for theoretical ET patterns in
solution and electrochemical ET. In recent times computational focus has been on the core
rate parameters including double layer effects (“work terms”) [85, 86], and other effects
such as chirality [87], and solvent controlled electronic delocalization between metal com-
plex and electrode surface [88]. We illustrate here some results.

Outer sphere ET between transition metal complexes have been core probes since earliest
ET science [30]. In a major review (1983) [89], E.D. German analyzed a wealth of data like

[Fe(OH,)¢]*" + [Fe(OH,)4]*" = [Fe(OH,)s]*" + [Fe(OH,),1** (2.15)

and with other metals and ligands. The analysis was based on calculation of work terms
and reorganization free energies, using detailed solvation models. The strategy was to insert
calculated activation free energy parameters in the rate constant forms, compare with exper-
imental data, and then see “if anything was left” for a transmission coefficient. A notable
outcome was that nearly all simple ET processes belong to the adiabatic limit of strong
intermolecular interaction. Co-complexes were an exception, substantiated by much later
studies, and likely associated with accompanying electronic spin changes.

The number of reported cases of computational analysis of electrochemical ET of robust
transition metal complexes is much more limited but offer a subtle view. As illustration,
we address first robust Os, Ru, Fe, and Co polypyridine complexes, for which detailed
voltammetry and in situ STM are available [23, 90]. A DFT study of the mixed bipy
(2,2'-bipyridine) and pOp (4,4’-bipyridine) complexes of Os and Co ([M(bipy),(pOp)C1]**/*,
M = Os, Co) in free and adsorbed state on a 6 x 6 atoms model Au(111) and Pt(111)-surface
was reported [88]. The (cationic) complexes were combined with stoichiometric counter
anions (chloride), and the GPAW (real-space Grid-based Projector-augmented wave)
DFT code combined with Verlet MD of cells of 198 water molecules (see Figure 2.3). The
complexes were adsorbed on a “mined” adatom, as this gives stronger adsorption in spite of
the mining energy spent (see section 2.5.2.1). Stoichiometric Os/Co complex and counter
anions in electrostatically neutral form were allowed to relax. As expected but now com-
putationally substantiated, inclusion of the solvent takes the neutral [M(bipy),(pOp)Cl]- Cl
or [M(bipy),(p0p)Cl] Cl, unit from neutral complex and chlorine atom charge state to
a chemically meaningful [M(bipy),(pOp)Cl]"*e (Cl7),, n = 1, 2 solvated complex. The
same applies to the complexes adsorbed on Au(111) or Pt(111). The neutral forms undergo
unphysical charge delocalization into the metal electrodes, but solvation leads to charge
separation and [M(bipy),(pOp)C1]>*/* adsorption of chemical cationic species.

A second illustration relates to electrochemical ET of hexa-ammine Co(III), Cr(III),
and Ru(III) complexes at mercury electrodes. Theoretical analysis includes solvent and
intramolecular reorganization, the transmission coefficient, and electrochemical double
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Figure 2.3 Left: Top view of [M(bipy),(pOp)Cl], M = Os, Co on 6 x 6 x 2 Au or Pt surface. Grey:
carbon; blue: nitrogen; white: hydrogen; green: chloride; red: metal center. Right: Side view
showing the perpendicular orientation on a mined metal atom. The pyridine rings are labelled.
Adapted from [89].

layer effects [85, 86]. [Co(NH,)¢]?>*/** and [Co(NH,);F]*/?* display spin interconversion.
Ligand substitution lability of Co(II) and Cr(II) is another complicating factor.

The molecular orbital (MO) structure is crucial. For example, in reduction of low-spin
[Fe(CN), 13~ T; E, an electron is transferred to the bonding orbital T 2 which strength-
ens the metal-ligand bonds. Similarly, the electron is transferred to T,, in low-spin
[Ru(NH;)¢ ], T5 E,, with negligible intramolecular reorganization. Other examples
illustrate the opposue [Co(CN)]3~ is low-spin ngEg. As the triply degenerate MO T, is
fully occupied, two anti-bonding E, MOs participate in the reduction, leading to weakened
[Co(CN)¢]*~ metal-ligand bonds, with the further Jahn-Teller distortion. [Cr(NH;)]>*
is high-spin ngEg. Despite only half-occupied T,,, reduced [Cr(NH,) ]** is T23gEg1 with
Cr-ligand bond weakened and further Jahn-Teller distortion. Significant inner sphere
reorganization therefore accompanies [Co(CN),]*>~ and [Cr(NH,),]** reduction.

As a robust second row transition metal couple with no intramolecular reorganization,
[Ru(NH,),]**/3* is the least complex of the couples. The electrochemical rate constants,
0.3-2cm s™! are orders of magnitude larger than for the other couples, and the Tafel
coefficient, a = dinj/d(en) close to '/ [86]. Solvent reorganization free energies based on a
conducting sphere close to an adlayer of low dielectric constant [91] are 0.4-0.6 eV for all
the couples. The most challenging [Ru(NH,),]>*/3* feature is the transmission coefficient,
Eq. (2.16)

Kef(2) R Kopr0 €XP(—f2) (2.16)

ridge Kface apex

Ridge and face adsorption, Figure 2.4 are by far the most efficient, x o0 ° >> Koff0
(400-600 vs. 0.3-0.4). The electronic factors are an order or two larger for [Ru(NH3)6]2+/ 3+

than for the other couples, due to better overlap of the 4d metal orbitals. k,; << 1. All the
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Figure 2.4 [Ru(NH;)]>*3*, [Cr(NH;)]2**+ or [Co(NH;)]**/** in different orientations on the
electrode surface. The horizontal line indicates the projection of the surface perpendicular to the
plane.

couples are therefore diabatic, although weakly for [Ru(NH,),]>*/3+ with K o0f 0.05-0.06,
an order of magnitude higher than for the other couples. The parameters substantiate that
intramolecular reorganization and transmission coefficient are controlling factors.

Other issues remain for [Co(NH,),]**/3* and [Cr(NH,),]**/>*. Both reduced forms, with
high-spin d” and d* configurations are, first highly substitution labile, e.g.

[Co(NH,)]*" + 6 H,0 — [Co(OH,),*" + 6NH, (2.17)

An equilibrium potential therefore requires “extrathermodynamic” assumptions. Both
processes also involve antibonding e, orbitals, subject to vibrational frequency changes,
with the lower frequencies, €, . in the reduced form, ersf < (<)QZ;‘C. This offers a clue to
the transfer coefficients of 0.7-0.75 strikingly exceeding the “iconic” value of 0.5.

Potential surfaces spanned both by a set of low-frequency environmental modes, {g, } with
frequencies {w, }, and a local mode Q, with frequencies Ql’(ff and Ql'sf in the reduced and

oxidized state are represented as

1 1
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k
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Up EZhwk(qk — Q) + Em{g‘j(Q —Q? +AG° (2.18)
k

with “0” representing the coordinate displacements. Following available procedures
[24, 25], the quadratic form emerges when the local mode is subject to displacement only,

Qg + Apoe — €1)?
AG#} = M; a=1/2, at |en| << Ay + Aer Qred — ox

2.19
4(/1_901 + /lloc) loc loc ( )

The following form emerges, when Q[ < (<)Q¢%,
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Alrsf is the local mode reorganization energy in the low-frequency, reduced state. When
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The transfer coefficient thus assumes other values than 1 at low overpotentials, when
kinematic details beyond the displaced modes are included.

2.2.4.2 Dissociative ET: the electrochemical peroxodisulfate reduction

The view of electrochemical ET in section 2.2.2 needs obvious extension beyond the linear
response notions, when mode distortion and anharmonicity as in dissociative ET is impor-
tant. Although inherent in the ET formalism, other factors such as charge dependence of
the double layer or the reaction zone, are commonly assigned a secondary role but pre-
vail for strongly charged reactant molecules at high excess electrode charges [92, 93]. The
electrochemical reduction of the peroxodisulfate ion

S,0 +2¢” — 250;" (2.22)

explored over decades [93], strikingly illuminates these challenges (Figure 2.5).

Reduction requires high negative overpotentials, with the (Hg) surface strongly nega-
tively charged, reflected in a voltammetric “pit” at the verge of activationless ET where
a current plateau is expected. Tsirlina, Petrij and associates explored the process [9, 92],
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Figure 2.5 Left, top: Model current/potential relations of peroxodisulfate at a mercury electrode.
Left, bottom: Experimental current/potential curves. The characteristic “dip” is noted. Right, top:
Peroxodisulfate at an electrochemical surface with an inner (e,) and a bulk dielectric constant (g,).
Right, bottom: Energy surfaces of oxidized (1) and reduced (2) peroxodisulfate along the O-O
coordinate. Adapted from [93].
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leading to understanding of how such a pattern can emerge. The strongly negatively
charged electrode repels the S,0;~ ion. As the negative overpotential rises, the current
first drops due to increasingly unfavorable repulsion and distance dependent transmission
coefficient that outwin the driving force. As the overpotential increases further, a subtle
combination of increasing driving force, expansion of the Hg-electrode electronic density
overlap, and reaction zone, Az, extension, Eq. (2.11) take over. This outcome follows
naturally from both the properties of the S,04%/Hg system and the ET formalism when
charge dependent ET parameters not so commonly in focus are included.

2.2.5 d-band, cation, and spin catalysis

The high catalytic activity of some d-metals compared with less active s- and p-metals is
intriguing. An approach resting on the Anderson-Newns (AN) model [76, 77] in the “nar-
row band” approximation was developed by Schmickler and Santos [94] to elucidate this
challenge. The most successful applications of this theory are targeted at ET reactions with
an adsorbed product. In spin-less formalism (i.e. for a one-electron step) the reaction free
energy surface E(q) along the dimensionless solvent coordinate q is then written as

0
Hm=af+/'w4amw, (2.23)

UO
pa(€, q) is the electronic density of states (DOS) of the reactant level broadened by coupling
with the solid (in what follows a metal electrode), and U,, the bottom of the conduction
band (~ 12 eV), the Fermi level (upper integration limit) is taken as zero.

The second term in Eq. (2.23) describes the electronic part of the free energy surface
from interaction between reactant and electrode, assuming that the Fermi-Dirac distribu-
tion function is replaced by a step function The reactant DOS then takes the form [77]

1 Ae)

T AXe) + (€ — £,(q) — A€))?
where A(e) describes the effective reactant level broadening in generalized form,
A(e) = nV?p(e), where p(¢) is the metal DOS and V is an electronic coupling constant.

The DOS for transition metals d-bands is frequently described by a semi-ellipse as first
suggested by Newns [77]. ¢, is the reactant energy level which, at zero overpotential,
depends on the solvent coordinate q as €, = —24,G. A(¢) is the Hilbert transform of A(e),
the physical meaning of which is a shift of the reactant energy level. If A(¢) is approximated
by a semi-ellipse, then A(¢) is a linear function in the energy interval corresponding to the
horizontal axis. The activation barrier AE, is defined as the difference between values of
E(q) related to the transition (q =1/2) and initial (g = 0) states,

0
AB, ~ 1 / < 4 - L0 ) de.  (2.25)
4 x )y \AYe)+ (e — A()?  AXe) + (e — A, — A(e))?

AE, is sensitive, first to A(e) (Eq. (2.25)), which in turn is proportional to the squared
coupling constant V and the metal DOS. For metals such as Pt, Pd and the Cu group the
d-electron DOS is larger than for a wide sp-band. Additional analysis of Eq. (2.25) shows
that the closer the narrow metal d-band to the Fermi level (to e = 0), the larger the integral
and, therefore the more pronounced the barrier decrease (catalytic effect). This explains

(2.24)

P, q) =
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why Pt and Pd are good catalysts, as the d-band (the center of the semi-ellipse describing
A(e), g,) for these metals is closer to the Fermi level than in Au, Ag, Cu and other metals.
If ¢, is close, then a difference in coupling constants becomes crucial, and the sp-band of
d-metals begins to play a more important role in the ET process.

Electrochemical reduction of anions in the presence of counter-ions (cations) can also
result in catalysis, induced by ion pair formation. The electrostatic repulsion from a nega-
tively charged electrode surface for such ionic associates is then smaller and they approach
closer to the electrode. As the ion pair is larger than the anion, the solvent reorganization
energy is also smaller. If cations from the electrolyte solution are adsorbed specifically, they
can induce a local potential which facilitates the approach of anionic reactants [95].

The dioxygen reduction offers particular interest regarding spin catalysis. Molecular
dioxygen in the excited singlet state is significantly more reactive than the triplet ground
state, facilitating rate controlling O-O bond break in the elementary ET act. Singlet O, is
formed on adsorption of molecular dioxygen on some electrode surfaces, nanoparticles,
doped carbon nanotubes etc., which then serve as spin catalysts [96]. The ET rate with
quantum dots (small transition metal clusters) as electron donor or acceptor, immobilized
on solid surfaces, can also be controlled by the spin conservation rule.

2.2.6 New solvent environments in simple electrochemical ET
processes - ionic liquids

Heterogeneous ET processes in a new environment - Room Temperature Ionic Liquids
(RTIL) in particular - are new theoretical and computational targets. Outer sphere ET reac-
tions in homogeneous RTII solution have been extensively investigated using classical MD
simulations [97-99]. A combined approach resting on quantum chemical modeling and MD
was employed in [100] to describe ET across the Au(111)/RTIL interface. No unusual fea-
tures were found compared with molecular solvents. In fact, surprisingly, linear response
theory (Gauss fluctuations) is still valid so that ET can be described in terms of the solvent
reorganization free energy. A large contribution of solvent high-frequency quantum modes
(the reducing factor nearly 0.7, Eq. (2.6)) was, however, found for [bmim*][BF, "] using the
experimental dielectric spectrum [100].

Major progress in the detailed understanding of the electrochemical metal/ionic liquid
interface has been achieved over the last decade by Kornyshev and associates, experimen-
tal progress by Mao and associates, and by Nichols and associates. Progress covers both
interfacial structural properties, say the double-hump “camel-like” capacitance and kinetic
parameters such as the reorganization free energy. We refer to recent authoritative arti-
cles and reviews by Kornyshev, Mao, and Nichols and their associates on this novel and
non-traditional area of the new electrochemistry [101-105].

2.2.7 Proton transfer, proton conductivity, and proton coupled electron
transfer (PCET)

Next to ET [106], proton transfer (PT) and proton coupled electron transfer (PCET) are
the most ubiquitous “elementary” chemical processes. PT is the core in general acid-base
catalysis, proton conductors, and electrochemical, for example fuel cell processes. PT/PCET
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are central in hydrolytic and redox enzyme processes, for example conversion of dioxygen
to water in cytochrome c oxidase or blue Cu-oxidases [107]. PCET extends all the way from
separate ET and PT to fully synchronous hydrogen atom transfer (HAT) [109-111]. In the
former case ET and PT are still coupled, by the field changes that accompany each step,
for example in charge-induced driving force in proton pumping. PT and HAT have been in
experimental and theoretical focus for a long time and is reviewed extensively [108-110].

By involving transfer of a “light” particle between two heavy molecular fragments, and
with conspicuous quantum mechanical (tunnelling) features already at room temperature,
PT and HAT display close analogies with electron transfer. The analogies include strong
coupling to the environment and vibrationally assisted tunneling. A particular perspec-
tive is the kinetic deuterium or tritium isotope effects (KIEs) [24, 25, 110-117]. Important
differences are the bond breaking and formation in PT/HAT, whereas the ET donor and
acceptor retain their integrity. Also, while electron tunneling over long distances, i.e. tens
of Angstroms, is feasible, PT/HAT is only feasible over a fraction of an Angstrém or so
(109, 114].

This difference holds at least three implications. One is that “gating” is much more impor-
tant than for ET. Thermal activation along donor-acceptor translational modes is an impor-
tant contribution to the activation (free) energy [109, 114] and the dominating contribution
to the temperature coefficient of the KIEs, caused by the shorter tunneling distance of the
heavier isotopes. A second implication is that the donor-acceptor interaction at the short
distances is much stronger than in ET. PT/HAT therefore belongs to the limit of so strongly
electronically adiabatic processes that “explicit” tunneling features are concealed. The HAT
donor-acceptor interactions are weaker with larger HAT distances and conspicuous quan-
tum mechanical features [118-120], particularly large KIEs. A third implication is that
“long-range” PT as in trans-membrane proton pumping is entirely different from the notion
oflong-range ET. The latter is rooted in a clearly defined single-ET step over distances which
exceed the structural extension of the donor and acceptor groups. “Long-range” PT is a
sequence of individual short-range proton hops. Donor and acceptor groups along a proton
transport channel are amino or carboxylate groups or water molecules. “Gating”, i.e. con-
formational fluctuations of the lining proton transport groups, is therefore crucial. This is
analogous to proton conductivity in Nafion and other synthetic membranes [118].

Large, i.e. > 10 KIEs, indicative of conspicuous quantum mechanical tunneling are long
known for poorly hydrogen bonded C-donor and -acceptor acids and bases [119]. Even
larger values, up to orders of magnitude have been reported for HAT in frozen glasses [116]
and in enzyme processes at room temperature [11, 115]. In either case the large KIEs are
associated with “freezing” of the gating mode. In most cases of O- and N-acids and -bases
with strong hydrogen bonding the KIEs are small, i.e. weakly in excess of the stretching
vibrational frequency ratio of \/2 [4, 119, 120]. Since the equilibrium PT distance is still
significant, say ~ 0.8 A or so, this reflects the strongly gated nature of the process. The
PT/HAT scenario is summarized in Figures 2.6 and 2.7 [24, 25, 109, 118-122]. More recent
approaches to single- and multi-PT processes in chemical and biological systems are given
elsewhere [121, 123, 124]. We note:

e PT/HAT is coupled to two nuclear mode sets with quite different timescales, proton and
solvent modes. The proton/H-atom is trapped on the donor at the equilibrium solvent
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Figure 2.6 Two views of double-well potential free energy projections on the proton coordinate,
Ips in a PT/HAT process. The environmental coordinate(s) represented by g. The proton is trapped
near the donor and near the acceptor, when g takes its equilibrium values in the reactants’ state,
Gpo» and product’s state, g,,, respectively. Adapted from [120].

Figure 2.7 Double-proton transfer in

i« 3 i 3 proton conduction via the Zundel complex
L H;0,*. The proton is initially located
’ e symmetrically between the water
‘\Q/g molecules 1 and 2. In the final state the
\ proton has been translocated to a

| symmetrical position between water

l/o\. l ' molecules 2 and 3. Mechanisms analogous
'/O\ to these operate in proton conduction
through biological and synthetic
membranes. Adapted from [107, 118]

initial final

configuration in the reactants’ state. Fluctuations induce a state of resonance between the
proton/H-atom vibrational levels in the reactants’ and products’ states. Gating is part of
this process. Reorganization of the proton and electronic system proceeds at this dynamic
resonance, followed by proton/H-atom trapping in the products’ state (Figure 2.6).

o The electronic system follows “adiabatically” the PT/HAT motion, but PT/HAT may be
obstructed by a tunneling barrier. This limit is denoted as “partially adiabatic” [24, 25].
Or the proton/H-atom may follow “adiabatically” the solvent nuclear dynamics if the



2.2 Analytical theory of molecular electrochemical ET processes
PT/HAT barrier is small. Barrier attenuation is part of the gating, and the barrier shal-
lower, the closer the gating modes take the donor and acceptor fragments.

The partially adiabatic limit applies to HAT, in redox enzymes or frozen glasses. The fol-
lowing formalism is immediately palatable, cf. Egs. (2.1)-(2.3) [24, 25, 113, 114]

£P
Wep = z;,lz exp (-kRVT) whw (2.26a)
W B
1) G* ek
w _ P el _Jw ). = R
Wep =K p exp( kBT> ; Zp = Z exp( kBT> (2.26b)
vw
r_ L +AG® + (eb —eﬁwzo)—(eﬁv—eﬁvzo)]z.’(l, _ (1 » )2 73
" 4g SN2 ks TR,
(2.26¢)
1 1 right 1
Aey, = ~hQpexp § —~ / {ZmP[Uwu(rP) —enl? } (2.26d)
z i S

mp is the proton mass. The integration limits represent the proton tunneling barrier. We
note:

1. The same quadratic free energy relation, as for ET.

2. Averaging over all reactants’, 511;‘;’ and summation over the products’ proton/H-atom
vibrational states, 5 ~are included. This is important for the KIEs but often reduces
to the ground vibrational states v = w = 0 (see section 2.2.6.2).

3. The transmission coefficient, £ , is determined by the energy splitting of the proton
vibrational levels at resonance, Ael, . AeP is determined by the proton vibrational fre-
quency, Qp, and the tunneling barrier, U, () along r,, at the fluctuational environmen-
tal resonance configuration, Eq. (2.26d).

The PT/HAT character changes entirely when the donor-acceptor interactions are strong.
The rate constant reduces to

1) G*
Wiy = Zfexp (—ﬂ> ; G, — Gy — %Aefw (2.27)

Proton tunneling is thus reflected by a lower activation barrier rather than a
pre-exponential tunneling factor (see sections 2.2.2 and 2.2.3). The KIEs are caused
by a larger activation free energy, rooted in smaller splitting, Aefw, for the heavier isotope.

Proton conductors, proton pumping or fuel cell membranes such as Nafion, belong to the
class of strongly adiabatic PT [110, 118, 121, 122], illustrated by the excess proton conductiv-
ity in aqueous solution (Figure 2.7) [4, 118, 122]. The dominating room temperature species
is the Zundel ion, H;O,*, with the proton located symmetrically between two strongly sol-
vating but labile water molecules. Only tiny structural shifts are needed for proton translo-
cation [122, 123] with nearly all activation free energy in the gating mode(s) and virtually
no PT barrier left. Such views carry over to proton transport in biological proton transport
channels, the proton transporting sulfonate groups in Nafion, and multi-PT in hydrolytic
enzymes [118, 121, 125].
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2.2.7.1 Some further notes on the nature of PT/PCET processes

PT/PCET processes are different from ET processes by the two-step character, i.e. coupled
ET and PT of the elementary process and by the unique tool in the form of the KIEs. The
KIEs reflect directly the quantum mechanical nature of the PT/HAT dynamics, but all
nuclear modes including solvent librational modes are subject to a KIE. Significant values,
> \/2, are therefore required for unambiguous interpretation. Secondly, PT/PCET pro-
cesses are “gated” in the sense that PT/HAT over the crystallographic distances, up to an A
or so, would both be virtually blocked and display KIEs far exceeding observed values. Gat-
ing takes the PT/HAT distances to smaller values, 0.3-0.5 A or so that accord with observed
KIEs [109, 114]. Gating is obstructed in HAT processes in rigid protein environment and
between radicals (methanol, acetonitrile) in frozen glasses, reflected in huge KIEs.

Most recent PCET analysis is based on the diabatic, electron/proton and proton/solvent
diabatic formalism, Egs. (2.26) and (2.27) [24, 25, 112, 115, 126]. This is analytically conve-
nient, but the partially (Eq. (2.26)) or totally adiabatic mechanisms (Eq. (2.27)) are much
more likely. The last few decades have witnessed major progress in PT/PCET processes
extended to stochastic chemical rate theory and path integral approaches [121, 125], and to
coupled multi-PT as in hydrolytic enzyme processes. Among new system types now better
understood are:

o Elementary steps in transition metal complex catalysis such as gated elementary pro-
cesses in hydride and H-atom insertion reactions [126].

o Heterogeneous catalysis as in methane refining, Fischer-Tropsch processes, and other
processes of technological interest [127].

e Photochemical PCET between transition metal complexes and organic molecules
[55, 111].

o Elementary HAT steps in enzyme systems. Lipoxygenase, alcohol dehydrogenase, and
amine deoxygenases are core cases [115, 128].

e Novel perspectives for single-molecule PCET in electrochemical STM, with prospects for
directly recording molecular conductivity and PT/PCET distances [129].

2.2.7.2 The electrochemical hydrogen evolution reaction, and the Tafel plot

on mercury

The hydrogen evolution reactions (HERs) have attracted experimental and theoretical
attention over decades. The mechanism of these two-step processes is complex and
involves both electron and proton transfer across electrode/aqueous solution interfaces.
A most striking effect at a mercury electrode is a linear Inj/n (Tafel) plot (with a transfer
coefficient close to 1) over a surprisingly wide overpotential range [130-132]. We consider
here the HER from acid solution, where the first stage (discharge of a hydronium ion with
formation of an adsorbed intermediate) can be represented as (Volmer step),

H,0% + e — H,y, + H,0. (2.28)

In alkali solution the proton donor is a water molecule (H,O + e — H,4, + OH").

Since the Volmer step involves an adsorbed hydrogen atom, ET belongs to the adiabatic
limit. In the Levich-Dogonadze-Kuznetsov (LDK) theory [113] the dimensionless current j
can be calculated as a sum of normalized partial contributions j,

.1 .
j= ZZIVW; Z = 2 exp{Ae /k, T (2.29)



2.3 Ballistic and stochastic (Kramers-Zusman) chemical rate theory

Ae(li) is the excitation energy from the ground vibrational level (1) to the level v. Further

H P R
(Ag +AH 2+ ssv) - 6‘() ) — en)? 230
42kgT (230)

Jow = Kl(,"w) exp{—Ae(f:)/kBT} exp {—

cf. Eq. (2.26), which corresponds to PT from the reactants’ state v to the products’ state w.
KI(J"W) are the partial transmission coefficients, ¥ 1 ¢'?’ the vibrational energy levels in
the reactants’ (R) and products’ (P) states, A; the solvent reorganization free energy and
AHZ;M 4 the dissociative adsorption energy of a dihydrogen molecule on mercury.

ET and PT constitute the same elementary act, i.e. a PCET. AHz;‘a ds is important, as
this quantity makes the Volmer step rate determining for mercury and Hg-like metals (Pb,
Cd, Ag) with weak Me-H, 4 interaction. The Heyrovskii mechanism, H,4, + H;0* =H, +
H,O0, can also be considered. AHZ;SAa ds in Eq. (2.30) should here be taken with “minus”.

As for Hg-like metals, AHZ:S'a 418 1arge and positive, the activation barrier is significantly

reduced, which results in increasing the Heyrovskii step rate. In contrast, AHvas.a 45 s small
or even negative for other metals (like Ni, Pt, Pd) for which the Heyrovskii stage may be rate
determining. The larger v and w, the closer is KI(,VW) to unity, but the smaller the contribution
to the partial current. If the reactant is a solvated hydronium ion (H,0,"), 4z holds both
inner and outer sphere contributions.

Quantum chemical modeling combined with the LDK theory [133] shows that partial
currents depend non-linearly on the mercury electrode overpotential, whereas the result-
ing current vs # was found to demonstrate perfect linear dependence in a wide overpotential
range with a Tafel slope close to 14. The interplay between partial current contributions thus
leads to a linear Tafel plot. The LDK theory also explains qualitatively the KIE [134], with
the ratio jp/jp increasing with increasing overpotential. This is corroborated by DFT cal-
culations [133]. Notably, molecular modeling for a mercury electrode [133] does not accord
with the concept of a barrierless discharge region [132]. Other recent approaches to the KIE
of the HER are reported elsewhere [135].

The proton transmission coefficient is sensitive to the distance of closest approach of
the hydrated proton to the electrode surface, x,. For hydrophilic electrodes with strong
H, 4—metal interaction, i.e. AHZ:M gnotably smaller than for mercury (e.g. Pt, Pd), PT is
expected to be adiabatic (KI(,”'"’ ~ 1) and H-tunneling not to be important. H-atom motion
can here be treated as classical [120, 136]. Moreover, the strong Me-H,,, orbital overlap
reduces notably the activation barrier [137]. The Volmer step cannot then be rate determin-
ing and the origin of the linear Tafel plot [131] is related to other mechanisms (Heyrovski
step or surface recombination). The HER and H-oxidation were investigated recently by
Norskov and associates [138] using DFT. The metal surface was modeled by periodical slabs,
but modern quantum mechanical charge transfer theory was not employed.

2.3 Ballistic and stochastic (Kramers-Zusman) chemical rate
theory

Condensed matter chemical charge transfer involves strong coupling to the environment.
In most approaches the solvent is regarded as equilibrated, and the electronic transitions
as friction-free, or “ballistic”. These views are broadly adequate but solvent equilibration
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A Figure 2.8 Adiabatic potential surface with
u(x) frictional motion along a diffusion-Llike
nuclear mode.

Y

imposes constraints in ultra-fast ET processes. Non-equilibrated solvation dynamics implies
that part of the coupling between solvent and reacting molecules is omitted, when potential
surfaces are constructed, and re-introduced as friction along the surfaces, Figure 2.8. These
views originate from Kramers [139], dating further back to Einstein’s renowned study on
Brownian motion [140], and has today developed to what is known as stochastic chemical
rate theory, lead e.g. by Hynes [141], Zusman [142], Kuznetsov [143], and by Sumi and
Marcus [144].

Solvent dynamics can control adiabatic ET for shallow barriers. The heart of the stochas-
tic approach is that the barrier passage resembles Brownian diffusion with an apparent
diffusion coefficient, D and by the Stokes-Einstein relation, a friction coefficient ¢ and a
shear viscosity, #. In the “overdamped limit” the rate constant is proportional to the inverse
solvent relaxation time playing the role of a frequency factor. In this limit the higher the
viscosity, the longer the relaxation time, 7|,

1 AG# a? a? 3zad
Win~ —exp| — ; N — R~ ~ 2.31
ap ¥ p< @T) Y T (231)

where a is a molecular-scale length. These correlations stem from macroscopic kinematics
and classical theory of dielectrics, now with molecular theoretical frames.

The reduction of the electrochemical target molecule S,04%~ on mercury, section
2.2.4.2 from variable-viscosity water-ethylene glycol (EG) solutions was recently inves-
tigated [145]. The current in the “polarization pit” region discloses a challenging
non-monotonous viscosity dependence. The current first decreases with increasing
viscosity, reaches a plateau, but then increases again. As S,0,42~ reduction is accompanied
by -O-O- dissociation, intramolecular reorganization is crucial and a three-dimensional
free energy surface needed. Coupling to both a local, frictionless mode and a solvent
relaxational mode was treated in detail by Zusman [142], Kuznetsov [143], Sumi and
Marcus [144], and others. A “pragmatic” version of Eq. (2.35) for the two-mode system,
suited for experimental data analysis [144] is

1-a
1 (@ AG* A
WAD ~ W(i) €xXp (-}/ﬁ> , AR 1- (iloc/j'sol); Yy =~ ;OZ (232)
L B

Aoe/ Aol << 1,and 2 — (A /A¢) < 1.



2.3 Ballistic and stochastic (Kramers-Zusman) chemical rate theory

The rate constant (W ,,) dependence on solution viscosity (or relaxation time 7 ) is usu-
ally the experimental target, which forms a basis for widely accepted estimations of the
“degree of adiabaticity” 6 (= —dIn k/dIn 7)) [145]. 8 = 1 in the adiabatic limit, # = 0 in dia-
batic ET. Solvent dynamics, i.e. the effects of dynamic electrolyte characteristics on the rate
constant are therefore important in adiabatic ET, but disappear for diabatic ET. The kinetics
is then well described by “ballistic” transition state theory.

A linear Ink vs Inz; dependence for simple ET processes can
be described by the Kramers-Zusman theory [142-144], with
an effective frequency factor ~ 7!, but non-linear Ink vs
Inz; correlations are frequently observed, when ET is accompa-
nied by intramolecular reorganization or bond fission. The cor-
relations can then be addressed by Sumi-Marcus theory [144],
with “diffusive” and slow motion along the solvent coordinate,
while the fast intramolecular motion crosses a Transition State
barrier, Figure 2.9. The equation

0P(q, 1)
or energy surface along a
~ dimensionless solvent (q)
must be solved. L is the Smoluchowski operator supplemented  and an intramolecular @)

by a sink term k;,(q): coordinate illustrating the
Sumi-Marcus model [144].

Gin

Figure 2.9 Section of a

_ iP(q, o, (2.33) three-dimensional free

9  14dUQ) o
L } P(g. ) - kp(@P(g: ©) (234)

P(g,7) is the probability density of finding a reactant in the reactants’ well and D the dif-

fusion coefficient along q, D = kzT/2A, 7;. U(q) is a section of the reaction free energy
surface. The sink term, kz(q), is written as

LP(q,7) = D{

ky = vg exp{—AE;(q)/kT}, (2.35)

where vy is an effective frequency factor. In the Sumi-Marcus model only forward reac-
tion along g is considered and the reverse process neglected. The energy barrier along the
intra-molecular mode, AE}, depends on the solvent coordinate g as

AE;(C]) = U(q’ qradd,e(Q)) - U(q’ dr = 0)7 (236)

4 4a.(@) denotes the saddle line on the three-dimensional free energy surface E(g, gz) and
is defined by a transcendental equation. P(g,7) is described by the initial-boundary problem,

. 1
P(. 7)o = P*(@) = = &XP(= Ay’ /KT): (2.37)
0P(g,7) = 1 doU(Q)
— P _ =0
oq kT ag T@ =

where N'is the normalization coefficient N* = \/4,,/7kT and a = q; or gy (i.e. the
q values at the left and right boundaries, respectively). Two different average survival times
apply in the reactants’ state:

oo qr 0 qr
7, =/ dr/ P(q,7)dqdr and 7, = 1 TdT/ P(q,7)dqdr (2.38)
0 q

L TaJo qr
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The ET rate constant W, can be defined as 1/z, or 1/7,. 7, can be considered as a
short-time survival time, while 7, is more relevant to describe the reaction kinetics at longer
time scales. Both might contribute to the observable reaction rate.

We cannot here review the broad area of stochastic chemical and optical charge transfer
theory, e.g. [24, 25, 143]. We illustrate instead what can be extracted from data analysis of a
specific process, the electrochemical peroxodisulfate reduction (section 2.3), for which new
data for viscous solvents have disclosed unexpected — non-monotonous — viscosity depen-
dence of the current [145, 147], most intriguingly an ascending branch at high viscosity. This
was also observed for [Cr(EDTA)] /2~ [145], i.e. for ET with no bond fission. This behaviour
cannot be framed by equilibrium theories, but is accommodated by stochastic chemical rate
theory, which also enables extracting “hidden” solvation properties.

Non-monotonous rate constant vs solvent viscosity dependence accords qualitatively
with the Sumi-Marcus model, with the assumption that the Pekar factor decreases with
increasing viscosity. This assumption is more or less realistic for syrups [146] but not for
EG-water mixtures [147]. The non-traditional solvent dynamics was, however, rationalized
at the molecular level with a constant Pekar factor [147] by introducing the time (r)
correlation function M(zr) = <e,(7)e,(0)> which describes the fluctuating reactant energy
level € ,. This function can be calculated by MD simulations, but also be obtained from the
complex solvent dielectric spectrum e(w) [148]:

0
sol Q(O) ?

with €, = e(w — 0) being the static dielectric constant. The frequency dependent function
e(w)™ — g,7! can be regarded as a generalized Pekar factor, (section 2.3).

The solvent reorganization energy for S,04%~ reduction, Eq. (2.26) refers to the bond
break of the first, rate determining ET step

with Q(r) = ZL/OO exp(—iwt) [L - i] dgw (2.39)
T J -

M(z) = 2k,T
@ 514 g(w) €y

S,04* + e =85,0,’" =80,> +S0,". (2.40)

The dielectric spectrum for water-EG mixtures displays 3-D behavior [147]. Following
Zusman [142] we can expand the correlation function

3
M(z) = 2k;TA Y’ 6, exp(—7 /7)), (2.41)
i=1
A, are the contributions to the solvent reorganization free energy from the i-th solvent mode
3
2.6; =1 ] and & their relaxation times.
i=1

The solvent modes do not behave “chaotically” but interplay like “an orchestra”, each
mode assigned one instrument. Such adiabatic free energy surfaces can be recast as

Ex(G.r) = Ug(@ + Ug(r);  Ep(@.1) = Up(@) + Up(r) —en (242)

Uy (r) and U;(r) represent intramolecular reorganization, r the peroxodisulfate O-O bond
length, g a vector which describes selected dimensionless solvent coordinates, R and P refer
to the reactants’ and products’ states, respectively, and # is the overpotential.
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According with Eq. (2.41) the “solvent” parts of Eqgs. (2.42), Ur(qg) and U,(g), take the
form

3
UD(&) = Zéiisolqiz (243)
i=1

3
UA(a) = Zéillsol(qi - 1)2
i=1
The classical Langevin (Brownian) molecular dynamics was employed to calculate
the reaction rate (W ,,) [143, 147]. Four differential equations describe the motion in
five-dimensional reaction space along three solvent and one intramolecular degree of
freedom:

oq; 1 oU, dg*™

1

ot 28t dq;  dr
?r _ 195, dr  dyomd

,1=1,2,3

ar2 m or  "dr dr ’
rand

where m is the reduced mass of SZOSZ‘, dg;"" random solvent coordinate increments, dprand
a random velocity increment along r, and y, the intramolecular friction coefficient.

The first three equations describe the solvent dynamics in the overdamped limit [143],
while the intramolecular motion is fast. The random increments were generated as reported
[149]. A set of reactant life times (z,y, ;) was computed by generating several thousand tra-
jectories, the lifetime for the i-th trajectory defined as the time required to reach the saddle
line starting from the bottom of the reactants’ well. The resulting lifetime is the average:

(2.44)

N
< Ty >= lqufw (2.45)
N
where N is the number of trajectories. The rate constant can then be estimated as
1/ <zp>.

The rate constants vs. x(EG) at several overpotentials are shown in Figure 2.10. Starting
from = 2.9V the rate constant vs. x(EG) in fact increases with increasing x(EG), with the
ascending branches more pronounced at higher overvoltages, according with the data [147].

The computed results can be understood in terms of saddle point avoidance (SPA), which
is one of the most remarkable manifestations of solvent dynamics. Usually the larger this

Figure 2.10 Rate constant of the 12 . . . . .
electrochemical S,042~ reduction vs. x(EG) in 31V
water-EG mixtures at different electrode

overpotentials (2.8 V - 3.1V). Adapted from [147]. 8 -\//—/
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1
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) M j j Figure 2.11 Saddle point avoidance effect as a
0.9F A function of x(EG) at n = 3.1 V. Adapted from
[147].
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effect, the slower the reaction rate. As the intramolecular coordinate is here fast, the SPA
can be assigned to a sum of contributions from all three solvent modes:

3
0o = Z(q;F - qfaddle)’ (2.46)
i=1

g; are the solvent mode values corresponding to the reaction window where the barrier is
overcome, qfad‘”‘? the solvent coordinates at the saddle point of the 5D free energy surface.

The Aq,,;, dependence of x(EG) at # = 3.1 Vis shown in Figure 2.11. SPA was largest in the
vicinity of the W ,,(x(EG)) minima. On further viscosity increase, SPA is less pronounced,
leading to increasing rate constant due to decreasing Arrhenius factor. It is, however, still an
open and challenging question, how the multimodal “orchestra” concept can be extended
to non-Debye solvents (like syrups, glycerol etc.), where an exact expansion of the solvent
correlation function, Eq. (2.41) is not possible.

The formalism above rests on using the experimental solvent complex dielectric spec-
trum. We then lose, however, information about the solvent dynamics in the reaction layer
(so-called problem of solvent “local viscosity”). The “local” solvent relaxation times can dif-
fer significantly from the bulk values. The corresponding correlation function M,,(r) can
be calculated from MD simulations [99] enabling more reliable predictions.

2.4 Early and recent views on chemical and electrochemical
long-range ET

The concept “long-range” ET initiated from inner sphere ET between transition metal com-
plexes as pioneered by Henry Taube [150]. “Superexchange” is a concept introduced by
Kramers already in the 1930s [151] to account for magnetic interactions between transition
metal ions in crystalline oxides, and McConnell [152] introduced superexchange in chem-
istry. This attractive formalism based on high-order quantum mechanical perturbation the-
ory is still the core of much present analysis, now enveloped in “Green Function” and
other terminology [153, 154]. Figure 2.12 illuminates the role of intermediate “matter” in
long-range ET. The donor and acceptor group can be coupled electronically via intermediate
LUMOs or HOMOs. These states are then not physically populated, but long-range coupling
outwins direct ET due to favorable nearest neighbor interactions.



2.4 Early and recent views on chemical and electrochemical long-range ET

Figure 2.12 Left: Free energy surfaces, schematic for three-level bridge-assisted ET. Critical
energy quantities are indicated. The upper vertical arrows show the superexchange pattern with
purely electronic coupling to a high-energy intermediate state indicated by the dashed line at the
crossing of the reactants’ and products’ potential surfaces. The upper bold arrow shows the barrier
crossing in this limit. The lower bold arrow shows the pattern for ET through a low-lying
intermediate state. Right: A scheme for the donor and acceptor levels along with a set of bridge
group LUMOs in long-range superexchange ET (cf. Figure 2.1).

Assingle bridge group, B, converts the direct electron exchange factor T, Egs. (2.2)-(2.4)
into
T - Z—VIX}VBA (2.47)

i DB

Vpg and Vi, are the electron exchange factors between the donor and the intermediate
bridge group, and between the bridge group and the acceptor, respectively, Ay the energy
gap between the donor (redox) level and intermediate bridge group energies. With N inter-
mediate states, higher-order expansion takes Eq. (2.47) into forms such as

Vo1 Vaigye - V)
T/]ZD _ Z DB1 " B1B2 BNA (2.48)
i App1Appy- -+ Bppy

If all Vs and all Ag’s are the same, Vi and Ay, respectively and a single ET path
dominates, then
VoV (Ve \M
Viy = ——= <—B> (2.49)
VB AB
where V|, and V, are the electronic couplings between the donor and the nearest bridge
group, and between the acceptor and the bridge group nearest to the acceptor, respectively.
M is the number of bridge groups. Eq. (2.49) can then be converted to

Vv,V 1 A
Vpa = ?/BA exp [_E (ln V_§> z] (2.50)

aisthe structural extension of each intermediate group, z = Ma the donor-acceptor distance.
Eq. (2.50) reflects exponential distance decay, i.e. the larger the donor-bridge energy gap,
and the weaker the electronic couplings, the faster the distance fall-off. Superexchange is
also a formal basis for “interference” in dual conductivity pathways, I and II, generically

| T2 = | Ty, + T, 12 251)
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Duality can either reinforce or counteract each other depending on the signs of the cou-
pling factors and energy gaps. Electrochemical single-molecule junctions with negative
interference in the form of “antiresonances” in the conductivity/overpotential correlations
have been reported recently, by Tao [155], Nichols [156], and their associates.

The other limit is ET via individual ET steps, each vibrationally relaxed on electron or
hole population also denoted as “hopping” or “incoherent” long-range ET, each step char-
acterized by the formalism in section 2.2. Sequential ET requires low-lying electronic states
in the ET chain. Such mechanisms follow formal consecutive multi-step kinetics. This alone
invokes much weaker distance dependence than for superexchange. “Incoherent” hop-
ping through N (> 1) intermediate states is characterized by rate constants, conductiv-
ities, charge separation times, or yield from the injection site to the Nth site [157-159].
Rate constants and other observables become prohibitively voluminous, unless applied to
repetitive units, as for example for oligophenylenevinylene derivatives [159] and DNA frag-
ments [157, 158]. One example of such a conductivity/distance correlation is [160]

kbridge exp _Ef\ridge
< le|? > W kT
8§~ \ 17—
k

kT

bridge (252)

av

kinj + kexit " (N 1)

kiy; and ke, are rate constants for electron (hole) injection from the negatively biased elec-
trode to the nearest bridge group, and from the bridge group in the opposite end of the chain
to the positively biased electrode (or vice versa for hole transfer). kZ:idgeis the “average” rate
constant for ET or hole transfer between nearest neighbor bridge groups, and Ezridgethe
average energy gap between the bridge group states and the Fermi energy of the injecting
electrode. Equations such as (2.52) illustrate the weak, approximately inverse polynomial
distance dependence.

As illustrated by Figure 2.12 and recognized early [161-163], ultra-fast ET processes can
proceed through “dynamically populated intermediate states” (DPIS). These are transiently
populated, but do not relax before proceeding to the next step in the sequence. Such pro-
cesses are still quantum mechanically second order as reflected by two transmission coef-

ficients, Eq. (2.53), rather than a single one as in vibrationally relaxed processes

2732V )2 (Vo )? [ AG;E]

- (2.53)
12w, i R (ky TGy — Gy, )12 kT

(2) —
w2 (DPIS) =

AG? is the activation free energy and coincides with the higher of the energies at the two
crossings, Gpp” and Gg,*. DPISs have aroused interest in contexts of ultra-fast chemical
and biological processes (say the primary photosynthetic ET processes) [164].

Asyet another issue, new resonances arise when the energies of two or all three crossings
coincide and the energy gaps formally vanish, Egs. (2.47)~(2.49) and (2.53). These effects
are analogous to other three-level processes such as resonance Raman scattering. Formal
divergence in the latter is often relaxed by adding lifetime broadening, but excited state
coupling to a continuum of nuclear modes itself lifts the divergence [165]. Resonance peaks
could thus appear in overpotential regions, where transition between superexchange and
hopping occurs, but no such effects in electrochemistry seem to have been reported.
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In “nanoscience” target objects display novel size-dependent properties. Quantum mechan-
ical phenomena such as electron tunneling or electronic interference are conspicuous, and
physical laws such as the renowned Ohm’s law take new forms. Nanoscience offers techno-
logical perspectives [166, 167]. Metal and semiconductor nanostructures and nanoparticle
arrays are also part of the new electrochemistry. 2D and 3D graphene and graphene compos-
ites are other examples of non-traditional materials in electrocatalysis, new battery types,
and (bio)fuel cells [166-169]. New areas of redox metalloenzyme and DNA based electro-
chemistry also qualify as nanoscale (bio)electrochemistry [169-173].

Single-molecule electrochemistry is not so firmly established as some other single-
molecule science. Also, single-molecule optics monitors truly single-molecule signals, but
single-molecule electrochemical ET strictly speaking monitors the effects of successive ET
events as in STM [171]. Single ET events may be observed in collision electrochemistry
where signals from individual colliding NPs or even enzyme molecules exchange electrons
[170]. Single-molecule electrochemistry can be combined with optical processes, if the
different oxidation states of the target molecules have different optical properties. Fluores-
cence, electrochemiluminescence, Raman and tip or surface enhanced Raman scattering
have then led to single-event electrochemistry. We refer to recent reviews of these exciting
developing areas [171-174] and focus presently on in situ STM (and AFM).

2.5.1 Electrochemical in situ STM and AFM

Electrochemical STM and AFM in the in situ (“in operando”) mode (Figure 2.13) [4, 23, 24]
offers two tunneling current potential correlations, the current/overpotential and the
current/bias voltage correlation. Ex situ STM in air or vacuum only offers the latter
[18, 20]. In situ STM has become a powerful single-molecule tool to map small organic and
inorganic molecules [3, 21, 22, 24, 105, 175-179], larger molecules such as transition metal
complexes [23, 175, 176, 178], and even biomolecules such as redox (metallo)proteins
[18-182] and DNA-based molecules [176, 177, 182, 183]. Conversion of in situ STM
currents to molecular structure requires theoretical and computational support. Elec-
trochemical in situ STM has disclosed new ET phenomena, for example “collective”
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Figure 2.13 Left: In situ STM, schematic. The electrode/solution and the tip/electrode potentials
are controlled independently relative to a common reference electrode. The tip is coated with an
insulating material except at the very end. Right: Analogous electrochemical in situ AFM.
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ET, possibly a rationale for often observed very high in situ STM current densities (per
molecule) [23, 181]. Single-ET charging of inorganic particles [184, 185] are other new
phenomena. Ionic liquid media are gaining importance [104, 105], and “nanoimpacts”
[170] still other electrochemical single-entity phenomena. New electrode materials, with
2D and 3D graphene, graphene/NP hybrid, and perovskite materials [169, 186, 188],
core-shell nanoparticles [187, 189], single carbon nanotubes [171, 217-219] (cf. below),
and nanoporous electrodes [191, 192] as examples have further become prominent.

2.5.2 Nanoscale mapping of novel electrochemical surfaces

Modified electrochemical electrode surfaces, either in the metallic surface structure as
in nanoporous gold [190, 191] or by self-assembled molecular monolayers (SAMs) have
developed broadly, ultimately aiming at tailored electrochemical surfaces [192-195].
Characterization by surface spectroscopies (XPS, EDS, IR and Raman), transmission
(TEM), and scanning electron microscopy (SEM) as well as STM/AFM have been
paramount, enabling unprecedented structural resolution. We select here a particular
system class, which has come to enjoy almost iconic status, viz. functionalized thiol SAMs
on Au-surfaces.

2.5.2.1 Self-assembled molecular monolayers (SAMs) of functionalized thiol

[192-194]

Solid gold and gold nanoparticles (AuNPs) have been coveted for thousands of years for
investment, in jewelry, and for cult and decorative purposes. AuNPs and Au-surfaces
must be protected by SAMs. Other functional groups in the SAM molecules can tailor the
Au-surfaces for catalytic, molecular electronics, and other desirable properties. The elec-
tronically “soft” -S- ligand binds well to the “soft” Au-surface, in a Au(0)-S(0) strong van
der Waals unit. The R-residues can be hydrophobic, hydrophilic, electrostatically charged
or neutral, and structurally large or small. Au-thiyl based SAMs are determined by the
Au-S bond and by lateral interactions, in addition to the solvent and electrolytes [192-195].
The latter are equally important, when R- is charged. Single-crystal electrochemistry, XPS
and other surface spectroscopy, and in situ STM have been paramount in high-resolution
mapping ranging from the single molecule to the whole SAM formation process [194],
with theoretical and computational support essential.

Figures 2.14 and 2.15 illustrate the variety of packing modes of functionalized simple
aliphatic thiols resolved to single-molecule or even sub-molecular resolution by in situ STM
[23, 195-197]. Packing is determined not only by the molecules, but also by the atomic
structure of the Au-surfaces, strikingly illuminated by the widely different packing of the
amino acid cysteine on Au(111)-, Au(110)-, and Au(100)-electrode surfaces. Spectroscopy,
diffraction, and in situ STM, supported by theoretical work has led to the adsorption process

Au(0) + HS(-I) — R = Au(0) — -S(0) — R + 15H, (2.54)

with S bound as a thiyl radical, -S(0) [192, 193]. The reverse process of Eq. (2.54) is electro-
chemical reductive desorption, associated with sharp voltammetric peaks crucial in deter-
mining the surface coverage of the -S(0)-R SAMs.

Many studies have shown that unless sterically hindered, adsorption is generally via
thiol “mining” of a gold atom from the surface, cf. section 2.2.4.1, followed by sideway
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Figure 2.14 Top row: In situ STM target functionalized thiol molecules. Left image quartet,
clockwise: In situ STM images of Cysteamine, mercaptopropionic acid, homocysteine, and L-cysteine
all on Au(111). Middle image quartet: L-cysteine on Au(110), different magnification. Right Racemic
L,D-cysteine on Au(100). Adapted from [23, 193-196].
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Figure 2.15 From top to bottom, binding of the four isomeric butanethiols on a Au(111)-surface.

Column to the left: High-resolution in situ STM images on which the SAM interpretations are based.

Adapted from [194].
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binding of two adsorbate molecules. Among the butanethiols the bulky tert-butanethiol,
2-methyl-2-propanethiol is thus the only one binding on a flat surface [195, 198]. The
high-density phase of racemic 2-butanethiol is another unique case for two binding
modes on the same surface, both directly and via Au-atom mining. Even the simple
thiols thus exhibit amazingly multifarious binding modes, increasingly well under-
stood by electrochemistry, high-resolution spectroscopy and microscopy, and large-scale
computations.

2.5.3 Electrochemical single-molecule ET and conductivity of complex
molecules

Functionalized alkanethiol SAMs display a prodigious variety of binding patterns
[194, 195], but are still “simple” molecules in the sense that they are small with no Faradaic
currents except for reductive and oxidative desorption. Sharp capacitive peaks associated
with a two-dimensional phase transition are, however, observed [199]. Redox molecules
are instead what we shall denote as “complex”. Even at the single-molecule level, they can
be brought to undergo chemical processes. These are “simple” ET processes which are also
probes for tunneling mechanisms, say sequential vs. superexchange, but also cover organic
and inorganic redox probes [90, 178, 179], enzyme-substrate interactions [200, 215], and
inter-protein and protein-DNA interactions [182, 202]. To this adds sophisticated quantum
interference [155, 156], statistical approaches [32], ionic liquids [104, 105, 178], and the
effects of the ionic atmosphere [23]. We first discuss in general terms in situ STM of
complex molecules and some specific molecular targets, and then proceed briefly to redox
metalloproteins.

Figure 2.16 shows an energy diagram of the in situ STM process of a molecule with a local
redox level in a polar (aqueous, ionic liquid) medium, specifically reduction with negative
bias (V;,s)- The redox level is vacant at equilibrium, and located well above both Fermi
levels, where superexchange prevails. As the overpotentials of the working electrode and
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Figure 2.16 Left: Energy diagram showing energy levels of an oxidized redox molecule and of a
pair of enclosing, negatively biased electrodes. Right: Tunnelling current/overpotential correlation
on parallel variation of the substrate and tip potential. Adapted from [90].
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the tip are shifted negatively in parallel, i.e. both Fermi levels are raised, the redox level
“gets within thermal reach” of occupied levels of the negatively biased working electrode.
ET then switches from superexchange to “hopping” with the resonance effects discussed in
section 2.4 potentially at work. The redox level becomes physically populated and begins to
relax. If coupling to the second electrode is weak, relaxation continues all the way across
both Fermi levels, with renewed activation for the second step. If instead, by the condition
RV pal? < Ty [23, 204] where 7., is the nuclear relaxation time, the coupling is strong,
multiple ET proceeds, until relaxation is achieved and renewed thermal activation sets in.

This view is qualitative but general and accounts for the “spectroscopic” tunneling cur-
rent/overpotential feature. A phenomenological frame for the simplest two-step, diabatic
ET via the molecular target is summarized in Eq. (2.55)

. W W |eVyi4sl
Jap & 2ene,ﬁ; n, = % (2.55a)
BD AB €
® 0 e ey — E\2
7 K (Ag—e—yp—<En
Wyp = é%/ exp [— R T de (2.55b)
- B
> Wk o Agt+e—(1- + &n)?
P Zeﬂ’ " / exp [—( R Lk ;)(p &) ] de (2.55¢)
T 0€* Jo B

where Vy;, is the bias voltage, £ and y parameters that represent the overpotential and bias
voltage at the site of the molecule, and 6¢” the effective energy integration range, (")~
equivalent to energy density. n,, is the number of electrons coherently transferred. 6¢” is
wide (level broadening é small) and n, — 1 in this limit. Small s¢" (large 6) and large
ng >> 1 applies in the opposite, adiabatic limit.

Levels around the Fermi levels dominate at small # and V;,,, reducing Eq. (2.55) to

-1

1
o= ey (2 Wil oy ¢ _y>;|c:§”' e e
with k¥ & kg & k5, and a maximum in the overpotential correlation at
s = 2 (577) Vi (2.57)
i.e. at equilibrium, n = 0 for a symmetric junction, y = 14. The maximum current is
Ja = ene,(;)—ijr K exp (—}LR _kil;/bias' ) Ny — 1 (2.58)

The following should be noted:

o The formalism is successful up to a point, cf. below, but needs adjustment. The j, /5 and
Jan/Viias correlations are, however, well suited for data analysis, as long as lex, eV, | < A.

o The correlations in the adiabatic limit are less straightforward, studied in great detail by
Medvedev [23, 205] based on Newns-Anderson formalism and presently under scrutiny.
“Pragmatic” data analysis can be based on Egs. (2.55)-(2.58) with k simply set to unity.

o Attention to the electrolyte and to ionic liquid media should be given. The potential
distribution parameters in the nanogap electrolyte medium are, for example correlated
[23, 202] and do not accord with the generic pair values of ¢ = 1and y = 1.
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Figure 2.17 Top: The target molecules viologen (6V6) and 6,6’-pyrrolo-tetrathiafulvalene
(6PTTF6). Bottom: conductivity/overpotential correlations, from left to right: 6V6 in ionic liquid
(1-butyl-3-methylimidazolium trifluoromethanesulfonate), 6V6, and 6PTTF6 both in aqueous
electrolyte. Adapted from [104, 178].

o High bias voltages are often needed. The solvent reorganization free energy in the tun-
neling gap is, however, small, 0.3eV or less, and bias voltages needed may exceed the
activationless limit in the individual ET steps, raising other questions.

2.5.4 Selected cases of in situ STM and STS of organic and inorganic redox
molecules

Tao’s study of Fe-protoporphyrin IX was the first case of in situ STS j,,,,/# showing a max-
imum around the equilibrium potential [175]. Single-molecule reports on other complex
organic and inorganic molecules, with up to two orders of magnitude on-off current ratios
have followed [90, 178, 179]. Mechanical properties of the molecules [206], the solvent
[104, 105, 178], quantum interference [155, 156], and stochastic effects [32] have also been
addressed. The comprehensive studies of Nichols and associates on viologen, Figure 2.17,
illuminate both the potential and challenges of these powerful single-molecule approaches.

2.5.4.1 The viologens

The viologens (Figure 2.17) have come to stand forward as iconic single-molecule redox
targets. New technology is built up such as break-junction, j,,,(s) and j,,(¢) (s distance,
t time) with current-distance and current-time fluctuations recorded. The viologens offer
strong support for two-step incoherent ET but has disclosed challenges that need atten-
tion in forthcoming efforts. 6V6 viologen between a Au tip and a Au(111)-electrode surface
via two 6-carbon thiyl linkers can be compared with tetrathiafulvalene (6PTTF6). The cur-
rent/overpotential correlations in aqueous electrolyte of the rigid 6PTTF6 displays a sharp
current maximum. In contrast, the “floppy” 6V6 displays a sigmoidal dependence. Two-step
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formalism with “gated ET” via a “soft” torsional mode could reproduce latter behaviour.
Another view is that the sigmoidal correlation simply reflects higher conductivity of the
equilibrated oxidized than the equilibrated reduced form (cf. below).

6V6 displays, however, a pronounced maximum in 1-butyl-3-methylimidazolium triflate
(BMIT). This is a subtle single-molecule challenge. Bulk dielectric differences cannot
account for this pattern, but comparison with 6PTTF6 may hold a clue. Ionic liquid
constituents might cling to the electrostatically charged 6V6 target, imposing rigidity
compared with aqueous electrolyte. The 6V6/6PTTF6 pair thus displays multifarious
achievements and challenges of in situ STM-based single-molecule electrochemistry.

2.5.4.2 Transition metal complexes as single-molecule in operando STM targets

Robust transition metal complexes of Os, Ru, and Co, particularly Os-complexes of
2,2'-bypyridine and linking 4,4’-bipy have been single-molecule in situ STM/STS targets
[90, 207], Figure 2.18. The complexes show a strong maximum in the j,,,,/# correlations at
the equilibrium potential, with on-off ratios up to two orders of magnitude, following the
equilibrium potentials of two different Os-complexes, and the bias voltage in accordance
with Egs. (2.55)-(2.58).
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Figure 2.18 Top left: Two Os-complexes on Au(111) and Pt(111), schematic. Top right: Abundance
of tunneling peak current densities. Equidistant peak abundances indicative of discrete single-,
dual, etc. molecular contributions. Bottom Lleft: Tunnelling current/overpotential correlations in an
ionic liquid. The flat peak region possibly indicative of coherent electron transfer at the large bias
voltages used (0.7 V). Adapted from [90, 207].
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The Os-complexes illuminate other aspects. Repetitive in situ STS shows equidistant
peaks, assigned to single-, dual- and triple- etc. molecular conductivity. In situ STS in an
ionic liquid also shows a clear maximum with an on-off ratio of about 50 [207]. The max-
imum is broad, associated with the large bias voltage used (0.7 V). Os-polypy complexes
offer direct comparison between electrochemical ET and the two-step in situ STM current,
Eqgs. (2.59a)-(2.59c¢), concluding that several hundred electrons are transferred in a single
in situ STM event. In situ STM and STS of other polypy-based transition metal complex
units open for electrochemical single-molecule spintronics [208].

As noted, transition from single-molecule to macroscopic, “thermodynamic” behaviour
is a core in condensed matter nanoscience and nanoscale electrochemistry. Fan and Bard’s
single-molecule study at ultra-microelectrodes marks a first electrochemical approach
[209]. In a quite recent study, Li, Tao, and associates introduced a novel approach to
stochastic vs. bulk molecular conductivity [32]. The target system was ferrocene, Fc
in acetonitrile solution linked to Au(111) and a Au-tip by variable-length alkanethiols,
Figure 2.19. The data report single-molecule STS the average of which displays a sigmoidal
pattern as for viologen in aqueous solution. It was argued that redox equilibrium pre-
vails, without soft mode gating, but the sigmoidal average shows subtle single-molecule
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Figure 2.19 Top row, left: Ferrocene target compounds; right: Scheme of charge transport through
a ferrocene molecule. Middle row: Averaged conductance vs. overpotential, 3-Carbon linker, left and
10-Carbon linker, right. The blue curves are Nernstian fittings. Bottom row: Single-molecule
conductance vs. potential for 3-Carbon-Fc. Different fluctuation patterns around the equilibrium
potential: (a) Discrete two level, (b) intermediate and (c) continuous variations of conductance with
potential. Red, blue and black colors represent different potential sweeps. Only one curve shown in
the middle plot. Adapted from [32].
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tunneling current fluctuations. Figure 2.19, middle row shows two averaged STS cor-
relations, 3C-Fc and 8C-Fc, the bottom row three kinds of single-molecule traces. The
fluctuational transitions between low and high conductivity begin close to the equilibrium
potential and range between abrupt and smooth. The higher the ET rate, the smoother
the transition, so that the pattern to the left is dominated by Fc with the longest linker
and lowest rate, the faster reacting Fc with the short linker by the pattern to the right. The
study illuminates strikingly the transition from stochastic single-molecule behaviour to
macroscopic patterns, which is exactly the heart of nanoscience.

2.5.5 Other single-entity nanoscale electrochemistry

Electrochemistry of molecular-scale entities covers highly diverse targets, developed over
the last decade. In addition to single molecules, molecular-scale entities include “0D”-3D
inorganic particle, wire, rod, “flower”, layer etc. structures understood to different degrees.
We refer to a recent Faraday Discussion [210] for overviews of single-entity electrochemistry
and discuss two selected electrochemical nanoscale materials.

2.5.5.1 Electrochemistry in low-dimensional carbon confinement

The new “wonder” material graphene has come to stand forward in electrochemical materi-
als science. Graphene is attractive for unique electronic properties (e.g. the Dirac point, and
nearly linear ascending, or descending DOS near the Fermi level). Introducing graphene in
current-voltage relations of ET processes is a challenge. An experimental challenge is to
identify the graphene sheet charge, for example whether graphene is affected by a support
electrode. Graphene holds a wealth of catalytic and other promises, attributed to surface
functionalities and defects [213-217], the ET role of which is in need of theoretical explo-
ration. Redox processes at the graphene edge are the most studied (see references in [222]).
Graphene edge activity can be understood from scanning electron spectroscopy, which dis-
closes local electronic states below the Fermi level at zigzag-type [213] but not at chair-type
edges. Graphene sheet vacancies also result in local catalytic [222] electronic states. The
FcMeOH/FcMeOH [+] rate constant was thus found to increase by two orders of magni-
tude on increasing the vacancy concentration to 5 X 10'2 cm—2 (~ 2 nm between the defects).
Catalytic activity can be enhanced by nitrogen doping or by oxygen surface functionalities
[215, 216].

“Nanotubes” are extensions from “0-D” NPs to 1-D nanoscale structures. Nano- and
picoampere voltammetry of single-wall carbon nanotubes (SWCNT) is reported [211,
217-219], and experimental electrochemistry findings now warrant molecular level
theoretical analysis, general principles of which are formulated, along with double
layer modeling [220, 221]. Electrolyte structure and transport inside nanotubes are
reviewed but harder to access [223]. Pure water structure and hydrated ion and pro-
ton transport inside SWCNTs was explored by X-ray diffraction and NMR technique,
and by MD simulations. CNT mobility of water and hydrated protons is higher than
in bulk solution, due to the ordered hydrogen bonds and weak interaction with the
CNT walls. Cationic coordination is less ordered than in the bulk, but with only minor
anion coordination shell changes. Understanding chemical reactions is highly chal-
lenging as reviewed recently [224], with primary attention to catalytic hydrogenation,
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oxidation, and other processes, and CNTs shown to modify the electronic properties
of the metallic nanoparticle catalysts. Electron transfer inside a carbon nanotube filled
with water was investigated in the framework of Marcus theory with the help of MD
simulations [212].

2D and 3D graphenes such as reduced graphene oxide (rGO) and graphene “paper” have,
finally, been introduced in both pure enzyme electrochemistry and, notably in working
devices such as enzyme biofuel cells [169]. The new biocompatible electrode materials
ascertain that enzymes are immobilized in robust, working states with high analytical sen-
sitivity and power density, and visible perspectives for implantable devices. The materials
are well characterized by SEM, TEM, and XPS. AFM and STM offer other high-resolution
characterization. Altogether the new multifariously structured graphene-based materials
offer prodigious new and exciting theoretical and computational challenges.

2.5.5.2 Electrochemistry of nano- and molecular-scale metallic nanoparticles

The vast area of metallic and non-metallic molecular- and nanoscale particles (NPs) has
developed into sophisticated nanoscience with impressive progress over the last couple of
decades, and strong impact in electrochemistry, all the way from macroscopic assemblies to
pre-designed single NPs. We cannot here review this broad evolving area, but refer to metic-
ulous recent reviews [225-227]. We discuss instead a few recent studies of AuNP-based
electrocatalytic systems, where new computational efforts are warranted.

Metallic NPs represent exactly the nanoscience, where target systems are taken all the
way from stochastic to macroscopic size. Theoretical approaches to NP-catalysis mostly
address small molecules say dioxygen, water, dinitrogen, ammonia, methanol etc. and their
intermediates in chemical conversion, and involve strong NP-molecule interactions [227].
1-2 nm coated AuNPs display condensed matter single-ET (SET) charging [184], for which
electrochemical in situ STM offers a further platform [185]. Electrochemical SET fades out
when the NP size exceeds ~ 2.5 nm still the size range of transition metal complexes or small
redox metalloproteins. Contrary to molecular targets, the electronic spectrum of metallic
NPs, however, rapidly approaches a continuum, still with catalytic enhancement of simple
electrochemical and bioelectrochemical ET processes [228-233].

Thiol-protected AuNPs catalyze simple interfacial ET processes of transition metal com-
plexes [228], quinones [229], the redox proteins cyt ¢ [230] and azurin [231], as well as redox
enzymes [232, 233]. In spite of ET distance extension by up to several nm, more than an
order of magnitude rate constant increase is observed. Similarly extended molecular matter
would close the ET channel entirely. Figure 2.20 illustrates here such a case. There is, how-
ever, presently no obvious single physical origin of electrochemical AuNP-triggered interfa-
cial ET rate enhancement, and electronic structure computations of NPs that include both
the electrochemical interface and the dynamic solvent, as well as complex redox molecules
are not available. There is, therefore, surely a need for computational efforts directed at
the catalytic effects (electronic transmission coefficients) of a single AuNP. Questions to be
addressed would be AuNP size effects, catalytic efficiency of different AuNP surface struc-
tural facets, and the role of the protecting SAM. Such efforts would be a prodigious guide to
AuNP electrocatalysis of both simple electrochemical ET processes and complex processes
in fuel cell and other technologically interesting processes.



2.5 Molecular-scale electrochemical science

‘ & . -i =
i u(t11) M s
Au(111)  Au(111)
Au(111) Kot = 80-100 s kg = 4-6 57 ket =220 ky=55"

Figure 2.20 Left: The heme protein cyt c immobilized via a 3 nm coated AuNP and two molecular
linkers on a Au(111)-electrode surface and the same molecule linked directly via a single molecular
linker. Right: Similar linking of the blue copper ET protein azurin. The rate constants are also given.
Adapted from [70, 230, 231].

2.5.6 Elements of nanoscale and single-molecule bioelectrochemistry

Single-molecule in situ STM and STS electrochemistry was early brought to include large
biomolecules, with horse heart cytochrome ¢ [234] and horseradish peroxidase [235] as
focus proteins. What was later denoted a “paradigmatic” in situ STM metalloprotein,
the blue copper protein azurin (Pseudomonas aeruginosa) was introduced slightly later
[236, 237], followed by studies of protein immobilization, single-crystal electrochemistry,
and in situ STM/STS [70, 238], subsequently picked up by other groups [180, 182, 239]. We
discuss here a few single-molecule metalloprotein electrochemistry issues and note also
some “puzzles”.

2.5.6.1 A single-molecule electrochemical metalloprotein target - P. aeruginosa

azurin

P. aeruginosa azurin (Mw =~ 14,000 amu) is probably the most comprehensively studied
single-molecule redox metalloprotein target. The strategy behind this choice is specific
properties favorable for azurin as a high-resolution in situ STM target, Figure 2.21:

o The redox potential of the Type 1 Cu-center of the protein is comfortably accessible in
both electrochemistry and in situ STM. The -sheet protein structure is robust enough to
withstand biologically “challenging” environments in STM, and even XPS.

o Azurin (Figure 2.21) holds two surface groups suitable for Au-surface linking. One is a
disulfide group suitable for direct linking to “soft” metal surfaces such as Au(111). The
other group is a hydrophobic amino acid patch around the Type 1 Cu-center opposite to
the disulfide group, suitable for gentle linking to hydrophobically terminated thiol SAMs
[70]. The strategic choice of azurin has impacted in situ STM based single-molecule bio-
electrochemistry and other nanoscale azurin conductivity studies. Azurin in hydropho-
bically based surface orientation via variable length thiol-SAMs, have, for example, been
mapped to single-molecule resolution (Figure 2.21). Azurin has overall emerged as a pro-
totype electrochemical single-molecule metalloprotein target, but still poses questions as
also for other metalloproteins, for example:
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Figure 2.21  Top: P. aeruginosa azurin immobilized on Au(111), either directly via the disulfide
group, or via the hydrophobic patch around the Cu-center, on variable-length alkanethiol SAMs.
Bottom: Recorded tunneling current/overpotential STS of azurin on octanethiol SAM. Adapted
from [71].

e The STS peak potential for azurin at alkanethiol SAMs is close to the equilibrium
potential, but shifted negatively on azurin disulfide bonding to a gold tip [180, 239].
From the voltammetric quality, the former binding mode seems by far the most gentle.

o The STS correlations are asymmetric, inherently offering single-molecule “rectification”
understandable from the location of the Cu-center, More rigorous bandshape analysis
requires attention to the protein orientation, electrostatic potential distribution, ionic
strength, and electronic coupling to the enclosing electrodes.

e The protein structure discloses other issues. Many studies of ET between the disul-
fide radical generated by pulse radiolysis and the Cu-center have pointed to “slow”,
millisecond intramolecular ET [240], but the nA single-molecule current densities
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are only compatible with much higher rates, a recurrent in situ STM issue of complex
molecules.

o This point addresses the diabatic or adiabatic nature of the interfacial ET transitions.
High tunneling currents imply strong electronic coupling, possibly accommodated by
adiabatic electrochemical ET theory, section 2.2.2. The strong in situ STM contrast of
azurin molecules on the background of the high-resolution SAM images could reflect
azurin embedding in the SAM [70]. Adsorption isotherms and distance independent ET
rate constants at SAMSs up to six-to-eight carbon atoms could be other reflections of strong
electronic coupling.

Many in situ STM studies of the azurin core redox metalloprotein probe, introduced two
decades ago have thus opened new single-molecule bioelectrochemistry, at the same time
disclosing challenges for forthcoming single-molecule efforts.

2.5.6.2 Electrochemical SPMs of metalloenzymes, and some other “puzzles”

The introduction of a core in situ STM target metalloprotein has prompted studies of other
proteins and protein/DNA complexes, reviewed recently [176, 177, 202, 239]. We consider
the electrochemical single-biomolecule system class, the blue copper redox enzymes,
focused on the four-copper laccase (Lc) and the two-copper nitrite reductase (CuNiR),
Figure 2.22.

A common observation is that enzymes show no voltammetry of their own, but once sub-
strate, here dioxygen or nitrite is let in, strong electrocatalytic signals appear. CuNiR and
laccase are “electrochemical” enzymes in the sense that electrons are let in at the blue type 1
center, and out towards dioxygen or nitrite reduction at the Type 2/3 or Type 2 center. This
requires an efficient conductivity channel between the two centres. CuNiR (and laccase)
offer single-molecule clues to substrate triggered enzyme voltammetry. A direct covalent
link between the Cu-ligands connect the Type 1 and Type 2 centres, Figure 2.22. In situ STM
of CuNiR on a cysteamine SAM displays single-molecule resolution but only when NO, ™~ is
present, as if NO,~ triggers significant single-molecule conductivity enhancement from the
resting to the active state. This is also the case for laccase, which shows high conductivity
in potential ranges where O,-substrate is reduced, but complete electronic transparency in
ranges where no O, reduction occurs. The images show a variety of “shapes”, i.e. conduc-
tivities. As expected for small molecular assemblies, some structures reflect the triangular
structure expected for vertical CuNiR orientation, others multifarious other binding modes.

A recent AFM study offers other clues. Electrochemical AFM disclosed substantial
CuNiR enzyme “swelling”, from ~ 4nm to ~ 5nm going from the resting to the elec-
trochemically active enzyme state, Figure 2.24 [201]. Such conspicuous conformational
changes would almost certainly be transmitted to the ET pathways between the two
Cu-centres. A second clue is offered by the simpler two-heme cytochrome ¢, [242]. No
intramolecular ET between the heme groups were detected in ET between cyt c, and
Co-complexes in solution. On vertical cyt ¢, immobilization on a w-thiol decanoic acid
SAM covered Au(111), intriguing two-ET voltammetry, however, emerges which is only
compatible with fast, sub-ms intramolecular ET. Conformational changes must therefore
accompany immobilization. A computational study [172] showed in fact that intramolec-
ular ET in the equilibrium conformation is blocked, but that even tiny conformational
reorganization triggers fast intramolecular ET.
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Figure 2.22 Top left: Intramolecular covalent link between the Type 1 (blue sphere) and the
Type 2 centre (green sphere) in copper nitrite reductase. Top right: /n situ STM image of CuNiR on
Au(111) modified by a cysteamine SAM in the presence of 40 M KNO,. Middle: Electrochemically
controlled AFM of CuNiR on Au(111)/cysteamine electrode surface. Significant height increase
accompanies transition from the resting (left) to the active enzyme state (right). Bottom left:
Emerging in situ STM single-molecule laccase structures on O, substrate inlet. Bottom right: Top
view of CuNiR trimer. Blue and orange spheres are the Type 1 and Type 2 centres, respectively.
Adapted from [200, 201, 241].
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Figure 2.23 Three different cluster models of a metal surface. (a) Molecular cluster with free
boundary conditions. (b) Embedded cluster model [245]. (c) Dipped cluster model [246].

2.6 Computational approaches to electrochemical surfaces
and processes revisited

2.6.1 Theoretical methodologies and microscopic structure
of electrochemical interfaces

The metal surface can be treated as an atomic cluster [243-246] (Figure 2.23). This approach
is used to describe the electrode interaction with reactants and electrolytes, as well as to
calculate the ET coupling matrix element. The cluster model is flexible and robust and can
be combined with DFT and an arsenal of quantum chemical methods for calculations of
the electronic structure of molecules. Clusters with several tens of atoms do not properly
describe the bulk properties, but the local surface electronic structure (faces and defects)
and metal-adsorbate chemical bonds can be addressed. Adsorption of charged species is,
for example readily addressed. Cluster modeling of electrochemical interfaces and different
ways to describe charged electrodes have been reviewed [244].

Another way to treat the metal surface is the periodical slab model [247] equally suitable
for surface and bulk electrode properties. Periodical calculations are not faced with the
main problem of the cluster approach, i.e. the effect of free boundary conditions, which
makes computations broadly more reliable. Despite this advantage, the slab model has
several shortcomings. First, there is a problem with calculations of charged systems
[248, 249]. A unit cell must be electrostatically neutral, and both solvation of ionic species
and counter ions must be taken into account. Without counter ions artificial charge
separation occurs, which sometimes allows modeling the surface charge; for example,
adsorbed solvated cations appear at negatively charged electrode surfaces. New approaches
towards resolution of these issues have, however, been reported recently in the form of the
effective screening method [251], and Lagrange multiplier and modified boundary con-
dition approaches [252]. Secondly, periodical calculations are restricted basically to DFT
(due to its computational efficiency), which strictly speaking is not an ab initio method.
Pure ab initio methods e.g., the second order Moller-Plesset perturbation theory (MP2) and
coupled cluster (CC) method are implemented in some “periodical” codes as well. Again,
due to the semi-empirical nature of DFT there is even a “crisis” in this computational
area caused by the diversity of exchange-correlation functionals [250]. Powerful ab initio
schemes such as MP2, CC, CASSCEF etc. are not fraught with this challenge. However, such
calculations are more demanding in computer time and memory as compared with DFT,
especially for large systems.
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The solution side of the interface poses other challenges. The solvent is crucial and
can be addressed both explicitly and implicitly. In the former case classical, ab initio or
Car-Parrinello MD methods, as well as QM/MM schemes can be employed. The latter
are based on the solvent as a continuum (polarized continuum model, effective screening
medium [253] etc.) or on using the reference interaction site method (RISM) [253]. A
second major issue is poor description of the asymptotic behaviour of the electrode wave
functions (electronic density) at large distances. A still further important issue is excess
charge on the electrode surface in contact with the electrolyte solution, which results in the
electrochemical double layer. Flexible molecular modeling of the electrode surface charge
(electrode potential) is either to apply an external electric field, or to exploit the concept of
“a computational hydrogen electrode” [138, 254]. The latter is a special “trick” to introduce
the electrode potential when calculating the energy of surface processes without directly
including excess charge density or electric field.

2.6.2 The electrochemical process revisited

As noted, a key quantity in the distance dependent electronic transmission coefficient is
the electronic coupling factor, which can be calculated for example by quantum mechan-
ical perturbation theory [58, 60]. Non-perturbative models were introduced by Newton
[255, 256], who employed ab initio SCF methods for electron exchange between transi-
tion metal complexes. The generalized Mulliken-Hush method [257], robust and suitable
for large systems, is also frequently used. Several other methods such as Constrained DFT,
Fragment Orbital DFT, Self-Consistent Charge Density Functional Tight-Binding, and Ana-
lytic Overlap Method were reviewed recently [258, 259].

The microscopic electronic transmission coefficient for interfacial ET, x depends on the
energy level of the electrode, € most conveniently discussed for the weak-coupling diabatic
limit, cf. section 2.2.2. We can recast the dimensionless ET rate constant k as

0 2
27 7 > (Ag —€—en)
I L T _VRT 2T FU 2.
k hawyy AgkgT /_U,,p(g) ap(€) exp { 42k T de (2.59)

As usually, the Fermi-Dirac distribution is here replaced by a step-function, and the Fermi
level taken as zero. U, is the bottom of the conduction band, p(¢) is the electrode DOS and
T ,p(€) the microscopic energy dependent coupling factor. At small overpotentials,
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The pre-exponential factor can be viewed as the effective transmission coefficient which
is then a linear function of the electrode DOS at the Fermi level.

The dependence of k¥ on the DOS in the intermediate electronic coupling region is more
complex and requires numerical approaches. The lattice Monte Carlo approach is one such
way [260], Figure 2.24. The lattice is formed by the multitude of crossings of free energy sur-
faces of the reactants’ and products’ states and ET modeled as rambling through the lattice.
The DOS effect was addressed by varying numbers of energy surfaces (n) in a given energy
interval. Close to linear dependence of k on p(ey) emerges for small LZ factors 27y, (0.01
and 0.001) (Eq. (2.61)), but step-like behavior (Figure 2.25) in the adiabatic limit, where x
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Figure 2.24 Two-dimensional lattice formed by Reactants “Mirrors” Products
crossing free energy surfaces along the reaction
coordinate. Adapted from [260].

Figure 2.25 Dependence of k on
the number of reaction free energy
surfaces (in a fixed energy interval)
calculated for different LZ factors
(0.99, 0.1, 0.01 and 0.001) at zero
overpotential and room temperature
obtained using the lattice MC
simulations [260]. The results based ~ *
on “‘multistate” LZ theory, Eq. (2.61)
are also plotted: 27y, = 0.1 (green
points), 2zy, = 0.01 (brown
triangles). Adapted from [260].

is practically independent of the DOS (i.e. the electrode material) [261], was also observed.
The intermediate case (2zy, = 0.1), where « displays significantly nonlinear behaviour is
the most challenging. Recently Feldberg and Sutin [262] treated heterogeneous ET in the
whole range from diabatic to adiabatic limit using a “multistate” LZ frame:

k =1—exp[—2xy,p(ep)kyT] (2.61)

Calculations of k using Eq. (2.61) were compared with Monte Carlo simulations for two
different LZ factor values (2zy, = 0.01 and 0.1) [259]. Figure 2.25 shows that Eq. (2.61)
overestimates x by 11% for 27y, = 0.1 but underestimates « by 7 % for 2zy, = 0.01.

2.7 Quantum and computational electrochemistry
in retrospect and prospect

Since the electrochemical “renaissance” in the late 20th century, electrochemistry has
evolved into highly sophisticated interdisciplinary condensed matter surface science.
Strong theoretical framing is a core element, first by Levich, Dogonadze, Chizmadzheyv,
Kuznetsov, Hush, Gerischer, Marcus and their associates [24, 25, 36-41, 59-61], later on
followed by other boundary traversing efforts by Schmickler and associates [78, 265],
and by Nazmutdinov and associates [57, 223]. The largely classical theory of Marcus and,
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from the very beginning, fully quantum mechanical theories of Levich, Dogonadze and
associates, and of Hush and by others is the theoretical basis of the new electrochemistry,
which now extends to an impressive range of areas. These range from fundamentals
of the electrochemical interface, in aqueous solution and other media, to fundamental
electron and atom group transfer processes, to new approaches, and further to complex
molecular systems such as transition metal complexes, and redox metalloproteins, as well
as DNA-based molecules. A particular aspect is ultra-high resolution electrochemistry
right down to the level of the single molecule. Theoretical approaches to the fundamental
single-molecule electrochemical or in situ STM process are so far largely at the phenomeno-
logical level, but include a range of fluid systems and optical monitoring [171], in addition
to single-molecule interfacial electrochemical processes. The latter extend to weak and
strong molecular electronic coupling to the enclosing electrodes, solvent composition, and
other properties beyond “mere” single-molecule imaging.

Our approach has been, first to offer a retrospective view of concepts and theoretical
frames of interfacial electrochemical ET, including PT and PCET as well as processes involv-
ing bond fission such as the peroxodisulfate reduction [92, 93]. Here we pointed out the
pioneering quantum mechanical ET theory founded by Dogonadze, Levich and their asso-
ciates and in increasingly powerful form continued presently. Very much of present-day
electrochemical charge transfer concepts and theory rest on the seminal results of these
groups from the 1960s and 1970s. We have, secondly attempted to bridge established, largely
analytical charge transfer theory with contemporary theoretical concepts and methodolo-
gies. These are illustrated by quantum mechanical and MD studies of both simple and
complex electrochemical processes, and of novel type electrochemical interfaces such as
single-crystal Au-surfaces modified by highly ordered alkanethiol and other SAMs. We
have, third, addressed new electrochemical systems that could be in need of theoretical sup-
port in both analytical form and in terms of the contemporary computational arsenals. We
summarize below other prospective challenges in theoretical electrochemical ET science,
where we can conjecture progress on the way.

2.7.1 Prospective conceptual challenges in quantum and computational
electrochemistry

Without offering an exhaustive list, conceptual challenges would, for example, be:

e Larger-scale fully quantum mechanical and quantum MD approaches to solvation
dynamics. Carr-Parinello approaches to proton conductivity in chemistry and biology
have, for example disclosed new PT phenomena [121, 125] and could transfer to
electrochemistry.

e Solvation of molecules is a long-time electrochemical surface science notion. We refer to
the three-volume monograph, The Chemical Physics of Solvation (1985-1988) [264]. Much
of the material in this major opus is still of interest, but offers new challenges based on
theoretical and computational methodology developed in the meantime.

o In spite of major progress in single-molecule electrochemistry, conceptual and theo-
retical issues keep popping up, relating to the nature of the “elementary” in operando
STM process. Issues extend to coupling of the target molecule to the electrodes, the
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stochastic nature of small molecular assemblies, and the molecular-scale solvent
environment. Issues also relate to the “philosophical” question, of “what can be learned
from single-molecule electrochemistry that cannot be learned from macroscopic
electrochemistry?”

o The conceptual correlations between “ballistic” (Levich, Dogonadze, Marcus, Kuznetsov
and associates) and “stochastic” (Kramers, Zusman, Wolynes, Sumi and others)
approaches to ET processes in solution and at electrochemical interfaces are clarified
in considerable detail e.g. by Kuznetsov and associates [143, 266], but still in need of
applicable transparency.

2.7.2 Prospective interfacial electrochemical target phenomena

Intriguing, more specific electrochemical phenomena offer new theoretical and computa-
tional challenges. To this add experimental challenges:

2.7.2.1 Some conceptual, theoretical, and experimental notions and challenges

Among conceptual challenges in the new electrochemistry are still challenges relating to
the fundamental adiabatic electrochemical ET process. Although strong electronic overlap
appears to be immediately reflected solely in a lower activation free energy, concepts of the
adiabatic limit will extend to other properties of the electrochemical interface. These will
include for example magnetic properties, say in the dioxygen reduction, or transition metal
complexes involving spin changes, as well as in other new areas listed below.

2.7.2.2 Non-traditional electrode surfaces and single-entity structure and function

What are now long-established notions of “clean”, i.e. single-crystal metal electrode sur-
faces still pose computational challenges. Step edges, kinks, and other surface structural
features are scattered over even the best surfaces [267, 268]. Recent computations of the
electrochemical ET rate constants at model AuNPs has disclosed subtle dependence on
the particular surface structural element [269]. Related categories are nanoporous metals
as novel electrode materials with interesting properties [190, 191], in need of theoretical
support.

Overviews of carbon materials and the “new wonder material” graphene are prodigiously
available, e.g. [168, 186, 187]. Two recent, electrochemistry focused reviews are [169, 171].
Even perfect graphene is attractive for electrochemistry of simple redox couples due to
unique electronic properties as noted, section 2.5.5. The complex (“crumbled”) structure
of 2D and 3D graphene-based materials offer obvious prospective theoretical challenges.
N- and other graphene doping and surface functionalization add other exciting computa-
tional perspectives [214, 215] (“Will Any Crap We Put Into Graphene Increase Its Electro-
catalytic Effect?” [269]).

Electrochemical ET covers a prodigious range of inorganic particle, wire, rod, “flower”,
layer etc. structures, structurally and functionally understood to different degrees. Electro-
chemistry of single molecules seems best understood, much due to in situ STM and AFM.
Structural and functional mapping have reached high resolution, but we have noted unre-
solved challenges. Au-, Pt- and core-shell NPs [189] are used biomedically, in catalysis,

71



72

2 Retrospective and Prospective Views of Electrochemical Electron Transfer Processes

and fuel cells. High-resolution structures, say of thiol-protected AuNPs, and understand-
ing of the Au-S bond [192-195], however, only now offer firmer routes to AuNPs in real
use. Nanowires, nanoflowers, etc. and single CNTs, offer other electrochemical challenges.

With single-entity electrochemistry on the move, entirely new electrochemical systems
will appear. One new area covers electrical, optoelectronic, and magnetic properties of lay-
ered perovskites as “smarter” materials than carbon or graphene materials [186]. Surfaces
of these 2D materials could be probed, using spintronics notions and magnetic STM/AFM.
Another area is molecular magnets as engineered building blocks of strongly magnetic rare
earth complexes, hierarchically tuned into magnetic materials [270]. Local electrochem-
ical probing would here trigger new materials science. As in other single-entity electro-
chemistry, progress in these new areas offers interdisciplinary interplay between quantum
chemical calculations and increasingly sophisticated experimental work.

2.7.2.3 Semiconductor and semimetal electrodes

From a prominent status created by Gerischer, Memming, and later on by Peter, Lewis, and
others from the 1960s and 1970s [59-61, 271, 272], semiconductor electrochemistry long
seemed to be lying “dormant”, but conspicuously revitalized over the last couple of decades,
stimulated by new photoelectrochemistry and solar energy conversion. The Gerischer sym-
posium (2011) [273] testified strongly to new vibrant semiconductor electrochemistry and
photoelectrochemistry, with challenges in theoretical and computational electrochemistry.
Recently the Anderson-Newns formalism in the narrow band approximation was extended
to describe adiabatic ET across a semiconductor electrode/solution interface [274]. These
challenges extend to semimetal electrochemical surfaces with new carbon materials elec-
trochemical surfaces, ranging from single-entity carbon nanotube surfaces over 2D and 3D
graphene, to “hybrid” graphene/metallic nanoparticle surfaces [275]. Development of this
whole area all the way from macroscopic to single-carbon entity electrochemistry is strongly
established for example by McCreery and associates [186, 187]. Theoretical challenges, in
interactions between the new surfaces and molecular target systems, are likely ahead.

2.7.2.4 Metal deposition and dissolution processes

Pure and applied aspects of metal deposition and dissolution processes are classical core
areas. In combination with the impressive development in recent theoretical electrochem-
istry, these areas of complex processes offer other prodigious challenges for novel theoretical
and computational efforts. A challenge would be elucidation at the molecular level, of why
the deposition of some metal cations from aqueous solutions (e.g., Ag*, Pb?*) is very fast,
while the deposition of others (e.g., Fe3*, Ni?*) is slow. The corresponding exchange current
densities vary in wide ranges, from 10% to 10~> A m~2. A combination of quantum mechan-
ical theory, DFT calculations and MD simulations [275] would here offer promising results.
For example, it was shown [276] that the Ag* aqua complex can approach very closely to the
silver surface without any significant distortion of its hydration sheath. Exactly the latter
is what mainly facilitates the close approach of the cation, with strong Ag* — metal orbital
overlap decreasing the ET energy barrier.

2.7.2.5 Chiral surfaces and ET processes of chiral molecules
Electrochemical surfaces are inherently chiral, reflected in both molecular adsorption
and electrochemical kinetics of chiral or racemic adsorbates [194, 196, 277]. Higher-level
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chirality is based on chiral catalyst molecules, where metalloenzymes could be in focus, as
these are naturally chiral being composed entirely of L-amino acids. The catalase catalyzed
oxidation of chiral alcohols is such a case [278].

Early reports by Bernauer and associates [279] addressed ET reactions between chiral
transition metal complexes and ET proteins such as cyt ¢ and plastocyanin. ET between
cyt ¢ and the chiral enantiomers of [Co(Ox),]*~ (Ox*~ = oxalate) was explored in a recent
study using a combination of kinetic data and DFT [87]. Both binding constant and ET
rate constant showed a small but significant preference for the A-form with chirality ratios
of ~1.1-1.2, assigned to intermolecular work terms and the electronic transmission coef-
ficient. Extension of such efforts to electrochemical adsorption and ET processes is war-
ranted. As noted in section 2.5.2, intriguing surface structural chirality was disclosed in
studies of butanethiol enantiomers [194]. Notably, not only molecules but also whole adsor-
bate domains can exhibit chirality. Chiral domains of achiral molecules can emerge, and
vice-versa.

2.7.2.6 ET reactions involving hot electrons (femto-electrochemistry)

Prompted by the evolving areas of nanoplasmonic [280], electrochemistry that involves
“hot” electrons is, finally a prospective new ground for theoretical and computational
efforts. “Hot” electrons is a metallic electron gas with high-energy electrons equilibrated at
formal temperatures much higher than the physical temperature of the metallic phonons
or solution [281]. Hot electrons are produced by ultra-fast (sub-picosecond) laser pulses,
collisions of vibrationally excited molecules with the electrode, in metal-insulator junc-
tions, and in other ways. Hot electron processes in ultra-high vacuum are long known,
but efforts on hot electrons in electrochemistry are fewer, although stimulated by the new
areas of nanoparticle plasmonics [280].

Otto [282], Benderskij [283] and their associates were the first to study electrochemi-
cal reactions involving hot electrons, particularly hydronium discharge at mercury elec-
trodes. “Ultra-fast” ET and “small” (0.1-0.2) transfer coefficients indicative of activationless
behaviour were immediate outcomes. Attractive formal, close to analytical frames were
reported by Benderskij and associates [283] (non-adiabatic limit) and by Nazmutdinov and
associates [281] (adiabatic limit). Molecular ET theory, with formally high temperatures of
the electron gas, was the starting point. Both diabatic and adiabatic limits were addressed
using the Newns-Anderson formalism. Temperature dependent free energy surfaces, acti-
vation free energy/overpotential correlations, and transfer coefficients were outcomes. The
transparent analytical approaches reported [281] could offer starting points for new theo-
retical guidance in rapidly evolving metallic nanoplasmonics in photoelectrochemistry and
photocatalysis.

2.8 A few concluding remarks

Retrospective overviews of theoretical and computational approaches to the electrochem-
ical interface, with future prospects is a prodigious undertaking. The electrochemical
interface is a complex, non-uniform, and anisotropic structure, further complex when ions,
molecules, and biomolecules adsorb. We have chosen, first, to focus on electrochemical
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processes. Electronic and molecular structural properties have been comprehensively
addressed elsewhere over the last decades. A comparison between the reviews of Schmick-
ler [264] (1996) and of Magnussen and Gross [284] (2019) illuminates the development
in the understanding of the structure of the electrochemical interface. We did address,
however, what could be denoted as “non-traditional” electrochemical interfaces. Our
choice was focused on thiol adsorption, metallic nanoparticles and nanoporous metals,
and novel carbon-based materials, with perspectives in new generation electrochemical
(bio)sensors and (bio)fuel cells [169]. All of these materials warrant theoretical efforts
based on state-of-the-art computational methodologies.

In our retrospective/prospective we followed two major lines. We addressed, first, some
experimentally well characterized, “classical” systems. These were outer sphere ET of tran-
sition metal complexes and, as a core case for electrochemical ET that involves all the
theoretical ET parameters, reorganization energy, double-layer effects, bond fission etc., the
electrochemical peroxodisufate reduction. Such studies have or will lead to understand-
ing of the fundamental elementary processes in novel detail. Our other line was novel
systems in the new (bio)electrochemistry, where we focused on single-entity molecular
and biomolecular electrochemistry. These areas offer still other prospects together with
“non-traditional” electrochemical materials science. Due to obvious limitations we were
not concerned in this chapter with charge transfer in solids, which is of crucial importance
in battery research. For such systems ion transfer in intercalation kinetics plays the most
important role [285]. Altogether we can perhaps conclude that a new world of challenges
for theoretical and computational electrochemistry, combining molecular electrochemistry
and new electrochemical materials science, is ahead of us.
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3.1 Introduction to continuum models for electrochemistry

It can be said that electrochemistry was a core science for the nineteenth century
and, equally well, that it will be a foundational science for the twenty-first century.
Electrochemical storage and conversion of clean and renewable energy sources is rapidly
becoming the most important field of theoretical and applied scientific research, boosted
by the need to overcome fossil-fuels technologies and the environmental, economic, and
political impacts intrinsically intertwined with their use. Such a key societal advance can
only be guaranteed by a new generation of materials or materials with novel properties,
designed to harvest solar energy, store it in fuels or in batteries, distribute it efficiently over
the power grid, and sustain our information and communication revolution. The pressing
need for a material’s revolution in energy storage and conversion is the main reason behind
the exponential growth in the last decades of surface-science research, dealing with the
physics and chemistry of interfaces and encompassing important phenomena, such as
heterogeneous catalysis, charge and energy transfer reactions, adsorption, and surface
reconstruction. In particular, the study of solid-vacuum interfaces has witnessed profound
developments in the past years, also due to the fundamental role played by first-principles
quantum-mechanical simulations.

As a result of past efforts, solid-vacuum interfaces can now be treated routinely and effi-
ciently via first-principles simulations: high-throughput studies started to appear in the
literature, which allowed simulations to show their predictive power in the design of elec-
trode materials, e.g. as reported in the chapters of Section V of this volume. Nonetheless,
it is fair to say that, in the study of electrochemical and electro-catalytic reactions occur-
ring in wet devices, solid-vacuum interfaces can only represent a simplified model of the
real systems, as they miss or largely approximate the crucial role played by the solvent, the
electrolyte, and the applied electrode potential.

Experimental research is expanding its tools to deal with wet interfaces and an increas-
ing number of experimental probes with atomic resolution at the solid-liquid interface are
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being developed to work in situ, i.e. under operational conditions. Nonetheless, the number
of probes available to solid-liquid interface is still small compared to the solid-vacuum inter-
face and important scientific opportunities are available for theoretical studies.

While density functional theory (DFT) has become the tool of choice to model both
molecules and crystalline substrates, dealing with liquids and amorphous phases using
first-principles simulations can be challenging: the length-scales and time-scales that need
to be simulated can easily make the problem unmanageable with available, and future,
computational resources. As a result, first-principles simulations of electrochemical sys-
tems with a fully explicit description of each component of the device are usually beyond
reach. Even when state-of-the-art full atomistic first-principles molecular dynamics
approaches can be attempted (see Chapters 5-7 of this volume), these calculations do not
lend themselves to systematic high-throughput studies, performed over several materials
and for different reaction pathways.

An alternative to simplified solid-vacuum simulations and fully atomistic approaches is
represented by the use of a multiscale strategy, where less advanced classical models are
exploited to handle some of the components of the electrochemical system. Among the
different multiscale approaches, two are the most relevant: either the solvent’s degrees
of freedom are kept, but treated at a classical level (QM/MM approach), or the statistical
nature of the liquid system is exploited to integrate out the degrees of freedom of the solu-
tion and replace them with continuum medium (QM/Continuum), where only selected
phenomenological forms of interaction between the solvent and the solute are kept.

The connection between a statistical description of the system and the phenomenologi-
cal description with reduced (or no) degrees of freedom can be made more formal under
the approach of joint density functional theory, as described by Sundararaman and Arias in
Chapter 4. Similarly, an empirical approach to reduce the degrees of freedom of the solvent
using solute-solvent interactions derived from classical force-fields is also at the core of the
RISM approach, in particular of 3D-RISM, that has been recently extended to the simula-
tion of electrochemical systems by Ogino and , as reviewed in Chapter 8. While somehow
similar to pure continuum embedding approaches, all these different strategies have the
common goal of providing a description of the embedding environment that is accurate,
but does not rely on too many empirical ingredients, so as to provide a general and transfer-
able solvation model. The different competing efforts in this field have led in recent years
to the development of a variety of methods whose computational costs pose a relatively
negligible overhead on standard DFT simulations and whose parameterization is fast and
general. Even though the balance between costs, empiricism and accuracy may be slightly
different between alternative approaches, it is without doubt that these combined directions
will all contribute to a new and improved understanding of electrochemical interfaces in
future years.

Continuum models of solvation are among the most popular solvation approaches in
the literature, with the Polarizable Continuum Model (PCM) of Tomasi and coworkers
being probably the most widespread and influential one[1, 2]. Several reviews have
appeared on the topic, covering the origin and evolution of the different features and
capabilities of these models in the quantum-chemistry literature[3-6]. These models
were initially designed in combination with simulation packages based on localized basis
sets, for the study of isolated molecules and clusters. A reformulation of continuum
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solvation approaches in condensed-matter simulation codes was proposed in 2002 by
Fattebert and Gygi (FG) [7, 8], opening the field for the development of approaches
ideally suited for the study of two-dimensional interfaces. The main ingredient of
the FG model is the same as of PCM, namely a homogeneous polarizable dielectric
medium embedding a quantum-mechanical system. At odds with PCM and its sharp
two-dimensional (2D) interface, the FG approach features a smoothly varying dielectric
function defined inside a three-dimensional (3D) simulation cell. Due to this different
dimensionality, the problem at the core of the FG model is intrinsically more complex than
the PCM one. Nonetheless, this choice allowed Fattebert and Gygi to provide an elegant
and compact variational derivation of the continuum model, formulated in terms of a
physically-sound free energy functional. Moreover, the choice was motivated by practical
numerical reasons linked to the computational environment for which the model was
developed, namely condensed-matter DFT calculations in periodic boundary conditions
(PBC). The end result is a continuum dielectric model that is perfectly suited for periodic
systems and allows the seamless coupling with first-principles molecular dynamics
simulations.

Extensions of the work of Fattebert and Gygi have led to more advanced models, includ-
ing accurate parameterization and tuning of electrostatic and non-electrostatic interactions
[9, 10], testing and validation on charged systems [11], proper handling of PBC artifacts
[12], characterization of solvation effects on the response properties of the system [13],
etc. While most of these developments follow the path of similar progresses in the PCM
and quantum-chemistry literature, more recent developments have started to explore and
improve the capabilities of continuum models for electrochemical systems. In particular,
some of the recent developments have involved a reparameterization of continuum models
for noble metal surfaces [14], the use of continuum approaches to model the electrochemi-
cal diffuse layer [15], the possibility of using hybrid implicit/explicit approaches to improve
the description of specific interaction on surfaces [16], the need to overcome artifacts of
continuum models when dealing with complex multicomponent systems [17].

In the following we will review the main ingredients of continuum models of solvation,
focusing on smooth-interfaces approaches developed in the field of condensed-matter sim-
ulation packages. Following the description of the main details of the models designed for
neutral solutions, a review of the recent hierarchy of approaches for the description of the
electrochemical diffuse layer will be provided. Finally, applications of continuum models of
solvation to electrochemistry and electro-catalysis will be reviewed. In particular, the pos-
sibility of using multiscale approaches to estimate the range of validity and overcome the
main limitation of the Computational Hydrogen Electrode will be reported.

3.2 Continuum models of liquid solutions

The basic assumption of continuum models of solvation is that solvent molecules, when sta-
tistically averaged, are homogeneous everywhere around the solvated system, as reported
schematically in Fig. 3.1. Their effects on the properties of the solute can thus be mod-
elled in a mean-field kind of picture as the interaction with a continuum medium. Due
to the ergodic nature of most liquid systems, the continuum assumption holds when no
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Figure 3.1 Illustration of the continuum approximation. On the left a single configurations of a
liquid solution (consisting of explicit water molecules) near a QM system (CdS substrate) is
reported. In the middle, the averaged distribution of solvent molecules is reported, with red/blue
isosurfaces showing probability distributions higher/lower than the average. Even though these
points are indications of specific long-lasting solvent-solute interactions, the continuum
approximation (right part of the illustration) seems to be a reasonable assumption for most of the
liquid environment in this system.

long-lasting interactions between the solute and the solvent exist or when the structure
of the solvent at the interface with the solute is sufficiently mobile. Failures of the con-
tinuum assumption are usually the result of specific interactions, such as the formation
of hydrogen bonds, ionic bonds, and covalent bonds between the solute and the solvent.
The continuum assumption can also show limited validity in the presence of overstruc-
tured solvation layers, that may form at low temperature around charged systems as well
as apolar molecules (hydrophobic solvation [18]). Similarly, solvent layers on top of solid
substrates may present more rigid and/or long-lasting structures, due to the presence of
specific interactions and a reduced conformational freedom at the interface. While these
effects may hinder a successful application of continuum approaches, hybrid approaches
that feature a reduced number of explicit solvent molecules embedded in otherwise implicit
environments have been shown to provide accurate results [16, 19, 20] and represent the
most promising strategy to model solvation effects in a general and unbiased fashion.

3.2.1 Continuum interfaces

A key component of any continuum embedding approach is the definition of the boundary
between the embedded system and its surrounding environment. In principlesthis bound-
ary should reflect the region of space occupied by the degrees of freedom of the environ-
ment, i.e. for liquid solutions it should correspond to the solvent-accessible volume of the
simulation cell. However, since continuum models fully integrate out the degrees of free-
dom of the environment, the definition of the interface can only rely on the knowledge of
the system’s degrees of freedom. In general, embedding interfaces can be sharp or smooth,
giving rise to 2D or 3D domains, respectively. Moreover, interfaces can be defined on the
ionic degrees of freedom, on the electronic density of the embedded system, or on both.
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Formally, the interface function can be expressed as

1 € systi

s = Ir € system 31)
0 I & system.

Historically, continuum models have relied on interfaces defined on the positions of the

atoms, {R,}, composing the quantum-mechanical system of interest [3, 4]:

s(r) = s(r; {R,}). 3.2)

In particular, PCM exploits a cavity built from atom-centered interlocking spheres
[21-24], where each sphere has a radius proportional to the van der Waals radius of the
elements, {RZdW }, scaled by a homogenous factor, a. While PCM and similar approaches in
quantum-chemistry adopt sharp interface functions, an analogous soft-sphere continuum
solvation (SSCS) model was recently introduced by Fisicaro et al. [25] in terms of the
product of interlocking smooth spherical functions:

s(r)=1- Hhiur -Ry), (3.3)

where the spherical functions are expressed in terms of error functions as

1 r— aRli)dW
hy(r) = 3 1+ erf — (3.4)

and A is the additional smoothing parameter.

The main advantage of using interface functions based on ionic degrees of freedom is
the fact that the interface is uniquely defined at the beginning of the electronic optimiza-
tion algorithm (e.g. the self-consistent field - SCF - cycle): the interface contribution to the
total energy does not depend explicitly on the electronic density, so it does not contribute
to the potential acting on the electrons (e.g. the Kohn-Sham potential) and it can usually
be computed with a reduced computational effort. Nonetheless, the explicit dependence of
the model on ionic positions implies that the interface contribution to the total energy will
affect the calculation of inter-atomic forces. Thus, numerical inaccuracies in the calcula-
tion of these derivatives may result in inaccurate forces, which may pose serious problems
when performing geometry optimization and, even more critical, may lead to poor energy
conservation in micro-canonical molecular dynamics simulations.

An additional flexibility is present in models based on atom-centered spheres, in that the
spheres’ radii can be adjusted to improve the accuracy of the calculations. In particular, by
appropriately scaling the solvation radius of individual elements, when present in specific
functional groups, continuum models can somehow recover part of the errors associated to
the continuum approximation and the neglect of specific interactions. For example, shrink-
ing the radius of oxygen atoms in acidic carboxylic groups allows their solvation energy to be
increased, thus accounting for the larger propensity of these atoms to form hydrogen bonds
with protic solvents. This additional flexibility may be useful for modelling charged sys-
tems, where anions have been shown to require a continuum interface that lies much closer
to the solvated system [11]. However, while improved accuracies are usually reported for
this kind of approach [26], these improvements may come at the expense of transferability.
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Moreover, when used to treat charged systems, enforcing smaller or larger solvation radii
requires the a priori knowledge of the charge state of each individual components of the
system, which may be far from trivial in complex electrochemical setups.

As an alternative to ionic interfaces, interface functions defined on the electronic density,
p¢, of the embedded system have been proposed:

s(r) = s(p°(x)). (3.5)

In particular, sharp-interfaces defined on frozen or self-consistent isosurfaces of the
electronic density have been proposed in the PCM framework [27], but found limited
application, possibly due to the increased complexity in the numerical discretization of the
resulting 2D domains. These limitations are not present in the context of smooth-interface
continuum solvation approaches, where Fattebert and Gygi first proposed [7, 8] an
interface function in terms of the electronic density as

s(r) = 1 <1 " 1- (Pez(r)//’o)zﬁ> ’
2 1+ (p¥(x)/ po)*

where p, and f are the parameters of the model. With respect to ionic interfaces, elec-
tronic interfaces do not involve empirical solvation radii, but only rely on a limited number
of parameters which are meant to identify an isosurface of the electronic density at the
outskirts of the quantum-mechanical system. Thus, the use of electronic interfaces can sig-
nificantly reduce the number of parameters required by the model, improving its generality
and transferability.

Moreover, as the interface function follows the electronic density of the system, its shape
gets optimized along the SCF cycle, thus readjusting automatically with the charge distribu-
tion in the system. However, for negatively charged systems, this automatic readjustment
goes in the nonphysical direction of an expansion of the interface away from the solute,
instead of a shrinking [11]. In addition, the flexibility of electronic interfaces comes at the
additional computational cost of generating a new interface function and solving a new
numerical problem at each SCF step. Contrary to ionic interfaces, the contribution of the
interface energy to the electronic potential needs to be explicitly included in the simulation,
while the contribution to the interatomic forces vanishes, making these approaches more
suitable for molecular dynamics simulations [7, 8].

Different functional forms for the interface in terms of the electronic density can be
adopted. The optimal definition should satisfy the following conditions:

(3.6)

1. The interface function should smoothly assume a uniform value of 1 inside the quantum
mechanical system. Variations of the interface function inside the quantum-mechanical
system may give rise to unphysical pockets of embedding environment in a region close
to the ions and the chemical bonds and, thus, very sensitive to small perturbations.

2. The interface function should smoothly assume a value of 0 in the region far from the
quantum mechanical system. While less stringent for the convergence of the methods,
small variations of the interface function in the bulk of the environment are also
non-physical and may interact and promote unphysical fluctuations of the electronic
density far from the nuclei.

3. The transition between the two uniform regimes described above should be as smooth
as possible, so that the typical resolution of the structured 3D grids used in condensed
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matter simulations is fine enough to describe it correctly. This condition is particularly
relevant as the interface function is defined in a region of space, at the outskirts of the
quantum mechanical system, where the electronic density is known to decay exponen-
tially fast.

Based on the above conditions, Andreussi and coworkers proposed a revised definition of
the interface function [10], which exploits a step-wise expression and a switching function
in terms of the logarithm of the electronic density:

1 PO > P
() = 1 1An(PE))  Ppar > 27T > P (3.7)
0 Pel(r) < pmin

where #(x) is a smooth function. This contribution was later adopted by several other mod-
els, e.g. [28-31]. Similarly to the expression introduced by Fattebert and Gygi, this function
depends on only two adjustable parameters, p,,;,, and p,,,,., which correspond to the iso-
surfaces of the electronic density where the transition from the embedded region to the
embedding one occurs. Higher values of the two thresholds correspond to the interface
getting closer to the quantum mechanical system and, thus, to increasing the strength of
solvation effects. In addition, thresholds of similar values correspond to sharper transitions,
which in turn increase the interaction with the embedding environment.

Calculations on a comprehensive set of neutral organic molecules show that variations
in the two parameters are strongly correlated, so that different combinations of the two
can provide similar agreement with other simulations and/or the experiments [10]. One
can thus tune a single global parameter to control the shape of the interface, as compared
to the extensive set of solvation radii required in ionic interfaces. The definition and
parametrization of the above function represent the key ingredients of the self-consistent
continuum solvation (SCCS) approach [10, 11, 17]. As discussed above, while a single
parametrization provides consistent results for neutral species (see Fig. 3.2), in order to
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Figure 3.2 Errors in aqueous solvation free energies for a set of 240 neutral organic molecules, as
computed with the SCCS model and compared to experimental values. Several compounds
(reported in the green boxes) show errors lower than 0.5 kcal/mol, well within chemical accuracy.
Instead, larger errors are observed for compounds (red boxes), such as acids and bases, that are
known to form strong hydrogen-bond interactions with water molecules.
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Table 3.1 Cavity parameterizations proposed for the SCCS and the SSCS interfaces, with the
corresponding non-electrostatic parameters. The parametrizations labeled with a (*) refer to the
SCCS non-electrostatic re-parametrizations proposed for an interface function as in Eq. 3.7, while
the original SCCS cavity [10] was defined as a linear function of e(r). Note that two
parametrizations have been proposed for neutral isolated systems for each interface type, including
and excluding the non-electrostatic parameter f.

Training set Interface  Electrostatic parameters Z‘l;n}::m‘l) B (GPa) Ref.
Neutral SCCS Pmax = 0.00500 a.u., p,,;, = 0.0001a.u. 50 -0.350  [10]
Neutral SCCS Prmax = 0.00500 a.u., p,,, = 0.0001au. 11.5 - [10]
Neutral SCCS(*) Prmax = 0.00500 a.u., p,,,, = 0.0001a.u. 479 —0.360 [17]
Neutral SCCS(*)  ppaye = 0.00500 2.1, p,,;, = 0.0001 2.u.  12.4 - [17]
Neutral SSCS a =112, A = 0.5 Bohr 50 -0.350  [25]
Neutral SSCS a =1.16, A = 0.5 Bohr 11.5 - [25]
Cations sccs Prae = 0.00350 2.1, p, . =0.00022.u. 5 0125 [11]
Cations SSCS a =1.10, A = 0.5 Bohr 50 —-0.350 [25]
Anions SCCs Pmax = 0.01550 a.u., p,., = 0.0024 a.u. 0 0450  [11]
Anions SSCS a =0.98, A = 0.5 Bohr 50 -0.350  [25]
Metal surfs.  SCCS Prmax = 0.01025 a.u,, p,,;, = 0.0013 a.u. - - [32]

increase the accuracy of the method on systems with strong specific interactions and/or
in the presence of overstructured solvation layers, a reparametrization of the interface
function can be required [32]. In Table 3.1 we report the main parameterizations proposed
in the literature for the SCCS and SSCS models. In Fig. 3.3 we report an example of the two
interfaces for the case of a platinum slab with an absorbed hydroxy group.

In particular, Dupont et al. showed that, while cations are well reproduced by the param-
eters optimized for the neutral systems, anions show severe discrepancies and require a
separate parametrization [11]. Similarly, when studying electrochemical systems with con-
tinuum solvation, Hérmann et al. showed that an alternative set of parameters for the
interface function is able to recover a reasonable agreement with experimental values for
the potential of zero charge of noble metal surfaces [32]. The parameters proposed by Hor-
mann et al. are also able to reproduce the correct magnitude of the differential capacitance
of silver surfaces [15], thus further supporting its accuracy for the study of electrochemical
interfaces. However, the lack of transferability of the interface thresholds can lead to unre-
liable simulations, especially when multiple components with different parametrizations
need to be treated at the same time. As the main cause of the problem is linked to over-
structured solvent molecules or solvation layers, hybrid approaches hold the potential of
providing a unifying and accurate approach to complex systems [16]. However, as the com-
putational cost of these methods grows exponentially fast with the number of molecules
included in the quantum-mechanical system, alternative definitions of the interface func-
tion and/or of the interaction energy can be devised, so as to increase the applicability of
purely continuum approaches.
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(b) (c)

Figure 3.3 Examples of electronic (SCCS, in b) and ionic (SSCS, in ¢) continuum interfaces
embedding a Pt (111) slab with an absorbed hydroxy group. Isosurfaces of the two interface
functions corresponding to values of 0, 0.5, and 1 are visualized in panels b) and c). In a) the
behaviors of the two interface functions are reported along the line passing through the hydroxy
group and as a function of the position in the direction perpendicular to the slab.

3.2.2 Beyond local interfaces

As described above, different definitions of continuum interfaces share similar advantages
and limitations. In general, when properly parametrized on the same set of data, similar
accuracies have been observed for different formulations [25]. However, both ionic and
electronic interfaces fail to correctly reproduce the effects of changes in the charge state
of the system. This has a profound implication for complex systems composed by differ-
ent components, where the electrons can transfer from one part of the system to another.
Moreover, when performing electrochemical simulations, the charge state of the system
represents a key external variable, as it is connected by a Legendre transformation to the
applied electrochemical potential. Thus, being able to correctly reproduce changes in solva-
tion effects with applied potential is crucial for the accuracy of continuum models. In order
to overcome the problem, non-local interfaces that depend on both the ionic and electronic
degrees of freedom have been proposed [33, 34]. In particular, a scaling factor proportional
to the local net charge embedded by the interface can be introduced. Such a net charge can
be estimated by exploiting Gauss’s law in terms of the normal component of the electrostatic
field E of the system at the electronic interface [33]

E,(r) = E(r) - Vs(r) (3.8)

or from its fluxes through the spherical functions composing the ionic interface [34]

o = / E(r) - Vh,(Ir = R, D] [ (Ir — R, ydr. (3.9)

b#a
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Since the electrostatic field in vacuum is a non-local functional of the total charge density
of the system,

E(r) = / K(r - r')p¥(rdr, (3.10)

where K is a generic electrostatic kernel that depends on the boundary conditions,

() = <pel(r) + ) z(|r - Ri|)) : (3.11)

and z; are the ionic charges, these field-aware interfaces non-trivially depend on both the
electronic density and the ionic positions of the solute. The asymmetry in solvation of pos-
itive and negative compounds is recovered by using an asymmetric scaling function that
depends on the sign of the field normal or field flux. This strategy has shown to provide accu-
rate results for neutral species, cations and anions, while relying on a single parametriza-
tion. However, further improvements in accuracy may be obtained if not only the shape
of the interface, but also the interaction energy between the solute and the continuum is
defined in terms of the local polarity or charge state of the system, as proposed by Chipman
and coworkers [35] or in the approach of Bardhan and coworkers [36-38].

A second limitation of straightforward definitions of ionic and electronic interfaces is that
small regions of space not occupied by the embedded system may be assigned to the con-
tinuum environment, despite being physically inaccessible to solvent molecules [17]. While
this is usually not a problem for small and compact systems, most local definitions of inter-
faces present some limitations when complex systems are considered. A typical example is
the one of molecular complexes and absorption, where small interstices are present between
different molecules or between molecules and substrates. An even more common occur-
rence of the problem is found in condensed-matter simulations, when studying substrates
with open or porous structures, such as nanotubes, semiconductors, zeolites, etc.

While simplified approaches, e.g. the introduction of rigid exclusion regions, allow the
continuum embedding from entering these holes to be avoided, these do not usually provide
smooth derivatives. Thus, geometry optimizations and molecular dynamics simulations
may suffer from artifacts at the interface, due to the presence of external constraints. Simi-
larly, the concepts of solvent-accessible and solvent-excluded interfaces have been proposed
in the quantum-chemistry literature [22, 39-41], but the algorithms adopted may present
numerical instabilities and are not straightforward to extend to smooth interfaces.

Recently the use of non-local definitions of the interface, which exploits convolutions
with spherical functions [33, 42] to sample larger regions of space surrounding the point
where the interface is computed, were shown to handle the problem effectively. The use
of convolutions, especially in simulations that already make large use of fast Fourier trans-
forms, allows the computational cost of the algorithm to be kept under control, while main-
taining continuous derivatives with respect to the underlying degrees of freedom (atomic or
electronic) adopted in the construction. Following this strategy, Andreussi and coworkers
proposed a general solvent-aware [17] definition § of continuum interfaces by complement-
ing alocal interface s with a smooth switching function of the filled fraction, i.e. the fraction
of volume occupied by the continuum within a spherical region of space:

8(r) = s(r) + (1 — stV (r)). (3.12)
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Figure 3.4 Solvent-aware continuum interfaces in contact with a slab of liquid water. By
increasing the effects of the non-local correction (from Left to right, i.e. by decreasing the threshold
on the filled fraction f;) spurious regions of continuum environment, smaller than the
solvent-radius, are effectively removed from the simulation.

The filled fraction, f, is obtained by a convolution of the local interface with a spherical
probe up whose size is proportional to the solvent radius

s = / s(x)ug_ (Jr—1'|)dr’. (3.13)

The approach provides analytic and smoothly varying derivatives, allowing its use in
accurate geometry optimizations and molecular dynamics simulations. Even though the
solvent-awareness introduces a number of new parameters, none of them requires the use
of empirical fitting of experimental data. While simple geometrical assumptions allow a
model to be defined that is able to overcome the presence of small continuum artifacts,
the main model parameter can be converged exploiting bulk calculations. Simulations on
realistic and complex systems, such as liquid water (as reported in Fig. 3.4) and semicon-
ductor slabs in contact with continuum water, showed the effectiveness of the approach and
allowed a more general value of the threshold parameter for condensed-matter applications
to be proposed, featuring open and liquid/amorphous components [17].

3.2.3 Electrostatic interaction: polarizable dielectric embedding

In addition to the definition of the interface, the main physical ingredient of continuum
approaches is represented by the way the embedded system interacts with the environ-
ment. A full QM picture of this interaction should be based on the electrostatic interaction
between the electrons and ions of the two components. When the environment degrees
of freedom are integrated into a continuum, approximations must be made on the form
of these interactions. These approximations usually provide a definition of the energy of
interaction with the environment as a functional of the continuum interface. As a result,
the total energy of the quantum-mechanical system can usually be expressed as the sum of
two terms, the first only related to the system’s degrees of freedom and with an expression
equivalent to the energy of the system in vacuum, and the second that instead explicitly
depends on the interface function:

Etot[pel’ {Ra}] — Esystem[pel’ {Ra}] + Einterface[s(pel’ {Ra})] (314)
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The strength of the interaction terms is controlled by tunable parameters, which may
be related to a physically meaningful and well-characterized property of the continuum
(e.g., its dielectric permittivity or surface tension) or can be fitted to improve the accuracy
of more complex model.

Electrostatic interactions play a crucial role in most embedding environments: as the
embedded system interacts with the solvent molecules, the flexible and mobile environ-
ment will readjust and polarize, so as to stabilize the charge distribution of the system. In
classical electrostatics, the ability of the solvent molecules to screen embedded charges is
described in a compact way in terms of the static dielectric permittivity of the solvent, €,. The
picture of a classical polarizable dielectric medium is at the core of most of the continuum
models of solvation, starting from the original approach of Onsager [43], where electrostatic
solvation effects are described in terms of a reaction field, induced by the embedded system
on the environment and acting on the embedded system degrees of freedom. The presence
of this additional field reduces the electrostatic energy of the system, but the work spent
to generate the field needs to be accounted for in computing the total free energy of sol-
vation. The same physical principles behind the model of Onsager apply to more complex
dielectric embedding schemes [3]. In most of the proposed approaches, as the work done to
polarize the medium is removed from the electrostatic energy of the system, the total quan-
tum mechanical energy of the system embedded in a dielectric medium is labeled as an
electrostatic free energy [3]. It is also worth pointing out that, in the context of continuum
calculations, both Helmholtz F and Gibbs G free energies are used, owing to the fact that
the continuum may represent both a constant volume or constant pressure environment.

In particular, Fattebert and Gygi [7, 8] recast this electrostatic picture in terms of
three-dimensional fields, potentials and charge distributions, with the total electrostatic
free energy of the embedded system expressed as

Flp", {R;}] = / PV (E)p(r)dr — / %s(rnw(r)ﬁdr, (3.15)

where ¢(r) is the electrostatic potential, and the dielectric permittivity of the medium e(r)
reflects the system/continuum separation and is thus a function of the continuum interface,

e.g.
() = e(s() = 1+ (g, — 1)(1 — s(x)), (3.16)

with ¢, the bulk dielectric permittivity of the environment.
By taking the functional derivative of the above expression with respect to the electrostatic
potential, the generalized Poisson equation (GPE) in a dielectric medium is obtained

V- e(®)Vo(r) = —4rp™(r). (3.17)

The difference between the electrostatic potential obtained from Eq. ((3.17)) and the solu-
tion of the Poisson equation (PE) in vacuum,

V2¢2(r) = —4zp™(r) (3.18)
provides the polarization potential

PP(r) = p(x) — ¢°(1). (3.19)
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Alternatively, the effects of the dielectric embedding can be rationalized in terms of an aux-
iliary polarization density, spread at the continuum interface and expressed as [10]

e(r)—1
e(r)
As this auxiliary density depends on the gradient of the logarithm of the dielectric func-
tion, Andreussi et al. proposed an alternative formulation of the dielectric in terms of the
continuum interface [10], in order to provide a more robust expression for the polarization

density, namely

pPolr) = %V Ine() - Vg(r) — PP (3.20)

e(r) = elogell=s®], (3.21)

In order to compute the polarization potential, or alternatively, the polarization charge, a
numerical procedure to solve the GPE needs to be devised. While the original approach of
Fattebert and Gigy relied on a multigrid solver [7], iterative schemes based on the use fast
Fourier transforms have been proposed [10, 44], which provide fast and robust solutions to
the partial differential equation, with a negligible overhead with respect to simulations in
vacuum. When optimizing the degrees of freedom of the embedded system, the functional
derivatives of the energy with respect to the electronic density, Vg = 6F[p%, {R;}1/6p%, or
the partial derivatives of the energy with respect to atomic positions, f; = dF[p%, {R;}1/dR;,
need to be computed. Depending on whether the continuum interface is defined in terms of
the electronic or atomic degrees of freedom, explicit contributions to either the Kohn-Sham
potential VEIS or to the inter-atomic forces f; will be present. By introducing the functional
derivative of the free energy with respect to the interface function, 6F [pe, {R;}1/6s, both
contributions can be expressed in a unified framework, namely

interface , .\ 6s(r') 6F[s] .,
Vis > = / —6pel(r) —5s(r,)dr (3.22)
interface _ aS(l‘) OF[s]
f = / IR, B5(0) dr, (3.23)

where the last ingredients required, namely the functional derivative of s(r) with respect
to the electronic density and its partial derivative with respect to the ionic positions, will
depend on the chosen form of the interface function.

3.2.4 Beyond electrostatic interactions

While electrostatic solute-solvent interactions are well characterized by the empirical
model of a polarizable dielectric medium, other interactions are more ambiguous and their
definition is bound to rely on arbitrary partitions. The most widespread approach is the
one of Ben-Naim [45, 46] where the global solvation free energy of a solute is decomposed
as

AG® = AG? + G*¥ + G + G9S + PAV + AG™. (3.24)

The electrostatic contribution AG% can be computed as the electrostatic free energy differ-
ence between the system relaxed in the polarizable dielectric environment and the system
optimized in vacuum. The non-electrostatic terms, instead, comprise interaction energies
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that are of more statistical mechanics or quantum-mechanical nature. In particular, the
cavitation energy G’ is associated to the energy required to form a cavity in the embedding
medium to host the solute. Repulsion, G™, and dispersion, G9%, interactions are instead
related to quantum-mechanical phenomena linked to the electronic repulsion due to Pauli
principle or the electronic dispersion due to non-local correlations effects. Changes in ther-
mal motion, AG"™ due to the embedding environment and the effect of the external pres-
sure, PAV, are usually regarded as less important for solvation of molecules in standard
conditions [3].

However, volume changes can play an important role in specific applications, such as the
characterization of finite clusters under the effect of an external pressurizing medium. For
these applications, Cococcioni et al. developed a continuum medium approach [47] where
a volume dependent term is included in the total energy to define a quantum-mechanical
enthalpy functional

H=E+PV, (3.25)

and the quantum-volume V; of the system is expressed as a functional of the embedding
interface as

Vo= VIs(] = / s(r)dr. (3.26)

Statistical mechanics approaches, such as the scaled particle theory [3, 48], are usually
exploited to account for cavitation contributions. Alternatively, Scherlis et al. proposed an
approach based on a microscopic extension of the surface tension model [9], where, follow-
ing the strategy of Cococcioni et al. [47], the free energy cost to create a molecular sized
cavity is expressed as proportional to the solute’s surface

G =yS (3.27)

q’
where the quantum-surface S, of the system can also be expressed as a function of the
embedding interface as

Sq = Sylsm)] = / |Vs(r)|dr. (3.28)

In the context of continuum solvation in quantum-chemistry, Amovilli and Mennucci pro-
posed a strategy based on the theory of McWeeny and on dynamic polarizabilities to model
dispersion effect [4, 49, 50]. Repulsion effects were instead proposed by the same authors
to be proportional to the amount of electronic density that lies outside of the sharp PCM
interface [4, 49]. Alternatively, approaches based on fragment contributions proportional
to the surface of the continuum interface belonging to each atomic type have been adopted
[5, 51].

Possible ways to describe these purely QM effects are to follow the same strategies that
are used to model intra-molecular van der Waals interactions, but extending these schemes
to homogeneous continuum media. In the context of smooth-interface models based on the
electronic density, the escaped charge can be considered to be proportional to the exposed
surface of the embedded system. Thus, the repulsion contribution can be defined to have the
same form as the surface tension one [10]. Starting from this assumption, Andreussi et al.
proposed a compact model for aqueous solutions based on the SCCS cavity and involving
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two non-electrostatic contributions to the total solvation free energy, expressed through
two global parameters that multiply the quantum-surface and the quantum-volume of the
system, namely

AG® = AG" + (a +7)S, + BV, (3.29)

For interfaces, the slab geometry typical of condensed-matter simulations introduces
an approximation that reduces the validity of the volume contribution, thus a single
non-electrostatic functional proportional to the surface is exploited (see e.g. Table 3.1). The
same strategy was later extended to ionic interfaces in the SSCS model [25].

Still in the context of smooth-interface solvation models, Sundararaman et al. extended
the empirical approach of Grimme to include vdW effects into DFT, to include the inter-
action with a continuum distribution of electrons in the embedding environment [52]. Jin-
nouchi and Anderson proposed an approach [53] based on surface fragments similar to the
one exploited by the Minnesota family of solvation models.

Despite their crucial role to provide a reliable comparison with the experiments, in most
condensed-matter applications, non-electrostatic effects are usually neglected, due to their
less general definition and parametrization. Efforts to extend the parameterization to a
wider range of solvents are currently ongoing and may lead to more general definitions.

3.3 Continuum diffuse-layer models

3.3.1 Continuum models of electrolytes

The implicit solvation framework described so far can be extended to account for the
presence of ions in the embedding solution. In particular, a continuum description of
the electrolyte can be obtained by introducing smooth functions {c;(r)} that define the
local concentrations of the various solvated ionic species. These concentration functions
are expected to approach the corresponding bulk electrolyte concentrations {c?} deep in
the bulk solution. While the bulk electrolyte solution is expected to be charge neutral
(i.e. Zizic? = 0, where z; is the charge of the i-th electrolyte) in proximity of the solute
region the interaction with the quantum-mechanical system can drive the accumulation
or the depletion of some of the ionic species. Thus, this region is characterized by a local
unbalance between positive and negative ions, which can be described in terms of a
classical charge distribution p;,,((r) = Y, z;¢;(¥).

A common element to all the hybrid atomistic-continuum models of electrolyte
solutions is the interface that defines the volume of space that can be occupied by the
solvated ions. One can formally introduce this boundary using an ion-exclusion function
y(r) that smoothly switches between the values of 0 and 1 in the electrolyte-free and
electrolyte-accessible region, respectively. In particular, the electrolyte domain can be
defined using the interface function s(r), analogous to the one introduced in Section 3.2.1:

y(@®) =1-s5(r). (3.30)

Continuum models of electrolytes are particularly relevant in the context of electrochem-
ical interfaces. Solvated ions play a dominant role in screening the electrode charge, and the
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structure of the charge distribution p;,(r) that emerges in the liquid solution, also known
as the diffuse layer, affects many interfacial properties. In addition to very simple double
layer models consisting of a countercharge plane positioned at a fixed distance from the
model electrode surface [54-56], other popular electrolyte models have been based on the
solution of some form of the Poisson-Boltzmann equation (PBE) [57, 58]. This second class
of models can be formally introduced within a grand-canonical framework [57, 59], where
the system constituted by the simulation cell is assumed to be in thermodynamic equilib-
rium with a reservoir of electrolyte species, i.e. the bulk solution. In this picture, for given
values of the chemical potentials of the ions, one looks for the equilibrium electrolyte con-
centrations that minimize the system grand potential function. This quantity is typically
expressed as a functional of the electrostatic potential of the embedded system ¢(r) so that
ultimately accounting for the presence of electrolytes in the embedding solution becomes
equivalent to solving a modified electrostatic problem.

In this section, we will describe the most popular diffuse-layer models that have been
implemented in periodic DFT codes [58, 60-69]. These models essentially differ in the type
of interactions that are considered in the free-energy functional of the embedded system.
We will review how these models can be formally derived and we will show how they per-
form for a representative observable that is sensitive to the diffuse-layer structure, i.e. the
differential capacitance of single-crystal metal surfaces.

3.3.2 Helmholtz double-layer model

A charged electrode in an electrolyte solution electrostatically attracts counter-ions from
the bulk solution. To first approximation, one can assume that the solvated ions would accu-
mulate in a plane parallel to the electrode surface, giving rise to the so-called double-layer
structure. Under this approximation, the diffuse layer can be represented as a planar charge
distribution, which is generally known as the outer Helmholtz plane [70]. Such Helmholtz
model of the double layer assumes the electrolyte screening of the surface charge to be inde-
pendent on the bulk ionic concentration and to take place in an arbitrarily narrow volume
of the liquid solution.

The planar counter-charge model has been employed for a long time in combination with
electronic structure calculations [54-56]. In typical computational implementations, the
counter-charge plane is broadened along the surface normal direction (here chosen to lie
along the x axis) to have a finite width. For instance, the Helmholtz layer can be modelled
as a planar Gaussian distribution:

q (x —xp)°
ptons(x) A\/;A exp < Az > . (331)
Here q is the integrated charge distribution, A is the cell area in the surface plane and x,
and A are the two model parameters that define the distribution’s center and width, respec-
tively. Among these parameters, only the former significantly affects interface properties
such as the differential capacitance, while the latter can be treated as a numerical parameter
with the purpose of guaranteeing an accurate representation of the counter-charge distri-
bution on the real-space grid[15]. The inclusion of p,,,(x) to the charge distributions of the
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system modifies the electrostatic energy of the system. The overall system’s free-energy can
be computed as:

Flo(m), $(v)] = / [—%qu(r)ﬁ+p(r)¢(r)+pi”"3(r)¢<r> dr, (332)

where the electrostatic potential ¢(r) is the overall electrostatic potential of the system, and
it thus includes the Helmholtz-plane contribution. Note that once the counter-charge plane
is added to the charge distributions of the system, one can solve the GPE without additional
iterative steps for the electrolyte.

3.3.3 Poisson-Boltzmann model

The Helmholtz double-layer model represents a rather simplified approximation of the
diffuse layer. A more realistic diffuse-layer model can be derived from a functional that
includes terms related to the bulk electrolyte reservoir [57, 63, 71]:

Flo(e), d(x). {c(r)}] = / [—% VOO + pE)p(E) + P P+
=3 e - &) - Ts(e®h - sy dr, (3.33)

where T is the temperature, y; is the chemical potential of the i-th ionic species, and s({c;})
is the solution entropy density. Note that we have referred the chemical-potential and the
entropy density terms to the corresponding values in the bulk solution. Also note that we
have now made explicit the dependence of F on the electrolyte concentration functions
{c;(r)}, with respect to which F needs to be minimized to find the corresponding equilib-
rium concentrations.

The entropy density of a point-charge electrolyte, assuming ideal mixing, can be com-
puted as:

(1)
se,(m}) = —kg ) (@) In —, (3.34)
Bz; y(r)
where kj is the Boltzmann constant. This entropy density expression, together with the
following expression for the chemical potential of the ions:

H; = kgT(Inc? + 1), (3.35)

allows the well-known Poisson-Boltzmann equation (PBE) to be derived, which is obtained
by minimizing the free-energy functional in Eq. 3.33 first with respect to the local electrolyte
concentration functions, and then with respect to the electrostatic potential:

V- e(@)Ve(r) = —4n(p(r) + D 2,¢,(X)). (3.36)
—

pluns(r)
The PBE represents the modified electrostatic problem that needs to be solved instead of
the Poisson equation for standard vacuum calculations. The local electrolyte concentration

function takes the following form:
zj ()

¢(x) = y(x)cle . (3.37)
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In the context of electrochemical interfaces, the solution of the PBE leads to an electrolyte
concentration profile also known as the Gouy[72]-Chapman[73] diffuse layer. Note that the
presence of the ion-exclusion function y(r) ensures a zero electrolyte concentration inside
the solute region. The solute region also gives a zero contribution to the solution entropy
(see Eq. 3.34), consistently with the fact that this volume should be considered as external
from the electrolyte solution.

Whenever the electrostatic interaction is small with respect to the thermal energy, the
Boltzmann factor in Eq. 3.37 can be approximated with a linear function. Such approxima-
tion leads to the following expression for the electrolyte concentrations:

0 Zid)(r)
c~yme (1-——— ). 3.38
H(r) & ¥ (1) < KT (3.38)
Substitution in the Eq. 3.36 leads to a linearized-version of the PBE (LPBE), which can be
written as:

V- e(@)Ve(r) = —4np(r) + K2y (1)(x), (3.39)

P 2.0
P22
where k? = 47:%

. It is difficult to determine a priori the range of validity of the
linear-regime appBroximation of the Poisson-Boltzmann model, which is expected to be
very much dependent on the observable of interest. For instance, quantities related to
electrostatic potential differences, such as the differential capacitance, are expected to be
very sensitive to the diffuse-layer profile. The linearization of the PBE is thus expected to be
valid for a very narrow range of potentials around the potential of zero charge (PZC) of the
electrode surface. Integrated quantities, such as interface or solvation energies, are instead
expected to be less affected by the linearization procedure. The advantage introduced by
the linearization of the electrostatic problem lies in the fact that it allows for a simpler
numerical solution [15, 44, 64, 66, 67, 71]. More elaborate iterative procedures have been
recently implemented to solve the full non-linear PBE within periodic electronic structure
codes [15, 44, 67, 71].

It is worth mentioning that in the case of electrochemical interfaces, one can take advan-
tage of the reduced dimensionality of the problem, as long as the interface between the
quantum-mechanical region and the electrolyte solution can be approximated as homoge-
neous in two dimensions [58, 62, 63]. In particular, for a charge-symmetric electrolyte one
can exploit the solution of the one-dimensional (L)PBE along the surface normal, which
can be obtained analytically once the boundary conditions of the problem are specified.
Similarly to the Helmholtz double-layer model, also the planar-averaged (linearized)
Poisson-Boltzmann model does not require any iterative procedure to determine the
diffuse-layer contribution to the overall electrostatic potential, since it makes use of its
analytic solution beyond a certain distance from the quantum-mechanical system [15].
This approach also bypasses the need of large simulation cells, which are instead necessary
with numerical approaches. The latter class of methods, in fact, requires the whole
diffuse-layer charge density to be modeled, which can extend for various nanometers, in
order to obtain the correct potential drop across the interface.
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3.3.4 Size-modified Poisson-Boltzmann model

The point-charge approximation that is part of the standard Poisson-Boltzmann model
typically leads to an overestimate of the electrolyte concentration at the solute-solvent
interface. A more physical description of the electrolyte particles accounts instead for
their finite size and for the steric hindrance that limits the ionic concentrations to a
maximum finite value [60, 61, 71, 74]. Such size-modified Poisson-Boltzmann model
can be formally derived using a modified expression for the entropy density of the
electrolyte solution, which is derived from a lattice-gas model [57, 59]. Note that models
coupled to electronic-structure methods should ensure that the volume assigned to the
quantum-mechanical region gives a zero contribution to the entropy of the solution. One
way to enforce this limit is to make use of the ion-exclusion function to introduce a space
dependence for the maximum local concentration [62, 63]. The entropy density of the
solution, expressed as the sum of a ionic and a solvent contribution, can thus be written as
[57, 59, 62, 63]:
c,(r)

s} = —kBZci(r) In——2 4

Crnax? (1)

—k <cmaxy(r) - Zci(r)> In <1 - Zﬂ) , (3.40)
: ~ Cnax? ()
where the maximum local concentration c,,,, is related to the minimum volume that can
be occupied by a solvent or electrolyte particle a> through c,,,, = 1/a®. We assume here an
equal size for all electrolyte particles (i.e. anions and cations) [57, 59]. Models that account
for the disparity of ionic sizes have been proposed, but they do not lead to an analytical
expression for the ion concentration functions [75, 76]. Assuming a random close packing
for the electrolyte particles (i.e. a packing efficiency P = 0.64), the parameter c,,,, can also
be related to the radius of the solvated ions: c,,,, = 3P/4xr;.
The minimization of the free-energy functional in Eq. 3.33, using the expression of
Eq. 3.40 for the entropy density and the following expression for the electrolyte chemical
potentials:

¢
u; = kBTh'l <W> , (341)
max i

leads to the size-modified version of the PBE (MPBE), which differs from the standard PBE
(Eq. 3.36) only in the expression of the local electrolyte concentrations:

0.- 2(®)
k,
y(r)ce T

& _ %o '
1-Y. (1-¢ W
21 Cmax

Within this model the concentration of all the ionic species remain bound even for diverging
values of the electrostatic potential. The expressions for the entropy density, the chemi-
cal potential, and the ionic concentration in the size-modified Poisson-Boltzmann model
(Egs. 3.40, 3.41, and 3.42) reduce to the corresponding expressions in the standard model

¢,(r) = (3.42)
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(Egs. 3.35, 3.35, and 3.37) by taking their point-charge limit (i.e. c,,,, — oo or r; — 0). Sim-
ilarly to the standard PBE for general interface geometries, the solution of the non-linear
MPBE is typically carried out with numerical iterative algorithms.

We note in passing that an alternative derivation of the size-modified Poisson-Boltzmann
assumes that the solute cavity forms from effective repulsive interactions between the solute
and the electrolyte [61]. Such repulsive interaction can also be recasted in terms of an
ion-exclusion function, leading, however, to a slightly different formulation of the MPBE
[71, 77].

3.3.5 Stern layer and additional interactions

In addition to marking the limit of the electrolyte continuum domain, the ion-exclusion
function y(r) can be employed to displace the electrolyte charge density from a portion of
the solvent region at the boundary with the solute. By using a scaled solvent cavity as elec-
trolyte cavity function, one can indeed set an effective finite spacing between the solute
and the electrolytes [63, 68, 71, 74]. This solvent-accessible but electrolyte-free region, also
known as the Stern layer [78], is expected to surround solvated systems since tightly bound
water molecules impede direct contact between the solute and the ionic species. As men-
tioned in Section 3.3.4, the electrolyte cavity can be equivalently introduced by means of
ad-hoc repulsive interactions, which can be tuned to leave an ion-free region at the bound-
ary with the solute [61]. Both approaches predict a zero-entropy density for the Stern layer.
This is consistent with the absence of diffusing ions and for the significant conformational
restriction that is expected for the solvent molecules in the first solvation shells of the solute.

A third possible approach is based on an electrolyte cavity that coincides with the solvent
cavity and whose aim is to separate the quantum-mechanical region from the continuum
solution. One then resorts to effective repulsive interactions to displace the continuum elec-
trolyte from the Stern-layer region [15]. A similar formalism can be exploited to account
for the selective adsorption of ions at electrochemical interfaces: Baskin and Prendergast
have proposed using an effective binding interaction potential to account for mean-field
electrostatic effects that follow the preferential adsorption of anionic species on electrode
surfaces [79]. In particular, they have made use of a Morse-like potential to mimic the inter-
action of the negatively charged species with a model surface.

3.3.6 Performance of the diffuse-layer models

In order to illustrate the performance of the various electrolyte models, we present here
differential capacitance curves computed for few representative model systems. The dif-
ferential capacitance is an observable that is often studied in the context of electrochemical
interface simulations because in addition of being experimentally accessible it is also highly
sensitive on the details of the model employed for the electrolyte solution.

Differential capacitance curves have been computed by taking the numerical deriva-
tive of the charge-potential relations that we calculate through an approach that is
micro-canonical with respect to the electrons of the system: we set a given surface charge
by adding or removing (fraction of) electrons, and we determine the corresponding
absolute potential ® (with respect to vacuum) from the difference between the electrostatic
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potential in the bulk solution and the computed Fermi energy. The calculations have
been performed with the Quantum ESPRESSO distribution [80, 81] using the open-source
ENVIRON module for the continuum embedding [82], where all diffuse-layer model
illustrated here have been implemented [15].

Four surfaces have been considered: Cu(111), Ag(111), Au(111), and Pt(111). The metal
surfaces have been modelled by means of symmetric 9-layer slabs, exposing two identical
interfaces to the continuum electrolyte solution. The metal slabs have been relaxed only
in vacuum. Computational details include a 24x24x1 I'-centered k-point grid to sample
the first Brillouin zone of the metals, the Perdew-Burke-Ernzerhof exchange-correlation
functional [83, 84], and pseudo-potentials and cutoffs for the plane-wave expansion of
the wave-function from the standard solid-state pseudo-potential library (SSSP efficiency
set, version 1.0). Considering that the goal here is to illustrate the performance of the
various diffuse-layer models described, without aiming at producing quantitative predic-
tions for the differential capacitance, we make use of a simplified planar cavity with an
error-function profile along the surface normal for both the solvent and the electrolyte.
For close-packed metal surfaces, such as the considered (111) surfaces of metals with
a face-centered cubic structure, the rigid interface described is expected to very closely
resemble the SSCS cavity, which is based on atom-centered interlocking spheres (see Eq.
3.3 in Section 3.2.1) [25]. We thus assume a certain degree of transferability with the SSCS
parametrization, and set the interface of the solute-solvent region at a surface distance

equal to d = a - rYfF, where rU is the van der Waals radius of a given atom type in the

universal force-field (UFF) parametrization [85] and & = 1.16 is a scaling parameter fitted
to solvation energies of neutral isolated systems (see also Table 3.1) [25]. Also following
the original SSCS parametrization [25], we set the width parameter for the error-function
profile to A = 0.5 Bohr. We choose here to use similar electrolyte cavities for the numerical
models and for the models that make use of the planar-averaged approximation, so that
we can more directly compare results obtained with the two approaches. We thus set the
boundary of the diffuse layer at a fixed distance from the metal surface, introducing a 5 A
spacing between the outermost metal layer and the onset of the electrolyte charge. A small
width parameter (A = 0.001 A) has been employed to broaden the ion-exclusion function
in the calculations with the numerical solvers, to mimic the sharp diffuse-layer onset in
the planar-averaged analytical methods.

Differential capacitance curves computed with the Helmholtz double-layer model are
presented in Fig. 3.5. As mentioned above, the counter-charge plane that characterizes
this model screens any surface charge and there is no dependence on the bulk electrolyte
concentration. The electron-density tail extends less and less towards the bulk solution for
increasing potential values (i.e. for increasing surface charge), effectively increasing the
spacing between the surface and the continuum media, which lie at a fixed distance from
the surface. This phenomenon explains the observed capacitance decrease as a function of
the applied potential. This trend is readily understood from a simple capacitor model, for
which the capacity is inversely proportional to the distance between its plates.

Similar capacitance trends are observed if the linearized Poisson-Boltzmann model is
employed instead, as illustrated in Fig. 3.6. This model predicts a decreasing capacitance
for decreasing electrolyte concentrations, in agreement with experimental trends. Note
that the computed capacitance curves approach the corresponding Helmholtz-model
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Figure 3.5 Differential capacitance computed for four clean metal slabs as a function of the
applied potential. The Helmholtz double-layer model has been employed, using a planar
counter-charge plane located 5 A away from the outermost metal layer. A spread parameter
A = 0.25 A has been employed.
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Figure 3.6 Same as Fig. 3.5, but the linearized Poisson-Boltzmann model has been employed.
Three bulk ionic concentrations have been simulated: 0.01 M (blue), 0.1 M (orange), 1M (green).
Calculations have been performed with the planar-averaged method, exploiting the analytical
solution of the LPBE (dashed lines) and with the corresponding numerical method for general
geometries (solid line).

curves for increasing concentrations (cf. Fig. 3.5). The Helmholtz model, in fact, with
its counter-charge-plane screening, represents an infinite ionic-strength limit for the
electrolyte solution. Monotonic capacitance curves are computed for all the metal sur-
faces, failing to reproduce the typical capacitance minimum at the PZC (0V on the scale
employed in Fig. 3.6). Similarly to what observed for the Helmholtz model, the observed
capacitance decrease for increasing applied potential is consistent with the use of rigid
solvent and electrolyte cavities, which keep the onset of the embedding charges at a fixed
distance from the metal atoms. Note that an opposite trend (i.e. a capacitance decrease for
decreasing potential) has been observed with density-dependent cavities [15, 64], which
follows from the fact that in this case the embedding continuum moves further away
from the QM system as the system’s charge becomes more and more negative, increasing
the effective separation between the surface and the solution. Fig. 3.6 also illustrates the
comparison of results obtained through the numerical solution of the LPBE and results
obtained exploiting the analytical solution of the LPBE along the surface normal. The
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Figure 3.7 Same as Fig. 3.6, but the full non-linear Poisson-Boltzmann model has been employed
here. Also here, calculations have been performed with the planar-averaged method, exploiting the
analytical solution of the PBE (dashed lines) and with the corresponding numerical method for
general geometries (solid line).

perfect match between the two approaches validate the planar-average approximation that
is part of the latter, as expected for close-packed transition metal surfaces.

Fig. 3.7 illustrates the performance of the full non-linear Poisson-Boltzmann model.
This model correctly predicts a capacitance minimum at the PZC, where the predicted
capacitance values also agree well with the estimates from the linear-regime model (cf.
Fig. 3.6). The overall potential dependence of the computed capacitance can be explained
on the basis of a well-known model that assumes two series-capacitor contributions [58]:
a diffuse-layer contribution and a Helmholtz-layer contribution. The first contribution
dominates close to the PZC, where the diffuse-layer capacitance exhibits a minimum.
The Poisson-Boltzmann model predicts a monotonously increasing capacitance [15, 58],
so that the Helmholtz contribution is expected to become dominant at larger applied
potentials, where the surface charge is rapidly screened by the electrolyte. And in fact, at
larger potential values all the capacitance curves for the systems investigates approach the
same overall-decreasing trend, which is similar to the one observed for the counter-charge
plane double-layer model (Fig. 3.5). As also observed for the linear-regime model, also
for the full non-linear Poisson-Boltzmann model the capacitance curve obtained with
the planar-averaged analytic approach is in very good agreement with the capacitance
obtained with the numerical solver for general geometries.

Finally, the differential capacitance curves obtained with the size-modified Poisson-
Boltzmann model are presented in Fig. 3.8, where we compare results obtained with
different values of the maximum-concentration parameter c,,. . Similar capacitance
values to the ones obtained with the standard Poisson-Boltzmann model are obtained
for potentials around the PZC, for which the electrolyte concentration at the interface
is still significantly smaller than c,,,, due to the weak electrostatic attraction. For larger
applied potentials, the steric hindrance between ions opposes to the electrostatic attraction
towards the electrode, increasing the effective distance between the charged surface and
the electrolyte charge density. We thus observe a capacitance decrease for large values of
the applied potential, in agreement with experimental observations. Also in agreement
with previous results from purely-continuum models [79, 86, 87], we thus find that the
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Figure 3.8 Same as Fig. 3.7, but the results of the standard Poisson-Boltzmann model (green,
Cmax = 0 M) are compared to results obtained with the size-modified version of the
Poisson-Boltzmann model. A bulk ionic concentration of 0.1 M has been simulated, together with a
maximum concentration parameter equal to: 2 M (red), 4 M (purple), and 6 M (brown).

size-modified version of the Poisson-Boltzmann model is able to qualitative reproduce
all the experimentally-observed features of the differential capacitance for single-crystal
metal surfaces: the capacitance minimum at the PZC, an initial capacitance increase for
increasing potentials, and a final capacitance decrease after reaching two local maxima.
This is achieved with a linear dielectric model, without accounting for non-linear solvent
effects [67-69]. While the focus here is on the qualitative trends that the most wide-spread
diffuse-layer models are able to provide, it is important to mention that the choice of
the dielectric interface function strongly affects the absolute values of the computed
capacitance [15, 32, 67, 68]. A suitable parametrization of such cavity is thus highly
relevant in order to aim at quantitative description of experimental data.

3.4 Grand canonical simulations of electrochemical systems

Having established a computational model that can treat the most relevant interfacial
energy contributions of electrified solid-liquid interfaces appropriately, we present in this
section how the grand canonical energetics of electrochemical interfaces can be derived in
practice from QM/Continuum simulations.

This is in particular important, as the precise atomistic structure and composition of elec-
trochemical interfaces under operation conditions are rarely known though of high interest.
It is here where an ab-initio-based thermodynamics approach can help to predict stable
interface structures and configurations, which is the basis for a better understanding of
electrochemical processes as well as for the interpretation of the results of advanced exper-
imental techniques e.g. in-situ spectroscopies (Raman, STM, NEXAFS, NMR, ...), which
very often necessitate a comparison to electronic-structure simulations.

Until recently, most ab-initio studies on electrochemical interfaces have used methods
developed originally for the thermodynamic description of solid-gas interfaces which
represent, as shall be shown, a significant approximation to the correct grand canonical
description of electrified interfaces. In order to understand better the approximations of
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this so-called Computational Hydrogen Electrode (CHE) approach [88-91], we will review
shortly how the thermodynamics of solid-gas interfaces can be derived from ab-initio
simulations and formulate subsequently a grand canonical (GC) description of electro-
chemical interfaces within QM/Continuum models, from which the CHE approximation
follows automatically as a O™ order approximation. We will outline how to simulate such
interfaces in practice and present a selection of recent results.

3.4.1 Thermodynamics of interfaces

Interfaces occur between two different phases. In some contexts they are also referred to as
interphases, which highlights the fact that they describe a specific region in space of finite
extent located in between two homogeneous bulk phases, which has specific properties dif-
ferent from the adjacent bulk phases. Different interface types are depicted schematically
in Fig. 3.9, where the potentially large extents of electrochemical interfaces are highlighted
specifically.

The thermodynamic description of interfacial systems is based on two central pillars:

1. Inclusion of all energy contributions within the interphase.
2. Correct statistical mechanics treatment of the relevant degrees of freedom.

Given the geometry of Fig. 3.9, the most straightforward approach to simulate interfaces
based on ab-initio methods uses the slab geometry and periodic density functional theory,
which allows the in-plane degrees of freedom of the interface to be treated using appro-
priate periodic boundary conditions while keeping artificial periodic image interactions
in the out-of-plane direction perpendicular to the interface under good control e.g. by the
use of sufficiently large slab separations and appropriate correction methods [12].

Typically, quantum-mechanical simulations allow the 0 K energetics of systems to be
accessed at fixed volume and composition. In contrast, most experimental results are
obtained while controlling the temperature T, the pressure p and/or the chemical potential
u of species. Therefore, in order to derive the correct thermodynamic description based
on ab-initio simulations, it is necessary to augment them with thermodynamic sampling
or complement them with approximate correction methods.

For solid, bulk systems very accurate results for the Gibbs free energy G(p,T,N)
can be obtained by including the vibrational degrees of freedom via the harmonic or

(b) surface &  (c) (d)
adsorbate metal-electrolyte semiconductor-electrolyte

(8) general interfacial systems grain boundary metal-semiconductor n-p junction
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Figure 3.9 Relevant parts of interfacial systems: a) the energetics is defined by all energy
contributions from the interphase, the 3 dimensional region between two homogeneous bulk
phases. Depending on the system under study, the spatial extent can vary between b) a few
Angstrom and c), d) several tens of nanometers e.g. due to long-range space charge layers
as relevant for electrochemical interfaces.
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quasi-harmonic approximation [92, 93] and potentially including also contributions due
to additional degrees of freedom (e.g. configurational (alloys), magnetic (ferromagnets),
polaronic (battery systems) [94, 95]). The discussed derivation of approximate free energies
can be applied equivalently to interfacial systems, as e.g. studied in a slab approach;
in particular, for describing the thermodynamics of solid-gas interfaces, where the inter-
facial regions extend typically only over a few atomic layers below the substrate surface
(~A) and include potential adsorbates, such that all relevant energy contributions can be
captured in relatively small quantum mechanical cells (see Fig. 3.9 b).

In general, absolute values of free energies are not well defined.! In fact, it is only free
energy differences that can be formulated and determined unambiguously. Such energy
differences are typically called excess free energies; in interfacial systems, they are con-
veniently normalized to the surface area yielding surface (excess) energies y. The excess
free energy is defined as the difference of the Gibbs free energy of the system under study
and the energy cost of removing its constituents from certain thermodynamic reservoirs it
isassumed to be coupled to. Alternative terms used in the literature are Gibbs excess energy,
Gibbs free energy change, or simply formation energy.

As an example, the surface excess energy y for a specific surface, given a unary mate-
rial of specie s, can be calculated in a symmetric slab approach by determining the Gibbs
free energy of a sufficiently thick slab G*12°, consisting of N, atoms and subtracting p N,
- the energy cost for removing those N, atoms from a reservoir characterized by p,. In
the present case, the bulk material itself is assumed to correspond to the reservoir, which
is why u,N; is equivalent to the Gibbs free energy of an equally sized bulk system with
uN, = G™¥ such that:

y = i(cslab —u N,) = i(Gslab _ Gbulk) (343)

s°°s

The factor i derives from the symmetric slab setup, with two equivalent surfaces. Here
and in the following we neglect the thermodynamic variables T and p for clarity. In addi-
tion, it is worth noting that for solid systems under ambient conditions (and also solid slabs)
the Helmholtz free energy F(V, T, N) is basically equivalent to G(p, T, N) due to the neg-
ligible volume variations for ambient pressures p. Therefore, although G is used in the
equations, in practice, all simulations are performed at constant volume (surface area),
with lattice constants fixed at the bulk equilibrium values.? For sufficiently large slab thick-
nesses, the numerical value of Eq. 3.43 eventually converges, e.g. when the free energy
contribution of an additional atomic layer in the center of the slab coincides with the corre-
sponding bulk value. In case of systems that are composed of several species i, e.g. substrate
species s and adsorbates a with ({N;}) = ({N,}, {N,}), the corresponding additional reser-
voirs have to be included, yielding:

JUND = G (N D = Y N, (3.44)

1 This can be easily understood from the fact that reported internal energies from force fields or from
different DFT codes typically differ, depending on e.g. how an arbitrary 0 was chosen or how many
electrons are treated (cf. pseudo-potential approximation).

2 Note also that typical accuracy thresholds for the pressure e.g. for variable cell simulations are much
larger than the ambient pressure.
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We used here the symbol J for the Gibbs excess energy as the minimum of J in the space
of variables {N;,} at fixed system size is equivalent with the grand potential J, the Legendre
transform of G. This is easily seen by formulating:

s ; oG :
l}ll\}l}l )« 0_1 v =0,Vi o TNl y = p;, Vi. (3.45)

The last relation yields the equilibrium composition {Nl.o(yi)} as a function of the chem-
ical potentials {y;}, which, when inserted in 7, corresponds to the traditional formulation
of the Legendre transform of G and thus the grand potential J. J is conveniently interpreted
as a grand canonical free energy landscape in the variables {N,}.

A similar and more detailed description of the outlined approach to determine the ener-
getics of solid-gas interfaces is given in [96], including also a discussion of how to derive y;
for gas phase species from ab-initio simulations. Examples for real-world applications are
presented in [91, 96-105].

3.4.2 Ab-initio based thermodynamics of electrochemical interfaces

The thermodynamics of electrochemical interfaces can be formulated in perfect correspon-
dence to the above discussion [32, 106]. Only two minor but important differences need to
be clarified, that follow directly from the definition of electrochemical systems [107]:

Electrochemistry deals with the processes at the interface between an electron conductor
and an ion conductor.

Hence, in addition to charge-neutral species, electrochemical interfaces are also com-
posed of charged species, namely electrons and ions which derive from two different,
decoupled thermodynamic reservoirs: the electron conducting phase (the electrode) and
the ion conducting phase (the electrolyte solution). These reservoirs are characterized by
electrochemical potentials, which we denote by ji. This indicates that a thermodynamic
treatment as in the case of solid-gas interfaces based on systems with different composition
might be hampered by the fact that charged cells will have to be considered, which poses a
problem in periodic calculations where total energies are not well defined for charged cells
(cf. homogeneous background charge). On the other hand, as both, the electron and ion
conducting phase, exhibit mobile charge carriers all electrostatic fields will be eventually
screened at large enough distances from the interface. This means that large enough cells
exhibit no net charge when they incorporate the whole interphasial region including in
particular the diffuse layer of electrolyte counter charges. As illustrated in Fig. 3.9 c) and
d), however, the double layer can easily extend over several tens of nanometers, depending
on the electrolyte concentration. As a result, it can be hard to simulate such systems purely
based on atomistic models, considering also that the liquid nature of the solution phase
necessitates thermodynamic sampling e.g. using molecular dynamics.

As discussed previously, most of these difficulties are alleviated in quantum-mechanical
models coupled to a continuum solvent model, that includes mean field free energy contri-
butions from the solution while including in particular also appropriate electrolyte counter
charges that will keep the simulation cell charge neutral automatically. In addition, as
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shown in the previous sections, treating the long range part of the diffuse layer with the
analytic solution to the Poisson-Boltzmann problem allows rather small cells of similar
size to vacuum simulations to be used, without altering any of the mentioned properties. In
particular, a flat electrostatic potential V'™ outside the double layer region is always estab-
lished, also when varying the total electron number of the system; Vim can therefore serve as
a universal reference for the electrostatic potential, which is important as the electrochem-
ical potentials of charged species (electrons and ions) vary with the electrostatic potential
and need to be defined on a consistent potential scale.

The Gibbs excess energy of a slab in implicit solvent composed of {N,} slab atoms, {N,}
potentially charged adsorbates and N2% electrons can be formulated in perfect analogy to
the considerations for non-electrochemical interfaces:

JUN,}, {N,}, N®%) = GS°({N,}, {N,}, N2) — 2 uN, — 2 fi,N® + e® N>
S a
(3.46)

Note that the applied electrode potential @ corresponds to the electrochemical potential
of electrons ji, with [32]:

fi, = —e®y. (3.47)

@, is measured according to the electrochemistry convention, namely with increasing val-
ues going downwards. The experimental value for the standard hydrogen electrode (SHE)
is e.g. located at +4.44V on the absolute scale [108]. Note that the electrode potential ®
times e on the absolute scale corresponds to the work function of a system immersed in the
solution; in implicit models the work function is naturally determined as the difference of
the Fermi level and the flat electrostatic potential in the center of the implicit region V™,
As shown recently [15, 32] for the SCCS implicit model and as mentioned already before,
the so-determined work functions (potentials of zero charge, PZC) and interfacial capaci-
tances of metallic slabs in QM/Continuum simulations yield good agreement with experi-
ment for optimized parameters of the implicit model. In particular, the PZC of Pt surfaces is
in perfect agreement with the experimental and theoretical PZC on the absolute scale for the
parameters determined in [32]. However, a consistent offset of approx. 0.4 eV was found for
the other coinage metals Au, Ag, and Cu, which is potentially related to the non-negligible,
material-dependent contributions to the potential drop at metal-water interfaces that derive
from interfacial charge transfer between surfaces and the first water layer(s) [109-111],
which is not included in implicit-model-derived electrostatics. In addition, more recent
studies on semiconductor band alignment in implicit models [16] suggest that a univer-
sal offset of 0.33 V with respect to the absolute potential scale is to be included to align the
implicit reference potential of the SCCS model with the absolute scale. This is probably due
to the absence of the potential drop at the water-vacuum interface in the implicit model
(see discussions in [16, 112] for more details). We are currently assessing these issues and
note here only that the work function in implicit simulations might be shifted with respect
to the absolute potential scale. Such a shift needs to be paid attention to whenever compar-
ing to experimental values. In the subsequent equations we leave it away for clarity, and
note only that in all cases the electrode potential @ is to be measured consistently with
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the in-simulation work function, i.e. against the flat electrostatic potential in the implicit
region.

Furthermore, it is important to clarify, that the absolute electron number ijs in the
excess free energy expression Eq. 3.46 counts only the electrons beyond the charge neutral,
clean system, which means:

a-

NS = NPet 4 dapy (3.48)
e

N, is the number of adsorbed ions of charge g, and %Na thus the number of electrons
that would compensate identically the ionic charges; —eN2®' is the charge of the quantum
mechanical region beyond charge neutrality, which is equivalent in absolute size with the
neutralizing electrolyte counter charges (in the diffuse layer or Helmholtz plane, depending
on electrolyte representation). Other electron counting rules — e.g. using the actual total
number of electrons - can be applied as long as all constituents of the systems are considered
correctly (no double counting!) [113]. The present choice is convenient as N2% corresponds
to the number of electrons that are provided from the external circuit measured with respect
to the number of electrons of the charge-neutral, pristine slab, yielding interfacial charges
consistent with the Lippmann equation [114] (see derivation in [32]) and as it allows a direct
analysis of the Computational Hydrogen Electrode approach [88, 89], as shown below.

The electrochemical potentials of ions can be determined by combining DFT simulations
of the involved species with experimental values. As an example, for the proton in water,
the electrochemical potential fi;; can be defined by the absolute potential of the standard
hydrogen electrode (SHE @ 4.44 V) [108] and the equilibrium of following reaction:

H,(g) = 2H"* + 2e~ (3.49)
H
fiy = @ — kg TIn(10)pH + 4.44 €V, (3.50)

with u(H,(g)) evaluated at 1 bar and 298 K, which can be calculated from the ideal gas
partition function [96]. Other ions can be treated accordingly [32, 91].

Asin the case of solid-gas interfaces, the thermodynamically most stable interface config-
urations minimize J at given system size with respect to ({N,}, {N, },ijs). As mentioned
before, in most applications, the slab is assumed in equilibrium with the bulk material
which means Y u N, = G*%, such that only adsorbate and electron degrees of freedom, as
well as different structural configurations (e.g. adsorbates at different sites) need to be con-
sidered in the minimization. Excess energies at applied potential with equilibrated electron
charge, will be denoted with J and are obtained by partial minimization of Eq. 3.46 w.r.t.
the number of electrons.

3.4.3 Grand canonical simulations and the CHE approximation

In contrast to the presented description of the thermodynamics of electrochemical inter-
faces, the widely used Computational Hydrogen Electrode (CHE) approach approximates
the grand canonical (GC) energetics of electrochemical interfaces only from charge-neutral
DFT simulations. Such an approximation removes the discussed problem of charging
the interface in periodic calculations without appropriate electrolyte counter charges,
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Figure 3.10 a) Total energy EPF-513 /24 of clean and hydrogen-covered Pt(100) slabs [H on the
bridge site] as a function of surface charge ¢ = —eN0®t/2A. b) Fit residues for a 2" and 5% order fit
of the energy-charge dependence EPFT-s180(N€t) /24 from panel a). The computational parameters as
well as more details on these calculations can be found in [32, 106]. Source: From G. Hormann, O.
Andreussi, and N. Marzari, The Journal of Chemical Physics 150,041730 (2019).

however, it neglects all energetic contributions that arise from the double layer. In
particular, considering only a single, specific charge state with N2 = 0 corresponds to
neglecting the necessary minimization of the excess energy J with respect to the number of
electrons and thus is just an upper boundary estimate for the correct, charge-equilibrated
energy J(®,) [32].

As recently shown [106], an insightful connection between GC simulations and the CHE
approach can be made by developing G¥?° (cf. Eq. 3.46) up to second order in the net elec-
tron charges N around N = 0 given a certain interface configuration and fixed atomic
composition. As commonly done, we approximate G*** and Y u N, = G*X with the 0 K
total energies of the relaxed ground state structures of the slab EPFT 8120 and of the bulk mate-
rial E(?FT’ bulk blus a correction AES due to vibrational and/or configurational degrees of
freedom of the adsorbates, which is largely independent of the charge state N2%:

GSIab({NS}, {Na},N:bS) _ Gbulk({NS}) ~
~ EPFT SIab({NS}, {Na},N:bs) _ E?FT’ bulk + AECOT, (3_51)

Note that this approximation is typically very accurate, as significant error cancellation
occurs for the substrate degrees of freedom. Furthermore, EPF® slab jncludes the free energy
contributions of the electrolyte solution as represented by the implicit model and elab-
orated before (section 3.3). Fig. 3.10 plots the change of EPFTs12° for pristine as well as
hydrogen-covered Pt(100) slabs in implicit solvent as a function of the net surface charges,
which indicates that following second order expansion is a rather accurate approximation:

DFT,slab 2 7DFT,slab
EDFT, slab(NEabS) — EODFT, slab + 0E — get % 0°E — (Néqet)z. (3.52)
ONFt |, IND2 |
—— ———

—ed, e2
2AC



3.4 Grand canonical simulations of electrochemical systems
E(])) FT, slab 4¢ the total energy, @, the work function, and C the differential interfacial capac-
itance, all evaluated at zero net surface charge; the factor 2A arises from the assumed sym-
metric slab setup. Note that N2® and N2t coincide up to a constant shift for fixed surface
compositions, which is why the derivatives in both variables are interchangeable in the
present analysis. Within the 2"-order approximation, the partial minimization of J with
respect to electron number can be performed analytically with:

aj P EDFT, slab
-0

aNabS - JNDet = _e(I)E (353)
e e
——
—ed
2AC
NYY(Dp) = - (D) — Dp). (3.54)

Eq. 3.53 indicates that the charge equilibrated system that minimizes J, corresponds to
the system where the work function ® is equivalent to the externally applied (target) poten-
tial @, which is equivalent to the results obtained from more direct GC approaches [113,
115, 116]. The charge-equilibrated, excess free energy j((bE) within the 2"-order model
is obtained by evaluation of J (egs. 3.46-3.52) at the equilibrium charge (Eq. 3.54), which
allows the discussed connection between the CHE and the GC approach to be clarified:

J(®p) ~ AEJFR MR 4 (g &y — i, )N, —AC(®, — @) (3.55)
o S \a /
' v
[ECHE(zero net charge approach) |EPL(double layer effects)
with AE(]))FT, interface — E(]))FT, slab _ E(]))FT, bulk + AECoT (356)

The first two terms in Eq. 3.55 correspond exactly to the excess free energy expression
ECHE of the CHE approach, where the GC energetics is approximated from zero-net-charge
calculations. The third term corresponds to additional double-layer-related energy contri-
butions EPL, which can be sizable, whenever @, — @, # 0, so for applied potentials @y
different than the potential of zero charge @, of the slab system; in the second order model,
this energy contribution is proportional to the interfacial capacitance C and the square of
the potential drop @, — @ across the double layer.

To see more clearly that EHE corresponds identically to the CHE approximation, consider
the case of electrosorbed protons, for which the following relations hold [32, 56]:

= _ kT
D, = Ui + 444V — 22 In(10)pH (3.57)

egs. 3.50 and 3.57

H(H,(g))
—

The term 4.44 V corresponds to the experimental value for the SHE potential on the abso-
lute scale [108]. Insertion of Eq. 3.58 into the second term in EH® (Eq. 3.55) shows that
this indeed corresponds to the known CHE expression, with the adsorption-energy-like
term AEQT D MerRee _ % u(H,(8))Ny; plus an additional term +eUgy Ny, that scales linearly
with the potential Ugy on the reversible hydrogen electrode (RHE) scale and the surface
coverage Ny. Considering Eq. 3.58, however, such a behaviour is only correct up to Oth

B K—A\
edy — jig = eUpyg — (3.58)
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order within a GC description. In particular, the CHE approximation cannot describe fol-
lowing potential-induced effects, which are directly understandable from the second order
equation 3.55 (see [106] for a more detailed analysis of the second order model):

e A potential-induced change of the most stable adsorption site: Within the CHE approx-
imation the relative stability of sites is invariant as the term UyypNy is the same for
systems with equal coverage. In a GC approach, different work function shifts and interfa-
cial capacitances due to adsorbates on different sites can induce however relative stability
shifts (cf. EP* in Eq. 3.55).

e A potential-induced lifting or creation of a surface reconstruction: This is an analogue
problem to the previous case, with the additional condition N; = 0, creating no potential
dependence in interface energy at all within the CHE approximation.

o Electrocatalytic reactions, where intermediates are not only formed via proton-coupled
electron transfer steps, and ionic adsorbates which drag a non-integer number of elec-
trons onto the electrode (non-integer electrosorption valencies [117]): Such phenomena
are excluded by definition from the CHE model, can however be understood and sim-
ulated within a GC approach, where the total electron number N2 flowing onto the
electrode is only determined by the requirement to equilibrate the system work function
with the applied potential (Eq. 3.53), which does not have to be exactly compensating the
adsorbate charge.

Note that potential-induced effects correspond to pH effects if we measure on the RHE
scale as a change in pH at fixed Uy is equivalent with a change of the absolute potential
@, according to Eq. 3.57.

Some of these effects have been studied using the described methodology in three recent
publications [32, 106, 118], which we summarize briefly in the following section.

3.5 Selected applications

In [32] rather simple systems that are however of fundamental interest were studied using
the described GC methodology, namely the pristine low index surfaces of Pt, Au, Ag and
Cu as well as H- and Cl-covered Pt electrodes. All results were obtained using the SCCS
cavity as implemented in ENVIRON [82] and with a Helmholtz model for the electrolyte,
with the planar counter charge layers in a distance of ~ 4A with respect to the outermost
atomic layer (corresponding to high electrolyte concentrations, see the original paper for
more details). It was demonstrated that the discussed GC methodology is capable of predict-
ing a) the lifting of the quasi-hexagonal surface reconstruction of Au(100) by application of
positive potentials [see Fig. 3.11 a)] and b) the experimentally observed, non-trivial shifts
with pH on the RHE scale of the pseudocapacitance peak induced by proton electrosorption
[see Fig. 3.11 b)].

To understand better how these results were obtained practically we summarize briefly
the major steps of the simulations involved:

1. Construct slab structures of the pristine surfaces as well as with the adsorbates on all
possible adsorption sites for all considered coverages.
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(a) Potential dependent stability (b) Pseudocapacitance
of Au surfaces of Pt(111)
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Figure 3.11 a) GC interface energies of pristine Au surfaces at applied potential. The stars
represent the actual simulations and the lines the interpolated interface energies. In agreement
with experiment [119], the (in vacuum) more stable quasi hexagonal, 5x1 reconstructed, (100)
surface termination (dotted, grey) is becoming destabilized against the regular (100) surface (solid,
orange) by application of a positive potential. b) Simulated and experimental pseudocapacitance of
Pt(111) and their dependence on pH. While good agreement between experiment and theory is
observed for the overall position and shape of the capacitance peak due to proton electrosorption,
very good agreement is found for the relative shifts with pH (see [32] for more details). Sources:
Based on N.G. Hormann, O. Andreussi, and N. Marzari, The Journal of Chemical Physics 150, 041730
(2019); N.G. Hérmann and N. Marzari, The effects of pH and potential at electrochemical interfaces,”
(2019).

2. Simulate the systems for different net surface charges {N2¢'} (10-15 different values)
within a certain range around 0. An estimated differential interfacial capacitance, e.g.
approx. 30 uF/cm? for the studied systems, can be used to estimate the possible potential
range of work functions that these net charges will cover.

3. Eq. 3.53 indicates that the constant charge calculations at {NP®'} give access to the
charge-equilibrated, GC interface excess energy J for electrode potentials {®} which
coincide with the observed system’s work functions. Considering that the variation of
the GC interface excess energy with @ is determined by the PZC and the interfacial
capacitance (see Eq. 3.55 and the discussion in [32]), the variation of J with ®, can be
approximated accurately by an interpolation through these points {®;} using a low
order polynomial.

4. In the case that adsorbates are involved the equilibrium interface compositions and GC
interface energies y(®y) need to be determined by minimizing across electronic and
ionic degrees of freedom. For each studied composition N,, charge-equilibrated excess
energies 7(IN,, @) were determined according to step iii) and subsequently the whole set
of terminations {N,} was considered for the minimization with respect to surface com-
position and to adsorption site. In order to be able to simulate continuous observables,
e.g. the variation of the absolute surface charge N2> with applied potential, or the pseu-

2_—: %f = —C%E, it is advisable to interpolate the charge-equilibrated

interface energies 7(N,, @) as well with respect to surface coverages N, and perform

docapacitance [32]

127



128

3 Continuum Embedding Models for Electrolyte Solutions in First-Principles Simulations of Electrochemistry

the minimization w.r.t. N, on the interpolated energy landscape. Note however, that the
interpolation with coverage is only advisable for similar adsorbate configurations (e.g.
adsorbates on the same adsorption site), as the energy landscape is rather smooth only
in this case.

The same methodology was also applied to study the surface composition and stability of
Cu nanoparticles under applied potential conditions relevant to CO, reduction [118]. Hav-
ing access to well defined GC interface energies, it was possible to relate the experimentally
observed degradation of Cu nanocubes under reactive conditions to negative values of the
interface energy, found for applied electrode potentials smaller than approx —0.5 vs RHE;
negative interface energies mean that an increase of interface area leads to a reduction of the
total system energy, which represents a thermodynamic driving force towards nanocluster-
ingleading to nanoparticles with large surface to volume ratios. These results were obtained
from studying H, CO, and mixed H and CO covered surfaces for which strong potential
dependencies were observed e.g. in the interfacial compositions and configurations as evi-
denced by the surface Pourbaix diagrams in Fig. 3.12. Note how adsorbed CO molecules
sit at different adsorption sites on Cu(100) depending on the pH for a coverage of 0.25 ML
which is proof for the strong impact of the explicit application of a potential in GC sim-
ulations. Similar strong potential dependencies have been reported recently in [116] also
for other adsorbates on Cu. While all technical details of these simulations are reported in
the Supporting Information file of [118], we wish to note here, that the Pourbaix diagrams
were constructed by fixing the chemical potential of the CO, molecule (gas, 1 mbar, T = 298
K) and determining the electrochemical potential of CO at the surface assuming it derives

(a) H and CO on Cu(111) (b) H and CO on Cu(100)
0.2 clean Cu(111) 0.2 clean Cu(100)
0.0 / 0.0 0.25 CO@bridge
i e ' s 0.25 CO@hollow
— — 2 t
S -02 - S 020 *® osco
u 0.75H/0.25 CO : u
£ 04 £ 04
-0.6 1.0 H/0.25 CO -0.6
0.5H/0.5 CO@top
-0.8 1.0H/0.5CO -0.8
0O 2 4 6 8 10 12 14 0O 2 4 6 8 10 12 14

pH pH

Figure 3.12 GC surface Pourbaix diagrams for Cu(111) and Cu(100) in aqueous solution with H
and CO as possible adsorbates. The numbers indicate the surface coverage (in ML) for the
respective termination. In case the atoms sit on well identified adsorption sites they are reported.
For mixed coverages, multiple or ill-defined adsorption sites are typically occupied. As explained in
the text, non-GC simulations that use the CHE approximation can show no pH dependence on the
RHE scale, i.e. only horizontal lines would be visible in CHE-derived Pourbaix diagrams. Note how
the CO adsorption site switches with pH for the 0.25 ML coverage on Cu(100). Similar potential
dependencies are also observed for other adsorbates on Cu (see e.g. [116]). Source: Based on H.
Zhang, W. A. Goddard, Q. Lu, and M.-J. Cheng, Phys. Chem. Chem. Phys. 20, 2549 (2018).
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from CO, which has reacted with 2 protons to form a water molecule:
CO,(g) + 2H* + 2¢~ — CO + H,0(l) (3.59)

Thus, the chemical potential of CO ji(CO) can be expressed as a function of the (electro-)
chemical potentials of H,0, CO,, H" and e~ giving it additional dependencies on @
and pH.

These selected computational results show how GC simulations within QM/Continuum
models are able to overcome the limitations of the CHE approximation, at decent computa-
tional overhead. However, there are still several open questions that have to be addressed in
future work. Among these are the accurate absolute potential alignment in implicit models,
the accuracy of total energies including solvation energy contributions in slab geometries
as well as of DFT energies (advanced functionals and empirical correction methods, e.g.
by inclusion of experimental references) and the possibly necessary explicit treatment of
interfacial water layers [16].
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Joint and grand-canonical density-functional theory
Ravishankar Sundararaman and Tomds A. Arias

4.1 Introduction

This chapter introduces and describes a novel approach to first principles computational
electrochemistry that occupies a unique intermediate niche among available approaches,
offering the advantages of the alternate approaches without the consequent disadvantages.
While, certainly, a first principles approach is the right path for the development of a truly
predictive and accurate computational electrochemistry, great care is needed to avoid the
pitfalls of reductionism. For example, knowledge of the full many-body wave function of
electronic and nuclear coordinates, even if somehow obtainable, would be far too detailed
to be useful or informative. Moreover, such a description itself would not be truly ‘first
principles’, as it would not consider processes within the nuclei and likely would ignore
various relativistic processes. As with any scientific pursuit, one must describe nature in
terms of appropriately chosen entities. If the resulting description is to be quantitatively
predictive, so too must be the laws which the chosen entities follow.

The preceding chapter of this work (Chapter 3) presents an approach which treats the
reactive components of an electrochemical system in terms of electrons and nuclei and
the laws of quantum mechanics, but which treats the electrolyte as an effective continuum
material that responds to and acts upon the active components of the system (Figure 4.1(c)).
This approach gains a great computational benefit by recognizing that the precise details of
the locations and arrangements of the vast majority of the atoms in the electrolyte are largely
irrelevant to electrochemical processes. By radically reducing computational costs, this
approach has the scientific benefit of allowing for the study of much more complex systems
and the exploration of far more varied systems than could be studied through an approach
tracking the positions of the atoms making up the electrolyte. The continuum approach,
however, does sacrifice some accuracy and predictive power because the explicit arrange-
ments of electrolyte atoms (‘shell structure’) near an active electrochemical process can be
quite important and also may be of direct interest in themselves to electrochemistry. Com-
plementing the continuum approach, the two following chapters (Chapters 5 & 6) present
molecular dynamics approaches contending directly with the full statistics of the detailed
arrangements of all of the electrolyte atoms (Figure 4.1(a)). This latter approach deals

Atomic-Scale Modelling of Electrochemical Systems, First Edition.
Edited by Marko M. Melander, Tomi T. Laurila, and Kari Laasonen.
© 2022 John Wiley & Sons Ltd. Published 2022 by John Wiley & Sons Ltd.
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(a) AIMD (b) JDFT (c) Solvation model
> W =
-

A

L‘

Cavity s(r)

Figure 4.1 Theoretical representations of fluid interacting with a quantum system: (a) ab initio
molecular dynamics (AIMD) with full atomistic detail, (b) joint density-functional theory (JDFT)
employing a continuum description that retains atomic-scale liquid structure, and (c) continuum
solvation model without atomic-scale information. Results shown above for an aqueous rutile
Ti0,(110) surface include electron density n(r) (green contours), solvent hydrogen and oxygen
density distributions N,(r), No(r) (blue and red contours), continuum solvent cavity shape function
(light blue field) and bound charge density (+ contours in blue/red respectively).

with more of the relevant underlying degrees of freedom, in particular shell structure, and,
correspondingly, is more accurate and predictive. However, the increase in accuracy does
come at the cost of several orders of magnitude in needed computational power. This limits
not only the complexity of systems that can be studied, but also the breadth of searches
that can be carried out in the search for new or improved electrochemical materials.

The focus of the present chapter is a new, complementary approach which maintains both
computational efficiency and quantitative predictive power by focusing most closely upon
the relevant microscopic entities for electrochemical processes. As with the two approaches
described so far, the reactive components of the electrochemical system are treated fully
quantum mechanically. Recognizing that contending with the full statistical distribution
of all possible arrangements of the electrolyte atoms is not relevant, this new approach
deals instead with the average density of each atomic species within the electrolyte envi-
ronment. By not simply replacing the electrolyte with an effective continuum material, this
new approach recognizes the atomic nature of the electrolyte and allows direct description
of explicit arrangements of atoms near active electrochemical processes (Figure 4.1(b)). The
resulting joint density-functional theory (JDFT) thus recovers the computational efficiency
of continuum approaches while maintaining much of the accuracy of molecular dynam-
ics approaches, thereby occupying an important niche in the suite of methods available to
computational electrochemists.

That the statistical distribution of relevant arrangements of the electrolyte atoms can
be replaced by the average density of each atomic species is guaranteed by a theorem
first proved in 2005 [1] and refined in 2007 [2]. This theorem rigorously joins a classical
density-functional theory to describe the electrolyte (an approach pursued in Chapter 8)
with standard electronic density-functional theory to describe the reactive parts of the
electrochemical system. The short-hand statement of this theorem (described in more
detail below) is that the total free energy A associated with the equilibrium between a
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quantum-mechanical system and an electrolyte environment can be obtained exactly
through the variational principle

Ay = ’£1{11'1Vn] (Aggl[n, V1+ Fg[N,] + AA[n, Vi {N,}]) . (4.1)

Here n(r) is the quantum-statistical average electron density (green contours in
Figure 4.1(b)) of the quantum system alone, {N,(r)} are the statistically averaged
densities of each atomic species « in the electrolyte (red and blue contours for a=0,H
respectively in Figure 4.1(b)), and V(r) is the electrostatic potential from the nuclei which
make up the explicit, electrochemically active system.

The free energy minimized in the above principle (Eq. 4.1) includes three terms. The first
term represents the free energy of the quantum mechanical system Ay [n, V] [3] were it in
isolation by itself, as expressed in terms of its electron density and the electrostatic potential
V(r) from its nuclei. The second term is the internal free energy of the electrolyte system
Fig[{N,}] [4, 5] were it in isolation by itself, while the final term AA[n, V(r); {N,}] couples
the two sub-systems.! This important theorem establishes not only that minimization of
Equation 4.1 yields the temperature-dependent equilibrium free energy of the joint system,
but also that the value of the {N,(r)} at that minimum are indeed the equilibrium averages
of the corresponding atomic site densities in the electrolyte.

There are tremendous advantages in having direct access to the free energy from a cal-
culation of a single configuration of the quantum mechanically described system. First,
equilibrium phases can now be determined directly by comparison of the free energy, with-
out the need to extract the free energy as the potential of mean force, which generally
requires extensive sampling to obtain accurate thermodynamic integration. Likewise, reac-
tion energies are directly accessible as free energy differences, again without the need for
thermodynamic integration. Finally, activation free energies AA, which control reaction
rates, can be computed directly as the difference in free energy between just two calcula-
tions, one for the original state and one for the activated state.

Treatment of electrode potentials now also becomes straightforward. This arises because
taking appropriate derivatives of the free energy yields direct access to all relevant ther-
modynamic average quantities, without the need for computationally expensive averaging
over multiple configurations. For example, when treating an electrode within a canonical
ensemble of a fixed total number of electrons N, the electrode potential comes directly
from the thermodynamic derivative y = dA/dN,,. Note that, unlike molecular dynamics
calculations which may report different ‘electrode potentials’ for different arrangements
of atoms in the electrolyte, the actual electrode potential is a single thermodynamic value
averaged over all atomic arrangements across the electrode surface in space and over time.
Thus, rather than needing to average the potential over many repeated electrode potential
calculations, joint density-functional theory provides the electrode potential directly from
a single calculation. Also, as in Section 4.5, by a straight-forward Legendre transformation,
Eq. 4.1 can be generalized to the grand potential to allow for direct calculation at fixed
electrode potentials.

As a final application, the nuclei of the explicit quantum-mechanical calculation are gen-
erally held at fixed locations R,, ..., Ry during the minimization of Eq. 4.1, so that the free

1 Here and throughout, this chapter uses standard functional notation in which functions which take as
input other functions and output real numbers are denoted with [ ]’s.
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energy becomes a function of these coordinates, A(R;, ..., Ry). The corresponding deriva-
tives then give the mean forces on the nuclear coordinates f; = —dA/dR;, which can then be
used to carry out molecular dynamics in the potential of mean force, yielding an accelerated
molecular dynamics approach.

4.2 JDFT variational theorem and framework

4.2.1 Variational principle and underlying theorem

Joint density-functional theory describes the thermodynamic equilibrium between a
system described at the quantum mechanical level and a liquid electrolyte environment.
Hohenberg and Kohn’s original rigorous formulation of density-functional theory [6],
however, contemplates only the quantum-mechanical ground-state (zero temperature)
properties of a system of interacting electrons moving in an external potential. This theory
describes the electronic system entirely in terms of its average density and yields the
ground-state energy and density as a result of minimization of the sum of a universal
functional of the electron density and the coupling between the external potential and
this density. Several extensions to this original theory are needed to provide a rigorous
foundation for joint-density functional theory.

First, classical liquid electrolytes are inherently statistical in nature, existing only at
non-zero temperatures and with properties which are critically dependent upon that
temperature, whereas Hohenberg-Kohn theory only considers zero temperatures. Joint
density-functional theory thus requires extension of Hohenberg-Kohn theory to yield free
energies at non-zero temperatures. This extension was developed shortly after the original
Hohenberg-Kohn theory by Mermin in 1965 [7].

Second, as illustrated in Figure 4.1(b), joint density-functional theory seeks to represent
the state of the overall system in terms of not only the average density of electrons but also
the average density of each atomic species making up the environment. The first to intro-
duce such a multi-component density functional theory were Capitani et al., who extended
density functional theory to include not only electronic, but also nuclear degrees of free-
dom. This new density-functional theory framework indeed describes the ground state of
a combined system of electrons and nuclei moving in an external potentials in terms of
only the average electron density and the average nuclear densities, all within a unified
variational framework [8].

A straightforward combination of the above unified density-functional theory framework
with Mermin’s non-zero temperature framework leads to the following, exact variational
principle for the total thermodynamic free energy of an electron-nuclear system in a fixed
external electrostatic potential V(r),

p— 3 3 _
Ay = n[(rr)l}gi(r)} {Fu[nt(r), {N,(®)}1+ / d’r V(r) <;ZaNa(r) nz(r)) } 4.2)

where n,(r) is the thermally and quantum mechanically averaged total number density
of electrons, N,(r) is the likewise averaged density of the nuclear species a (of atomic
number Z,), and Fy, is a new internal free-energy functional for the unified electron-nuclear
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system that is directly analogous to the traditional Hohenberg-Kohn energy functional.?
Note that the results here generalize naturally to various grand-canonical thermodynamic
ensembles allowing for exchange of electrons and/or electrolyte species with external
reservoirs to directly treat the impact of, for example, working at fixed electrode potentials
or solution pH values.

The universality properties of the unified functional F;; may be seen directly from its
construction within Levy’s constrained search procedure [9],

Fyln,(x), (N, (¥)}] = min  Tr (pH +kzTpInp). (4.3)

p=[n,@).(N,(®)}]

Here kT is the thermal energy, H represents all interactions among and the kinetic energy
of the electrons and nuclei, and p is the full quantum-mechanical density matrix for the
electronic and nuclear degrees of freedom. The minimization is carried out over only those
p which lead to the given densities n,(r) and {N,(r)}. From this construction it is clear that
Fy, like H from which it derives, is independent of the external potential V(r) and depends
only upon the identities of the nuclear species a (and, implicitly, upon the temperature T),
as in Capitani et al.’s original T = 0 formulation.

Applying the variational principle Eq. 4.2 in the joint density-functional theory context
requires careful interpretation of the quantities involved. Joint density-functional theory
takes the nuclear species a to be those comprising the electrolyte environment, so that the
densities {N,(r)} correspond precisely to the atomic densities in joint density-functional
theory (Eq. 4.1), provided the position of each nucleus identifies the location of the corre-
sponding atom. Finally, within joint density-functional theory, the electrostatic potential
V(r) in Eq. 4.2 is that which arises from the nuclei of the quantum mechanically treated
part of the system. This gives

V) =) Z,/It—R,], (4.4)
A

where these nuclei remain at fixed locations R, and have atomic numbers Z,. Note that,
although the nuclei of the explicit system are at fixed locations within this framework,
the nuclear species of the environment in Eq. 4.3 are quantum mechanical and fully
free without any such restriction. Thus, Egs. (4.2 and 4.3) account for all zero-point
motion effects associated with lighter nuclear species in the electrolyte, such as may be
associated with the protons in liquid water. Finally, note that n,(r) represents the total
electron density of the entire system under consideration, including not only the electrons
in the quantum mechanically treated part of the system, but also the large number of
electrons in the electrolyte environment. Much of the potential computational advantage
of the joint density-functional framework would be lost to computing the behavior of
electrolyte electrons, unless there were a way to remove these electrons from explicit
consideration.

The final development needed for a rigorous, workable theory is thus to effectively
‘integrate out’ the electrons associated with the electrolyte. To accomplish this, joint
density-functional theory writes n,(r) = n(r) + n,(r), where n,(r) is the electron density

2 Here and throughout, this chapter employs atomic units, in which the reduced Planck constant, electron
mass and electron charge all have value unity, n = m, = e = 1.
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associated with the electrolyte and n(r) is the electron density associated with the quantum
mechanically treated portion of the system (following the usage in Eq. 4.1). The next step
is to first minimize over all allowable n,(r), and finally to minimize over all allowable
n(r). For this purpose, n,(r), n,(r) and n(r) are all taken among the sets of N-representable
functions satisfying the criteria of Gilbert[10] and integrating to the corresponding number
of electrons for the respective subsystem. Because all thus defined n,(r) can be constructed
as the sum of some allowable n,(r) and some allowable n(r), and because all such allowable
n,(r) and n(r) sum to an allowable n,(r), this procedure is guaranteed to recover the final
free energy in Eq. 4.2. Thus,

Ay = {FJDFT[n(r), {N,(1)}, V()] - / d’r V(r)n(r)} (4.5)

min
n(r),{N;()}

where V(r) is defined above in Eq. 4.4. Here

Fipprln(@), {N;®)}, V(©)] = ry{lg)l {FU[n(l‘) + 1,(1), {N,(1)}]

+ / d*r v(r) (ZZaNa(r) - ne(r)> } (4.6)

is a new free energy functional that is universal in the sense that its functional form, like F,
from which it derives, depends only on the nature of the electrolyte and, implicitly, the tem-
perature. Its dependence on the explicit electrochemically active system is only through the
electrostatic potential of the explicit nuclei contributing to V(r). The choice to separate the
interaction — / d*r V(r)n(r) in Eq. 4.5 from the definition of Fppr limits the interactions
which the unknown functional F;,r must describe, easing the task of finding good approx-
imations. Note, for example, that this choice leads to the coupling of V(r) in Eq. 4.6 with a
completely neutral charge distribution, thereby limiting to the greatest extent possible the
dependence of Fjpr on V(r).

Eq. 4.5 gives the exact free energy and exact configuration of the solvent {N,(r)}. How-
ever, care must be taken in the interpretation of the n(r) which yields the minimum value.
The indistinguishability of electrons implies that there can be no fundamentally meaningful
assignment of electrons as belonging either to the environment or to the system, and thus
no exact formulation can give a unique result for n(r) without some additional prescrip-
tion. Indeed, for the exact {N,(r)} and any n(r) which integrates to the correct number of
electrons and is everywhere less than the exact solution n,(r) so that n,(r) = n,(r) — n(r)
is allowable in the above sense, the minimization in Eq. 4.6 will find n,(r) = n,(r) — n(r)
and thus ultimately produce the same exact value for F; . (Figure 4.2(a,b)). Only in cases
where n(r) exceeds n,(r) so that no physically valid minimizing n,(r) can be found will the
functional F,p,; be forced to take larger values (Figure 4.2(c)). There is thus a large set of
n(r) which yield the same minimum value in Eq. 4.6 (Figure 4.2(d)), and the variational
principle embodied in Egs. (4.5 and 4.6) satisfies the fundamental condition of not enforc-
ing any particular, arbitrary decomposition of the total electron density into solvent and
environment contributions.
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Figure 4.2 (3, b) Different allowed partitions of n,(r) to electrolyte n (r) and explicit
electrochemically active system n(r), and (c) a disallowed partition where n(r) exceeds n,(r).
(d) Conceptual diagram of isosurfaces of the functional F,. from Eq. 4.6 as a function of n(r).
Subset of all densities n(r) nowhere exceeding the optimal total density n,(r) (shaded region),
within which the functional is constant.

In practice, however, approximations to Eq. 4.6 break the above degeneracy and pick
out a unique solution. The standard pseudopotential method, which replaces the effects
of the nuclei and (relatively) inert core electrons of a solid or molecule with an effective or
“pseudo”-potential [11], is in fact an example of an approximation which tracks only a por-
tion of the total electron density. As is well known, this method provides results approaching
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chemical accuracy while suffering no pathologies related to the underlying degeneracy of
an apportionment of electrons between two subsystems.

4.2.2 Separation of effects and regrouping of terms

With the functional dependence of ) established in Eq. 4.5, joint density-functional the-
ory next separates out known components and leaves an unknown part to be approximated,

Fippr[n@), {N;(®)}, V()] = Fggln]
+ FiglIN, ()] + / Er (V1) = ¢(1) D Q,N,(x)

+ Uln(x), {N,(0)}; V(1)]. (4.7)

Above, Fyg[n(r)] is the standard, universal non-zero temperature quantum mechanical
Kohn-Sham electron-density functional for the electrochemically active component of the
system, qu[{Na (r)}]is the corresponding “classical” internal free-energy density-functional
for the liquid electrolyte environment, ¢(r) = — / d*t'n(@’)/|r — 1’| is the mean field elec-
trostatic potential from the quantum mechanically treated part of the system, and Q, are
(approximate) atomic site densities for the atoms of the electrolyte. The new functional
Uln(r), {N,(r)}; V(r)] describes the coupling between the two systems, and is defined
formally and exactly as the difference between the exact functional F;ppr and the remain-
ing terms on the right-hand side of Eq. 4.7. Consequently, it has the same universality
properties as the functional F;npr from which it derives. With the internal energies of
the electrochemically active system and of the electrolyte subtracted out, U includes only
coupling effects between the two systems. Moreover, because the second line of Eq. 4.7
already includes the mean electrostatic coupling between the total potential from the
electrochemically active subsystem and the liquid through an atomic site-charge model,
U primarily involves interactions beyond mean-field electrostatics, such as Thomas-Fermi
repulsion and van der Waals dispersion effects. Since the fixed potential V(r) of the explicit
nuclei is already treated exactly at the mean-field level, U is only very weakly dependent
on V(r).

Combining the separation of effects (Eq. 4.7) with the variational principle (Eq. 4.5) and
rearranging terms yields the standard form for the JDFT variational principle

— : 3 s
Ao = n(rl;%}\?(r)} {FKS[n] /d r V(rn(r)
+ qu[{Na(r)}]
+ /d3r (V(r) — ¢(x)) ZQaNa(r) + Uln(r), {N,(r)}, V(r)]} ,

(4.8)

where the terms on each line of the right hand side correspond, respectively, to the three
terms Ayy[n, V1, F4[N,], and AA[n, V; {N, }] as defined in Eq. 4.1.
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4.2.3 Practical functionals and universal form for coupling

Practical calculations require explicit approximations to the functionals required in Eq. 4.8.
For the solute energy functional Fy[n], there are many established, efficacious density
functionals [12] and even quantum-chemical methods [13] available. For the remaining two
functionals (F,, and U), two general approaches are available. First, one may combine these
two terms into a single approximation for the liquid response, yielding a hierarchy of con-
tinuum solvation models, as described in Section 4.4 below and in [1] and [14]. Although
such JDFT-based approximations have computed successfully the solvation free energies
of molecules and ions [15, 16], much like the previous continuum methods they closely
resemble, these approximations ignore atomic-scale liquid shell structure. Restoring proper
treatment of such effects requires realistic, atomically-detailed classical density functionals
Fy, that accurately capture effects pertinent to solvation, including the phase diagram, sur-
face tension, and nonlinear dielectric response. Section 4.3 below discusses approaches for
such functionals [4, 5]. This leaves the coupling functional U as the last functional requiring
discussion.

As described above, with mean-field electrostatic interactions already separated out from
the coupling functional U[n, {N, }; V], to a good approximation, the functional can be taken
as completely independent of the nuclear potential V. It should then be possible to construct
auniversal, highly accurate approximation U[n, { N, }] without any dependence on V that is
applicable universally to any quantum-mechanical system in any electrolyte environment.
Because these remaining effects are all electronic in nature without any reference to an
external potential, the most natural way to describe this coupling is the subtraction-based
approach often used in embedding theory, [17-21],

Uln, {N,}] = FIn,] — Fln] — Fln,]. (4.9)

Here n, = n + n, represents the electron density of the entire system, n, represents the elec-
tron density of the electrolyte environment, and F is a suitable approximate functional for
the kinetic and exchange-correlation energy of the electron gas.

Two final ingredients thus are needed to give an explicit description of Eq. 4.9 suited for
calculations. First, the functional U does not accept as input the electron density of the
electrolyte n,, but rather the atomic site densities {N,}. A model is thus needed for the
electrolyte electron density in terms of the atomic site densities. For this, a convolution of
atomic-site electron densities n,(r)

n,(r) = Z / d*R n,(r — R)N, (1), (4.10)

proves to give accurate results[22, 23]. Finally, a computationally efficacious form for 7
must be determined. To capture kinetic energy and exchange-correlation effects, the simple
local Thomas-Fermi kinetic energy approximation plus the standard local-density approxi-
mation to the exchange-correlation functional E, [n] of standard density-functional theory
proves to describe the kinetic energy and local correlation effects well[22, 23]. Long-range
dispersion interactions, however, are quite important in the determination of solvation free

147



148

4 Joint and grand-canonical density-functional theory

energies[16, 24], and recent work shows that inclusion of such effects does indeed lead to
a very accurate and efficient description for U [23].

4.3 C(lassical DFT with atomic-scale structure

The full power of the general framework of joint density-functional theory described
above lies in the possibility of capturing atomic-scale liquid structure in a computationally
expedient first-principles calculation. This critically requires that the classical DFT
functional, qu[{ N,(r)}], reproduces the free energy and atomic density profiles {N,(r)} of
the liquid upon minimization. This section outlines the key requirements for a classical
DFT functional to be suitable for JDFT, and recipes for developing functionals that
satisfy them.

The first step in developing practical density-functional approximations is capturing a
large fraction of the energy or free energy exactly using known terms, leaving behind the
smallest possible unknown part to approximate. For example, Kohn-Sham electronic den-
sity functional theory [25] separates the total electronic energy functional as

Fesln] = TI¥,[n]] + / drdr ’”( )"( ') +E,[n]. (4.11)

The first term captures the energy of a non-lnteracting electron gas of density n(r), which
consists solely of kinetic energy, by first finding ¥, [n], the lowest energy non-interacting
wave function corresponding to that density, and then evaluating the kinetic energy of
this wave function. This term is often abbreviated T,[n] = T[¥,[n]]. The second term, the
‘Hartree’ energy, captures the mean-field Coulomb repulsion among the electrons, and the
final term, the exchange-correlation functional, captures the remainder. The kinetic and
Hartree terms capture a large fraction of the total energy, leaving behind a smaller piece
that is relatively more manageable to approximate.

Similarly, classical density-functional theory of simple fluids decomposes the total free
energy of the fluid as

Fy[N]1 = Fy4IN1 + Fe,[nl, (4.12)

where F4[N] = /drN(r) [kB (log N@) - 1> + V() - M] (4.13)

ref
is the exact grand free-energy of the inhomogeneous ideal gas in an external potential V (r)
and chemical potential u. (N, is an arbitrary reference density that effectively controls
the zero of the chemical potential.) The excess functional F, [N] captures the remain-
der, analogous to the exchange-correlation functional in electronic DFT, and must be
approximated.

For a classical DFT to be suitable for JDFT, Fig[{N,(r)}] should describe the free energy
of a fluid in terms of the densities N, (r) of each atom type « in the fluid. A real electrolyte
with a molecular fluid and ions will therefore always involve more than one type of atomic
site density. It is true that Eq. 4.13 can straightforwardly be summed over atomic species to
describe a mixture of atomic ideal gases. However, in describing a molecular fluid such as
water, this would imply that the starting point is a mixture of oxygen and hydrogen atoms,
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requiring F,, to capture the intramolecular bonds to compose water molecules. This is a tall
order, and we need to find a better starting point. The subsections below describe strategies
to efficiently capture molecular geometry within the non-interacting (ideal gas) functional
and then proceed to approximations of the intermolecular interactions described by F,,.

4.3.1 Ideal gas functionals with molecular geometry

A better starting point for atomically-detailed classical DFT of electrolytes is a mixture of
ideal molecular gases, such that F;; captures all primary intramolecular bonding, while F,,
is only responsible for relatively weaker intermolecular interactions. Specifically, devel-
opment begins with an ideal gas of rigid molecules, where each molecule has atoms at
positions R, in a reference orientation while centered at the origin. Here, « identifies the
atomic species and each molecule may have multiple atoms of type a, labeled by index k.
Deviations of the molecular geometry from this rigid configuration, such as vibrations, may
then be treated perturbatively from this starting point.

The ideal gas of rigid molecules poses a new challenge: the constraint that atoms must
be bonded together as molecules implies that the atomic densities {N,(r)} are no longer
independent. Minimization of the free energy while satisfying the molecular geometry con-
straints becomes extremely challenging, requiring the introduction of auxiliary variables
such as effective ideal gas atomic potentials v, (r) [26, 27]. This, in turn, requires compu-
tationally cumbersome mapping from atomic densities to corresponding effective poten-
tials and back, termed the ‘inversion problem’. Three successive approaches have been
pursued to address this challenge: use of effective ideal gas potentials as the independent
variables, explicit integration over molecular orientations, and introduction of auxiliary
effective fields.

4.3.1.1 Effective ideal gas potentials

Lischner et al. proposed to address the molecular constraint issue by switching to the
ideal gas effective potentials y,(r) as the independent variables instead [28], analogous to
Kohn-Sham electronic DFT, which used non-interacting orbitals instead the of electron
density n as the independent variables for the kinetic energy term in Eq. 4.11. Within
Lischner et al.’s approach, the exact energy of the ideal molecular gas in external atomic
potentials V, and chemical potentials g, is

Fylly, )1 = Q™ [y, )1+ ) / dEN, ()(V, (1) = 4, = W, (Y) (4.14)
with Q" = —-N_k, T / [ e v/ dr s({x,, 1. (4.15)
ak

Here, the constraint function s({r }) picks out configurations {r,, } which satisfy the rigid
molecule geometry (i.e. equivalent to the reference geometry {R,,} under rotations and
translations), and the atomic densities are dependent variables given by the functional
derivative, N, = 6Q" /8y, [28]. This approach eliminated the inversion problem; how-
ever, dealing with constraints in evaluating Q™ and its functional derivatives remained
computationally cumbersome, especially with increasing complexity of the molecular
geometry [29].
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4.3.1.2 Integration over molecular orientations

The constraints above can be removed by sampling only sets of {r,, } that satisfy the molec-
ular geometry. Specifically, one can achieve this by generating {r,, } from all possible trans-
lations r and rotations w € SO(3). This transforms (4.15) to

(ni) _ _ drdw —y, (r+0°R ;) [k T
Q - NrekaT/ 82 ge KB (416)
where w-R denotes rotating vector R by w. Further, defining
p,(x) = NrefHe_%(HwoR”k)/T, (4.17)
ak

simplifies the above expressions for the ideal gas free energy and atomic densities to

drdw Do)
Dy = T/ Do,(T) < e N 1> + za: / drN, (1)(V,(¥) — u,) (4.18)

ref

and N (r) = 2/8 Py (T — @R, ) . (4.19)

Note that p,(r) is simply a product of Boltzmann factors for each atom in the molecule,
given that v, (r) are ideal-gas effective potentials that equal V,(r) — p, when ®;4 is mini-
mized. In this framework, p,(r) is thus exactly the probability of finding a molecule cen-
tered at location r with orientation w in the ideal gas.

Importantly, there are no constraints on p,(r), which makes it a convenient choice for
the independent variables for free energy minimization in the classical DFT of molecular
fluids [4]. Both the ideal gas free energy and the atomic densities can be evaluated read-
ily from p, (r) using Egs. 4.18 and 4.19, and the excess free energy can then be evaluated
from the site densities. Indeed, [4] shows that direct free energy minimization over p, (r)
exhibits superior iterative convergence compared to the ideal gas effective potential ({y, })
minimization.

In order to switch to minimization over p,(r), it is important that this approach pro-
duces the same result as minimizing the functional of atomic densities, carried out in terms
of ideal gas effective potentials as the independent variables. A constrained search proce-
dure [9] easily proves these two approaches to be equivalent [4]. Specifically, the liquid free
energy in equilibrium is

Fig = min (Fylp, (0] + Fol (N, }1)

— min (T / Ao tog 22 4 E1(N, )1+ Fid[{Na}]>. (4.20)

ref

. /
g

—Sia[pe,(®)]
The second line separates out the ideal gas entropy, S;4, which depends explicitly on p , from
the ideal gas internal energy, E;4, which only depends on N,. Going now to a constrained
search splits the minimization over all p,(r) into an inner minimization over p,(r) corre-
sponding to atomic densities {N,(r)}, followed by an outer minimization over the atomic
densities,

. drdw P,(1)
min (pw(rgl[rpl] (r)]T/ = ———p,,(r)log +Eid[{Na}]+Fid[{Na}]>. (4.21)

1 —
9 (N} Nt
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Finally, performing the inner, constrained minimization over p,(r) by introducing
Lagrange multipliers y,(r) for each N, (r) constraint, results in Euler-Lagrange equations
for the inner minimization, (obtained by taking 6/6p,) yielding precisely Eq. 4.17. The
result of free energy minimization over p_(r) is therefore exactly the same as the previous
ideal-gas effective potential methods of [26] and [28].

4.3.1.3 Auxiliary fields

The primary disadvantage of direct minimization over p_ (r) is the computational time and
storage requirements of processing several (~ 100) orientations for each point in space. The
previous approach of optimizing over effective potentials dramatically reduced this compu-
tational complexity to computing with a limited number of effective potentials {y,(r)} at
each point. This latter approach provides an effective compression of the information con-
tained within p_(r). There are, however, other possible ways to compress this information
that prove computationally advantageous.

To understand the {y, (r)} as just one possible effective compression of the information in
p,,(r) requires a broadened perspective. The exact equivalence between minimization over
p,,(r) and minimization over {y,(r)} requires that all terms but the ideal gas entropy depend
only on the atomic densities. This was indeed true above because the external potential took
the form of atomic potentials, V,(r). To gain a more general perspective, consider the case
of a more general potential V_(r) that explicitly depends on the orientation orientation w.
In this orientation-dependent case, minimization over {y,(r)} effectively maximizes the
molecular ideal gas entropy S;4[p,,(r)] over the subspace of p_ (r) corresponding to a given
set of atomic densities { N, (r) }. However, since the interaction no longer depends solely on
{N,(r)}, the resulting free energy will in general be higher than direct unconstrained mini-
mization over p, (r). The {y,(r)} thus represent an approximate, compressed representation
of the full p(r) [4], in close analogy with lossy compression algorithms used for images and
videos. Extracting p,, (r) from the {y, (r)}, corresponding to “decompression”, then proceeds
by maximizing the entropy with the atomic density constraints implemented using {w,(r)}
as Lagrange multipliers.

[4] uses this perspective to define such representations in general, and then identifies
particularly useful representations for classical DFT in the presence of strong electric fields,
which is the most important case for solvation with JDFT. Following [4], one defines a set
of variables {X; = X;[p,(r)]} as a maximum-entropy compressed representation of p, (r),
such that p, (r)[ 1;] is the result of the constrained maximization

5 .
e (TSid[Pw(l')] + Z(Xi [p,®] - X,) )n») =0. (4.22)

using Lagrange multipliers y; for the X; constraints. These Lagrange multipliers then
become the independent variables for free energy minimization,

Fig = min (Fy [p, 4] + Fo [(Nolp, LI ) (4.23)

where @,4[p,,(r)] and N, [p,(r)] are given by (4.18) and (4.19) respectively. Within this gen-
eral form, picking X; = N, (r) yields the ideal-gas effective potential representation, while
picking X; = p,, itself yields p,, itself as the representation (no compression).
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In the context of solvation within JDFT, the external potential on the liquid is due primar-
ily to the electrostatic potential from the electronic system. Because the electronic system
is spatially separated from the liquid, the potential experienced by a molecule or ion can
be expanded in a multipole series, with lower order multipoles being more important than
higher order ones. Consequently, as developed in [4], multipole probability densities give a
particularly effective compressed representation,

/ dwpw(r)D’mlm (o), (4.24)

Wy 0O, (0] =
where D];mmz (w) are the Wigner D-matrices, which are the irreducible matrix representa-
tions of the SO(3) rotation group [30].

As discussed above, the independent variables for minimization are then the Lagrange
multipliers ”]ml m, () involved in constraining the multipole densities Mjmlmz (r), and the ori-
entation probability depends on these independent variables as

. r)D,, (@
Po@®) [y, )] = Nt [ | H exp( M) : (4.25)
Jomymy=—j

While this approach is exact when including all terms j — oo, practical calculations must
truncate to j <j,.. for some j_. . In particular, j_, =1 accounts for the dominant
monopole and dipole densities, with the corresponding independent variables being the
ideal-gas effective local chemical potential and local electric fields (instead of local atomic
potentials). [4] shows robust iterative minimization of classical DFT functionals in this
representation that is simultaneously accurate and computationally practical in both time
and memory requirements.

4.3.2 Minimal excess functionals for molecular fluids

Having captured exactly the first and largest contribution to the liquid free energy func-
tional Fig[{N,}], namely the intramolecular bonds that convert an ideal gas of atoms
to an ideal gas of molecules, the remaining task is to account for all intermolecular
interactions, as captured by F.[{N,}] in Eq. 4.12. Analogous to the development of
exchange-correlation functlonals in electronic DFT, there are several complementary
approaches to classical DFT excess functional development ranging from the simple and
non-empirical to the highly-parametrized and computationally expensive. The discussion
below focuses on a specific, minimally-empirical approach developed in [4] and [5] that is
suitable for JDFT solvation with atomic-scale structure.

Two model fluids inform the classical DFT treatment of physical liquids. First, virtually
all classical DFT functionals begin with the hard sphere fluid, which consists of particles
that perfectly repel one another within a given cutoff distance but do not interact otherwise.
For this system, the free energy of the fluid is purely entropic, resulting from a reduction
of configuration space from overlapping spheres. A family of excess functionals known
as Fundamental Measure Theory (FMT) provides highly accurate approximations to the
entropy of such fluids, including the case of mixtures of spheres of different sizes. Briefly,
the FMT class of excess functionals for the 3D hard sphere fluid take the form

1 mn, —m, -n,
F[N]=T [/ dr( n,lo + +--- ), 4.26
sIN] / < 0 gl—n3 1-n, > ( )
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with variants differing in the final term(s) [31-33]. The quantities n,, n, etc. are weighted
densities that measure the number of spheres that overlap in volume, at the surface and so
on. For example, n,(r) = [ dr'©(rys — |r — 1’| )N(r’) counts the number of particles within
the hard sphere radius ryg. See [34] for a comprehensive and accessible review of these FMT
hard sphere entropy functionals.

The second fluid informing classical DFTs is the Lennard-Jones fluid, which interacts
with the standard 6-12 potential,

Uy, = 4e [(%)12— (%)6] (4.27)

This interaction features repulsion below separation r = ¢ at larger distances of an energy
scale set by e, which eventually decays to zero at larger distances. Classical DFT treatment
of such fluids begins by decomposing the potential into repulsive and attractive parts [35]
as

12 6
efir-)] e
U =47 e[ r , r ° (4.28)
0, r> 2%
—e, r <265
- 12 6
O a2 - ()] e 2

The free energy functional for this fluid can be approximated by treating the fluid inter-
acting with Ug(r) alone using fundamental measure theory, typically with a hard sphere
radius Ryg = 6/2, and then accounting for the effects of U,(r) perturbatively. Mean-field
perturbation, in particular, leads to the excess functional

FOPING] ~ FislNT+ 3 / dr / dr'NmU,(Ir - ¥ DN (), (4.30)

where the second term simply evaluates the attractive potential integrated over the average
liquid densities.

However, such approaches do not capture correlation effects in the density, and do not
reproduce the equation of state of the liquid, especially at high densities. In contrast, in elec-
tronic density-functional theory, great care is taken to ensure that the energy of the uniform
electron gas is always recovered exactly, even with the simplest local density approximation
(LDA) to the exchange correlation functional. The analogous strategy in classical DFT flu-
ids, where nonlocality is critical and LDA does not suffice, is to employ the weighted density
approximation (WDA) [36], which applies the equation of state constraint to a weighted
(convolved) liquid density instead of simply the local density. For Lennard-Jones fluids in
particular, the modified WDA functional [37] recasts the mean-field term into a nonlinear
weighted-density form

FOWOIN@)] » Fyg[N] + / deN(@AL (w, * N), (4.31)

with the mean-field weight function w,(r) set to the normalized perturbation potential

wy(r) = Uy(r)/ [ 4xr'*dr' U, (r'). Here, AY(N) is the attractive component of the uniform

fluid free energy, defined as the difference A, ;(N) — Apg(N) of the free energies of uniform
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Lennard-Jones and hard sphere fluids at the same density. This form is now explicitly con-
strained to reproduce the uniform fluid limit (and the equation of state) exactly, and reduces
to the mean-field form in the inhomogeneous low density limit.

[4] and [5] build on the above modified WDA approach [37] to additionally capture the
key quantities relevant for JDFT solvation:

1. Nonlinear dielectric response: Fy; must correctly capture the electric interaction energy
with the electronic system even at high electric fields ~ 10*° V/m that are ubiquitous at
the atomic scale.

2. Cavitation free energy: F; must correctly account for the free energy resulting from
displacing the fluid in the region of space occupied by the electronic system.

3. Atomic-scale liquid structure: upon minimizing F,, the resulting N, should correspond
to the thermodynamically averaged structure of the liquid down to the atomic scale.

An implicit design choice for these functionals was simplicity and stability: the func-
tionals should primarily require only bulk experimental/molecular dynamics data for the
fluid equation of state and microscopic molecular properties derivable from electronic DFT
calculations, and should remain stable in the quite strong short-range atomic potentials
involved within JDFT. Previous complex functionals for real liquids such as water require
structural data such as pair correlations from neutron scattering, were highly complex and
computationally intensive, or were not stable when subject to strongly attractive atomic
potentials [27-29, 38-40].

A general recipe for free energy functionals for molecular fluids [5] that satisfies the above
requirements takes the overall form

Fy[N,] = Fyy[p,] + Fys[No] + / drNA, (w, = N)+F.[p,]. (4.32)

Here, the first two terms form a reference molecular hard-sphere fluid with Nj(r) =
/ dwp,,(r) being the density of the molecule geometric center. The third term captures the
attractive interactions similar to the modified WDA for the Lennard-Jones fluid, applied to
an average liquid density, N(r) = Y, N, (¥) v,/ >, ¥ Weighted by the dipole polarizabilities
X, of the atoms. The free energy function A,,(IN) is constrained to experimental equations
of state for the fluids, such as the Jeffrey-Austin equation of state for liquid water [41] or
the Tao-Mason equation of state [42] for less polar fluids.

The weight function w, in the third term of Eq. 4.32 is set to the normalized
Lennard-Jones attractive part as discussed above. The Lennard-Jones range parame-
ter o is not yet determined, but strongly affects the cohesive energy of the liquid and its
interfacial tension. Fortunately, selecting ¢ to reproduce the bulk interfacial tension of
the liquid also captures the free energy for forming cavities with sizes down to the atomic
scale, as the discussion of Figure 4.3 below will show.

The final term of Eq. 4.32 captures all long-range Coulomb interactions in the fluid, which
in competition with the ideal gas entropy, critically determines the nonlinear dielectric
response of the fluid. Specifically, [5] proposes the ansatz

N P? r r cl-1 _
F= Z / dr a’ a + l/dl‘/ dr/ pMF( )pM/F( ) + rot2 /dl’Pfop
@ 201X 2 r—r'| NoukPpo /3T

(4.33)
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Figure 4.3 Classical DFT suitable for JDFT solvation must accurately capture (a) atomic-scale
inhomogeneous liquid structure, (b) interfacial free energy from atomic to macroscopic scales, and
(c) non-Llinear dielectric response for characteristic field strengths at the atomic scale. Results

shown compare the liquid water functional in [5] against SPC/E [43] and TIP4P/2005 [44] molecular
dynamics simulations. (Parts (b-c) adapted from [5] with permission from AIP Publishing.)

where the first term captures the internal energy of polarization due to vibrational and elec-
tronic response of the fluid, the second term captures mean-field interactions between all
induced charge densities (due to molecular rotation and polarization), and the final term
accounts for correlations in the rotational response in a local polarization-density approx-
imation on the rotational polarization. The first term is required because, although the
free energy for molecular rotation is implicitly captured by the ideal gas entropy discussed
above, the internal energy for molecular polarization is not included in an ideal gas of rigid
molecules.

The polarization response above introduces an additional independent variable P (r),
which is the dipole induced per atom of type a at location r. The first term of Eq. 4.33
captures the internal energy cost of inducing this dipole, either by vibration or electronic
polarization, totaling to a dipole polarizability of y, on each atom. The net charge den-
sity from the rotational and translational response captured by N, (r) and this polarization
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response,
Pvp = ZZaWMF * N (r) =V - ZWMF * N, P,, (4.34)
a a

where Z, are the effective atomic charges in the fluid, then contributes a mean-field interac-
tion in the second term of Eq. 4.33, which is exactly like the Hartree term. However, exactly
as in electronic DFT, this mean-field approximation introduces self-interaction errors and
misses correlations. This functional minimizes self-interaction errors by using a weight
function wy to limit the Coulomb interaction at short ranges [5]. Additionally, missing
correlations result in incorrect bulk dielectric response. The functional introduces local
polarization density corrections o / dr|P(r)|? to capture the correct bulk static and opti-
cal dielectric constants. These corrections effectively scale up the local field that interacts
with the polarization (analogous to the Clausius-Mossoti relation) by factors C,,,; and C,
respectively. While C,, integrates with the polarization internal energy term (first term of
Eq. 4.33), the rotational contribution stays distinct as the third term of Eq. 4.33 in terms of
the weighted rotational polarization-density,

= d
Py = wyp * / S_;ZPCU(I)Q) ° Pmol> (4.35)

where wep,,, is the dipole moment of the molecule at orientation w. Analytically evaluating

the polarization and rotational dielectric response of the bulk fluid introduced by Eq. 4.33

then connects C,, and C, to the experimentally known bulk dielectric constants,

c €, —1
1 = —-——
b 4”Nbu1kza}(a

thereby fully constraining all unknowns in the functional.?

The development above is fully general for any liquid containing relatively small
molecules or ions that can be treated from a starting point of rigid molecules. It also
easily generalizes to mixtures, as required for treatment of electrolytes. The rigid-molecule
ideal gas pieces add together for the various constituents, while the hard sphere entropy
functional accounts for mixtures of hard sphere fluids by adding together the weighted
density contributions from each [34]. The long-range parts straightforwardly include the
mean-field interactions between all constituents, adding together the charge densities
from polarization and rotational response of all species in solution. The modified WDA
remains in place to enforce the equation of state of the solvent, but needs to be augmented
with functionals F ;[N Nionl to account for the contributions to the cohesive energy
from the electrolyte ions. This can be done using mean-field perturbation theory at low
concentrations, or using another modified WDA piece at higher concentrations, provided
the equation of state of the electrolyte is available from experiment or simulations. For
simplicity, this section discusses classical DFT results for pure solvents (water), and
Section 4.4 below will discuss electrolytes in more detail in the context of JDFT-derived
continuum solvation models.

Figure 4.3 shows that the resulting functional F}, captures the three characteristics neces-
sary for accurate JDFT solvation. First, Figure 4.3(a) shows that the classical DFT predicts

€ — €4

and C 2
4”Nbulkpm01 /3T

(4.36)

rot —

3 All atomic charges, dipole polarizabilities, molecular geometries etc. are obtained directly from
electronic DFT calculations [5].
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the atomic-scale shell structure around a 4 A cavity (within which O atoms are excluded by a
repulsive potential) in excellent agreement with classical molecular dynamics simulations.
Next, with varying cavity size, the free energy per unit surface area for introducing this cav-
ity into the liquid (Figure 4.3(b)) is also in excellent agreement between classical DFT and
molecular dynamics. The free energy is proportional to the volume of small cavities and
transitions to an interfacial tension (proportional to the area) on the scale of a few nanome-
ters. In fact, the molecular dynamics simulations with different pair potentials (SPC/E [43]
and TIP4P/2005 [44]) underestimate the bulk interfacial tension, while the classical DFT
captures it by construction. Similarly, Figure 4.3(c) shows that the classical DFT captures
the dielectric response at fields exceeding 10'° V/A, accounting for the saturation of the
rotational response, in excellent agreement with molecular dynamics simulations. Once
again, at low fields, the classical DFT reproduces the experimental bulk dielectric constant
exactly by construction, unlike the molecular dynamics models.

Underscoring the computational efficiency of the classical DFT approach, the calcula-
tions presented in Figure 4.3 require only a single free energy minimization to predict
the equilibrium density, free energy, and polarization response. In contrast, the molecular
dynamics simulations require statistical averaging over several nanoseconds (10°-10° con-
figurations), and an additional coupling constant integration to calculate the free energies
[5, 45]. This is particularly important when the classical DFT is coupled to electronic DFT
in JDFT because, in contrast with ab initio molecular dynamics, this reduces the number
of required electronic DFT calculations to one.

4.4 Continuum solvation models from JDFT

Joint density-functional theory (JDFT) provides a rigorous framework for capturing liquid
and electrolyte environment effects in terms of atomic densities, and classical DFT liquid
functionals are available to realize the full potential of JDFT to deliver atomic scale lig-
uid structure. Conventional continuum solvation models may be thought of as a special,
highly-simplified approximation to the liquid and coupling functionals, where the JDFT
theorem simply gives license to construct such approximations. Much more importantly,
‘full’ JIDFT with classical DFT liquids provides a powerful starting point for the systematic
construction of improved continuum models.

Whereas conventional continuum solvation models generally describe the dielectric fluid
response as linear and/or local, from JDFT it is apparent that reality is significantly more
complex. As discussed in Section 4.3, to accurately describe the environment, the classical
DFT component of JDFT must capture the nonlinear response of the fluid, including satu-
ration of the rotations of the molecular dipoles. Additionally, the atomic scale structuring of
the liquid is intrinsically a non-local response, wherein molecules respond to atomic poten-
tials or electric fields on characteristic molecular dimensions and then produce atomic and
charge-density response on a similar scale. The following sections show that it indeed is
possible to capture these effects at a continuum theory level by constructing varying lev-
els of approximation to JDFT, stepping down in complexity from nonlinear and nonlocal
classical DFT, through continuum models that are either nonlocal or nonlinear, all the way
down to local and linear models.
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4.4.1 JDFT linear response: nonlocal ‘SaLSA’ solvation

The central concept in a continuum solvation model is the ‘cavity’, a region of space
occupied by the electronic system from which the solvent is excluded. In classical DFT,
the atomic densities N, (r) are fully optimized to minimize the free energy and thereby
automatically avoid the region occupied by the electronic system in order to reduce the
Thomas-Fermi repulsion inherent in the coupling functional. The resulting liquid density
profile indeed corresponds to a cavity and is relatively simple to model in terms of the
molecule center density Ny(r) = N, s(r) through a cavity shape function s(r) normalized
so that its value transitions from zero inside the cavity to one outside the cavity. Taking
as a reference point a fluid conforming to a model cavity shape s(r) but with unpolarized
molecules with a uniform distribution of angles, one can construct a continuum model by
focusing on how the fluid responds to minimize its free energy. The result of this analysis
is the Spherically-averaged Liquid Susceptibility Ansatz (SaLSA) solvation model [16],
which retains the nonlocality of JDFT in a continuum solvation model.

The SaLSA analysis begins with full JDFT (Eq. 4.8) and the classical DFT from
Section 4.3.2. The first step is to separate all terms that depend on the molecule center
density from those depending on molecular orientation and polarization [16],

d Do, (¥)
Fyppr = Fug[n] + Fo[No] + T/ dr/ S_:FUZP”’(I‘) [hl No®) - 1]

N, ()P, (r)? cl-1 do 2
+2 / e YN AT / ar / g2 Lo Pl
= pol Xa bulklor/

, Pig(T) _P? (1) 1 , ,
+/dr/dr (pel(r)+ ! 5 3 ) |r_r,|(plq(l‘)—p?q(1' )

(4.37)

Here, only the ideal gas (rotational) entropy and long-range parts from the classical DFT
parts appear explicitly, while all remaining terms are grouped into Fy[N,]. The final
mean-field interaction term now also includes the interaction between the solute charge
density p,(r) and the induced charge density in the liquid Pig(T) — p?q(l‘) (where p?q is the
charge in the initial isotropic distribution), which emerges from the coupling functional
rather than the classical DFT. The remaining contributions in the coupling functional
such as the Thomas-Fermi repulsion are also lumped in with F;[N,], which is now related
to the energy of forming the cavity.

The key idea of SaLSA is to treat the changes which occur as the fluid relaxes from
the unpolarized and uniformly oriented reference state perturbatively. Specifically, SaLSA
expands the orientation density at linear order as p,,(r) = Ny(r)(1 + Zlmm,xin w (r)Din (@)
by using the Wigner D-matrices as a representation of the rotation group [30]. Then, writ-
ing out the Euler-Lagrange equations for minimizing the total free energy with respect to
the coefficients xin > Substituting back into Eq. 4.37 and retaining terms up to second order
in Fippr, gives

Fgpisa = Fyglnl + Fy[Ny] + % / drp,(r) [(K_l - =K py(), (4.38)
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where K(r,7’) is the free-space Coulomb potential operator 1/|r — /|, and #(r,r') is the
non-local solvent susceptibility operator. (See [16]) for details.) In this result, the final term
effectively captures the energy due to liquid response as the difference between the elec-
trostatic self energy of the solute charge density p,,(r) with the solvent-screened Coulomb
interaction (K_l — 77! from that resulting from the bare Coulomb interaction K. This is a
fully general form that describes all common continuum solvation models, with differences
restricted to the prescription of 7.
As derived above, in its full form, the susceptibility operator in reciprocal space is

#(G,G) = —ZN?,(G — G)Cp2,G - G, (GW(G)

- Ny(G - G’)Z Cou P—’(GHG)~;T01(G>~""*(G'), (4.39)

Prmol
where the first term represents the polarlzabllity response of the liquid distributed accord-
ing to the atomic densities N, (r) (Fourier transformed to NE(G — G’)) and the second term
represents the rotational response distributed according to the molecular density N,(r)
(see [16].)

Each of the two terms above represent physically correct generalizations of effects
commonly included on a post hoc basis in standard continuum theories. For the first
term, the weight functions w, capture the range of the polarization response in the
classical DFT [5]. Forcing the response to be local by setting w, (r) — 6(r) (so that W(G) = 1)
removes the weight function terms above. The remaining expression is then proportional to
N(G - G')G - G’, which corresponds precisely to the operator —V - (N(r)V (+)) in real space,
exactly the form of the susceptibility due to a continuum dielectric! In the more realistic
SaLSA theory, the polarizability weight functions give an explicit prescription for precisely
the correct nonlocal generalization of the strictly local dielectric response commonly used
in common continuum theories. The second term from Eq. 4.39 likewise represents nonlo-
cal rotational responses, but now in the form of an expansion in spherical harmonics. The
I = 1 response from this term has precisely the same mathematical form as the polarization
response and thus likewise gives an explicit prescription for the nonlocal generalization
of the rotational contribution to the dielectric response. Beyond this, the [ = 0 monopole
response is negligible for neutral molecules, but dominant for charged species like ions.
In real space, this term in the local limit yields simply a multiplicative constant to the
local potential proportional to the ion density N, ,(r), which exactly converts the Poisson
equation to a linearized Poisson-Boltzmann equation (—V - (¢V¢) + x?¢ = 4xp)! Therefore
SaLSA produces an explicit prescription for a nonlocal (but linear) solvation model directly
from JDFT perturbation theory, which recovers exactly conventional continuum solvation
models in the (somewhat unphysical) local limit.

Two additional prescriptions are necessary for arriving at a complete solvation model.
The first is determination of the reference N, (r), or equivalently the cavity shape function
s(r), which forms the basis for the above perturbation theory. The second is specification
of an approximation to the ‘cavity energy’ F,(N,), which is independent of the orientation/
polarization response of the liquid. [16] introduces a nonlocal model for s(r) in terms of the
overlap between solute electron density n(r) and a model solvent electron density 1y4(1),
such thats = 0 when a test molecule’s electron density would overlap strongly with n(r) and
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(a) SaLSA (b) LinearPCM (c) CANDLE

Cavity s(r)

Figure 4.4 Comparison of cavities and charge response of (a) the nonlocal SaLSA solvation model
[16], (b) local solvation models [47-49], and (c) the hybrid CANDLE solvation model [24], shown for
an aqueous rutile TiO,(110) surface (as in Figure 4.1).

s = 1 when it overlaps negligibly. It calibrates this model to the distance of nearest approach
of all pairs of atoms in the periodic table, without any reference to solvation, such that s(r)
is defined non-empirically with respect to solvation. The cavity energy is decomposed to
a cavitation free energy that emerges from the classical DFT and a dispersion energy that
emerges from the coupling, and SaLSA adopts nonlocal models [46] for both of these pieces
that fully capture their atomic-scale size dependence (Figure 4.3(b)).

Figure 4.4(a) shows the cavity shape function and induced charge density of the SaLSA
solvation model for an aqueous rutile TiO,(110) surface. Figure 4.4(a) shows that the SaLSA
charge response extends past the cavity surface, a direct manifestation of its inherent nonlo-
cality. This nonlocality allows the SaLSA model to give the proper location of the charge
response while simultaneously maintaining the cavity surface at the distance of closest
approach of molecular centers. In contrast, conventional local solvation models must arti-
ficially bring the cavity boundary closer to the solute to reproduce the correct charge dis-
tribution and free energy, as in Figure 4.4(b). As a result, the parameters in such models
cannot be determined from the underlying microscopic physics and must be fit empirically,
lessening the transferability of such approaches.

4.4.2 JDFT local limit: nonlinear continuum solvation

As shown above, the linear response limit of JDFT solvation with classical DFT results in
the nonlocal SaLSA solvation model. Further taking the local limit then reduces the SaLSA
response to the Poisson equation or linearized Poisson-Boltzmann equation for pure sol-
vents or electrolytes, respectively.* Proceeding in the opposite order of first taking the local
limit of the JDFT response, while maintaining nonlinearity, results in a second class of use-
ful, physical solvation models.

Taking the local limit effectively reduces the sizes of the molecules and atoms to zero,
preserving only their dominant multipole moment, thereby reducing neutral solvent
molecules to dipoles and charged ions to point charges. Starting from Eq. 4.37, this leaves

4 As described above, however, the further reduction to local response requires changing the cavity
definition to preserve the charge response and solvation free energy, introducing unavoidable empiricism
and lack of transferability into the solvation model.
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the cavity energy and mean-field electrostatic interactions unchanged, but the remaining
terms for solvent molecules and ions reduce to separate internal dielectric and ionic free
energy terms, A, and A, , respectively. The resulting ‘NonlinearPCM’ model [47] takes the
form

, qu(r/) Pig(™)
Fypem = Fuglnl + Fo[Nol + A, + A, + [ dr [ dr r—r| pa(r) + 5 )

(4.40)

Here, as before, p,, will capture the charge density response from both the solvent and the
electrolyte ions.’

First consider the simpler case of electrolyte ions: the orientation density p_ (r) no longer
matters because the ions have been reduced to point charges with no orientational degree of
freedom. This reduces the ideal gas entropy functional in the p  log p, form to the simpler
Nlog N form for the mono-atomic ideal gas, as in Eq. 4.13. Additionally, the ionic response
involves translation which changes the average density N, leading to a contribution from
the hard-sphere entropy functional in the general nonlinear case. Putting these together
gives the internal free energy of several ionic species with charge Z; and bulk concentrations
N; as [47]

(x(1) — Xp)?
Xy(1 = Xp)?(1 —x(x))? |
(4.41)

A l{nmm}] = kBTZ / drNis(r) [(ni(log m—1D+1+

where #;(r) is the (dimensionless) local enhancement of the ionic densities relative to their
(cavity-scaled) bulk values. The jons then contribute a charge density Y Z;N,s(x)5;(x) to the

total liquid charge density. The second term in Eq. 4.41 is a simpliﬁeld local form of the
hard sphere functional subtracted from its bulk value, which enforces an upper bound or
packing limit on the ion concentration. Here x(r) is the local packing fraction, equal to the
local limit of n, from Fundamental Measure Theory [34], and x,, is its bulk value.

Similarly, for the solvent molecules now reduced to dipoles, the orientation density sim-
plifies from a general p(r) where w is a rotation in SO(3), to p,(r) where é is a unit vector
along the dipole direction. (One Euler angle for rotating the dipole about its own axis is now
irrelevant.) This reduces the internal free energy for the dielectric to

V4 molPIZ)ol dé anot
A Ppo Pl = derolS(r)T + [ drTNyys(r) pelogp, — - |

4r
(4.42)

where P, (r) and y,,, are the induced dipole moment and dipole polarizability per
molecule (summed over the atomic contributions from the classical DFT case), P, (r)
is the local rotational polarization, and « is the prefactor to the rotational polarization
correlation functional. The solvent polarization then contributes total charge density

5 Note that p?q = 0 in the local limit for the unpolarized net-neutral liquid, and so it does not appear in
Eq. 4.40, as opposed to the more general Eq. 4.37.
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=V - NipiS®)(Ppoi (1) + Py (1)) due to polarization and rotations. This completes the for-
mulation of the nonlinear solvation model. Further simplification is possible by evaluating
the Euler-Lagrange equation for p,(r). Specifically, this shows that p,(r) « exp(é - (r)) for
some vector field £(r). Using this, [47] recasts the total dielectric internal energy as

Alem)] = / drkz TN, ,8(¥)

x lez (f@) - Epey 4 AT af(e))z) ~log Smhf] SENRCRE)
2p mol €

in terms of the single independent variable £(r). Note that this is a generalization of the

internal energy function that produces the Langevin saturation response for dipole rota-

tion, except that it includes the polarization response and accounts for correlations in dipole

rotations in order to reproduce the bulk dielectric response.

Finally, note the linear limit of the fully specified nonlinear model above results in the
conventional local linear solvation models, just as before but from a different sequence of
limits. In the linear limit of the nonlinear model, the Euler-Lagrange equations can be used
to eliminate #; in terms of the total electrostatic potential ¢ and the vector field £(r) in terms
of V¢, reducing the internal energy functionals to

1 \v/ 2 2
A +A = E/drs(r) [(eb - 1)I jl + KZ% . (4.44)

Here ¢, is the bulk dielectric constant and k? =8zN;,,Z. /(kpT) is the inverse

Debye-length squared (scaled by ¢,). Optimizing this functional with respect to ¢, in
turn, results in the usual linearized Poisson-Boltzmann equation,

=V [1+ (6, = Ds(n(r))] Vo(x)) + £’s(n(r))p(x) = 4rpy(x). (4.45)

As was the case for the SaLSA solvation model, the cavity shape function s(r) and the
cavity energy F,[N,] remain to be specified. As discussed above, the cavity can no longer
appear at the physical location and must be chosen empirically. Following previous devel-
opments in iso-density continuum solvation models (see Chapter 3), the cavity is chosen
as a function of the local solute electron density s(r) = s(n(r)). The function s(n) transitions
smoothly from one to zero as n crosses some threshold n, [1, 14, 47, 49] (or in a range n;,
to 1y, [48, 50]). Here, n, (or equivalently, 1, /may) are empirical parameters that are
adjusted to reproduce the solvation free energies of small organic molecules in the solvent.
The cavity energies are also typically treated empirically, such as an effective surface ten-
sion multiplying the cavity area calculated as f dr|Vs(r)|. See [47] for a detailed overview
of the numerical implementation and comparison between linear and nonlinear response
models.

Figure 4.4(b) shows the cavity and induced charge of the linear solvation model from [47]
at an aqueous rutile TiO, surface. Unlike the nonlocal solvation model, the induced charge
appears at the surface of the cavity which requires the cavity surface to be pulled closer to
the solute. Notice that in this case, the cavity gets too close to the positively-charged tita-
nium atoms at the surface, near which the electron density is very low. This, in turn, creates
numerical issues for the solvation model resulting in the oscillating charge density artifacts
(red and blue stripes). Similar issues are commonplace for widely-available iso-density
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local solvation models, such as the present LinearPCM model [47], the closely-related
VASPsol model [49] and the SCCS model [48], when they are applied to ionic solids that
are highly different from the molecules used in their parametrization. Additionally, in
many cases, these models can create ‘cavity bubbles’ in the interstices of the solid where
the electron density is low enough, and these must be specifically removed. Consequently,
applying these versatile and computationally efficient solvation models to new material
systems should be done with care to ensure the cavity parametrization is adequately
transferable.

4.4.3 Hybrid semi-empirical approaches: ‘CANDLE’ solvation

The above discussion shows two paths from JDFT to conventional local linear solvation
models, one through the nonlocal linear SaLSA model, and the other through the nonlin-
ear local NonlinearPCM model. The nonlocality in SaLSA allows for a non-empirical stable
cavity determination, but the nonlocal response involves an angular momentum expansion
that can be relatively computationally expensive and difficult to implement compared to the
conventional solvation models. The usual linear local solvation models are easy to imple-
ment, but require an empirical parametrization that can create issues with transferability
as demonstrated above.

The CANDLE solvation model [24] is a hybrid between the nonlocal and local models that
takes the non-empirical nonlocal cavity determination and cavity free energy terms directly
from SaLSA. These terms are relatively simple and computationally efficient compared to
the nonlocal response, and on par with the traditional iso-density models, only requiring
a few extra convolutions. However, as discussed above, with a local charge response, the
same cavity describing the centers of the solvent molecules cannot be used to determine
accurate locations for the charge response through solution of the Poisson equation. The
CANDLE model addresses this issue by smoothing out the cavity by an empirical ‘elec-
trostatic radius’ parameter # fit to solvation free energies. This allows the induced charge
density to approach closer to the solute by an amount proportional to #.

Figure 4.4(c) (and Figure 4.1(c)) show the cavity and bound charge of the CANDLE sol-
vation model for the same aqueous rutile TiO, example as before. Because of the cavity
smoothing, the cavity transition is centered on the physical location of the molecule cen-
ters, while the charge response is closer despite the local response, exactly as in the non-
local SaLSA solvation model but at a fraction of the computational expense. Even with 5
empirically determined, the cavity functions are far more transferable being based on the
physically-meaningful density overlap s(r) from SaLSA, rather than thresholding on the
solute electron density alone as in all iso-density models. Consequently, the charge response
does not show any of the numerical issues exhibited by the traditional solvation model in
Figure 4.4(b).

The discussion above specifies a nonlocally-determined local-electric (NDLE) solvation
model. The CANDLE solvation model additionally captures charge asymmetry (CA-) in
the response of the solvent by adding a solute electric-field dependence to the SaLSA cavity
prescription. This is critical because solvents like water do not respond equally to positive
and negative charges as must do fluids of point dipoles because of symmetry. For example,
water solvates negative ions of the same effective radius more strongly than positive ions
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Table 4.1 Mean absolute errors (MAEs) of solvation energy predictions by several solvation
models for a standard set of neutral solutes, cations and anions in liquid water. (Adapted from [24]
with permission from AIP Publishing.)

MAE [kcal/mol]

Category Model/variant Neutral Cations Anions All
Linear LinearPCM [47] = VASPsol [49] 1.27 2.10 15.1 3.59
SCCS [48, 51] Neutrals 1.20 2.55 17.4 3.97
Cations - 2.26 - -
Anions - - 5.54 -
CANDLE [24] 1.27 2.62 3.46 1.81
Nonlinear NonlinearPCM [47] 1.28 16.1 27.0 7.55
Nonlocal SaL.SA [16] 1.36 3.20 19.7 4.55

because the H atoms forming the positive termini of water can get closer to a negative charge
than can the bulkier O atom forming the negative terminus.

Table 4.1 compares the accuracy of several solvation models for the solvation of the
same set of neutral molecules, cations and anions in liquid water. Most models con-
sistently underestimate the solvation energy of anions when parametrized to neutral
molecules or cations, sometimes addressed by developing different parameter sets for
differently-charged solutes, as in the charged SCCS models [51]. Building in charge
asymmetry (empirically) makes CANDLE uniformly accurate for solutes of all charges
within a single parametrization, while retaining the stability and transferability of the
nonlocal SaLSA cavity based on solute-solvent electron density overlap.

4.5 Grand-canonical DFT

In periodic DFT calculations used for calculating properties of solids and surfaces relevant
for electrochemistry, a well-known limitation is the requirement that the unit cell of the
calculation must remain overall electrically neutral. In Kohn-Sham DFT, this issue appears
in all of the long-range terms, specifically the nucleus-electron interaction, the nuclear
repulsion (Ewald term) and the electron repulsion (Hartree term), and must be managed
carefully. Additionally, the electric potential and hence all electron energy levels are inde-
terminate up to an overall offset. These issues originate in the fact that the electrostatic
potential ¢(r) is the solution of

—V2p(r) = dxpy(r), (4.46)

where p,, is the total charge density of the electronic system including electrons and
nuclei. The electrical neutrality issue becomes apparent upon integrating Eq. 4.46. The
integrand on the left hand side is a total derivative and integrates to zero in periodic
boundary conditions. The equation can therefore be consistent only if the right hand side
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4z [ drpy(r) = 47Q, is zero, i.e. the electronic system has a net charge Q = 0. Second,
the indeterminacy of ¢ up to an additive constant is evident in the fact that changing
¢(r) = ¢(r) + ¢, for a constant ¢, leaves the equation and the (periodic) boundary
conditions unchanged.

The situation changes entirely in the presence of an electrolyte, even in the simplest
continuum description of the electrolyte as satisfying the linearized Poisson-Boltzmann
equation

—V - e(®)V(D)) + K2 E)PX) = 41 py(F). (4.47)

Now, the second term need not integrate to zero in a unit cell, allowing Q. # 0, and
the second term changes when ¢(r) — ¢(r) + ¢, so that the overall offset of ¢(r) is also
well-determined [14]. Further, the charge density induced in the electrolyte ions is precisely
Zion® @) = —k2(r)/(4m)d(r). Therefore, the total induced charge in the electrolyte exactly
balances the net charge of the electronic system, thereby neutralizing the unit cell [14, 47].

The simple observation for the linear local model that the absolute potential is
well-determined is actually completely general for any continuum model of the electrolyte.
For a general nonlinear model, the charge neutrality is not automatic however, and must
be implemented using a Lagrange multiplier constraint. When this is done, the Lagrange
multiplier that maintains neutrality turns out to precisely determine the constant offset
of the potential [47]. Regardless of the details, the final result is that the electrostatic
potential and electronic energy levels have meaningful absolute scales when using any
continuum electrolyte model that maintains charge neutrality of the unit cell. Specifically,
this absolute scale references the potential to zero far from the electronic system in the
bulk of the continuum liquid [14].

The absolute scale of the electron energies prove vitally useful for computational elec-
trochemistry. Conventional Kohn-Sham DFT calculations in the canonical ensemble eval-
uate the electron density from Fermi occupations, f; = 1/ <1 + exp %) evaluated at the
Kohn-Sham orbital energies ¢;, where the electron chemical potential u is a Legendre mul-
tiplier that enforces a constraint on the total number of electrons. Because an electrolyte
environment now places the ¢; on a well-defined absolute scale, so now too is the electron
chemical potential, . Moreover, because this scale references the deep interior of the elec-
trolyte, it relates directly to the electrode potential in an electrochemical system through
the fixed potential offset between the reference electrode and locations deep in the elec-
trolyte. This fixed offset can be determined experimentally, or calibrated within a solvation
model by comparing experimental potentials of zero charge (PZC) with predicted neutral
chemical potentials [14].

First-principles electrochemistry calculations take advantage of the direct relation
between the now meaningful electron chemical potential and electrode potentials on
standard electrochemical scales to study reaction mechanisms on experimentally-relevant
potential scales. However, conventional DFT methods require the specification of a fixed
number of electrons in the calculations, and the resulting electron chemical potential will
vary vary as the configuration of the species on the electrode surface changes during a
reaction. This necessitates a cumbersome manual scan over electron numbers to target a
specific chemical potential (electrode potential) of interest, or an expensive ‘outer loop’
over calculations to automatically adjust the electron number [52].
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Grand-canonical DFT [53] addresses this issue by directly switching Kohn-Sham DFT
to the grand canonical ensemble, such that the input for the calculation is no longer the
electron number, but instead the electron chemical potential. [53] develops two comple-
mentary algorithms for directly converging the electronic system in this ensemble. First,
the self-consistent field (SCF) iteration solves Kohn-Sham equations in the potential from
a given density, computes a new density, and iterates until the input and output densities
become equal, within a set tolerance. Within this approach, the Fermi occupations are
determined from the Kohn-Sham eigenvalues in each iteration, and these can be evaluated
at a fixed u instead of imposing an electron number constraint. While trivial in concept,
this approach introduces significant numerical instabilities as charge can oscillate back
and forth between the electron reservoir representing the electrode and the electronic
system as the minimization proceeds. [53] develops preconditioners to stabilize the Pulay
mixing [54] to reduce these oscillations in the SCF iteration in the grand canonical
ensemble. As a second approach, [53] also develops a direct variational minimization of
the grand free energy expressed as a functional of the Kohn-Sham orbitals and an auxiliary
subspace Hamiltonian [55] that generates the Fermi occupations. This direct minimization
exhibits superior stability to the SCF technique for converging Kohn-Sham DFT in the
grand-canonical ensemble and enables fixed-y calculations at the same computational
cost of a single conventional fixed electron number calculation. [53] provides a detailed
description of the underlying algorithms.

Calculation of the charging curve of electrodes provides an important and illustrative
example of the use of this grand canonical approach. Figure 4.5 shows the charge density
versus electrode potential of a TiN(001) in an aqueous electrolyte using grand-canonical
DFT within the SaLSA model, along with visualizations of the induced charge in the
adjacent solvent and electrolyte at selected potentials. TiN (titanium nitride) is a metallic
transition-metal nitride in the rock-salt structure, which has gained recent attention
as a high-temperature and chemically stable metal for plasmonic devices [56] and
plasmon-enhanced photochemistry [57].

Such a calculation begins by computing the neutral surface in the open-source JDFTx
software [58] using the input file below. (See http://jdftx.org for tutorials, input documen-
tation and to download the code).

lattice Tetragonal 5.686 30 #Lattice geometry [Bohrs]

kpoint—folding 6 6 1 #Brilluoin zone sampling
ion—species GBRV/$ID_pbe.uspp #Pseudopotential set
elec—cutoff 20 1a00 #Plane—wave cutoffs [Hartrees|
elec—smearing Fermi 0.01 #Fermi smearing [Hartrees]
ion Ti 0.5 0.5 -0.134 0 #Atom positions [fractional]

ion Ti 0.0 0.0 0.000
ion Ti 0.5 0.5 0.134
ion N 0.0 0.0 -0.134
ion N 0.5 0.5 0.000

S O © o
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ion N 0.0 0.0 0.134 0

fluid SaLSA #or LinearPCM, ClassicalDFT etc.
fluid —solvent H20 #Solvent

fluid —cation Na+ 1. #1M cations

fluid —anion F- 1. #1M anions

dump End BoundCharge #Output induced charge density

For brevity of the code listing, this example employs a three-layer slab of material, which
is easily expanded with very little computational cost. Fluid calculations within JDFTX,
at minimum require specification of only the model, solvent, and electrolyte ions if any.
This example considers a 1M solution of NaF, a non-adsorbing electrolyte, because solva-
tion models do not include explicit adsorption; any explicitly-adsorbing species must be
included in the electronic DFT directly. The final line of the input file requests the induced
charge density in the fluid as an optional output. The neutral calculation correctly yields
N, = 51 valence electrons and finds a neutral chemical potential of y1, = —0.08366 Hartrees.
This corresponds to the potential of zero charge (PZC), which converts to the experimen-
tal scale using the calibration of the standard hydrogen electrode for the SaLSA solvation
model (pugyy = —4.55 eV [16, 24]), yielding (4, — psyp)/(—e) = —2.3 V vs SHE for the PZC
of TIN(001).

Next, performing a grand-canonical DFT calculation requires the addition of just one
simple command to the input file,

target—-mu —0.050 #electron chemical potential in Hartrees

which sets the electron chemical potential to the specified value. Repeating the cal-
culations for various uniformly-spaced values of y ranging from —0.050 Hartrees to
—0.120 Hartrees, spanning a range of approximately 1 V above and below the neutral value,
then yields the raw data needed to determine the charging curve. (Each calculation takes
approximately 1 minute on a Tesla K80 GPU.) Finally, the charge density on the surface
of the electrode is given by ¢ = —e(N — N,)/(2A), where N is the converged number of
electrons in each charged calculation, and A is the cross-sectional area of the unit cell (the
factor of two accounts for the top and bottom surfaces in the calculation).

As Figure 4.5 shows, unlike the surface of an elemental metal, the transition metal nitride
exhibits significant charge polarization in the solvent even for the neutral surface, due to
the distribution of charge between positively-charged Ti and negatively-charged N atoms
on the surface. As the surface charges positive or negative, opposing charges appear in the
bound solvent charges to precisely compensate. Also note that the solvent bound charge
approaches closer to the surface for positive surface charges as the surface electron den-
sity reduces, thereby reducing the overlap with solvent molecule electron density. Finally,
SaLSA shows a minimal shell structure, with a smaller positive counter charge appearing
above the negative induced charge, reflecting its capability of describing nonlocal atomic
scale structure.
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100 -075 -050 -025 000 025 050 075  1.00
V-PZC[V]

Figure 4.5 Electrochemical charging curve of a metallic TiN(001) surface in 1M non-adsorbing
aqueous NaF electrolyte calculated using the SaLSA solvation model [16] and grand-canonical DFT
[53] in the open-source JDFTx software [58]. Top panels show the induced charge density in the
electrolyte for selected charge states.

4.6 Conclusions

This chapter shows that joint density-functional theory (JDFT) provides a variational prin-
ciple that puts continuum solvation on a firm footing, and provides a framework for accu-
rate solvation in electrochemical systems with atomic-scale liquid structure. Liquid free
energy-functionals within the framework of classical DFT realize this potential for atomistic
detail in continuum solvation for real molecular fluids, including liquid water.

Simultaneously, JDFT and classical DFT provide a pathway for developing an entire hier-
archy of microscopically derived continuum solvation models capturing nonlocality or non-
linearity of the solvent response, all the way down to the simplest linear and local solvation
models. Importantly, this paves the way for the SaLSA and CANDLE solvation models with
anonlocal cavity determination based on physically-motivated solvent-solute electron den-
sity overlap that is transferable to a wide class of solutes.

Continuum solvation including electrolytes at any level of this hierarchy additionally
make the electron chemical potential meaningful on an absolute scale that can be cali-
brated against the experimental scale for electrode potentials. With grand-canonical DFT
algorithms that converge DFT at a fixed electron potential, this makes it possible to directly
study the impact of experimental electrochemical conditions from within first-principles
calculations.
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5.1 Introduction

Electrochemical interfaces, e.g. metal/water interfaces, widely exist in a variety of energy
devices such as fuel cells, supercapacitors and batteries [1-5]. The interfacial processes
involved in electrochemical energy conversion and storage are of paramount importance
for designing electrode materials and improving the efficiency in these devices and thus
has attracted a great deal of research interests. A prerequisite would be elucidating the
structures of the interfaces at an atomic level. However, buried between electrodes and
electrolyte solutions, it is extremely challenging to probe the electrochemical interfaces
that are only 5~20 A [6] thick. Enormous efforts have been dedicated to development of
experimental techniques to study electrochemical interfaces. For example, electrochemi-
cal scanning tunneling microscopy (EC-STM) has been used to observe the microscopic
structures of the electrode surfaces under electrochemical conditions; it becomes possible
to study the surface reconstructions, and the patterns of the chemically adsorbed species on
surfaces [7, 8]. While we still lack techniques for directly observing the species which are not
strongly adsorbed on electrodes, like water molecules and non-specifically adsorbed ions at
interfaces, which limits further understanding of charge transfer and reaction mechanisms
at interfaces. Generally, the interfacical structures are more often probed by spectroscopic
methods, e.g. Infrared [9-11], Raman [12-14], sum frequency generation (SFG) [15-17],
X-ray scattering [18, 19], and X-ray absorption [20, 21]. These techniques are sensitive to
the intramolecular vibration, intermolecular hydrogen bonding or atomic radial distribu-
tion, and have demonstrated their power for unraveling the interfacial structures in the past
decades. However, due to difficulties in interpreting complex spectra, there is no general
consensus yet on the microscopic structures of electrochemical interfaces.

Computer modeling offers a complementary approach to these experimental tech-
niques for studying the interfacial structures. In recent years, there is more and more
computational work simulating electrochemical interfaces, and new methods have been
implemented for representing electrochemical interfaces. In many cases, electrode surfaces
are often modelled at the level of electronic structure theories, typically density functional
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theory (DFT), because electronic effects such as chemisorption can only be reliably treated
by electronic structure methods. The choice for representation of the electrolyte phase can
vary from continuum models [22-26], molecular mechanics (MM) to ab initio molecular
dynamics (AIMD) method [27-33]. The continuum models focus on solvation effects of
the surfaces and adsorbates [34], often omitting chemical interaction among electrode sur-
faces, solute ions, and solvent molecules. The latter, however, often plays an important role
in electrochemical processes including electrocatalysis. AIMD simulations, though expen-
sive, faithfully account for these non-trivial effects. Recently, increase of computational
power has encouraged applications of AIMD to electrochemical interfaces, for example
calculating interfacial structures [14, 27, 35-41], potentials of zero charge (PZC) of met-
al/water interfaces [31, 33, 42], surface acidities [43-45], and band alignment [32, 46-49]
of semiconductor/water interfaces, thermochemistry of surface reactions [50, 51], etc.

A combination of experiment and theory has been proven to be an effective approach in
many research areas, but an important question to be asked is how realistic the compu-
tational models used are in comparison to experiment. In single crystal electrochemistry,
single crystal electrodes such as atomically flat metal surfaces, have been widely used to
obtain fundamental understanding of electrochemical interfaces with well-defined struc-
tures, and can serve as model systems for computation and bridge between experiment
and theory [14, 52]. A fundamental variable for electrochemical interfaces is the electrode
potential, which is key in any electrochemical measurements and should be explicitly spec-
ified in computation when attempting to compare with experiment. A special reference
condition is the so-called PZC for metal electrodes at which there is no net surface charge
and thus electric double layers are absent. Therefore, one of the main aspects in computa-
tional electrochemistry is developing methods for determining the electrode potentials of
interfaces.

A key issue in determining electrode potentials is how to choose a common potential ref-
erence. The vacuum level is widely used as reference in experiment, for example, measure-
ment of the ionization potential, i.e. valence band maximum (VBM) of liquid water with
photoemission spectroscopy [53]. However, the vacuum level is not conveniently accessi-
ble in electrochemical experiment. Instead, various reference electrodes, such as standard
hydrogen electrode (SHE) and Ag/AgCl electrode, have been devised for satisfying var-
ious electrochemical working conditions. The relative potential difference between two
reference electrodes can be easily measured by setting up an electrochemical cell, while
determining the absolute potentials of reference electrodes, i.e. referencing to vacuum, is
a non-trivial task. Even for the SHE, the reported absolute potential still has a significant
uncertainty, i.e. 4.28 to 4.85V [54-62], 63, [63]. Two types of computational methods based
on difference choices of potential references have been developed for determining electrode
potentials. The first is the work function method using vacuum potential as a reference. It
is somewhat easy to implement by explicitly including a vacuum region in computational
models, and then the obtained absolute potential is shifted by the experimental estimate
of absolute SHE potential to be converted into the SHE scale [42, 64-66]. The other is the
computational reference electrode method, which is more compatible to electrochemical
measurements [31, 46, 67, 68], and avoids the uncertainty in the absolute potential of the
reference electrode.



5.2 Theoretical background of electrochemistry

Figure 5.1 Illustration of a typical Cu 7\
electrochemical cell connecting a work \\_//
electrode and reference electrode. The left i
side represents the a metal electrode M Salt Bridge
immersed in an aqueous solution, and the . | -

right side shows the working principle of the

standard hydrogen electrode. U

1M NaX

This chapter starts by introducing related theoretical background of electrochemistry in
the next section, including the concept of the electrode potential and reference electrode.
In section 5.3, we summarize the computational methods for modeling electrochemical
interfaces. In section 5.4, we review the two main methods for computing the electrode
potentials of the solid/liquid interfaces, i.e. work function based and reference electrode
based methods. Finally, some applications of these methods for simulations of interfaces
and determination of electrode potentials are mentioned in section 5.5.

5.2 Theoretical background of electrochemistry

Figure 5.1 shows a typical electrochemical cell at open circuit potential condition, it is
composed by two single electrodes (working electrode and reference electrode), which are
connected via a salt bridge. The reference electrode normally has a well defined poten-
tial and can keep constant during electrochemical processes, serving as a stable reference.
There are many kinds of reference electrodes which have been developed in experiments
for different electrochemical applications. For instance, the SHE is one of the most impor-
tant reference electrodes for experiments in aqueous solution. It is defined as the potential
energy by reducing a solvated H*(aq) to %Hz(g) at T = 298.15K in the standard condition
(p = 1 bar and pH = 0). In addition, the reversible hydrogen electrode (RHE) is more popu-
lar for removing the pH effect for electrochemical reactions involving H* (aq), and saturated
calomel electrode (SCE) and Ag/AgCl electrode are also widely used in aqueous solution.
In the case of non-aqueous electrochemical cells, reference electrodes like the Ag/AgCl
electrode are often used, including some so-called quasi- and pseudo-reference electrodes.

5.2.1 Definition of electrode potential

In this section, we will show the electrochemical definition of electrode potential at a metal
electrode/aqueous solution interface. As illustrated in Figure 5.1, the electrochemical
potential of the working electrode U with respect to the reference electrode can be written
as

_Ag = g™

U= ———, (5.1)
_eo
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where " and ﬂecu/ denote the electrochemical potential of electron in Cu and Cu’ wire
connecting to the working electrode and reference electrode, respectively, and —e, is the
charge of an electron. The electrochemical potential of the electron in Cu wire is composed
by two parts,

AS = ug™ — egg™, (5.2)

the terms uS" and ¢ represent the chemical and electrostatic contributions, respectively.
Note that the working electrode and the reference electrode are terminated with the same
metal (Cu). Therefore, the working electrode potential of the cell can be expressed as

U= ¢ — V. (5.3)

We can expand the Eq. (5.3) in series by adding the inner (Galvani) potentials of the com-
ponents in the cell,

U= (¢Cu_¢M)+(¢M_¢S)+(¢S_¢Pt)+<¢Pt_¢Cu’>, (5.4)

where ¢, ¢° and ¢M denote the inner potential of Pt in the SHE, electrolyte solution and
working electrode M, respectively. Note that the metal M is bound to Cu in the cell, indi-
cating that they are in electrochemical equilibrium,

A = g", (5.5)
and therefore the first term in the right side of Eq. (5.4) can be rewritten as

™ — M = é (uS" = "), (5.6)
and similarly, the last term in Eq. (5.4) is expressed as

¢ — ™ = e—lo (ué" - uS“’) : (5.7)

Moreover, the right-hand side of the cell in Figure 5.1 is the reference electrode SHE, and
the Pt electrode potential should be in electrochemical equilibrium with the half reaction
(H*(aq) + e~ (vac) » sH,(g)). Thus,

S _ Pt_l(l go _ So _ Pt)

- = e SHn, ~ Hi T He ) (5.8)
where ;4;‘1 and ,ui’;) terms in Eq. (5.8) denote the standard chemical potential of a solvated
proton and hydrogen gas, respectively. Then, combining Eq. (5.4), (5.6), (5.7), and (5.8) we
obtain

_ 1 /1 g0 so_ M M _ s)

U= o (G ==+ @ = 8°). (5:9)

The Eq. (5.9) is a general expression of the electrode potential on the scale of SHE. To
better understand the electrode potential, we will discuss two specific conditions of metal
electrode/aqueous solution interface. First, in the case that the working electrode is also in
electrochemical equilibrium with a redox couple (X°*/X™) in the solution, the inner poten-
tial difference of the solid and liquid can be rewritten as the combination of the chemical
potential of species,

1
oM — o5 = o (52— i3+l (5.10)
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The terms ,u)S(’.O and M)S(’E) denote the standard chemical potential of X* and X~ in the solu-

tion, respectively. After substituting Eq. (5.9) into Eq. (5.10), we then obtain
U= é [(”)s(,-o_ﬂ)s(,?) - </4§I’f— %ylg_l’?)] . (5.11)

It is interesting to notice that the electrode potential is independent of the material of the
working electrode at this condition, and only determined by the potential difference of two
redox couples.

The second special condition is the PZC of a metal/water interface, defined as the poten-
tial at which there is no excess charge on the electrode surface. Unlike the former case, the
working electrode is not in electrochemical equilibrium with the solution, and the term
M — ¢° in Eq. (5.9) can not be expanded with the way shown in Eq. (5.10). Instead, we can
express the PZC on the scale of SHE (USHE) by taking the difference between the absolute

PzC
potential between two electrodes in Figure 5.1,

@
SHE __ b: SHE
USHE — pabs — o (5.12)

The terms US‘;SC and ®g;; in Eq. (5.12) denote the absolute electrode potential of the work-

ing electrode and the absolute potential energy of SHE, respectively.

As shown in Figure 5.2, the Ug‘%sc is closely related to the work function of metal surface
(WM); they correspond to the energy cost for moving an electron from the Fermi level of
metal to the vacuum just outside of the surface of electrolyte solution and the surface of

metal, respectively. Therefore, the U;ESC can be further written as

WM
Ubs = ez + (M -yh). (5.13)

Then, by combining Eq. (5.12) and (5.13), the expression of the electrode potential at PZC
is transformed to

1
Upge = o (W = Ogp) + (w™ —v). (5.14)

The term of outer potential difference w™ — y*S in Eq. (5.14) coincides to the energy dif-

ference of Wé"[ and U;E%, and it is caused by the interaction between solution and electrode

at the interface. By reviewing related experimental papers for work function and PZC mea-
surements, it has been reported that the term yw™ — 5 is almost a constant ~ —0.3 V for

Figure 5.2 The relation between work function
(WM) and absolute potential of PZC (Ug’z’z) fora
metal/solution interface. The w™ and w3 denote
the outer potential of metal surface and solution
surface, respectively. Source: Jia-Bo Le, Jun Cheng.
Modeling electrochemical interfaces from ab wM
initio molecular dynamics: water adsorption on
metal surfaces at potential of zero charge. Curr.
Opin. Electrochem., 19:129, 2020.

M (neutral) Solution
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a series of sp metal, such as Cd, In, and Hg [6, 69, 70]. However, the transition metals, for
example, Ag, Pt and Pd, normally deviate from this relation. In the following section of this
chapter, we will further discuss this difference between transition metal and sp metal.

5.2.2 Absolute potential energy of SHE

As shown in Eq. (5.15), the energy conversion between Uggsc and US;ICE requires the value of
@ This relation is indeed very important for many applications, and therefore calibra-
tion of the energy level of @, has been an important issue in the past few decades. So far,
several methods have been proposed to estimate ®g;,. First of all, based on Eq. (5.14) the
measurements of the terms WM, USIZHCE and yM — S separately can lead to the determina-
tion of ®gy. Using this approach, Trasatti [62] proposed the value of @, is 4.44V, which
has been accepted by IUPAC as the recommendation value. Since the surface condition of
the metal in ultrahigh vacuum (UHV) may differ from that in electrochemical environment,
this inconsistency in the measurement of the WM, USHE, and y™ — y® may cause error in
the estimation of ®gp.

Alternatively, in surface science, researchers prefer to access ®gy; via directly measur-
ing U2, in vacuum, dosing the metal surface with water until the work function tends

PZC
to be stable [71, 72], the value of which is regarded as U2%.. Then, subtracting the Ut

measured from electrochemical experiment can lead us tol)%(SSHE as indicated in Eq. (5.15).
However, some factors may give unexpected deviations in this method. For example, the
structure of interfacial water is very likely sensitive to the temperature: the work func-
tion measurements are carried out in the condition of ultrahigh vacuum (UHV) and low
temperature (150~200K), while the electrochemical experiment is usually performed at
room temperature. To overcome this drawback, Hansen and Kolb proposed another method
called emersed electrode [58]. Briefly, it measures the work function of the metal electrode
just emersed from a solution, the structure of the dragged solvent layer on which is consid-
ered to be still controlled by the electrode potential in short time. Based on this method, the
proposed value of @, is 4.7 V.

A more direct approach to estimate the @ is via the Born-Haber cycle, as shown in
Figure 5.3. The @, can be expressed with

so_ 1 g :
Dy = Hype = 5 My, +€ox” = —Wir + AGLL (5.15)

where the x5 is the surface potential of a water/air interface and the Wy« denotes the work
function by moving a proton from aqueous solution to gas phase. The AfGIg_if is the forma-
tion free energy of a H* from H, in gas, which has been well measured.

H* - Figure 5.3 The Born-Haber cycle of the standard
(@) +e(g) e .
hydrogen electrode. The A;G};, denotes the formation
free energy of a H* in the gas phase, and W,;. is the
work function for moving a H* from solution to gas
Wi+ phase.

AGHE

2 Hy(9) ———————— H*(aq) + e7(9)
SHE



5.3 Short survey of computational methods for modeling electrochemical interfaces

Recently, Isse and Gennaro [59] reported a reasonable estimate of gy, 4.28 eV through
the measurement of the solvation free energy of a proton A;G?,,, while it should be noted
that the term A(GY,, differs from Wy« by a surface potential of water 75,

AGY, = —Wye —eox®. (5.16)

That may be the reason why the estimated @, by Isse and Gennaro [59] is slightly smaller
than the recommended value 4.44 eV. Another estimate of @ is reported by Fawcett [55]

from measuring the real potential of the proton als{’f. The aISjI’f is defined as

a0 = —Wys + AGE, (5.17)

and the obtained value with this method is 4.42 eV, close to the value (4.44eV) recom-
mended by Trasatti.

Overall, the values of the ®g;; estimated from different approaches vary in a wide poten-
tial region, from 4.28 to 4.85V [54-63, 71, 72]. It is still under debate which value is most
reliable, and researchers generally have their own preference for the value of ®gyp.

5.3 Short survey of computational methods for modeling
electrochemical interfaces

Theoretical modeling of electrochemical interface started a few decades ago [73-75]. In the
early stage, classical molecular dynamics (MD) based on force fields was used for simulat-
ing fully atomistic electrochemical interfaces, in which atoms are treated as point charges,
and pairwise interaction is parameterized by fitting experimental data or ab initio calcu-
lations [3, 75-83]. These simulations are computationally efficient, and can be used for
studying systems with very large size (~10® atoms), and processes at large time scale (~10?
nanoseconds), for example, porous carbon/ionic liquid interfaces [3] and proton transfer
at interfaces [83]. The challenges of the classical MD for simulating electrochemical inter-
faces lie in the difficulties in finding accurate force fields for describing polarization effects
of electrodes and ions, and accounting for chemical adsorption and faradaic processes.
The electronic structure theory, such as DFT, has unique advantage for correctly describ-
ing the chemical interaction between electrodes and electrolytes. Ab initio molecular
dynamics (AIMD), independent of the pre-set parameters, treats electrodes and the
electrolytes at the same level of DFT [84-88]. It also allows for statistical sampling of
configurations of dynamic liquid solutions, and thus is an excellent tool for simulating
electrochemical interfaces. Compared to classical MD, the downside of AIMD is compu-
tationally much more expensive. The state-of-the-art algorithms and computing power
enable us to model interface models consisting of up to 10° ~ 10* atoms and 10! ~ 10? ps.
One of the main sources of high computational cost of AIMD comes from the necessity
for statistical sampling of the liquid phase, and thus one way of reducing the cost is sim-
plifying the representation of the liquid solution of the interface. A popular approach is
combining DFT treatment of electrodes and various levels of continuum models for elec-
trolyte solutions (DFT-CM) [22, 23, 89-95], such as the reference interaction site model
(RISM) [94], joint density-functional theory (JDFT) [95], and dielectric continuum mod-
els [24-26]. The empirical parameters in these models are usually fitted against ab initio
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calculations or experimental data. Another approach is based on quantum mechanics/-
molecular mechanics (QM/MM) [96-98], in which the electrode is still computed at the
quantum mechanical level, and the liquid (explicit solvent molecules and counter ions) is
modeled with MM, and hence the computational cost can be decreased. Both DFT-CM and
QM/MM method have been often applied to studying electrocatalysis, such as methanol oxi-
dation reaction [92], CO, reduction reaction [99], water oxidation reaction [23], and formic
acid oxidation reaction [100]. Note that embedding DFT with CM or MM may not correctly
represent the chemical interaction between electrodes and electrolytes, and thus special
care is required when dealing with systems that strong chemisorption is present.

5.4 Ab initio determination of electrode potentials
of electrochemical interfaces

Knowing the electrode potentials of the constructed interface models is a prerequisite to
compare simulation results with electrochemical experiment. To date, there are two main
approaches to adjust the electrode potential of interfaces in ab initio computational elec-
trochemistry. One is called the constant potential method (constant 4,) [33, 101-106], and
just as its name implies, the electrode potential in this method is a pre-set variable, and can
be kept constant during the electrochemical processes, for example, Volmer reaction [33].
Generally the constant potential is reached with the employment of the grand canonical
ensemble, in which the number of electrons in the interface model varies in exchange with
an external electron reservoir with a constant potential. In the standard DFT implemen-
tation, the electron number of the simulation model is kept constant (constant N,), and
the electrode potential can be adjusted by varying the surface charge density [107-113]. In
this section we will concentrate on how the electrode potential can be computed for given
models of electrochemical interfaces in the framework of constant N,.

5.4.1 Work function based methods

5.4.1.1 Vacuum reference

An interface is constructed with an electrode/water/vacuum model (see Figure 5.4) in work
function based methods in which vacuum potential can be directly used as reference.
As illustrated in Figure 5.2, the electrode potential on the absolute potential scale can
be obtained by referencing the Fermi level (or electrochemical potential) of the interface
to the potential of vacuum just outside of the liquid phase, which is the same as the
definition of work function and can be expressed as

abs _
e U™ = —ep — ¢,V

vac’

(5.18)

where ¢ and V. represent the computed Fermi level and vacuum potential in the interface
model, respectively.

Note that two sides of the electrode model shown in Figure 5.4 are often not symmetric
in surface normal direction, which can result in a dipole in the cell, particularly when
only one surface of the electrode slab is charged. The dipole-dipole interaction between

the model and its periodic images will lead to unphysical structures, and moreover the
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Figure 5.4 The averaged electrostatic potential profiles of a nitrogen-doped graphene/water
interface along the surface normal direction [64]. The absolute electrode potential at different
surface charge conditions are calculated by referencing the Fermi level of the interface to the
vacuum potential. A dipole correction scheme is used to cancel the dipole-dipole interaction
between the interface slab and its periodic images [64].

vacuum region will show a shifting potential profile due to the presence of an electric field.
To overcome this problem, a dipole correction scheme has to be used by inserting a dipolar
layer in the vacuum region to compensate the electric field [114], and hence the potential
of one side of the vacuum can be still taken as the reference as shown in Figure 5.4.

In order to compare with electrochemical experiment, the absolute potential of a refer-
ence electrode (e.g. SHE) should be subtracted from U as indicated in Eq. (5.12). It is one
of main error sources in the work function based method, because the experimental esti-
mate of ®gyp; ranges from 4.28 to 4.85V as mentioned in section 5.2. The choice of the value
often depends on how well the computed results fit in with experiment, while the concern
is that it may be just a cancellation of error from other sources. For example, another source
of uncertainty in the work function based method may come from treatment of the water/air
interface. As shown in Figure 5.4 the water/vacuum interface needs to be modeled for com-
puting the surface potential of water (3), which is a necessity in estimating the absolute
electrode potential as indicated in Eq. (5.16). It has been shown that it requires quite a
long time to reach the equilibrium for the water/vacuum interface [115, 116], while normal
AIMD simulations are limited on the order of tens of ps. Therefore, due to the dynamic fluc-
tuation of water/vacuum interface, the solid/liquid/vacuum model may be subjected to a
large statistical uncertainty.

5.4.1.2 Vacuum reference in two steps

Although the vacuum is a good choice for potential reference, it would be beneficial if one
could determine the electrode potential or other energy levels for models without a vac-
uum region, as shown in Figure 5.5(a). One could achieve this by alignment in two steps,
which was initially developed to compute band alignment in solid heterojunctions [118].
This approach has been extended by Pham, Galli, and co-workers [117] for calculating
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Figure 5.5 (a) Model of the bulk water. The blue and purple lines represent the CBM and VBM,
respectively. The dashed line denotes the averaged electrostatic potential of bulk water V2, . (b)
Model of the water/air interface. The red line indicates the electrostatic potential profile,

the dashed line is the average of potential in the bulk water region Vi and the potential

t
at vacuum is expressed as V, .. (c) Calculated band edges of bulk wat\g?' with different models

and electronic structure theories, the experimental values are used for reference [117]. (d)
Calculated band edges of the functionalized Si surfaces in liquid water [48].

the positions of conduction band minimum (CBM) and valence band maximum (VBM)
of liquid water. Liquid water widely exists in many physical and chemical processes, but its
band structure has not reached consensus yet [67, 119-121]. Firstly, the unreferenced band
edge of liquid water €Ee is obtained via the simulations of a bulk water model as shown
in Figure 5.5(a). The first reference used in this method is the electrostatic potential of the
bulk water V}:,at, which is equal to zero as implemented in standard Ewald summation under
periodic boundary conditions (PBC) [122]. Secondly, as the vacuum region is inevitable
for determining the band edge in the absolute potential scale eass, therefore a water/air
interface is modeled as shown in Figure 5.5(b). Besides the vacuum, the interface also con-
tains a water region, where the condition of the bulk water applies. Thus, the electrostatic
potential of water phase can be used as internal reference. It is known that the electro-
static potential of the bulk water in the interface model me is different from V“;,at by an
artificial term, the so-called Hartree potential shift (HPS) V,,, due to different compositions
in the periodic cells. Moreover, the same HPS also affects other electronic energy levels, e.g.
the band positions of bulk water. Therefore, we can obtain,

SEe - e‘ibe = _eO(VvI?/at - V\izvat)’ (5.19)
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where e'ije is the band edge of the water/air interface. Combining Eq. (5.18) and (5.19),

the band positions vs vacuum egss can be calculated with

(5.20)

esgs = ella)e + eo(V\?vat - V\Evat + Viao)-
The computed results of €§1;s of liquid water with this method are shown in Figure 5.5(c).
Clearly, the eggs computed with GGA-PBE functional has significant deviation from
the experimental values, particularly for the VBM, which results from the notorious
delocalization error in GGA functional [123, 124]. High-level electronic structure theories
can be used to reduce this error, for instance, hybrid functionals [125-127], double
hybrid functionals [128], and many body perturbation theory (MBPT) [117] like random
phase approximation (RPA) [129]. In the work of Pham et al, the G,W,, approximation
(MBPT) [117] is used to correct the error in the band edge caused by GGA functional,

Gy W, GGA

€pe = €pe T AE (5.21)

where e]f %o and €962 represent the band edges in the G, W, approximation and GGA level,
e be

respectively. The AE_,. denotes the GW,, correction. Figure 5.5(c) shows that the com-
puted band edges in G, W, level are close to the experimental values [130, 131].

This double reference scheme can be readily extended to determine the band edges of the
solid water interfaces. The energy levels with reference to the electrostatic potential of water
phase, as obtained in the periodic models of solid water interfaces in the absence of vacuum
region, are then converted into absolute scale by shifting the electrostatic potential of water
vs vacuum, as computed in the model of water vacuum interface. Pham et al. have used
this scheme to compute the band edges of the functionalized Si surfaces in the water [48],
as shown in Figure 5.5(d).

The double reference method is very general, and can also be applied to various scenar-
ios to place energy levels on relevant scales. Taylor, Neurock and co-workers [107] have
also taken the electrostatic potentials of water phase and vacuum as the double reference
for determining the electrode potential of an electrified metal/water interface. For electro-
chemical interface models treating the electrode surface at the DFT level and electrolyte
solution with a continuum model [22, 132], the electrostatic potential of continuum phase
can be used as a reference to link the electrode potential of the charged electrode to the
potential of the neutral electrode, with the latter corresponding to the PZC, which value
can be taken from experiment. In a similar vein, the electrostatic potential of the solid at the
electrochemical interface can also serve as reference for applying corrections of band edges
with high-level electronic structure theories as calculated in bulk [32].

5.4.2 Reference electrode based methods

5.4.2.1 Computational standard hydrogen electrode

As mentioned above, work function based methods suffer from a notable uncertainty
in the @y, and an additional, unnecessary complication of treating the water vacuum
interface for comparing the computed electrode potentials to experiment. In contrast,
the computational SHE method developed by Cheng and Sprik [31, 46, 67, 68, 133], places
the computed electrode potential on the scale of SHE, directly comparable to electrochem-
ical experiment and thus avoiding the uncertainties in the work function based methods.
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Computational SHE

Figure 5.6 Representation of computational SHE for determining band positions (i.e. conduction
band) of a TiO,/H, 0 interface. The Ti, O, H, and Na atoms are represented by yellow, red, white,
and blue balls, respectively, and the grey ball indicates the inserted proton in the water phase. The
green isosurface represents the excess electron in the conduction band of TiO, [30].

Based on Eq. (5.16), the key step for @y is to calculate the Wi+, which is approximated
by the deprotonation free energy of a hydronium ion Ay Ay« in the bulk water region
of the interface model as shown in Figure 5.6 [133, 134].

The Ag,Ayp+ is calculated using the free energy perturbation (FEP) scheme, in which
an auxiliary mapping Hamiltonian H, = (1 —#)Hy +#Hp is constructed by linearly
mixing the reactant Hamiltonian Hy and the product Hamiltonian H, through coupling
parameter . As shown in Figure 5.7(a), the AdpAg3 o+ is obtained via the thermodynamic
integration (TI),

1
AA=An=1)—-A(n=0)= /0 (4E),dn, (5.22)
where (AE),, called as the vertical energy gap, is the ensemble average of total energy
difference between the reactant and product state at fix configurations at a given 7,
as illustrated in Figure 5.7(b). Note that for proton/electron transfer, there is a change
of net charge from reactant to product state, and thus the computed vertical energy gap is
subjected to the uncertainty of potential reference under PBC, as mentioned above.

This uncertainty can be removed by coupling a half redox reaction X~ /X to the SHE,

expressed as

X~ (aq) + H*(aq) —~ X(aq) + H,(g). (5.23)

Thus, the redox potential of X~ /X on the scale of SHE (U)S(EI}EX) can be calculated from
the free energy of Eq. (5.23),

e U)S(EI}‘:X = ApAx- + AgyAypr — AGY] — AByp.

(5.24)
The term A, Ay- in Eq. (5.24) is the oxidation integral of X~ in water and calculated using
the similar FEP scheme to Ay, Ay o+ Note that neither the A, Ay- nor Ay, Ay o+ in Eq. (5.24)
has physical meaning alone due to the artificial HPS, when the shifts in these two quanti-

ties cancel out when they are computed from the same simulation cell. The terms AfGIg_ig
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Figure 5.7 (a) Free energy profile of thermodynamic integration path along the coupling
parameter connecting the reactant and product state, e.g. reduced and oxidized state in calculation
of redox potentials. (b) Representation of the potential energy surfaces of a species (X) in the
reduced and oxidized states. AE; and AE, denote the vertical energy gaps of the reduced

and oxidized state, respectively. The notations can be readily converted into protonation states

for proton insertion process, e.g. in pKa calculation.

and AEy;, in Eq. (5.25) represent the formation free energy of a proton in the gas phase
and the zero-point energy correction for the O—H bond in the hydronium ion, which are
15.81eV and 0.35 eV, respectively [68].

It is straightforward to extend the computational SHE for calculating band alignment of a
semiconductor/water interface with respect to SHE (UE;’IE ,

eOUSeHE = —€pe t AdpAHp+ - AfGIg_i(j — AEzp. (5.25)

The term ¢, in Eq. (5.25) represents the pristine energy of the band edge of the semicon-
ductor surface, as obtained from the interface model. In recent years, this computational
SHE scheme has been applied for determining the CBM and VBM of various semiconduc-
tor/water interfaces [46, 47, 135].

5.4.2.2 Computational standard hydrogen electrode in two steps

One problem for computational SHE is the high computational cost, particularly for com-
putation of the deprotonation free energy of the aqueous H,O" ion in an interface model,
which limits wide applications of this method to complex systems, such as metal/water
interfaces. In the most recent development of the computational SHE [31], the interface
model is supplemented by a pure water model as shown in Figure 5.8(a), to avoid expen-
sive computation of Ag, Ay o+ To distinguish, the superscript (i) and (w) are used to denote
the terms for the interface and pure water model, respectively. The key idea of the new
approach is replacing the calculation of the term A, Ay o+ at interface with the pure water
model. It should be clear that the Ay Ay o+ calculated from different models are not same
due to the different PBC. An internal reference, i.e. the electrostatic potential of bulk water
—ey Pyt can be used to realign the potential shift. As illustrated in Figure 5.8, we can have
the following relation,

_ (i) w)  _ (i) (W)
AV = A, AD = A AT = e, (¢Wat — ¢ ) . (5.26)
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Figure 5.8 Representation of the computational SHE method [31]. (a) The deprotonation
processes of a hydronium ion in the interface and pure water models, respectively. The
deprotonation energies computed from these two models differ by —e,AV due to the different PBC
conditions. (b) The electrostatic potential profiles of interface and pure water models. The
computed electrostatic potential of the bulk water region differ by the same —e,AV.



5.5 Computation of potentials of zero charge

(W)

In the Ewald summation, the term ¢, in Eq. (5.26) is set to zero. Then, substituting

Eq. (5.25) with Eq. (5.26), the electrode potential of the interface can be reformulated as

eUSTE = ) AdpA%’:)W — e, — AGES — AE. (5.27)

wat

The AdpAgi)O+ in Eq. (5.27) denotes the deprotonation energy of a H;O* calculated from
a pure water model. Note that this value may vary with the DFT code used, particularly
depending on the pseudopotentials. Our recommended value for the standard settings
in the code CP2K is 15.35eV, which has been verified against box size and various levels
of electronic structure theories [67, 68, 136]. According to Eq. (5.27), two terms are
required for computing the electrode potential; one is the Fermi level of the interface v,
and the other is the electrostatic potential of the bulk water region inside the interface
model —edafv)at. These two quantities can be easily reached with one single AIMD run. This
scheme has been validated by computing the PZC of a series of transition metal/water

interfaces [31].

5.4.2.3 Computational Ag/AgCl reference electrode

The SHE is often used for electrochemical cells in aqueous solution. However,
in non-aqueous solutions (such as organic solvent and ionic liquids) its application
often limited due to the unknown potential shift caused by the liquid-liquid junction.
In experiments, one of the alternative reference electrodes for non-aqueous systems is
the Ag/AgCl electrode [137-139], and thus the computational Ag/AgCl reference electrode
has recently been developed [140] to directly compare the simulation results with the
experiment. Similar to the computational SHE, the computational Ag/AgCl reference
electrode should be coupled with another half reaction. For a redox couple X /X, its
potential with respect to the Ag/AgCl reference electrode corresponds to the free energy
of the full reaction,

AgCl(s) + X" (aq) — Ag(s) + Cl (aq) + X(aq). (5.28)

As shown in Figure 5.9, the key step in the computational Ag/AgCl electrode is the calcu-
lation of the work function of CI™ anion, W,-, which corresponds to the computed desol-
vation integral of aqueous Cl™ anion, AA.-, corrected for the total energy of the C1™ anion
in the gas phase, E-. Thus, the equilibrium potential of X™/X with respect to Ag/AgCl

reference electrode (ag- = 1) U)‘;g;;?gCl can be written as,
Ag/AgCl »
Uy S = AgAy- = (M- + Bp) + AGE (5.29)
The term AfG“é’;i is the Gibbs formation energy of Cl™ in the gas phase, as illustrated

in Figure 5.9, which is —1.3 eV from the thermodynamic data [141]. This approach has
been verified in aqueous solution with respect to the computational SHE, and the error is
less than 0.2 eV.

5.5 Computation of potentials of zero charge

The PZC is an intrinsic property of the electrochemical interface, and is well defined as the
potential at which there is no net charge on the electrode surface. To measure the PZC of
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Figure 5.9 Thermodynamic cycle used to calculate the potential of redox couple X~/X on the
scale of the Ag/AgCl electrode. The electrostatic reference for electron and ions follows

the convention in electrochemistry, which is the vacuum just outside the solution. AG%” and W -
are the Gibbs formation free energy of Cl™ in the gas phase and the work function of Cl™,
respectively. The AIP,- is the adiabatic ionization potential (AIP) of a solvated species, and can be
considered as the electronic work function of an electron bound in solvated X™. The standard state

for the gas phase is p° = 1 bar, and the standard concentration of the solvated Cl™ is ¢® = 1 M.

metal/water interfaces, various methods and techniques have been developed in the past
few decades, such as measurement of surface tension, impedance spectra, CO-charge dis-
placement method and determination of maximum entropy [70, 142-144]. Using these
methods, the PZC of sp metal and transition metal surfaces have been determined. For
platinum-group metals, for instance Pt(111), the accurate PZC is still under some debate due
to the surface contamination and etc., and most values measured fall in a range, 0.2~0.4 V vs
SHE [145-147]. A very positive value of ~0.8 V vs SHE has even been proposed using an ex
situ preparation/immersion technique [148], and consequently a recent work has suggested
that there are two PZC for the Pt(111)/water interface [149]. Theoretical modeling can com-
plement the experimental approaches to study the microscopic structures and potentials
of the electrochemical interfaces. There are also certain advantages for computation, for
example, surface contamination can be naturally avoided by modeling.

Some computed results of the PZC of Pt(111)/water interface have been summarized in
Table 5.1, and it clearly shows the important effects of the choice of the density functional
and the representation method of the solvent on the computed PZC. The computed PZC
can vary by more than 2V, depending on the setup. Comparing to the experimental value,
we can find that the USL" computed in a full Pt(111)/water interface model using AIMD
based on PBE-D3 functional shows the best agreement [31]. Considering that the functional
error in computation of the metal work function WM will be transferred to the UsHE, a prop-
erty unaffected by this error in WM is introduced for comparison among the computational
results, i.e. the outer potential difference y™ — y® coinciding with the difference between



5.5 Computation of potentials of zero charge

Table 5.1 Computed PZC of Pt(111) surface in aqueous solution. Results obtained by different
density functionals and various representations of solvent are summarized, and for comparison the
experimental values of PZC of Pt(111) are also included. The absolute SHE potential is chosen as
4.44V, as recommended by Trasatti [62]

DFT Solvent USE(V) WM (eV)  yM-—yS(V)  Ref.
PBE-D3 bulk (AIMD) 0.2 5.8 -11 [31]
RPBE-D3 bulk (AIMD) 0.52 5.51 -0.55 [42, 65]
PBE bilayer (H-down) 0.86 5.52 -0.22 [28]

PBE bilayer (H-up) -1.26 5.52 -2.34 [28]

PBE continuum 0.31 5.52 -0.77 [22]
RPBE continuum 1.13 5.96 -0.39 [150]
RPBE 0.5 monolayer + continuum 0.5 5.96 -1.02 [150]
Experiment 0.3 5.9 -1.2 [145-147]

work function and PZC at the absolute scale (see Eq. (5.14)). As can be seen in Table 5.1, the
calculated value of y™ — 3 from the same work [31] also well reproduces the experimental
data, validating the simulation model and method used.

Theoretically, the term y™ — S can be separated into two contributions,

yM—yS = A, + Ady. (5.30)

The term A¢,,; in Eq. (5.30) represents the potential change induced by the orientation
dipole of water at interface, and A¢,, is the potential shift at interface caused by electron
redistribution due to interaction between water and the metal surface. Separation between
these two factors is not directly accessible in experiment. AIMD simulation [31] shows that
the contribution from water orientation is negligible on several metals including Pt(111),
Pd(111), Ag(111), and Au(111), and the electron redistribution dominates the outer poten-
tial difference. Furthermore, it can be shown that the significant electron redistribution
at the Pt(111)/water interface results from chemisorption of surface water as shown in
Figure 5.10.

We note that U3, and y™ — S computed with AIMD of similar Pt(111)/water interface
models but by a different RPBE-D3 functional [42, 65] are different by ~0.3 and ~0.6 V from
those by the PBE-D3 functional, respectively. Comparison between the structures of the
interfacial water by the two functionals suggests that RPBE-D3 underestimates the effect of
charge redistribution between water and Pt(111), leading to a smaller A¢,;, and thus less
accurate US% and yM — y3. Following the surface science approach, water bilayer models
have been used sometime for representing the solvation effect on metals, e.g. calculating
electrocatalytic reactions [109, 151, 152]. As listed in Table 5.1, water orientation has dras-
tic effect on the Us/; neither H-down and H-up bilayer model gives correction Up," or
wM — 5. Another common approach in literature is to represent water phase by implicit
continuum solvation models. In the absence of explicit water, the continuum models would
omit chemisorption of water on metal surfaces and thus miss the electronic effect on the

interface potential. Moreover, the y™ — y* calculated with continuum solvation method is
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Figure 5.10 (a) Representative structure of the Pt(111)/water interface. Pt, O and H are colored
with grey, red and white, respectively. The watA, watB and watC are represented by ball, stick and
line models, respectively. (b) Projected density of states of the Pt(111)/water interface. (c) Profiles of
water density, dipole orientation, electronic redistribution of the Pt(111)/water and Au(111)/water
interface along the surface normal direction. The zero in z indicates the position of metal

surface [31].

strongly dependent on the choice of the parameters used in the dielectric function [22, 150].
Inclusion of a fraction of explicit water may alleviate the neglection of water chemisorption,
however, and the problem is then how to treat the orientation and hydrogen bond network
of the explicit water in a consistent manner, particularly in the presence of electric field.

5.6 Summary

This chapter summarizes the theoretical background of electrochemistry, including con-
cepts of reference electrode, electrode potential and absolute potential. We also reviewed
the latest development in simulating electrochemical interfaces. Focusing on the ab initio
computation of electrochemical interfaces, in which the electrodes are normally treated
with electronic structure theory (e.g. DFT), and the electrolyte solution can be represented
in various approaches including continuum models, JDFT method, classical and quantum
explicit water molecules. It is still rather challenging on how to realistically model electri-
fied interfaces and electric double layers (EDL). We stressed that the electrode potential is
a key thermodynamic quantity for linking simulated electrochemical interfaces to experi-
ment, and thus summarized a few computational methods for determining the electrode
potentials of electrochemical interfaces. The significance of these methods lies on the fact
that interfacial properties, such as spectroscopic information and differential capacitance,
can be compared between theory and experiment at the same electrochemical conditions.
Atlast, the PZC of the Pt(111)/water interface computed from various models and computa-
tional setup are compared among each other together with experiment. This also highlights
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the importance of the explicit water chemically interacted with the metal surface and sta-
tistical sampling of water configurations at the interface.
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6.1 Introduction

Electrochemistry is concerned with processes at the interface between an electron conduc-
tor — the electrode — and an ion conductor - the electrolyte [1]. This also means that in gen-
eral the mean electrostatic potential across the interface between electrode and electrolyte
changes. This leads to a redistribution of the electronic charges at the interface. Note fur-
thermore that a liquid electrolyte typically contains a certain concentration of positive and
negative ions, i.e., cations and anions, respectively, that in the bulk electrolyte are assumed
to be uniformly distributed. However, at the electrode-electrolyte interface, due to electro-
static and chemical interactions the ion concentration might be vastly different from the one
in the bulk electrolyte. In a simplified view, the reorganisation of electronic and ionic charge
leads to the formation of two oppositely charged layers [2] forming the so-called electric
double layer (EDL). The EDL “causes” the potential drop, but at the same time its formation
is also a consequence of the difference in the potentials in the electrode and the electrolyte.

It is now well known that the simple picture of a capacitor-like double layer at the
electrode-electrolyte interface does not capture the essence of the potential drop, in
particular the dependence of the capacitance on the electrode potential. First it has been
realized that the thermal distribution of the ions in the electrolyte leads to an additional
diffuse layer [3-5]. Although based on an atomistic reasoning, the potential drop in these
models is still expressed in a continuum approach. The correct atomistic description
requires to perform proper statistical averages taking also polarization effects into account.
Only very recently has it become possible to carry out the necessary demanding molecular
dynamics simulations because of the development of more efficient codes and the increase
in computer power. Hence the textbook understanding of the electric double layer is still
based on continuum concepts that are more than one hundred years old. Here I will first
review these concepts and then present some recent results of molecular dynamics simu-
lations that are based on quantum chemical electronic structure calculations, so-called ab
initio molecular dynamics (AIMD) simulations. As these simulations are still numerically
rather demanding, a complete atomistic picture based on such simulations has not been

Atomic-Scale Modelling of Electrochemical Systems, First Edition.
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Figure 6.1 Illustration of possible scenarios for electric double layers. a) Charged electrode
together with a layer of counter ions corresponding to the Helmholtz model. The dashed line
indicates the Helmholtz layer. b) In addition to the layer of counter ions, an additional diffuse layer
of anions and cations is present, corresponding to the combination of the Helmholtz and the
Gouy-Chapman model.

established yet, but I will describe the new insights into the electronic and geometrical
structure of the EDL that have been gained from these molecular dynamics simulations.

6.2 Continuum description of the electric double layer

At an electrified interface between an electrode and an electrolyte, the charged electrode
repels co-ions of the same charge while attracting counterions of the opposite charge.
Assuming that the counterions still have an intact solvation shell, they will form a layer at a
certain distance from the electrode with the distance d given by the radius of the solvation
shell. Such a scenario, which was first realized by Helmholtz [2], is illustrated in Fig. 6.1a.
Thus the electrode surface and the ion layer form two layers of opposite charge, the electric
double layer (EDL), resulting in a parallel-plate capacitor. The potential between the sur-
face charge and the ions forming the so-called Helmholtz layer exhibits linear behavior as a
function of separation from the electrode. The double-layer capacitance C of such an EDL
is constant,

Q A
C= ‘—/ = 6603 N
where Q is the charge of the EDL, V the voltage drop accross the EDL, ¢ the permittivity, €,
the electric constant, A the area, and d is the distance between the two layers.

This means that the capacitance is independent of the electrode potential. However, this
is at variance with experimental observations [1]. In order to allow for a varying capaci-
tance, Gouy [3] and Chapman [4] refined the Helmholtz model early in the 20th century.
They assumed that there is a diffuse thermal distribution of both anions and cations (note
that any electrolyte has to be overall charge neutral, which means that the charge of one sort
of ions has to be compensated by counterions). In fact, such a formulation is close to the
macroscopic treatment of semiconductor interfaces between n-type and p-type semicon-
ductors incorporating space charge layers. Assuming Boltzmann statistics for the distribu-
tion of both anions and cations of absolute charge |ze| with a bulk density of i, leads to the

(6.1)



6.2 Continuum description of the electric double layer

Poisson-Boltzmann equation [1] for the inner potential ¢(x),

¢ zen, ze(x) ze(x)
o2 e (6"" (‘ kT )‘e""( kT ))- 62

For ze¢(x)/kzT < 1, which is valid for small charge densities on the electrode, the expo-
nentials can be linearized. This yields an exponentially decreasing inner electric potential
¢(x) and a charge density p(x) of

P = 2

exp(—«xz) , px)=—ocKkexp(—kz) , (6.3)
IS

where o is the surface charge density of the electrode and

2 2 1/2
o= (ze)'ngy (6.4)
eggkyT

is the inverse Debye length. Taking U = ¢(x = 0) as the electrode potential [1], a double-layer
capacitance per unit area of

C= IQ/ = gg4k (6.5)
results. So for small charge densities, the result for a parallel-plate capacitor is recovered
with the distance of the two plates given by the Debye length, but still the capacitance is
constant. However, the nonlinear Poisson-Boltzmann can in fact explicitly be solved [1].
Then a differential capacitance C = do /d¢ results, which is given by

ze0(U = Upye)

)
where U, is the so-called potential of zero charge. This expression reproduces the experi-
mental observation that the capacitance exhibits a minimum a the potential of zero charge.
Still, at higher ion concentrations a much more complex dependence of the capacitance
on the potential can be found. Furthermore, in the Gouy-Chapman approach all ions are
assumed to be mobile. Thus it does not take into account that some ions adsorb specifically
at the electrode surface and therefore it fails to describe highly charged double layers.

In order to address these limitations, Stern suggested a combination of the Helmholtz
and Gouy-Chapman models [5], which is illustrated in Fig. 6.1b. Close to the electrode,
it consists of an internal Stern layer corresponding to the Helmholtz layer in which
the potential drops linearly. Further out, there is an outer diffuse layer corresponding to a
Gouy-Chapman layer exhibiting an exponential potential drop. The overall capacitance C
of these two layers can be evaluated according to

i_1 .1 (6.7)
C Cg Cy
where Cg is the Gouy-Chapman capacitance and Cy; is the Helmholtz capacitance, which
is assumed to be independent of the electrolyte concentration.

The Stern model still has its limitations. The ions are described as point charges, the elec-
trode is assumed to be a perfect conductor so that no electric fields can penetrate, and only
electrostatic interactions are taken into account. In fact, there have been several attempts
to develop a more realistic description [1, 6, 7], but the majority of these approaches have
still been on a continuum level. Hence our basic understanding of the electric double layer

C = ggyk cosh ( (6.6)
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at electrode-electrolyte interfaces is still based on concepts that have been established about
a century ago. There is certainly a need to gain an atomistic understanding of the struc-
ture and properties of the electric double layer. Due to the liquid nature of the electrolyte,
this requires appropriate statistical averages to be performed. Using empirical interaction
potentials such as force fields, atomistic similations of electrode/electrolyte interfaces have
already been possible some decades ago [8, 9]. However, it is important to realize that
the formation of the electric double layer, especially when specifically adsorbed species
are involved, is associated with a significant rearrangement of charges [10, 11] and strong
polarization effects [12]. Force fields are not able to capture these effects, even interaction
potentials derived from modern machine learning techniques [13] typically do not include
such an electronic rearrangement. Thus a quantum chemical approach based on efficient
electronic structure calculations is required to obtain a realistic model of the electric double
layer. The still rather high computational cost of such calculations has prohibited progress
in this respect.

However, due to the ever-increasing computer power and the development of more effi-
cient algorithms it has now become possible to run such first-principles electronic structure
calculations allowing ab initio molecular dynamics (AIMD) simulations based on periodic
density functional theory (DFT) calculations [12, 14-19] that yield an appropriate statis-
tical sampling. At the same time, it is important to realize that an electrolyte always acts
as a reservoir for ionic species that can adsorb specifically or non-specifically at eletrode
surfaces, as illustrated in Fig. 6.1. Thus it is also critical to take the proper adsorbate struc-
ture at the electrodes as a function of the crucial electrochemical parameters (electrode
potential, ion concentration in the electrolyte, pH value, ...) into account. Interestingly
enough, for a number of systems these adsorbate structures can be determined without tak-
ing the electrochemical environment explicitly into account. We will therefore first address
the equilibrium coverages of metal electrodes and then discuss recent AIMD simulations
of the electrochemical interface and the double layer.

6.3 Equilibrium coverage of metal electrodes

At electrochemical electrode-electrolyte interfaces, species from the electrolyte will adsorb
at the electrode surface, if the energy gain upon adsorption from the electrolyte is suffi-
ciently large. Thus, in order to evaluate the adsorption energy of an ion, the energy of the
reference state in the electrolyte, the electrochemical potential /i of the solvated ion,

fi=u+neU, (6.8)

where n is the charge of the particle, needs to be known. This appears to be a demanding
task, as it in principle requires to employ thermodynamic integration schemes, but in
fact it can be done relatively easily based on the concept of the computational hydrogen
electrode (CHE) [20, 21].

For pedagogical reasons, let us first consider adsorption at solid-gas interfaces. The
impingement rate of gas-phase particles on the surface is typically rather small, even at
ambient conditions. Thus the presence of the gas above the surface does not really need
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to be explicitly modelled in the calculations. Rather, it is sufficient to implicitly take the
gas-phase molecules into account through their corresponding chemical potential.

Under equilibrium conditions, the Gibbs free energy of adsorption Ay for N4, adsorbates
bound to a surface area A; at a given temperature T and pressure p can be expressed, using
the so-called concept of ab initio thermodynamics [22], as

A}/(Typ) = Y(T,P, Nads) - yclean(Tapa 0)

1
— _AGadS T,
a (T.p)

S

N
~ 2 (B — Apuggy(T. D)) (6.9)

AS

Here, the change in the free energy upon adsorption is denoted by AG?®(T, p), whereas in
the last line of Eq. (6.9) Ap,4(T, p) corresponds to the temperature and pressure dependent
part of the chemical potential of the adsorbate in the gas-phase. In principle, in this last
line G4 including the change in entropy and zero-point energies upon adsorption should
appear. However, at solid-gas interfaces these contributions are typically small [22]. It is
therefore typically replaced by the total adsorption energy per particle E, 4 at the solid/vac-
uum interface. This number can relatively easily be evaluated using periodic DFT calcu-
lations. This means that the whole dependence of the free energy of adsorption Ay(T, p)
on temperature and pressure is given by the corresponding dependence of the chemical
potentials of the species in the gas phase which acts as a reservoir. Still, this approximation
is often rather successful in reproducing surface phase diagrams, for example in oxidation
catalysis [23].

Let us now consider the adsorption of protons on an electrode from an aqueous elec-
trolyte. As mentioned above, in the interaction of ions with electrochemical interfaces, the
reference state does not correspond to the atom or molecule in gas phase - whose energy
is relatively easy to determine — but rather to the species in solution in the presence of an
electrode potential U. However, the determination of solvation energies can be avoided by
taking advantage of the fact that most ions can be related to a corresponding gas phase
species through their standard electrode potential. This is the main idea underlying the
concept of the computational hydrogen electrode [20].

It is based on the fact that at standard conditions (pH= 0, p = 1 bar, T = 298 K), the zero
of the electrode potential with respect to the standard hydrogen electrode (SHE) Ugyy = Ois
defined as the electrode potential at which there is an equilibrium between a proton and an
electron in aqueous solution H*(aq) + e~ and molecular hydrogen in the gas phase, %Hz (8.
Now electrochemistry does not only occur at standard conditions, however, the variation
of the electrochemical potential with the proton concentration and the electrode potential
is well known [1]:

A(HT (aq) + p(e™) = %H(Hz(g)) — eUgyg — kg T In(10)pH , (6.10)

This concept is not only valid for protons, it also works for any redox couple such as % A, +
e~ 2 A [24, 25] where A, is, e.g., a halogen molecule. Then the electrochemical potential
of the solvated halide is given by

(A~ (aQ)) — p(e) = % U(A(©) + e(Uggys — U°) + kTlnay.- (6.11)
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where U is the reduction potential of the corresponding halide vs. Ugy and a,- its activity
coefficient. Equivalently to Eq. (6.9), the surface free energy of adsorption can be expressed
as
N, ads ~
Ay(T,a;,U) = - (Gags — Dlgs(T,a;, U)) . (6.12)
S

where Afi;(T, a;, U) is the contribution to the electrochemical potential that depends on
temperature, activity a;, and electrode potential which can be derived using the expressions
Egs. (6.10) and (6.11).

Up to here everything is still exact. However, the determination of the free energy of
adsorption G,y in principle requries to evaluate the free energy of the adsorbate systems
in the presence of the electrolyte at a given electrode potential. This is computationally
rather demanding. Therefore in the majority of studies using the CHE, entropic effects and
the presence of the electrochemical environment are neglected [20]. This means that, sim-
ilar to most applications of the concept of ab initio thermodynamics [22], in Eq. (6.12) the
free energy G, is replaced by the total energy of adsorption E, 4 at the electrode-vacuum
interface. Consequently, the electrochemical control parameters electrode potential and
concentrations or activities do not enter the determination of the energy of the adsorbate
system but only of the reference system of the solvated species in the electrolyte.

This appears to be a very rough approximation given the fact that adsorbed species at
electrode-electrolyte interfaces are still exposed to the liquid environment and that the sta-
bility of adsorbate structures at electrochemical interfaces strongly depends on the electrode
potential. However, this approach has been surprisingly successful as far as reproducing
and explaining observed trends in structures and processes at electrochemical interfaces is
concerned. Examples include electrocatalytic reactions such as oxygen reduction [20, 26]
and hydrogen evolution [27] on metal electrodes. It can only be speculated why the neglect
of the elecrochemical environment still often yields satisfactory results. This is due to the
lack of computational studies that systematically increase the complexity of the description
and thus allow the dominant factors that determine processes at electrochemical interfaces
to be identified. It has been argued that the total energies of adsorbate systems should only
weakly depend on the applied electrode potential because metallic electrodes exhibit very
good screening properties that make binding energies hardly dependent on applied elec-
tric fields [20, 28-30]. As far as the influence of the presence of the aqueous electrolyte
is concerned, it has been observed that water typically interacts rather weakly with metal
electrodes [31] so that its presence also hardly modifies the binding properties.

We will illustrate this concept for the adsorption of hydrogen and hydroxyl on Pt(111). In
passing we note that sometimes there is some confusion whether one deals with proton or
hydrogen adsorption on metal electrodes. Recall that an electrode in principle corresponds
to an semi-infinite reservoir of electrons with the chemical potential of the electrons basi-
cally given by the Fermi energy. Hence it does not matter whether a proton or a hydrogen
atom becomes adsorbed on the metal electrode. The adsorbed species becomes embedded in
the electronic system of the metal electrode, and as there is in principle an infinite number
of electrons in the reservoir, the initial charge state of the adsorbate, i.e. whether it initially
was a neutral atom or an ion, does not matter.

The surface free energies of adsorbed H and OH on Pt(111) calculated using Eq. (6.13) as
a function of the electrode potential are plotted in Fig. 6.2, for a variety of coverages [32].
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Figure 6.2 Surface free energies of adsorbed H and OH on Pt(111) as a function of the electrode
potential U for different adsorbate coverages in the presence of implicit water (Courtesy of Dr. Sung
Sakong, adapted from [32]).

For every considered surface structure, only one calculation of the total energy is necessary
since the dependence of the total energy on the electrode potential is neglected. The slope
of the curve is proportional to N,4/Ag according to Eq. (6.12), i.e., to the coverage: the
higher the coverage, the larger the slope. Within a certain range of electrode potentials, the
structure with the lowest free energy of adsorption is thermodynamically stable.

In the particular calculations presented in Fig. 6.2, the electrochemical environment has
actually not been entirely neglected, but the presence of water has been taken into account
through a so-called implicit solvent model. This means that the water has been presented as
apolarizable dielectric continuum [33]. In fact, adsorption energies have only been changed
by at most 0.1 eV by considering the implicit solvent [32]. This suggests that for the adsorp-
tion of atoms and small molecules the presence of the aqueous electrolyte indeed does not
substantially modify the energetics of adsorption.

In fact, the calculations presented in Fig. 6.2 almost quantitatively reproduce the
well-known coverage of Pt(111) as a function of the electrode potential [34]: at low
potentials below the potential of zero charge, i.e., up to potentials of about 0.5V at which
the surface is negatively charged, protons are attracted to the Pt(111) surface leading
to a monolayer of so-called upd hydrogen at monolayer coverage, where upd stands for
underpotential deposition. Between about 0.5 and 0.6V, the so-called double layer region
follows where the Pt(111) electrode remains uncovered. At higher potentials leading
to a positively charged Pt(111) electrode surface, anions become attracted so that OH
adsorption starts.

The adsorption energies entering Fig. 6.2 have been calculated just for one species that is
present on the surface. However, this concept can also be easily generalized to more than
one solvated species in the electrolyte [35]. The equilibrium adsorption structure is then
given by those arrangements that yield the minimum free energy of adsorption

1 .
Ay = (Gads - Y nAE(T.a;, U)) (6.13)
S i
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as a function of the electrochemical control parameters. This approach has been applied
to study the coadsorption of protons and the halides chloride, bromide, and iodide on
Pt(111) [35, 36]. The first step requires to calculate the energy of all possible co-adsorbate
structures for various coverages. One has to be cautious not to overlook the possibly most
stable structure. Using these energies, two-dimensonal phase diagrams of the thermo-
dynamically stable surface adsorbate structure can be constructed as a function of the
electrochemical potentials of the solvated species [35]. Note, however, that experimentally
electrochemical potentials can not be directly specified. Rather, concentrations and the
electrode potential are varied. Yet, the phase diagrams can be converted into something
more useful, for example into Pourbaix diagrams, i.e., phase diagrams as a function of pH
and the electrode potential.

Such a Pourbaix diagram for the co-adsorption of hydrogen and bromide [35, 36]) is
shown in Fig. 6.3. Interestingly, the diagram mainly exhibits either pure hydrogen or pure
bromide adsorption structures. There is only a small pocket of co-adsorption structures at
pH values around 7. The absence of a broad range of co-adsorption phases is at first sight
surprising because one might expect that there is some electrostatic attraction upon the
adsorption of one cationic and one anionic species. However, as already mentioned above,
upon chemisorption the adsorbates often loose their identity as either cations or anions.
This is also reflected by the workfunction change upon adsorption. In general one expects
that the adsorption of cationic species lowers the workfunction, whereas anionic adsorbates
increase the workfunction because of the polarity of the resulting dipole layers.

Proton adsorption on Pt(111) indeed causes a small decrease in the work function [37],
but in fact halogen adsorption at low to medium coverages also leads to a reduction of the
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Figure 6.3 Calculated Pourbaix diagram showing the stable phases of co-adsorbed bromine and
hydrogen on Pt(111) as a function of pH and electrode potential. The bromine concentration
corresponds to an activity of 0.1. The insets illustrate the structures of the adlayers (adapted
from [36]).
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metal work function [38, 39]. This anomalous work function change is a consequence of
the significant polarization of the adsorbed halogen atoms, as was shown by periodic DFT
calculations [10, 11, 40], which is particularly strong for iodine, but also present for bromine
and chlorine. Thus there is rather a dipole-dipole repulsion instead of attraction, which
disfavors halogen-hydrogen co-adsorbate phases.

One consequence of the absence of co-adsorption phases is illustrated in Fig. 6.3. Upon
lowering the electrode potentials, pure bromine adsorption phases become replaced by pure
hydrogen adsorption phases for pH values below 7, i.e., in this regime there is a competetive
adsorption of bromine and hydrogen. Such a competetive adsorption between halides and
protons has in fact been observed experimentally on Pt(111) [41-44]. This agreement shows
that the neglect of the electrochemical environment indeed seems to be justified in these
cases, namely for the specific adsorption of atoms on metal electrodes.

There is another important aspect related to the equilibrium coverage of metal electrodes
as a function of the electrochemical control parameters. As the insets of Fig. 6.3 illustrate,
at low pH values Pt(111) becomes densely covered by either bromine atoms or by hydrogen
atoms over the whole range of electrode potentials within the stability window of water.
These adlayers modify the electronic, chemical and catalytic properties of the Pt(111) elec-
trode significantly. Any simulation that would model the properties of an Pt(111) electrode
in the presence of an aqueous electrolyte at low pH with bromide anions needs to take into
account the particular equilibrium adsorbate structures because otherwise the simulations
would not properly model the properties of the halide-covered Pt(111) electrode.

This is in fact true for any realistic simulation of electrochemical electrode/electrolyte
interfaces. The electrolyte contains solvated salt ions in order to be conductive. Thus the
electrolyte also acts as a three-dimensional reservoir for these solvated ions that are char-
acterized by their electrochemical potentials. The two-dimensional electrode/electrolyte
interface becomes covered by these ions depending on whether their specific or non-specific
adsorption is associated with a gain in free energy.

Hence any theoretical study of processes at electrochemical electrode/electrolyte phases
should start with an appropriate consideration of the stable adsorbate structure. The iden-
tification of the stable adsorbate structures under equilibrium can be quite cumbersome.
For example, for the halide systems such as the one illustrated in Fig. 6.3, the adsorption
energies of more than 100 different possible adsorbate structures had been evaluated [35].
As we will see in the next section, in any modeling of electrode/electrolyte interfaces in
principle the statistical nature of liquid electrolytes has to been taken appropriately into
account. Practically, this requires to run numerically demanding AIMD simulations. How-
ever, fortunately the stability of electrochemical adsorbate phases can often be estimated
neglecting the explicit presence of the electrolyte in the determination of the total ener-
gies of the adsorbate structures [11, 35, 36], at least for many interfaces between metallic
electrodes and aqueous electrolytes containing small ions such as halides.

6.4 First-principles simulations of electrochemical interfaces
and electric double layers

In all the electronic structure calculations presented so far, the explicit presence of water
has not been taken into account. The exact structure of water layers adsorbed on metal elec-
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trodes had in fact intensively been debated some time ago [45-47]. On close-packed hexag-
onal metal surfaces, it was assumed that water adsorbs in ice-like hexagonal water bilay-
ers [45] whose structure is similar to that of the densest layer of ice [48]. In this structure,
every second water molecule is adsorbed in a orientation parallel to the surface with the
oxygen atom above a top site of the metal surface. This corresponds to the most favorable
adsorption configuration for a water monomer on metal surfaces [45, 46]. However, in order
to complete the ice-like hexagonal bilayer structure, every other water molecule can not be
bound to the metal surface in the same fashion. Instead, there are two different possible
configuration, the so-called H-down and H-up structures with one hydrogen atom either
pointing towards or away from the surface. These structures are illustrated in the insets
of Fig. 6.4.

In fact, the adsorption energies of both water structures are typically rather similar.
On Pt(111), the H-down structure is more stable than the H-up structure by only 0.03 eV
per water molecule [46]. However, there is in fact one property that differs significantly
between the two structures, which is the dipole moment perpendicular to the surface. This
also leads to significant changes of the work function change of Pt(111) upon the adsorp-
tion of one water layer. Whereas the H-up layer lowers the work function by A® = —2.34
eV, the H-down only lowers it by A® = —0.22 eV [46]. Still, this result is surprising.
Because of the opposite orientation of the H-down and the H-up water molecules, one
would have naively expected that the one configuration lowers the work function and the
other increases it by roughly the same amount.

In order to understand why this is not the case, an analysis of the underlying electronic
structure is rather instructive. In Fig. 6.4, the laterally averaged charge density difference
Ap,

Ap = p(H,0/Pt(111)) — (p(H,0) + p(Pt(111))) , (6.14)

is plotted as a function of the vertical height. Ap corresponds to the charge rearrangement
induced by the adsorption of the water bilayers on Pt(111).

Interestingly enough, for both the H-up and the H-down structure there is a strong polar-
ization of the water molecules leading to a considerable electronic charge transfer from
the water bilayer towards the region between the uppermost metal layer and the water
molecules. Similar results have also been found for water layers on Ru(0001) [49]. The
charge transfer is larger for the H-down water bilayer than for the H-up bilayer. In both
cases, this transfer leads to the creation of an additional dipole layer with a orientation that
reduces the work function. For the H-down bilayer, this additional dipole moment overcom-
pensates the effect of the intrinsic dipole moment of the water bilayer causing a net work
function reduction on Pt(111). In contrast, for the H-up bilayer, these two dipole moments
add up.

According to experiments, however, a water layer on Pt(111) lowers the work function
by about —1.0 eV [50, 51], a value, that is in between the work function changes caused
by the H-up and the H-down bilayers. Such a work function change has in fact been repro-
duced by running ab initio molecular dynamics simulations of a water layer on Pt(111)
at room temperature starting with both the H-up and the H-down configurations [46].
Along the trajectory, the water layers do not maintain their pure H-up or H-down configu-
ration. The water layer becomes disordered, in particular as far as the orientation of the



6.4 First-principles simulations of electrochemical interfaces and electric double layers

Uppermost
Pt layer

— charge density difference H
\ — - integrated density diff.

Charge density difference (arb. units)

-1
o}
-2 —
| L | L | L
—4 —2 0 2 4 6 8
z - coordinate (A)
(a)
T T T T T T T T T T T T T ™
Uppermost
Pt layer —
1+ ~ — charge density difference |

— - integrated density diff.

Charge density difference (arb. units)

H
_2 — -]
R T AT T R R R
-4 -2 0 2 4 6 8
z - coordinate (A)

(b)

Figure 6.4 Laterally averaged electron density difference (Eq. (6.14)) and intergrated charge
density difference as a function of the distance from the Pt surface for the H-down (a) and a H-up
(b) water bilayer on Pt(111). The bilayer structures are illustrated in the insets. The vertical lines
indicate the positions of the uppermost Pt layer and the hydrogen and oxygen atom of the
oppositely oriented water molecules. Note that the same scale for the charge density difference
in both figures has been chosen (adapted from [46]).

water molecules is concerned. This results in an averaged mean dipole moment that is
independent of the initial configuration and leads to a work function change close to the
experimental values [46, 47]. These findings provide a strong indication that water layers
at close-packed metal surfaces are not ordered, but rather disordered.
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There is also a consequence of these findings for the modeling of metal/water interfaces.
Because of the still high computational demand of AIMD simulations, one might consider
using numerically less expensive techniques such as force-fields as a basis for MD simula-
tions. And indeed, parametrized classical interaction potentials are capable of reproducing
liquid water properties quite well [52-54]. Such classical interaction potentials have
also been used extensively to determine the structure of metal-water interfaces at finite
temperatures [8, 9, 55, 56]. As these simulations allow to treat large systems, there are
certainly merits of these simulations. However, the strong polarization of water layers
at metal surfaces illustrated in Fig. 6.4 leads to additional electrostatic interactions that
influence the structure of the water layers directly at the metal surface. Hence one has
to take the results of these force-field simulations with caution as they do not capture these
polarization effects.

On the other hand, this makes the determination of electrode/electrolyte interfaces
with an explicit description of the liquid electrolyte computationally very demanding. How-
ever, due to the increase in computer power, it has become possible to run such demanding
AIMD simulations for rather large systems and run times [12, 14, 16, 19, 57-59].

One particular example of such a simulation is illustrated in Fig. 6.5 which shows a snap-
shot of a 40 ps AIMD run for six layers of water on hydrogen-covered Pt(111) withina 6 X 6
geometry, resulting in total in 144 water molecules [12]. In addition, the average difference
6V (z) of the electrostatic potential of Pt(111) in vacuum and of hydrogen-covered Pt(111)
with the water film is plotted so that the change of the electrostatic potential at the elec-
trode/electrolyte interface due to interaction with the aqueous electrolyte becomes appar-
ent. There are some interesting features of this electrostatic potential that are not captured
in the schematic models shown in Fig. 6.1. First of all, these schematic models usually
assume that the metal electrode is an perfect electron conductor which does not allow any
electric fields to penetrate into the electrode. In contrast, Fig. 6.5 shows a significant change
of the electrostatic potential upon introduction of the water film together with the hydrogen
layer. This also indicates that there is a considerable charge rearrangement within the first
three Pt layers caused by the presence of the aqueous electrolyte. This means that the picture
of an ideal metallic electrode is not fully appropriate.

Figure 6.5 Difference 6V(2) of the
electrostatic potential of Pt(111)

in vacuum and of hydrogen-covered
Pt(111) with a water film averaged over
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_ ) i <R P
> 2 " NS e {" g / with permission from Elsevier.
1|" l"‘ ;: “‘ ) ;’. '_;'%‘_
—4 . .: ) .‘ ‘y ‘ ‘."q L 2
- Cf'}..-. ¢ !"B jﬁ K
-6 : v 3 g™ + ]
' o - -

5 0 5 10 15 20 25
Distance from Pt electrode (A)
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Second, the electrostatic potential does not show a smooth decay, but rather exhibits
some oscillatory structure due to the atomistic structure of the aqueous electrolyte, but even
within the hydrogen layer. As a consequence, it is not trivial to assign a width to the electric
double layer because of this oscillatory structure, only as a rough estimate a width of about
1nm can be deduced. Note that the distribution of the hydrogen and oxygen atom of the
water layers becomes already rather smooth beyond the first layer [12], or in other words,
the water becomes almost bulk water-like already from the second layer on.

Hence such AIMD simulations provide valuable insights into the atomistic structure
of the electric double layer. However, because of the high computational demand of these
simulations, no complete picture of the structure of the EDL as a function of the electrode
material and the presence of ions in the electrolyte has emerged. For example, in the sim-
ulations underlying Fig. 6.5, a full layer of hydrogen atoms adsorbed on Pt(111) has been
adsorbed, so-called underpotential deposited (upd) hydrogen that is stable at low electrode
potentials, as demonstrated in Fig. 6.3. The presence of such a upd layer lowers the inter-
action of water with the Pt electrode, it passivates the surface, so that the water layers are
shifted 1 A away from the Pt electrode [60]. And due to the weaker interaction with Pt
the water-water interaction becomes somewhat stronger, leading to a stronger structuring
of the first water layer [60].

Still, there have been hardly any AIMD studies of the electric double layer in the pres-
ence of other specifically adsorbed ions such as halides, sulfates, or nitrates which might
influence the water structure much more significantly compared to hydrogen. The same is
true for non-specifically adsorbed ions, typically cations, that adsorb with their solvation
shell still intact. Their interaction with the electrode is weaker than the one of specifically
adsorbed ions, but they might still considerably influence electrocatalytic processes at the
electrodes. Hence there is certainly a strong demand for such AIMD simulations.

Recently the consideration of the electrolyte in so-called implicit solvent models, i.e., as a
polarizable dielectricum, has become quite popular [18, 32, 61-64], as they do not demand
to perform statistical averages. Still, their validity and reliability has not been fully assessed
yet, again because of the lack of appropriate atomistic simulations that they can be com-
pared with. Hence it is fair to say that in spite of all the progress made in recent years our
knowledge about the atomistic structure of electric double layers is still in its infancy.

6.5 Electric double layers at battery electrodes

Finally we want to consider the effect of electric double layers at other electrochemical
interfaces, for example as they occur in batteries. We will mainly rely on macroscopic argu-
ments [58, 65, 66], but we will argue that EDLs are also essential in batteries. Let us first
concentrate on the basic operation principle of a battery. In contrast to electrocatalytic sys-
tems the electrodes in batteries, anode and cathode, are also used to store ions. Hence ion
mobility is a critical parameter for the performance of electrodes as the ions penetrating
the electrode have to further propagate inside of the electrode. At the same time, the elec-
trodes also have to be electronic conductors in order to allow the recombination of ions and
electrons. Commonly we speak about charging and discharging of a battery. However, note
that the electrodes still have to remain overall charge neutral as macroscopically charged
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Figure 6.6 Illustration of alignment of the electrochemical potentials in the anode and cathode of
a battery. a) Cathode and anode not coupled to each other, b) cathode and anode connected
through an electrolyte (adapted from [58].)

materials are energetically very costly. Hence it is in principle more correct to denote these
processes, e.g. in the case of Li-ion batteries, by lithiation and de-lithiation.

Figure 6.6 sketches a Li-ion battery rather schematically. It is crictical to realize that there
must be a driving force for a battery to be operative. The driving force is the energy gain upon
the transfer of an Li atom from the anode to the cathode, i.e., upon the de-lithiation of the
anode and the lithiation of the cathode, which can be expressed as

xLi (anode) + Li (cathode) — Li,, (cathode) . (6.15)

xX+y

This means that the binding energy of the lithium atom in the cathode has to be larger than
the Li binding energy in the anode. Expressing these binding energies through the chemical
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potentials Mﬁ and ”(L:i of Li in the anode and the cathode, respectively [67], the gain in free
energy upon the transfer can be expressed as

AG = uf, — up; (6.16)

(see the illustration in Fig. 6.6a). However, in a battery anode and cathode are separated by
an electrolyte which is an ion conductor but ideally not an electron conductor. This forces
the electrons to propagate through an external circuit where they can provide useful power
before Li-ions and electrons recombine at the cathode. Still, thermodynamically the spe-
cific propagation is irrelevant, only the initial and the final state are crucial. Therefore, the
so-called open-circuit voltage (OCV) V- associated with this reaction is given by the energy
gain AG < 0 divided by the number x of charge carriers [68]

_ -AG

oc — xF
where F is the Faraday constant. Note that Vi, corresponds to the maximum voltage
that can be delivered by a battery. As it corresponds to a free-energy difference of two
well-defined charge-neutral configurations, it can rather easily be calculated by periodic
density functional theory calculations [68, 69]. Using the expression (6.16) for AG, the

open-circuit voltage in a Li-ion battery can also be determined via [67]

Voc = (ufy — uS)/e, (6.18)

where e is the elemental charge.

However, when anode and cathode are connected by an electrolyte, Li-ions can in prin-
ciple move from the anode to the cathode as the electrolyte is an ion conductor. In such
a situation, it is useful to decompose the chemical potential y;; of the Li atom into the
electrochemical potentials of the Li* ion and the electron,

My = Ay + e (6.19)

This decomposition has already been made in Fig. 6.6a where the anode and cathode are
assumed to be uncoupled and where all levels are assumed to be given with respect to the
vacuum level. Upon introduction of the electrolyte, Li ions will move from the anode to the
cathode because of the gradient in their electrochemical potential that is initially present
until the electrochemical potential of the Li ions in the anode and cathode become aligned.
Still, under open-circuit conditions no electrons can move from the anode to the cathode
so that the Li-ions can not penetrate the cathode in macroscopic amounts. Hence the align-
ment of the electrochemical potential of the Li ions can only be achieved by the formation
of electric double layers at anode and cathode, which leads to potential changes at the
electrodes associated with an electric field. However, this electric field also acts on the elec-
trons, but because of the opposite charge of the electrons, it has the opposite effect on the
electronic energy levels. The chemical potentials of the electrons 4 and A< in the anode
and cathode, respectively, corresponding to the Fermi levels of the anode and cathode, are
shifted apart from each other by exactly the same amount the electrochemical potentials of
the Li ions are shifted together. As a consequence, the difference between the Fermi ener-
gies in anode and cathode corresponds to the open-circuit voltage, i.e., the OCV can be
expressed as

Ve = (i = fig)/e (6.20)

, (6.17)
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where the superscript of Vglc denotes the fact that the electrodes are connected through
an electrolyte. This also explains why the open-circuit voltage can be compared with the
HOMO-LUMO gap of the electrolyte in order to assess the stability of the electrolyte during
battery operation [67], but this is usually not properly justified in the literature.

In this derivation, we have entirely neglected the formation of the solid-electrolyte inter-
phase (SEI) which is critical in Li-ion batteries and typically leads to an additional potential
drop at the electrode. However, this is not crucial for the derivation given above. In fact, the
importance of the presence of electric double layers for the formation of the solid-electrolyte
interphase has been stressed before [70]. Yet, in the discussion of battery properties, electric
double layers are often not taken into account. It is certainly fair to say that our atom-
istic knowledge about electrode/electrolyte interfaces in batteries is even more limited than
the corresponding knowledge with respect to interfaces in electrocatalytic systems. Still, it
might well be that electric double layers are also crucial for a full understanding of the
electrochemical processes in batteries.

6.6 Conclusions

It is well established that electrochemical electrode-electrolyte interfaces are associated
with the formation of electric double layers. Depending on the particular electrolyte, these
electric double layers might have have a decisive influence on the chemical and/or elec-
tronic properties of the interface. However, our current understanding of the structure and
the role of electric double layers is still to a large extent rooted in concepts that are more
than 100 years old and that are based on point charge and continuum approaches. This is
caused by the fact that an atomistic modeling of electric double layers including electronic
effects can only be done with quantum chemical approaches and requires extensive statis-
tical sampling. Up to recently such simulations had been prohibitively expensive, but now
first studies of the structure of electric double layers at electrochemical interfaces between
metal electrodes and aqueous electrolytes based on ab initio molecular dynamics simula-
tions have been performed. These simulations demonstrated strong electronic polarization
effects in the first metal and water layers. Still, the number of these studies is rather limited
so that no complete picture of the properties of electric double layers has emerged yet. This
isunfortunate as electric double layers do not only play an important role in electro-catalysis
but also in devices for electrochemical energy storage such as batteries. We trust that soon
further atomistic studies will be carried out so that a more complete picture of the geometric
and electronic structure of electric double layers will be obtained.
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7.1 Introduction

Electrochemical reactions involving electron/proton transfer at metal/water interfaces
occur in several technologically relevant environments, such as solar cells, energy conver-
sion, and storage devices. In these systems, the electron/proton transfer is governed by the
applied bias potential, which defines the amount of excess charge at the interface. Hence,
modelling the metal/water electrochemical interface at constant electrode potential is
of paramount importance towards controlling and understanding the electrochemical
properties of the interface. In practice, this task is not trivial and several challenges are
faced when density functional theory (DFT) based methods are used within periodically
repeated cells. First, the control of the electrode potential is still at a pioneering stage and
a universal grand canonical method is still not available. Second, the lack of an align-
ment scheme to simulate systems at well defined electrode potential represents a major
issue toward the advancement of this field. In this context, an ideal modelling scheme
should, on the one hand, allow one to reference the electrode potential to the standard
hydrogen electrode (SHE), and, on the other hand, give access to the reaction mechanisms
and the structural properties of the electrical double layer at the interface with the
electrode.

Previous modelling schemes studied the metal/water interface through either an
implicit [1-4] or an explicit but static [5, 6] solvent. In the latter case, only a few layers
were considered. These models were used to access the hydrogen and oxygen evolution
reactions. Recently, interface models from first-principles molecular dynamics (MD) with
explicit water have given access to the potential of zero charge (pzc) at the Pt(111)/water
interface [7, 8]. A further step consists in modelling the metal/water interface under
variable bias potential. In a pioneering work, Lozovoi et al. [9] modelled electrified
interfaces by allowing the slab to exchange electrons with a reference electrode under
constant preset chemical potential. While this approach made possible the simulation of
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charged slabs like in electrochemical set-ups, it suffered from strong fluctuations of the
electron density and electronic structure calculations were difficult to converge [9, 10].
Subsequently, Otani et al. [11] and Jinnouchi et al. [1] introduced alternative schemes to
study the dynamics at the solvent/electrode interface at fixed excess charge [12, 13]. More
recently, Bonnet et al. performed molecular dynamics simulations at constant electrode
potential [10], in which the metal/electrolyte interface was simulated in a non-repeated
cell. In this modeling scheme, an effective screening medium [11] was adopted to ensure
the charge neutrality of the simulation cell. This technique revealed mechanistic aspects
of electrochemical processes at metal/water interfaces [12, 14], but the energetics were
affected and the band alignment was thus difficult to access.

As far as the band alignment is concerned, the standard hydrogen electrode (SHE) as set
by Cheng and Sprik enables a direct comparison of the computed electrochemical energy
levels to experiments either in bulk liquid water or at electrode/water interfaces [8, 15].
This technique is based on a Born-Haber cycle linking the aqueous H;’q to H*(g) in the gas
phase and the associated energy level is evaluated through the Gibbs free energies of the
reaction. Rossmeisl et al. introduced a generalized scheme, in which not only the potential
but also the pH could be varied [16, 17]. This method constructs the grand canonical poten-
tial by performing several simulations at different pHs and electrode potentials and uses
the experimental SHE to determine the calculated work function of each configuration on
an absolute energy scale. While these methods advanced the field and improved our under-
standing of electrochemical interfaces, none of them provides at the same time a simulation
at constant bias potential referenced to the SHE and a description of the mechanistic aspects
of electrochemical reactions at the atomic scale.

In this contribution, we first review the methodology behind the constant Fermi level
molecular dynamics. We then validate our theoretical framework in the determination of
redox levels of aqueous species. Next, we apply the constant Fermi level technique to the
study of metal-water interfaces. In particular, we focus on the study of the mechanistic
aspects of the Volmer reaction. Furthermore, we extend the technique to reference the
applied potential to the SHE in the case of metal-water interface. This procedure allows
us to study, on the one hand, the macroscopic properties at the metal-water interface and,
on the other hand, the atomic-scale processes at the metal-water interface.

7.2 Method

In this section, we review the dynamical equations for achieving constant Fermi-level sim-
ulations, as introduced by Bonnet et al. [10]. We consider a system of particles described by
a set of atomic positions r; and a total electronic charge N,. To control the Fermi level, this
system is connected to an external potentiostat at a fixed Fermi level é; acting like an elec-
tron reservoir or a fictitious external electrode. The electronic charge N, is considered as a
dynamical variable with inertia M, and the extended system is driven by the grand canoni-
cal potential [10]: Q = E™(r,, N,) — N, &g, where E"'(r;, N,) is the total energy in the absence
of the electron reservoir and N,y is the energy of N, electrons in the reservoir. According to
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this definition, the forces acting on the atoms and the electronic charges are given by [10]:

F = BTN
or;

L

and F, = —(ep — €p), (7.1)

where e is the instantaneous Fermi energy. F, drives electrons into the system when e <
€ and drives electrons into the reservoir when ey > €, so that the instantaneous Fermi
energy ep averages out to the preset €. The dynamical equations for the charge evolution
then read:

N,=—=% and P,=F,=—(e — &), (7.2)

where P, is a fictitious momentum associated to the dynamical variable N,,.

In this technique, the electronic charge in the system is controlled in an analo-
gous way as the temperature and the pressure in constant-temperature [18-21] and
constant-pressure [22] molecular dynamics, respectively. To control the fluctuations of N,
and consequently those of g, it is also possible to couple the charge dynamics to a separate
thermostat set at the temperature T, [10]. This does not create any significant thermal flow
in the system, due to the weak coupling between the atoms and the charges [10].

For a good choice of M, and T,, the instantaneous Fermi level of the system is governed
by the preset é,. In the case of redox reactions, performing MD at constant Fermi level
corresponds to defining the net charge in the system. Hence, by controlling é,, one can
drive the reaction from the reactants in a charge state g to the products in a charge state ¢,
and get the structural transformations induced by the charge transfer.

7.3 CFL-MD in aqueous solution: Determination of redox
levels

We focus on the determination of redox levels of aqueous ions. To this end, we resort to
density functional theory (DFT) through the rVV10 functional [23, 24], which is based on a
generalized gradient approximation for the exchange-correlation energy and augmented to
include nonlocal van der Waals interactions. Within this DFT scheme, the short-range inter-
actions are controlled via an empirical parameter b. We adopted the value of b = 9.3 [25].
The core-valence interactions were described by normconserving pseudopotentials accord-
ing to the prescription of Troullier and Martins [26]. The wave functions of the valence
electrons were expanded on a plane-wave basis set defined by a kinetic energy cutoff of
80 Ry. The Brillouin zone was sampled at the I" point. We performed Born-Oppenheimer
molecular dynamics using a time step of At = 0.48 fs to integrate the equations of motion.
We used a velocity rescaling method to set the temperature at T = 350 K. The aqua ion was
simulated with 31 water molecules in a cubic supercell with a side of 9.85 A. We used the
suite of codes provided in the quantum-espresso package [27].

The cell charge neutrality is ensured through a uniform neutralizing background. Ateach
MD step, the electronic charge is first computed via Eq. 7.2. Then, the electronic structure
is minimized at this fixed charge. Next, the atomic positions and the electronic charge are
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Figure 7.1 Time evolution of the instantaneous Fermi level e, (blue lines) and total electronic
charge g (green lines) in constant Fermi-level molecular dynamics of the aqueous Fe*2/Fe*3 redox
couple. The panels correspond to four different preset values of the Fermi energy é.: 0.3, 40.2,
+1.0, and +1.3 eV. The average values after equilibration are given for both e, and g (dashed lines).
The energies are referred to the SHE.

updated. In this work, the energy levels were referred to the standard hydrogen electrode,
for which we took the level calculated in [28] at the same level of theory. With this choice of
alignment, the conduction band minimum and the valence band maximum of liquid water
occur at —2.5 and 1.7 eV, respectively. A complete description of the computational setup is
provided in [29].

We validate our method in the case of the reduction of the Fe*? aqua ion:

Fet? + ¢~ — Fe™2. (7.3)

After 3 ps of equilibration of Fe*? at 350 K, the last configuration has been taken as the start-
ing point of several runs at different Fermi energies éi, as shown in Fig. 7.1. The choice of the
target Fermi energies is guided by the energy level of the lowest unoccupied single-particle
state of Fe™3. The occupation number of this state goes from 0 to 1 as the reduction pro-
ceeds. In practice, the instantaneous Fermi energy goes within ~1 ps to the target value
€ by taking on a fractional number of electrons from the potentiostat. After this period,
the time averages of the instantaneous Fermi energy are taken over at least 10 ps and are
found to agree with the target value within at most 0.02 eV. However, the charge dynamics
are slower and require longer equilibration times (at most ~6 ps). The charge fluctuations
depend directly on the choice of the fictitious mass parameter M, and the fictitious elec-
tronic temperature T,.

Statistical averages are taken over the equilibrated parts of the trajectories and correspond
to periods of at least 10 ps. Figure 7.2a shows the charge transition as a function of the
preset value of the Fermi energy é.. Through the appearance of fractional charges, the redox
reaction is driven towards the formation of Fe*2. We remark that the charge of the system is
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fully determined by the occupation # of the single-particle energy level in the gap, which is
the only state undergoing an occupation change in our simulation. During this evolution,
the single-particle energy level ¢, practically corresponds to &g (cf. Figure 7.2b), the small
differences resulting from the width of the employed Gaussian smearing. From Figs. 7.2a
and 7.2b, it is possible to extract the dependence of €, 0nny (Figure 7.2c).

The commonly used method to compute redox levels is thermodynamic integration.
Within this technique the redox level is given by:

H(Q/q/) — ,AA Egorrl_ Egorr
q —q q —q
q

where ¢, is the valence band maximum of the bulk system, E;,,

correction term, and AA the thermodynamic integral given by:

- €y, (7.4)

an electrostatic finite-size

AA = /0 1 (AE),dn, (7.5)

where 7 is the Kirkwood coupling parameter and (AE), is the total energy difference
between charge states q and q’ averaged over configurations achieved at fixed #.

We here resort to Janak’s theorem [30], according to which the derivative of the DFT
energy functional E[N] with respect to the occupation f of the highest occupied Kohn-Sham
(KS) state g gives the KS eigenvalue ¢, corresponding to that state:

0E[N]
— =¢,. 7.6
T (7.6)
In its integral form, Janak’s theorem gives the change in energy of the system upon addition
of one electron at fixed geometry,

ENtL_EN = / 1 e, (Ndf. (7.7)
0
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Figure 7.3 Schematic representation of the function e(f, ) in the twodimensional (f, #) space. For
capturing the quadratic dependence of e(f, 5), the dots shown in green are sampled in the present
work.

The constant-Fermi-level technique consists in driving the electronic charge from state
q to state ¢’ through the realization of several intermediate systems at fixed Fermi level.
Although it is the Fermi level that is controlled during the simulations, the parameters of
the simulation can be set to allow only for minimal fluctuations of the electronic charge of
the system. Then, taking the electronic charge of the system as Kirkwood coupling param-
eter allows one to draw a clear similarity with the TT method. We assume that during the
reaction a single state g is involved and that its occupation goes from 0 to 1. The elec-
tronic charge then corresponds to the occupation # of state g. In this description, the TI
method gives the redox level through the calculation of the thermodynamic integral AA,
as given in Eq. 7.5. Using Janak’s theorem in Eq. 7.7, the thermodynamic integral can be
expressed as:

sa= [ wmym= [ 1< / leg(f)df>ndn= [ [ tnaan 79)

where we have used the following definition:

e(f,m = (&), (7.9)

In the latter expression, the average is taken over structures corresponding to a state g with
occupation #, while f indicates the occupation of g at fixed geometry.

As seen above, e(f, n) is not necessarily a linear function. A more accurate approximation
then consists in assuming a quadratic functional form in both # and f:

G =raloe Dl 1) oo erl-3) 0r (-3 (-1)
(7.10)

where e, a, f, @', f’ and y are constants. Substituting eq 7.10 into Eq. 7.8 and carrying out
the integrals leads to the following expression for the thermodynamic integral:

o +p

1,1
AA = / / e(f,mdf dn =eg + . (7.11)
o Jo

12
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To determine eg, o’ and f’, we propose to calculate e(f, n) in the following cases. First, it is
natural to determine e(f, #) for f = # as this follows directly from the constant Fermi level
simulations:

eMMFWyHa+mm—%H%M+W+ﬁW—%V

—— ——
A B
1 1
=+ A — 5) + B(n — 5)2’ (7.12)

where the parameters €5, A, and B are easily obtained from a quadratic fit of e(y, ).
However, this fit is not sufficient to determine AA in Eq. 7.11. Therefore, we consider two
additional points in the twodimensional (f, 7) space:

e0,1) = 65— 2 (a — B) + (@ + ' =), (7.13)
e(1,0)= 65+ 3(a = f) + 3 (@ + ' = ). (7.14)

Combining eqs 7.12, 7.13, and 7.14 with Eq. 7.11, we can express the thermodynamical
integral as:

0,1 1,0
AA = / / e(fomdfdn = e+ 2 4 CCDLCD) (7.15)

If e(f, n) is given by a quadratic function, the present expression for the thermodynamic
integral leads to the exact value of the redox level defined in Eq. 7.4. Figure 7.3 schematically
illustrates the function e(f, ) in the two-dimensional (f, #) space and the points sampled
in the present scheme.

We remark that the presently adopted second-order form (Eq. 7.10) goes beyond Marcus’
linear regime [31, 32]. Indeed, on the basis of Janak’s theorem, the integration of e(f, #) over
f produces the vertical energy gaps (AE), required in the TI method (Eq. 7.5):

<AE),, = /01 Ae(f, n)df—€S+a<i1— %) +a <i’]— 5) + f;, (7.16)

which by construction accounts for one higher order more than Marcus’ linear regime.
However, we note that having recourse to a quadratic form for e(f, n) is not inherent to
the constant Fermi level approach. Indeed, when strong nonlinearities occur, higher-order
forms should be fitted to the data. Consequently, this entails a more detailed sampling of the
function e(f, ), in analogy to the more detailed sampling required for the vertical energy
gaps in the TI method.

This procedure is applied to the determination of the redox potentials of aqueous ions.
We carry out a detailed comparison between the redox potentials as obtained through the
TI method and as extracted from the constant Fermi level simulations for three redox pairs:
Fe**/Fe**, 0,H~/0,H*, and MnO;~/MnOj.

The simulation details described for the Fe**/Fe?* were also adopted for the other redox
pairs. However, to account for the larger solute sizes, we used 31 and 28 water molecules in
the simulation cell for O,H~/0,H* and MnO;~/MnO;, respectively. For each redox pair, we
performed constant Fermi-level simulations at fixed éj corresponding to various values 7 of
occupation of the state g. These simulations could be used directly for determining the redox
potentials through the TI method. For the configurations obtained during the molecular
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Table 7.1 Redox potentials vs. SHE (in eV) as obtained through constant
Fermi level (CFL) simulations in the quadratic approximation, compared
to those achieved with the thermodynamic integration (TI) method.
Experimental values are shown for comparison.

System CFL TI Expt.
0,H*/O,H" 0.47 0.42 0.75
Fe*?/Fe*3 0.85 0.77 0.77
MnO;, /MnO;? -0.31 -0.28 0.56

dynamics at a given #, we calculated the average total energy difference (AE), between
occupations f = 1 and f = 0. Integration of (AE), yielded the thermodynamic integral AA,
from which the redox potential was derived through Eq. 7.4. This result is taken as reference
value in the following. The obtained values are listed in Table 7.1.

Following the scheme outlined previously, we also determined the redox potentials via
the averaged Kohn-Sham eigenvalues e(f, #) of state g. The constant Fermi-level simula-
tion provided us directly with e(#,#). Within the quadratic approximation, we addition-
ally calculated €(0, 1) and ¢(1, 0). and yielded through Eq. 7.15 an improved description of
the thermodynamic integrals. The corresponding redox potentials are given in Table 7.1.
Comparison with the reference TI values shows agreement within 0.08 eV, validating the
proposed scheme for the calculation of redox potentials.

All redox couples give redox levels falling inside the reduced band gap achieved in the
present DFT calculations. The calculated redox potentials can thus be compared with their
experimental counterparts at 300 K (Table 7.1). Considering the reference results obtained
with the TI method, we found an agreement with experiment within 0.3 eV for O,H*/O,H"
and Fe*?/Fe*? and a larger deviation of 0.84 eV for MnO, /MnO;?. This level of agreement
can be considered typical for DFT schemes at the present level of theory, as errors up to
0.9 eV have been found in redox potentials calculated with GGA functionals in previous
studies [33, 34]. In particular, the large deviation observed for the permanganate redox
potential could in part also arise from the choice of the volume that we allocated to the
MnOj ion, in the absence of any estimate of its partial molar volume.

7.4 CFL-MD at metal-water interface: The case of the Volmer
reaction

In this section, we apply the constant Fermi energy molecular dynamic to the metal-water
interface. In particular we focus on the reaction mechanism of the Volmer reaction.
Our interface model consists of a 3 x 4 Pt slab of 3 layers, 31 water molecules, and one
hydronium ion within a supercell of 9.79x8.48x19.50 A3. This size was chosen to ensure
a water density of 1 g/cm? and a bulk-like g, (r) partial correlation function. The adopted
computation setup is similar to that used for the study of aqueous ions and is detailed
in Ref. [35].
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Figure 74 Time evolution of the total 0.1 T T
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Figure 7.5 (a-d) Representative snapshots illustrating the atomistic mechanism of the Volmer
reaction, in which the Eigen complex Hgoj transforms into a H,03 complex before releasing the H
atom to the Pt surface at U = —0.88 eV. (e-f) Snapshots illustrating the reorientation of the water
molecule after H adsorption. The distances between H and O atoms (dashed white line) are given
in A

We applied constant Fermi level MD to the Pt(111)/water interface by setting the Fermi
level at U = —0.88eV and U = —0.92eV within the band gap of liquid water. Figure 7.4
represents the time evolution of the total electronic charge Q,,, of the system. We remark
that Q,,, exhibits a jump at 6.2 and 4.3 ps for U = —0.88 and —0.92 eV, respectively. This
change in the total electronic charge corresponds to the adsorption of the H;q ion at the Pt
surface and signals electron transfer from the electron reservoir to the electrode according
to the Volmer reaction: Hy, + e~ — H,y. This reaction is expected to occur stochastically
for electrode potentials lower than the SHE level provided that the simulation time is long
enough.

By inspecting the atomistic structure we find in our simulations that the hydronium
diffusion in bulk water is mediated by an Eigen complex H,O;. Figure 7.5 shows the
reaction mechanism of the Volmer reaction, as obtained for U = —0.88eV. This reac-
tion occurs in three steps. First, the HyO, complex diffuses into the vicinity of the Pt
interface [Fig. 7.5(a-b)]. Second, the proton is transferred to a water molecule in a Hyg,,,
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configuration and the Eigen complex transforms to a H;O] complex [Fig. 7.5(c)]. Third,
the proton is adsorbed at the metal surface [Fig. 7.5(e)] leaving the water molecule in a
Og4own configuration, which is energetically unfavorable. This leads to the reorientation
of this water molecule resulting in a Hy,,,,, configuration within a time span of ~ 1.15ps.
We note that the same reaction mechanism occurs at U = —0.92eV. Otani et al. also
investigated the Volmer reaction varying the electrode potential though the introduction
of excess charge [13]. In their work, the hydronium ion was found to diffuse through
a H;0; complex. The involvement of a larger complex in our simulation might be due
to the account of the van der Waals interactions, which strongly impact the hydrogen
network. Nevertheless, the reported reorientation mechanism and its duration of ~ 0.8 ps
are confirmed by our findings [13].

7.5 Referencing the bias potential to the SHE

One of the most difficult tasks in modelling electrified metal/water interface is to properly
reference the electrode potential U to the SHE. We here define the electrode potential U on
a non-inverted scale and referenced to the valence band maximum of liquid water (e,,)
according to: U = —=U + pigyp — €yom-

We define the SHE as a sequence of two reactions (see fig. 7.6 in which the intermediate
state corresponds to a neutral hydrogen atom H,; adsorbed at the Pt surface:

HI, + ¢ — Hy, (7.17)
H, - %Hz(g) +Pt. (7.18)

We obtain the Gibbs free energy difference AG of the full reaction as the sum of AG, and
AG,, which correspond to reactions (7.17) and (7.18), respectively.

To express AG,, we use the grand canonical formulation for describing solutes and defects
[28, 36]:

AG, = G(H,y) — G(H:q) — (€ypm + He) (7.19)

where 4, is the electron chemical potential. In our work, the difference G(H,4) — G(H;q)
is evaluated within the constant Fermi level method, in which the energy is governed
by the grand canonical potential Qg = E*!(r;, N,) — N (€, + U), Where E*! is the DFT
total energy and N, the number of electrons in the system. Here, the Gibbs free energies

Hag in bulk water Hag ON Pt(111) Hay(9)
S (@)l ()
B a . ;
4 L] P . A8 4
“?1; ey > > 2
Y p. o y ‘, s
-a‘ © erﬁ‘_ [ " V;
. %" o b
C e e

Figure 7.6 Schematic representation of the three steps of the standard hydrogen reaction
considered in our work.
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actually correspond to Helmholtz free energies, as volume variations are small and can
be neglected [28]. We use the notation F(U) to indicate the free energy associated to the
potential Q. Thus, we write:

N

- H Hj
AG, =Fy(Hyy) — FU(H;—q) +U+ A, — Ay — He

. - HY
=AFO) + U+ At — A2 — e, (7.20)

where we have isolated the zero point energies of H,4 and+ H; , ie. Afp“d and AI;E“, as they
are not explicitly accounted for in our DFT framework. AZ,““ amounts to 0.36 eV [28], while
Ag;" does not need to be evaluated as it drops in our final expressions for SHE. In Eq. (7.20),
we introduced the free energy difference AF(U) = F (Hyg) — F (H;q) as described in our con-
stant Fermi energy method. We determine AF(U) through the Blue Moon scheme following
recent literature [37, 38], in which redox reaction mechanisms at constant bias potential
were studied. We use constrained molecular dynamics, in which the distance z between
the proton and the Pt surface is taken as reaction coordinate [39, 40]:

AF(U) = / (f.(2))dz, (7.21)

where f,(z) is the constraint force computed within the constant Fermi energy scheme.
Hence, the number of electrons in the system N, depends on the spatial coordinate z.

The reaction coordinate in Eq. (7.21) goes from the position of the adsorbed H,,4 to the
bulk-like water region. In practice, we perform the Blue Moon simulation until the hydro-
gen atom reaches the first contact layer, where it is found in a singly positive charge state,
and the remaining part of the integral is evaluated by considering the potential difference
AW between the contact layer and the bulk-like water region. The latter is easily deter-
mined through the variation of O, levels and is given in Fig. 7.7(a). In Fig. 7.7(a), we show
the obtained free energy profiles for four different values of U, equivalently expressed in
terms of U in the figure. AF(U) + U should not depend on the value of U, and this is con-
firmed by the results of our simulations in Fig. 7.7(b), where its average value is shown to
differ by less than 0.05eV among the individual simulations. This result corroborates our
scheme and supports its consistency.

0.4 T T T T T T T . T : : Y ‘ .
I AW @V T ]
03" N =R _
S -0.03 o 2 1

L 0.2 | o average =2.22 eV ,
s | i F22F e e
= o 402 U= 0.08eV |
I 0.08 ] 5 2r U =-0.38 eV—|

of ] =l

1 ! : 1041.4 L | ! | _1 | f

1 15 2 25 3 06 -03 0
dptn (A) U (eV)

(a) (b)

Figure 7.7 (a) Free energy profiles and (b) AF(J) + U as obtained through Blue Moon simulations
for various electrode potentials expressed in terms of U. In (a), we also give the potential difference
AW between the contact layer and the bulk-Llike region for each simulation.
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For the second reaction (7.18), the free energy difference is given by:
AG, =G [%Hz(g)] +G(Pt) — G(H,y) = pyy + G(PY) — G(H,), (7.22)

where py, is the hydrogen chemical potential set to the free energy of gaseous H, in standard
conditions and is evaluated as described in Ref. [28]. In our work, we express AG, as:

AG, = py + Ay — Ay, (7.23)

where AAq; corresponds to the free energy cost of removing the H,4 from the Pt surface
and placing it in the vacuum without considering the zero point energy of H,4, which
is expressed separately. We remark that, AG, does not depend on the electrode potential
because there is no charge transfer involved in the reaction.

We evaluate AA; through the thermodynamic integration method, in which the Kirk-
wood parameter # evolves from n = 0 in the initial state with H,4 on the Pt surface toy =1
in the final state in which the hydrogen atom has been removed. At = 0, the vertical energy
difference is obtained by removing the H atom from a MD run, in which H,, is attached to
the Pt surface in aqueous environment. At # = 1, the H atom is vertically inserted in config-
urations from a MD of the pristine Pt/water interface and allowed to relax while keeping all
other atoms at fixed positions. We use two points at 7 = 0 and # = 1 to compute AA; + py;.
We find that the vertical energy differences do not differ by more than 0.1eV in the two
cases, indicating that more intermediate values of # are not necessary for an accurate result.
This behaviour should be ascribed to the fact that the reaction only involves neutral species
and that the H occupies a position within the empty layer that separates the Pt surface from
the water molecules. The integration of AA; + py over 4 yields 0.21 eV.

The redox level y, for which AG = AG, 4+ AG, = 0 can be isolated and gives:

~ ~ H'
He = AF(U) + U + AAq + py — Ay (7.24)

We remark that this redox level has been calculated for the neutral interface, which corre-
sponds to the pH at the point of zero charge (pzc). To retrieve the SHE level, a pH = 0 should

be used. This leads to the consideration of a Nernstian shift from the pH,,. to pH = 0:

uSHE = 4 (pH = 0) = p, — (0.059 €V) - pH (7.25)

pzc®

where pH,, of the Pt(111)/water interface has experimentally been estimated at 3.4 [41, 42].
Combining Egs. (7.24) and (7.25), we finally locate the SHE level at:

- - H
u"E = AF(U) + U + AAq + py — A" — (0.059 eV) - pH

" (7.26)

pzc*

The SHE level calculated in this way falls at 1.87 eV with respect to the valence band of
liquid water, as determined with the rVV10 exchange correlation functional.

7.6 Macroscopic properties at the metal-water interface

We first focus on the electric field established at the Pt interface. We consider the metal/wa-
ter interface model of size L, X L, X L, shown in Fig. 7.8 with the water layer centered at
z = 0. The boundary surfaces of the Pt electrode are at z = +L, /2. In our simulation, we
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Figure 7.8 Schematic representation of the metal/water interface in two different classical
models. In the top panel, the extra charge Q; added on the electrode is compensated by a uniform
background charge p,, like in DFT supercell simulations. In the bottom panel, the extra charge on
the electrode Q, is compensated by a background charge p,g, confined between the inner (IHL) and
outer (OHL) Helmholtz layers. O, corresponds to the noncompensated charge on the electrode
when a charge Q, is added to the model with a uniform background. The calculated potential
corresponds to the case in which Q, equals four electrons. The cells of the classical models
correspond to those used in the DFT simulations.

make use of a uniform neutralizing background charge (p,, ), as schematically illustrated
in the top panel of Fig. 7.8. However, in the physical situation that we would like to model
the compensating charge (py,,) is found in the Helmholtz layer, as depicted in the bottom
panel of Fig. 7.8. We account for these differences through classical electrostatics.

It should be realized that the uniform background entails effects on both the charge on
the electrode and the potential difference AV between the electrode and bulk-like water. We
first consider the effect on the charge. When the system is charged with a given nominal
charge Q, on the electrode, a uniform background is established throughout the cell. Part
of the added charge is directly compensated by the fraction of the uniform background
charge that lies within the metal electrode. The actual charge Q, that contributes to the
establishment of an electric field is therefore reduced, Q, = nQ,, where n = L,,/L, is the
fractional volume occupied by the water component expressed in terms of the width of the
water layer L, and the cell size L, in the Z direction. In our DFT simulations # = 0.71.
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Next, to correct the difference in potential, we compare two classical models showing the
same cells as in our DFT simulations. In the first one, the added charge is compensated
by a uniform background charge Q,, while the second one represents the physical model
with charge Q, (Fig. 7.8). In the case of the a uniform background charge, we perform
a simulation at a total net charge Q,. An opposite charge is induced in the neutralizing
background and is uniformly distributed over the cell leading to a charge density py,;:

_Ql

= — 7.27
pbgl LxLyLz ( )
The potential induced by this charge density is the solution of the Poisson equation:
—4rp
vy = 08 (7.28)

€
Considering the boundary conditions V(-L,,/2) = V(L,,/2) =0, we find the following
quadratic function for V(z):
_27l-pbg1Z2 " 27rpbg1(Lw/2)2
" .

Vz) = (7.29)

In the case of the double layer model, the corresponding situation is obtained by consid-
ering an additional charge Q,, which leads to the following surface charge density at each
Pt surface:

o, = 2 , (7.30)
2L,L,
and an opposite background charge confined in the double layer:
_Q2
Pogy = —————— (7.31)
* "~ 2LL,(b—a)
Solving the Poisson equation in this system leads to the following potential:
—27p(a—b?  4zc,(a-L,/2
V(g) = —% i Gl TN P (7.32)
€ €
—27ppg(z —b)* 4 —L,/2
V() = be? 4 droa@ - Ly/ ). for a<z<b (7.33)
€ €
4 z—Ly,/2
Vi = FOCTID L (7.34)
€

We remark that the two models show very close electric fields in the region of the double
layer, but the potentials bend to different values in the middle of the water region. Indeed,
the model with a uniform background shows a parabolic behavior, whereas the physical
one exhibits a flat potential after crossing the Helmholtz layer. In Fig. 7.8, these potentials
have been calculated for a nominal charge Q, of four electrons. The screening of the water
molecules is accounted for by a dielectric constant € = 62.4, corresponding to the exper-
imental value at T = 350 K (Ref. [43]). In these conditions, the model with the uniform
background charge yields AV, = 0.17 eV, to be compared with AV, = 0.15 eV in the physi-
cal model. The difference between these values should be used to correct the DFT potential.

For the particular simulation cell considered in our work, the numerical value of this
difference is negligible. Hence, in our simulation, apart from the nominal correction of the
extra charge on the electrode, the background charge does not produce any sizeable effect
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Figure 7.9 (left panel) Double layer charge Q, as a function of the applied electrode potential U.
The red line represents a linear fit, from which the double layer capacitance C, is derived. (right
panel) Double layer capacitance (blue dots) as a function of the applied electrode potential U. The
simulation data are fitted through a polynomial function (blue dashed line) and are compared to
experimental results (green line) from Ref. [44]. The energies are referred to the SHE. Source: Based
on T. Pajkossy, D. Kolb, Double layer capacitance of Pt(111) single crystal electrodes Electrochim.
Acta 46(20), 3063 (2001).

on the alignment. This implies that the uniform background effectively accounts for the
counterions in an averaged way. However, we note that in general such corrections depend
on the width of the water layer in the simulation cell.

We now focus on two electrochemical properties of the Pt(111)/water interface system,
the double layer capacitance and the potential of zero charge. We applied constant Fermi
level MD to the Pt(111)/water interface by setting the Fermi level at various positions within
the band gap of liquid water. Within the alignment scheme detailed above, our applied
potential covers a range from —0.92 to 0.44 eV versus the SHE. We define the excess charge
at Pt surface Qg as Qy = %(;1Qt0t — 1), where 7 is the fractional volume corresponding to
water in the supercell and accounts for the passivation of the background charge in the
metal slab. In this definition, it is assumed that the aqueous hydronium ion H;q always car-
ries a positive charge and that the electronic charge is shared between the two Pt interfaces
in the cell.

Figure 7.9 presents the evolution of the double layer charge as a function of the elec-
trode potential. The pzc corresponds to the Fermi level of the neutral system with respect
to the SHE level and is found at 0.22eV in our simulation, in agreement with reported
experimental values (0.28-0.37eV vs. SHE [41, 42, 44]). Another accessible macroscopic
electrochemical quantity is the double layer capacitance Cy = dQ,/dU, and is compared
to respective measured data in Fig. 7.9. The dependence of the calculated capacitance on U
reproduces well the shape of the experimental data, and yields Cy ~ 19 uFcm™2, in excellent
agreement with the commonly accepted experimental value of ~ 20 yFcm™2 (Refs. [45, 46]
and [44]). We remark that the main peak in the C, at U ~ 0.33 eV is associated with a
rapid change in the double layer capacitance, which in turn is linked to the atomic-scale
structural reorganization of the electrical double layer, as will be discussed in the analysis
below. These results demonstrate the predictive power of our modelling scheme in access-
ing macroscopic electrochemical properties.
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7.7 Atomic-scale processes at the metal-water interface

The atomic-scale structure of the electrical double layer is an important aspect in defin-
ing the metal/water interface and the electrochemical activity of the electrode [47]. Several
experimental studies investigated the structure at interfacial water systems, either in neutral
conditions or under bias potential. Water molecules have been observed to undergo reorien-
tation depending on the applied potential in a variety of systems, including Pt(111) [48, 49],
polycrystalline Pt [50], Au(111) [51], air/water and lipid/water charged interfaces. In partic-
ular, at metal surfaces, the interfacial water molecules are strongly hydrogen bonded with
the O atoms pointing toward the metal surface for potentials above the pzc. At variance, for
potentials below the pzc, the water molecules are weakly bonded and point their H atoms
downwards. In this work, we take advantage of our theoretical scheme to study the struc-
tural reorganization of the water double layer at the Pt(111)/H,0 interface as a function of
the bias electrode potential referenced to the SHE.

Figure 7.10 shows the distribution of O and H atoms, and the water dipole orientation as
a function of a coordinate along the surface normal direction as the electrode potential U
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Figure 7.10 Distribution of O atoms (top panel), H atoms (middle panel), and dipole orientation
(bottom panel) as a function of the coordinate Z oriented along the surface normal direction, at
various electrode potentials (in eV). The Z coordinate is referenced with respect to the Pt surface.
The distributions are obtained from an average over the two interfaces in our model and have been
smoothed with a Gaussian function having a width of 0.05 A.
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is varied. For electrode potentials above the pzc (U > 0.22 eV), the O distribution features
a first sharp peak at 2.3 A and a second broad peak around 3.35 A, while the H distribution
exhibits a single principal peak centered at 2.6 A. The orientation of the water molecules can
be inferred from the dipole orientation, as presented in Figs. 7.10 and Fig. 7.11. The positive
peak of the dipole distribution indicates that the water molecules in the first contact layer
are in Oy, configurations with the H atoms pointing towards the liquid. Specifically, we
find two main dipole orientations at 55° and 86° for U = 0.44 eV (see Fig. 7.11) The dipole
orientation of the water molecules in the second layer shows a very broad peak around 90°
(see Fig. 7.11). As the potential decreases, the intensity of the first O peak diminishes, while
that of the second peak increases (Fig. 7.10). This trend is accompanied by a reduction in
the intensity of the first peak of the H distribution and the appearance of a second broad
peak centered at 3.8 A (Fig. 7.10). Focusing on the dipole orientation, we infer that some of
the water molecules in the first contact layer reorient from Oy, to Hy,,,, configurations,
as the electrode potential drops. At the pzc (0.22eV), we observe coexistence of the two
configurations with a slight prevalence of the H,,,, configurations.

Under negative bias, all the water molecules are found in Hy,,,, configurations leading
to the disappearance of the first O peak in Fig. 7.10. In addition, the first peak in the H
distribution shifts toward 2.35 A and a second H peak appears around 3.43 A. The dipole
orientation features a negative peak signifying that the water orientation is predominantly
Hgown- A further broad negative region appearing under strong negative bias indicates that
also the molecules in the second water layer (4 < Z < 6 A) orient their H atoms toward the
interface. Accordingly, two main dipole orientations are found at 96° and 134° at U = —0.92
eV (see Fig. Fig. 7.11). However, deep in the water layer (Z > 6.5 A) the dipole is found to be
randomly oriented and the water structure can be taken as representative of the bulk phase.
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The atomistic description emerging from our work is fully consistent with the picture of
water reorientation under bias potential inferred from experimental data [48-51].

7.8 Conclusion

In this contribution we first reviewed the constant Fermi energy molecular dynamics. Then,
we applied this technique to the determination of redox levels. We showed that the redox
reaction can be driven through the control of the Fermi level without any prior knowledge
of the reaction products. For aqua ions, we demonstrated molecular dynamics with stable
evaluations of the Fermi level and of the electronic charge, without any divergence or insta-
bility. Through Janak’s theorem, a relation with the redox potential could be established.
Introducing a quadratic function to model the dependence of the single-particle energy level
on occupation, we found agreement within less than 0.1 eV with redox potentials calculated
through the thermodynamic integration method.

Then we applied the constant Fermi-level molecular dynamics to study the Pt(111)/water
interface under variable bias potential. First, we investigated the Volmer reaction mecha-
nism involving the adsorption of a hydrogen atom at the Pt interface under negative bias.
Second, we established an alignment scheme to determine the SHE reference level by con-
sidering the hydrogen adsorbed at the Pt surface as an intermediate step between the aque-
ous hydronium ion H;; and the gas phase H,(g). Through the determination of the SHE
level, our scheme allows one to reference the electrode potentials on an absolute scale.
Third, we studied the double layer capacitance and the pzc, and found p,,. =0.22eV and
Cy =~ 19 uFem™, in very good agreement with experiment. Finally, we investigated the
atomic-scale structural reorganization of the electrical double layer as a function of the bias
potential. Our results reveal that at potentials above the pzc the water structure is domi-
nated by O,4,,, configurations, in which the dipole of the water molecules is on average
pointing towards the bulk water layer. At the pzc, Hy,, configurations coexist with Oy,
structures, but the latter disappear completely at negative bias potential, for which all the
water dipoles are fully oriented toward the Pt surface. At the lowest potential considered,
the water molecules orient both their H atoms toward the electrode.

Overall, our modeling scheme gives access simultaneously to macroscopic and micro-
scopic properties of aqueous species and metal/water interfaces. This technique will
considerably contribute to advancing the predictive power of the DFT modelling of
electrode/electrolyte interfaces under bias potential.
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From electrons to electrode kinetics: A tutorial review
Stephen Fletcher

The Fletcher Consultancy, Loughborough, Leicestershire LE11 3LU, United Kingdom

8.1 Global electro-neutrality

The concept of electric lines of force was introduced by Michael Faraday in 1837. Electric
lines of force are smooth curves drawn in 3D space such that their tangents give the electric
field direction and their line densities give the electric field magnitude. The field direction
is then the direction that the electric force exerts on a positive test charge, while the field
magnitude manifests as the electric force per unit charge. Thus, a line of force is the path
followed by a positive test charge that is free to move in an electric field.

Electric lines of force always start from a positive charge and end on a negative charge.
There are no “dangling lines of force”. For this reason the Universe exhibits global
electro-neutrality. There are many indications that this is true. Most prominently, since
the electromagnetic force is much stronger than the gravitational force, violations of
universal electro-neutrality would show up on cosmological scales of length, and they are
not observed.

8.2 The electrochemical reference state

Electrochemical measurements require an electrochemical reference state for charged
particles, consistent with global electro-neutrality. The most widely used reference state is
the remote field-free vacuum. The word “remote” implies that the reference particle is at
an infinite distance from the origin of the co-ordinate system, and the phrase “field-free”
implies that the reference particle is effectively delocalized over all available space. The
reference particle is also assumed to be at rest.

A convenient visualization of this model is a spherical capacitor consisting of two con-
centric plates (Fig. 8.1). The small inner plate of the capacitor represents the surface of an
object of interest, while the large outer plate represents the remote field-free vacuum. By the
principle of electro-neutrality, the charges on the outer plate exactly balance the charges on
the inner plate. However, the particles on the outer plate are spread over an immeasurably
greater area than those on the inner plate.
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The work required to charge the surface of a particle is simply the work required to charge
the capacitor as a whole. By a well-known formula of electric circuit theory, the mutual
capacitance of the two plates of a spherical capacitor is

Figure 8.1 The Spherical Capacitor Model.

4me,

N
h N
and so the work w (joules; J) to charge the spherical plates by an amount of charge +Q is:

QZ

(8.1)

w (8.2)

Here, ¢, is the permittivity of free space (farads per meter; F m™1), r, is the radius of the
inner plate (meters; m), r, is the radius of the outer plate (meters; m), and Q is the magnitude
of the charge on each plate of the capacitor (coulombs; C).

On open circuit the capacitor plates are noise-free. However, if the capacitor terminals are
short-circuited by a conductor (i.e., connected to a reservoir of thermalized charge carriers)
then both terminals experience random fluctuations of charge (“Johnson-Nyquist noise”)
of mean square magnitude

(Q*) = kg TC. (8.3)

Here kg is the Boltzmann constant (1.3806 x 10723 J K1) and T is the absolute temper-
ature (kelvin; K). In these circumstances w becomes a quadratic degree of freedom of the
system, and, as such, is subject to the principle of equipartition. This states that all quadratic
degrees of freedom store k;T/2 of energy on time-average at thermodynamic equilibrium.
This stored energy is the source of the charge fluctuations that drive electron transfer [1].

Returning to the open circuit case, if the vacuum is replaced by a dielectric medium hav-
ing a relative permittivity (dielectric constant) of magnitude €, (dimensionless) then the
simple mutual capacitance becomes

4me e,

C= (8.4)
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and the work to charge the plates becomes:

2
w= 2 [l—l]. (8.5)
8nege, |1 1y
Finally, letting r, — co we obtain:
2
w=—& (8.6)
8neye, 1

This quantity is known as the electrical self-energy of an object inside a dielectric
medium [2]. It corresponds to the work done on the total system to separate the charges
of +Q and —Q at infinity and then to concentrate one of these charges on the surface of the
object. The work of initially separating the charges of +Q and -Q at infinity is of course
negligible if the charges are initially far apart, so with that proviso we may safely conclude
that w consists only of the work required to concentrate the charge of +Q on the surface of
the object.

The question arises of possible energy losses during the act of concentrating charge on the
central object. However, if the charging process takes place infinitesimally slowly, then any
flow of electric current is negligibly small and any I*R dissipation of heat can be neglected.
In that case the energy losses are insignificant and the charging process may be considered
to be thermodynamically reversible.

Now suppose the object of interest is an ion. The difference in electrical self-energy upon
transferring it from a homogeneous medium of low dielectric constant €, to one of high
dielectric constant ¢, is simply:

aw=-< [l - l] . (8.7)

8reyr €, &,

This famous result, known as the Born equation, reveals the importance of electrical
charge in the theory of ionic solutions. In particular, it tells us why ions dissolve prefer-
entially in more polar solvents (i.e., in solvents having higher dielectric constants). It is
because their self-energy is lower there. The dependence of Aw on —1/r also indicates why
smaller ions (such as Li*) are more soluble than larger ions. This size-dependence makes
lithium batteries possible.

The Born equation has the twin virtues of simplicity and elegance. But it also has some
serious limitations. Most disconcertingly, by representing solvents as homogeneous dielec-
tric media, it fails to capture the chemical and electrical interactions that occur on the
molecular scale between ions and solvents. Among the missing chemical interactions are
the loss of translational entropy of solvent molecules near to ions, and the work needed
to form ion-sized cavities in the solvent. Among the missing electrical interactions are the
short-range van der Waals forces between all the various components of the solution, and
the increase in concentration of counter-ions that necessarily occurs around all charged
species. In the latter case, the time-average charge of the ionic atmosphere exactly cancels
the permanent charge of the central ion, and thus confers electro-neutrality on the solution
as a whole. It is noteworthy that counter-ions are missing from both Born theory and Mar-
cus theory [2-4]. This is a serious defect of both approaches, which renders them physically
unrealistic.
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8.3 The chemical potential

The chemical potential, u, of a particle at a point (x, y, z) is the amount of non-electrical
work (joules; J) that was expended in transferring the particle to that point from remote
field-free vacuum, at constant temperature and pressure. (That is, all electrical work is
excluded.) Thus, the chemical potential can be thought of as “how unaccepting the system
is of a neutral particle”. For an electrically charged particle the chemical potential simply
measures the non-electrical part of the total work that must be done to force the particle
into a system. The particle may be an atom, molecule, ion, electron, hole, or indeed any
object that can be counted.

Constant temperature and pressure are specified in the definition of chemical potential
because the point (x, y, z) may be located inside a medium whose phase composition and
energy-level occupancies are determined by the temperature and pressure. Alternative ther-
modynamic formulations are of course possible using different constraints.

The chemical potential of a single particle is related to its thermodynamic activity a by
the equation:

u(T,P) = uy(T, P) + kT In(a). (8.8)

Here T, P, and u are all intensive functions of state. The constant p,(T, P) is called the
standard chemical potential. While it is not a function of a, it may be a function of T and
P. The choice of standard chemical potential is arbitrary, but is customarily chosen such
that a = 1. The concept of “thermodynamic activity” was introduced by Gilbert Newton
Lewis in 1907 [5]. At low concentrations, the activity of a solute is approximately equal to
its concentration.

8.4 The electrostatic potential

The Electrostatic Potential, ¢, of a particle at a point (x, y, z) is the amount of electrical
work (in units of joules) that was expended in transferring the particle to that point from
remote field-free vacuum, divided by its signed charge (in units of coulombs), at constant
temperature and pressure. The unit of electrostatic potential ¢ is therefore the joule per
coulomb, otherwise known as the volt. It is a scalar quantity. At a point (x,, y,, Z,) inside
the bulk of a metal conductor, the electrostatic potential is sometimes referred to as the
“Inner Electric Potential” or the “Galvani Potential”. The electrostatic potential is always a
single-valued function of location (x, y, z).

For ionic species the amount of electrical work (in units of joules) is therefore ze¢, where
the dimensionless integer z is the valence (charge number) of the ionic species, e is the
unit positive charge (+1.6021765 x 107 coulomb), and ¢ is the local electrostatic potential
(volts).

8.5 The electrochemical potential

The Electrochemical Potential, ji, of a (possibly) multiply-charged particle at a point (x, y, z)
is the combined work (chemical work plus electrical work, both measured in joules) that
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was expended in transferring the particle to that point from remote field-free vacuum, at
constant temperature and pressure:

_ def
i vz 59)

Here u is the chemical potential (joules), z is the valence (charge number) of the particle
(dimensionless), e is the unit positive charge (coulombs), and ¢ is the local electrostatic
potential (volts).

The electrochemical potential of a single particle is related to its thermodynamic activity
a by the equation:

A(T,P) = uy(T,P)+ kg T In(a) + zed. (8.10)

Here, T, P, and ji are all intensive functions of state. The constant u,(T, P) is called the
standard chemical potential, while z is the valence (charge number) of the particle (dimen-
sionless), e is the unit positive charge (coulombs), and ¢ is the local electrostatic potential
(volts). Edward Armand Guggenheim popularized the concept of “electrochemical poten-
tial” in 1929 [6]. He was motivated to do so by the realization that it was not possible to
remove the charge from an electron. There is no such thing as a “neutral electron”. Hence,
it is impossible to independently vary the charge and mass of a system of electrons. Accord-
ingly, the electrochemical potential is the best available parameter for describing such a
system.

Any particle will spontaneously move away from a point (x, y, z) if its electrochemical
potential i decreases as a result. The total rate of such particle movements can be quantified
macroscopically as a flux, which is defined as the net flow of matter per unit time through
a plane of unit area normal to the gradient of electrochemical potential. The totality of this
flux is called migration-diffusion.

Migration-diffusion is the motion of particles driven by a gradient of electrochemical
potential. The total migration-diffusion of material is described by the Nernst-Planck
equation.

At constant temperature and pressure the electrochemical potential ji of a single particle
is related to the derivative of the Gibbs energy of the system by the equation:

i(T,P) = <§> ) (8.11)
N ) rpgn,

Here T is the absolute temperature, P is the pressure, G is the Gibbs energy, and n is the
number of particles of type i. In plain English: the electrochemical potential is the Gibbs
energy per particle. Thus, the increase of Gibbs energy dG caused by an increase of particle
numbers dn; is:

dG =)’ jidn;. (8.12)
1

From this equation it is clear that the Gibbs energy is an extensive variable whereas the
electrochemical potential is an intensive variable.
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8.5.1 The molar electrochemical potential

The molar electrochemical potential, f, is the combined work [chemical work plus electri-
cal work, both measured in joules per mole] that was expended in transferring one mole
of (possibly) multiply-charged particles from remote field-free vacuum to the interior of a
uniform phase at constant temperature and pressure:

A= f+2zFg. (8.13)

Here f is the molar chemical potential (joules per mole), z is the valence (charge number)
of the particles (dimensionless), F is the Faraday constant (C mol~!) and ¢ is the local elec-
trostatic potential (volts).

Note. The mole, symbol mol, contains precisely 6.022 140 76 x 10% particles [7]. This
quantity is the Avogadro Constant, N, whose units are mol™.

8.5.2 The electrochemical potential of a single electron

The electrochemical potential of a single electron, ji,-, is the combined work [chemical
work plus electrical work, both measured in joules] needed to transfer a single electron to
the point (x, y, z) from remote field-free vacuum, at constant temperature and pressure:

fie = e — e, (8.14)

Here u,- is the chemical potential of the electron (joules), e is the unit positive charge
(coulombs), and ¢ is the local electrostatic potential (volts).

If the point (x, y, z) lies inside an uncharged piece of metal, and if the electron enters the
lowest unoccupied molecular orbital (LUMO) of the metal at one atmosphere pressure and
zero degrees kelvin, then the electrochemical potential of the added electron, ji.-, defines
the Fermi Energy, &, of the metal:

def
£ = fi, atlatmandOK| (8.15)

The units of Fermi energy are joules, although electron volts are also widely used:

1eV = 1.602 x 107" joules per electron. (8.16)

8.5.3 The Nernst equation

As noted above, the electrochemical potential of a single particle is related to its thermody-
namic activity a by the equation:

(T, P) = uy(T, P) + ks T In(a) + zedh. (8.17)

Now consider a redox reaction involving two particles, labelled Ox and Red. These could
be cations, for example. Also let us assume that both particles are able to exchange n elec-
trons with a metal electrode, in accordance with the reaction scheme:

Ox + ne” 2 Red. (8.18)
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Such a reaction may be thought of as one half of an electrolytic cell. At thermodynamic
equilibrium, the electrochemical potentials of the reactants and products are necessarily
equal:

def 11
floxy ¥ Nfie- = fireg at equilibrium. (8.19)

However, although this equation defines the equilibrium state, it fails to explain the
mechanism by which the particles and the electrons actually attain the equilibrium
state. The central difficulty is that Ox and Red are both confined to the solution phase,
whereas the electrons are confined to the metal phase, so classically they appear to
be non-communicating. However, this problem is resolved magnificently by quantum
mechanics, which allows the electrons to tunnel from the metal phase into individual
particles in solution (and vice versa). When this happens, the electrons take with them
the same electrochemical potential that they had in the metal phase. Indeed, this is the
quantum equivalent of the conservation of energy, and it allows Ox and Red to restore
their bulk concentrations (activities) after being subjected to small perturbations.

Expanding and rearranging the electrochemical potentials yields:

Hoox) T ke T 1In(a0,) + Zoxeoy
= Ho(red) — kgT In(@req) — Zred@Pred
= —nj, . (8.20)
Now, since the electrostatic potential is single-valued:
Pox = Prea = ¢ (8.21)

and since the electrochemical potential of each electron equals its Fermi energy &g, in the
metal:

fi, = & = —eEy (8.22)

we immediately deduce that:

a
(Ho(ox) = Hogreay) + kg T In < = > + ne¢ = neEy (8.23)

red
where Ey, is the potential (volts) of the exchangeable electrons in the electrode (i.e., the
Fermi Potential). In arriving at this result we have used the simplified notation:

Zox ~Zred = N (8.24)

and we have also made use of the elementary substitution:
7, =-1 (8.25)
Now defining a “standard” Fermi potential Egq, (volts) corresponding to the standard

activities a,, = a,.4 = 1 we obtain:

def H ~ Ho(red
Eg) = 2 X9 4. (8.26)
ne

Thus:

kg T a
E.=FEp, +— In| =% at equilibrium. 8.27
F = Fro + 2 ( g q (8.27)
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Or in molar quantities:

Ep = B, + I;—; In <§&> at equilibrium|. (8.28)

red

This is the celebrated Nernst equation. It relates the Fermi potential (on the vacuum
scale, in volts) of the electrons in a metal electrode to the thermodynamic activities of the
redox species in the adjoining solution. It has a long and colorful history, especially in the
era before quantum mechanics was developed [8].

Unfortunately, values of Er on the vacuum scale are difficult to measure. However,
values of E, with respect to other half-cells can be measured with ease. When two half-cells
are combined into a full cell, the difference between their Fermi potentials is called the
electrode potential. In the scientific literature, electrode potentials are often reported
with respect to an internationally-agreed standard, such as the standard hydrogen
half-cell (g.v.)

8.5.4 Fermi-Dirac distribution function

Particles fall into two classes, fermions and bosons. Electrons are fermions. This means that
they obey the Pauli Exclusion Principle, and no two of them can occupy the same quantum
state.

At temperatures above absolute zero, the distribution of electron energies inside a bulk
piece of metal is thermally broadened. This broadening is described by the Fermi-Dirac
distribution function. For fermions it takes the form

1
P(&) = — ,
exp(€ — i, )/kyT) +1
where £ is the energy of one particular quantum state and P(£) is the probability that the
state is occupied. Summing over all possible quantum states, the total number of electrons is

_[" pE)
- /0 exp((€ — fie-)/kyT) + 1 dé, (8.30)

where p(€) is the density of electronic states. For a constant value of N it is clear from
this equation that the electrochemical potential is a function of temperature. The Fermi
energy is not.

Experimentally, it turns out that the dependence of the electrochemical potential ji, on
temperature is weak at room temperature, which explains why many authors feel justified
in replacing ji, in the Fermi-Dirac distribution function with its value at absolute zero,
namely the Fermi energy, £¢. The error introduced by this approximation is often said to
be slight (less than 0.1 eV at room temperature), but it is clearly not negligible.

Before the introduction of Fermi-Dirac statistics, it was a major puzzle why electrons in
metals had different energies. The puzzle was solved (on the basis of Pauli Exclusion) by
Enrico Fermi [9] and Paul Dirac [10] in 1926. Today, we know that only a small fraction of
a metal’s electrons are thermally excited at room temperature, due to the particular form of
the Fermi-Dirac distribution.

The electrons that are thermally excited inside a piece of metal exhibit a surprisingly
narrow range of energies around the Fermi energy £, of the order k;T. The rest of the

(8.29)
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electrons below the Fermi energy are inert unless they are presented with empty states to
tunnel into.

8.5.5 The molar electrochemical potential of an electron

The molar electrochemical potential of an electron, f,-, is defined as the combined work
(chemical work plus electrical work, both measured in joules per mole) needed to transfer
one mole of electrons to the interior of a uniform phase from remote field-free vacuum, at
constant temperature and pressure [11]:

fi, =i, —Fg. (8.31)

Here ji.- is the molar chemical potential of the electron (joules), F is the Faraday constant
(C/mol), and ¢ is the local electrostatic potential (volts).

If the uniform phase is a metal, and the electrons enter the lowest unoccupied molecular
orbitals at 0 K, then the molar electrochemical potential of the electrons, /-, defines the
molar Fermi energy, ., of the metal:

& = e (8.32)

8.5.6 Parsing the electrochemical potential. (I) Metal in a vacuum

In some special circumstances it is possible to separate the electrochemical potential into its
constituent parts (namely the chemical potential and the electrostatic potential). This is pos-
sible, for example, near the surface of a piece of metal in a vacuum. To see how this works,
consider a test electron that is gradually transported from the remote field-free vacuum to
a point (X, ¥,, Z,) deep inside the metal.

In the absence of physical matter, no chemical interactions can exist. Therefore, for as
long as the test electron remains in empty space, its chemical potential is zero:

Y = 0. (8.33)

By contrast, the electrostatic potential penetrates the whole of space. This means that
every measurement of the total electrochemical potential i, of a stationary electron at a
random point (x, y, z) inside a vacuum is ipso facto a measurement of the local electrostatic
potential ¢ at the same point:

ji.. = —e¢ (invacuum). (8.34)

As the test electron continues its progress towards the metal surface, however, it eventu-
ally reaches a point (x;, y;, z;) where it makes first contact with the frontier orbitals of the
metal surface. This typically occurs at a distance of ~3.00 nm. At this point of first surface
contact the total electrochemical potential i, is defined as the surface electrochemical
potential ji_. Thus:

_ def _g
fo-(0,¥1.21) = f-(x,1,%,) (atfirst surface contact). (8.35)
Implying:

fS-(x),9,,2,) = —e¢p, (at first surface contact). (8.36)
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The electrostatic potential ¢, at the point of first surface contact (x;, y;, z;) is called the
outer potential of the metal. Its units are volts.

As the test electron finally crosses the interface and reaches the point (x,, y,, z,) inside
the bulk of the metal it is stabilized by both electrical and chemical forces. As a result, its
electrochemical potential drops precipitously from —e¢, to the Fermi energy &. The work
required to escape this situation and return the electron back to the point of first surface
contact (x;, y;, z;) is called the surface work function:

WSl = ﬂe—(xlayl» Zl) - ﬂe-(xmyo’ ZO) (837)

[ws, = —edy — Ex| (8.38)

Experimentally, the magnitude of the Fermi energy & is constant everywhere inside the
bulk metal because no gradient of electrochemical potential can exist there at equilibrium.
But the magnitude of the outer potential ¢, is problematic. It depends sensitively on many
hard-to-control factors, such as crystal orientation, alloy composition, surface films, etc.
This makes accurate measurements of surface work functions a difficult task. Relative mea-
surements are less demanding, however, and can often be made by Scanning Kelvin Probe
Microscopy (g.v.)

8.5.7 The Volta potential difference

The Volta potential difference between two pieces of metal in a vacuum is defined as
the difference in electrostatic potential between the point of first contact (x;, y;, z;) at the
surface of metal M1 and the point of first contact (x,, y,, z,) at the surface of metal M2:

def
A¢y, = ¢, — b, (Atfirstsurface contact). (8.39)

For obvious reasons, the Volta potential difference is commonly called the “contact poten-
tial difference”.

In practical measurements of Volta potential difference, two dissimilar metals are brought
together just beyond the electron tunneling distance (>6.00 nm) and allowed to equilibrate.
During this process, the as-formed capacitor charges spontaneously until the electrochem-
ical potentials (ji,-) are the same on both metal plates. As we would expect, the net flow of
electrons is away from the metal with the higher electrochemical potential and towards the
metal with the lower electrochemical potential. The increment of charge (AQ,,) that builds
up during the equilibration process is determined by the product of the mutual capacitance
(C,,) of the metal surfaces and the Volta potential difference (A¢,,) between them. Thus:

AQy, = Cpy X Agy,. (8.40)

In practice the increment of charge involves a miniscule fraction of the total number of
electrons inside both metals, so there is no significant change in the population of charge
carriers. But the Volta potential difference can reach several hundred millivolts, which is a
problem in precise measurements of voltage. The easiest way to eliminate this problem is
to ensure that both terminals of any measuring device have the same alloy composition.
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We should also mention that, despite their similar sounding names, voltmeters do not
measure Volta potentials. In fact voltmeters measure the electromotive force (emf, volts)
of the system to which they are attached:

emf = ——. (8.41)

Here Aji.- is the difference between the electrochemical potentials (joules) of the
electrons in the two terminals of the measuring device, and e is the unit positive charge
(coulombs). In electrical engineering, the term “motive force” is applied very loosely to
any energy difference that causes particles to move.

8.5.8 Scanning Kelvin Probe Microscopy

Scanning Kelvin Probe Microscopy is a laboratory technique that is able to measure the
difference in surface work function between two metals with high accuracy. One metal is
formed into a sharp tip and the other is formed into a flat surface. The technique works
by bringing the sharp tip very near to the flat surface, such that the points of first contact
physically coincide.

The surface work function of the sharp metal tip (1) on the vacuum scale is:

wg, = —ep; — Eg;. (8.42)

And the surface work function of the flat metal surface (2) on the vacuum scale is:

Wg, = —e, — E,. (8.43)
The difference between them is therefore:
Wi — Wg, = —e(py — ¢,) = (Epy — Epy)- (8.44)

Here, (¢, — ¢,) is the Volta potential difference and (g — &p,) is the Fermi energy
difference. As noted earlier, the Volta potential difference between two pieces of metal is
just the difference in electrostatic potential between the point of first contact (x;, y;, z;) at
the surface of metal M1 and the point of first contact (x,, y,, z,) at the surface of metal M2.
If these points physically coincide, then

(1, ¥1. 1) = (x5, ¥,, %) at coincident contact. (8.45)
And therefore:
def ..
(¢, — ¢,) = 0 atcoincident contact. (8.46)
Hence
Wg, — Wy, = —(Ep — Epy)  at coincident contact. (8.47)

This is very elegant. At the point of coincident contact, the difference between the surface
work functions of the metals (1) and (2) is just the negative of the difference between their
Fermi energies (i.e., their externally measured emf).

In an alternative approach, the two pieces of metal may be connected by a short circuit
and allowed to come to equilibrium. In that case

£
(Epp — €r) o at thermodynamic equilibrium. (8.48)
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And therefore:
wg; — Wg, = —e(¢p; — ¢,) at thermodynamic equilibrium. (8.49)

In this case the difference between the surface work functions of the metals (1) and (2)
manifests as a Volta potential difference.

8.5.9 The membrane potential

The membrane potential is synonymous with the membrane emf. The membrane emf
(volts) is defined as
def Afl-

emf = — (8.50)

where Aji. is the electrochemical potential difference between a test electron on one side
of the membrane and a test electron on the other side of the membrane, and e is the unit
positive charge (coulombs). The emf is composed of two terms:

Ap,-
—e

emf = + Ag. (8.51)

Here Ay, is the difference in chemical potential (joules) between opposite sides of the
membrane, and A¢ is the difference in electrostatic potential (volts) between opposite sides
of the membrane. Electrochemical membrane potentials are readily measured by insert-
ing matched reference half-cells on either side of the membrane and measuring the emf
between them. However, electrostatic membrane potentials are much more elusive. They
must generally be derived by extrapolation from molecular dynamics simulations or diffuse
double layer theory. To summarize: the membrane potential is not the difference in electric
potential between the interior and the exterior of a biological cell. The membrane potential
is the difference in electrochemical potential (joules) divided by —e (coulombs).

8.5.10 The electrochemical potential of a single proton

The electrochemical potential of a single proton, fiy+, is the combined work [chemical work
plus electrical work, both measured in joules] needed to transfer a single proton to the point
(x,y, z) from remote field-free vacuum, at constant temperature and pressure:

Py = py + e (8.52)

Here py+ is the chemical potential of the proton (joules), e is the unit positive charge
(coulombs), and ¢ is the local electrostatic potential (volts). Alternatively, we can expand
this equation into the form:

figg+ (T, P) = (T, P) + kT In(a) + egb. (8.53)

Here, T, P, and jiy+ are all intensive functions of state. The constant /‘Ep is the standard
chemical potential, k; is the Boltzmann constant, a is the thermodynamic activity of the
proton (dimensionless), e is the unit positive charge (coulombs), and ¢ is the local electro-
static potential (volts).
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8.5.11 The proton motive force

We can use the above results to derive the proton motive force (pmf) acting between two
points in solution. As already shown, the electrochemical potential of a single proton at an
arbitrary location (x,, y;, z;) is:

figg (T P) = (T, P) + kT In(a,) + edp,. (8.54)

Similarly, the electrochemical potential of a single proton at an arbitrary location
(%3, Y2, 25) is:

fige (T, P) = 4. (T, P) + kT In(a,) + eb,. (8.55)

Subtracting the former from the latter yields:

Afig+(T,P) = kgT In (Z—j) +e(p, — Py). (8.56)
Now, since the proton motive force (volts) is defined as
et Aty (8.57)
we immediately obtain:
[pmf= A — ZApH]. (8.58)
In this equation, the composite constant Z is defined as
7z & kBTT In(10) (8.59)
and the pH of solution is given by the formula
pH = —log,,(a) (8.60)
where:
a=y (Cg) ) . (8.61)

Here a is the proton activity (dimensionless), y is the activity coefficient (also dimen-
sionless, and close to unity in dilute solutions), cy+ is the local concentration of protons
(mol dm™3) and ¢, is a universal constant known as the “standard amount concentration”
of protons (1 mol dm~3).

In the above derivation, A¢ is the electrostatic potential difference (measured in volts)
between the two arbitrary locations, and ApH is the proton concentration difference (mea-
sured in units of pH) between the same two locations.

The above result for pmf with A¢ replaced by Ay (the electrostatic component of the
membrane potential), was Eq. (1) in Peter Mitchell’s famous 1978 Nobel Prize lecture [12],
in which he summarized his discovery that the proton motive force was the principal factor
driving the mixed migration/diffusion of protons across certain biological membranes, such
as the thylakoid membranes in chloroplasts.
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8.5.12 The standard hydrogen half-cell

A hydrogen half-cell consists of an acid solution surrounding a platinized platinum
electrode upon which two electrochemical reactions are proceeding in opposite directions.
These reactions are the reduction of H* ions and the oxidation of H, molecules. At
equilibrium, the platinized platinum adopts an electrode potential such that the rates of
the oxidation and reduction reactions come into perfect balance. Thus, to the human eye,
nothing visible seems to be happening. However, at the molecular level, the rates of both
the forward reaction and the backward reaction are proceeding vigorously.

The stability of the half-cell potential is determined by the rates of the interfacial reactions
(the faster the better) and by the surface area of the electrode (the larger the better). The
need for stability explains why hydrogen half-cell electrodes are commonly “platinized” i.e.,
coated with high-surface-area platinum black. This treatment increases their surface area
by a factor of ~25. (Much larger factors are actually possible but the resulting coatings lack
adhesion.) The need for a high surface area also explains why it is difficult to miniaturize
reference half-cells.

Surprisingly, there is no standard recipe for the deposition of platinum black. Many depo-
sition solutions have been tried in the literature, with mixed success. In our laboratories we
use 2% w/w chloroplatinic acid (H,PtCl,) in 2M HCI (aq).

On another practical point, the internal resistance of a fully-assembled reference half-cell
should be made as small as possible, to avoid near-field interference by the alternating
mains supply. Commercial reference electrodes, which are designed for use in pH meters,
often contain very high-resistance glass frits [porous membranes] which are prone to
near-field interference. These need to be avoided in high quality measurements of electrode
kinetics.

Strictly speaking, the standard hydrogen half-cell (commonly, but erroneously,
referred to as the “the standard hydrogen electrode” or “S.H.E.”) should contain unit
activity of H* ions. However, since single ion activities are difficult to measure with
accuracy, electrode kineticists generally “cheat” and use 1.0M H*(aq) solutions instead.
The error introduced by this procedure is thought to be small.

The equilibrium properties of the standard hydrogen half-cell are determined by the
dynamic equilibrium:

2H*(aq) + 2e~ = H,(g) + 2H,0 (8.62)

for which the corresponding Nernst equation is:

A+ )?
E=E0+lﬂw1n£

: (8.63)
2F  ay,ayo

Here E is the equilibrium potential of the half-cell, R is the universal gas constant, T is the
absolute temperature, F is the Faraday constant, ay- is the activity of hydrogen ions, ay_is
the activity of hydrogen gas, and ay , is the activity of water. Under “standard” conditions,
namely unit activity of all components at 298.15 K and 1 bar pressure, the standard equi-
librium potential E,, is defined as zero on the standard hydrogen scale, and this potential
corresponds (roughly) to +4.44 V on the vacuum scale [13] (Fig. 8.2). Despite decades of
effort, the value of the latter is still not known with accuracy.
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Figure 8.2 Two scales of potential (volts). Adapted STANDARD VACUUM
from Trasatti [13]. HYDROGEN SCALE
SCALE (VOLTS) (VOLTS)
444 —— 0
NAKED
ELECTRON
— +1
HYDRATED
- —— +1.54
ELECTRON 2907+
— +2
-2
— +3
-1 —
— +4
STANDARD
HYDROGEN 00—+ +4.44
HALF-CELL
— +5
STANDARD +1-
OXYGEN +1.23 —— +5.67

HALF-CELL — +6

8.5.13 The hydrated electron

The interaction of ionizing radiation with liquid water generates a number of highly reactive
species, and the most important of these is the hydrated electron. Since its identification by
Hartand Boagin 1962 [14, 15], the hydrated electron has fascinated chemists and physicists.
When a free electron is added to water, it localizes in a cavity (electrostatic potential well)
between two water molecules within less than 1 ps. There it forms two slightly asymmetric
H-bonds with neighboring water molecules, which stabilize it for about 1ms. During its
brief lifetime it exists in an s-like (near-spherical) ground state. Very rapidly, however, it
decomposes by reaction with a proton or a water molecule to yield a hydrogen atom.
The standard potential of the reaction

e~ (vac) + H,0(aq) = e™(aq) (8.64)

is —2.90 V vs. S.H.E. [16, 17]. Accordingly, hydrated electrons are not stable in the conven-
tional range of electrode potentials (+2.50 V vs. S.H.E.). This means that they can be ruled
out as reactants or products in conventional electrochemical reactions.

The Gibbs Energy of Hydration of the electron is —148.6 kJ/mol. This value was derived
by means of electronic structure calculations [18]. It is identical to the value calculated from
the standard potentials of the hydrated electron and the remote field-free vacuum. Based
on a Born-Haber cycle and data from photo-emission threshold experiments, the enthalpy
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of hydration of the solvated electron in water has also been calculated, and found to be
-166 kJ/mol [19].
Compiling the above data we have for the hydrated electron:

AG,4 = —148.6 kI mol ™' (8.65)

AHy 4 = —-166.0 kJmol ™. (8.66)

Therefore, since

AG = AH — TAS (8.67)
we obtain:
ASpyq = —58.4JK 'mol ™ (8.68)

at 298.15 K. Based on the hypothesis [20] that —28 ] K-'mol~! is the entropy loss per immo-
bilized water molecule in the solvation shell of a hydrated ion at 298.15 K, we immediately
deduce that the hydration number of the hydrated electron is 58.4/28 = 2.1, in agreement
with the quantum simulation studies of Schnitker and Rossky [21].

Further confirmation of the hydration number of 2 of the hydrated electron is provided by
an OH stretch in the Raman spectrum, which shows clear evidence of hydrogen bonding
between solvated electrons and nearby water molecules [22]. Also, the molecular simu-
lation work of Zhan and Dixon has identified a hydration number of two as having the
minimum energy configuration around the hydrated electron [23].

8.5.14 The hydrogen atom H*

The hydrogen atom (radical) is the conjugate acid of e (aq) and is also a major decomposi-
tion product of e"(aq) in aqueous solution:

e (aq) + H*(aq) = H*(aq). (8.69)

The standard potential of H*(aq) (-2.32V vs S.H.E.) is considerably less negative than
the standard potential of e"(aq) (-2.90V vs S.H.E.), so the hydrogen atom is the more sta-
ble species [24]. Unfortunately, the hydrogen atom H*(aq) absorbs radiation only weakly
(in the ultraviolet) and so it is almost invisible spectrophotometrically. However, it can be
observed by Electron Paramagnetic Resonance (EPR) spectroscopy due to its electron spin
of one-half. By contrast, H*(aq) and H™(aq) have spin-zero.

8.5.15 Parsing the electrochemical potential. (Il) The co-sphere

The electrochemical potential, fiy-, of a single ion (including its charge-balancing ionic
atmosphere) in an electrolyte solution, consists of two separate work terms: (i) the chemical
work needed to transfer the ion (complete with its ionic atmosphere) from remote field-free
vacuum to the interior of the solution, and (ii) the electrical work needed to assemble charge
fluctuations from remote field-free vacuum onto the ionic atmosphere. The parsing of the
electrochemical potential in this way presupposes the existence of a single long-lived neu-
tral species (the ion plus ionic atmosphere) and a number of short-lived charge fluctuations
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that perturb it. This combination of ion and ionic atmosphere has variously been called a
“co-sphere” [25], a “Debye sphere” [26], or a “supermolecule” [27]. Here we adopt the name
“co-sphere” as having historical priority. The identities of the species that are responsible
for the charge fluctuations inside the co-sphere have not been identified with certainty, but
doubtless consist of co-ions, counter ions, solvent dipoles, and various multipolar species
that exist in electrolyte solutions. However, in concentrated electrolyte solutions it is most
likely that the co-ions and counter ions are dominant [20].

A direct consequence of the above parsing is that the electrochemical potential of an ion
and its co-sphere in an electrolyte solution is a parabolic function of its net charge fluctua-
tions:

(xQ)?
2C
where jiy+ is the electrochemical potential of the (ion + co-sphere) measured in joules,
uy= is the chemical potential of the (ion + co-sphere) also measured in joules, C is
the capacitance of the (ion + co-sphere) measured in farads, and +Q is the net size of
positive-or-negative charge fluctuations that perturb the co-sphere (coulombs). This
equation is the basic building block of the Fletcher theory of electron transfer [27], in

which Q plays the role of reaction co-ordinate.
As noted earlier, the Gibbs energy of a system of particles can be obtained simply by
summing the electrochemical potentials of individual particles:

ﬁMn+ = Hpp+ + s (870)

i=n
dG = Z fdn,. (8.71)
i=1

Thus, it is not difficult to construct Gibbs energy diagrams for ions and their co-spheres.
In the case of electron transfer from an electrode into a solution species, the electrochemical
potential of the reactants is:

fipgs + flo-- (8.72)
While the electrochemical potential of the product is:
Hypo-v+. (8.73)

8.5.16 Electron transfer (general introduction)

All electron transfer reactions are tunneling reactions. And all tunneling reactions obey
the principle of conservation of energy. Thus, electrons may only travel horizontally on
diagrams of Gibbs energy versus reaction co-ordinate. Accordingly, electron transfer is per-
mitted only if the reactants and products have the same electrochemical potential (Gibbs
energy).

A crude mental picture is that of “the two elevators”. Imagine a multi-storey hotel having
two elevators which we label A and B. The elevators move up and down at random between
floors, but are on opposite sides of a foyer. A person in elevator A cannot exit the elevator,
cross the foyer, and enter elevator B unless both elevators are on the same floor. So it is
with electron transfer. Two nearby molecules must wait for random charge fluctuations to
equalize their energies. Only then can electron transfer happen. The whole system behaves
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as a coincidence detector. Even though the elementary act of electron transfer is potentially
very fast, it is necessary to wait for a comparatively long time for the random fluctuations
of charge to bring A and B into energy alignment. This is why electron transfer is widely
referred to as a “mixed” quantum-classical system. It is fundamentally a quantum tunneling
effect, but one which is delayed by the necessary wait for classical charge fluctuations to
equalize the energies of the reactants and products. Adding further complication, there is
no guarantee that an electron will actually tunnel from A to B even when the energies are
equalized. It takes time for an electron’s wave function to build up on B, and the “elevator”
may depart before the electron transfer is completed.

8.5.17 Johnson-Nyquist noise

Over the past century, many types of electrical noise have been identified in physical sys-
tems, including thermal noise, shot noise, flicker noise, and burst noise. However, only
thermal noise is present at thermodynamic equilibrium.

In 1928, John Bertrand Johnson [28] and Harry Nyquist [29] showed that thermal noise
in electrical circuits had a universal origin. It appeared whenever a complete circuit was
formed between a reactance (a capacitance or an inductance) and a conductance. The prin-
cipal manifestation of the noise was a spontaneous fluctuation of electric charge on the
circuit nodes.

According to statistical thermodynamics, every reactance/conductance combination con-
stitutes a degree of freedom of a system, and therefore (by the equipartition principle) stores
kg T/2 of energy on time-average. As a result, the mean square voltage across the terminals
of a capacitor is k; T/C and the average stored energy is (Q?)/2C.

In 2007, Stephen Fletcher [27] proposed that Johnson-Nyquist noise was the trigger for
electron transfer, not Marcus—Pekar noise which had previously been widely accepted. The
latter requires non-equilibrium fluctuations of the dielectric polarization of the medium
[4, 30, 31], something that is very unlikely to occur in close-to-equilibrium systems.

8.5.18 The Molar Gibbs reorganization energy

In the theory of electron transfer, the molar Gibbs reorganization energy A, is the parameter
that sets the energy scale for the problem. Stated formally, the molar Gibbs reorganization
energy is the total amount of work required to convert the ionic atmosphere of the reactant
species into the ionic atmosphere of the product species, while keeping the charge constant
on the central ion. According to Marcus theory, this work equals the energy required to
de-solvate the reactant. Thus, according to the Marcus theory, the molar Gibbs reorganiza-
tion energy is just the negative of the molar Gibbs energy of solvation [32, 33].

Unfortunately, careful measurements of the molar Gibbs energies of solvation of uni-
valent cations in water yield values in the range 250-475 kJ mol~! [34], and these values
far exceed the energies attainable by thermodynamic fluctuations, which are of the order
kg T/2 per particle, or 1.24 kJ mol~! at 298 K. (The discrepancy is even worse for divalent
and trivalent ions.) Thus, the Marcus theory presupposes the functioning of a degree of
freedom which is actually “frozen out” at room temperature.
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To overcome this difficulty, Fletcher has proposed an alternative model that requires less
energy. He has suggested that the reorganization energy is actually the work required to
assemble a unit positive charge on the co-sphere of an acceptor. Since the co-sphere is much
larger than the ion at its center, less work is needed to charge it. Indeed, depending on the
ionic strength of solution, Fletcher’s reorganization energy is only a fraction of that required
by the Marcus theory.

For non-interacting overlap of the molar Gibbs energy curves (the non-adiabatic case)
the activation energy A@;“n for electron transfer is related to the molar Gibbs reorganization
energy A, by the parabolic equation:
A~ (A, +AG )

AG;,

8.74
n=t (8.74)

m

where A@fn is the molar Gibbs activation energy (kJ mol™!), A@?n is the difference in
molar Gibbs energy between the reactant and product (kJ mol~!), and A, is the molar
Gibbs reorganization energy (kJ mol=1).

8.5.19 The reaction co-ordinate

At thermodynamic equilibrium, the motions of particles (electrons, molecules) do not stop.
Fluctuations persist in all the extensive parameters of a system’s degrees of freedom. As a
result of these fluctuations, the local Gibbs energy fluctuates too. As a way of simplifying
this complex situation, a single reaction co-ordinate is commonly defined as the mini-
mum energy pathway (path of shallowest ascent/steepest descent) through the manifold of
all possible Gibbs energy curves that are generated by all possible fluctuations. The maxi-
mum energy along this pathway then defines the Gibbs energy of activation.

In general chemistry, reaction co-ordinates typically consist of bond angles, bond lengths,
or partial electrical charges, or some linear combination thereof. In the case of outer-sphere
electron transfer, however, the reaction co-ordinate consists solely of electrical charge.

For non-concerted reactions, beginning at thermodynamic equilibrium and ending at
thermodynamic equilibrium, the reaction co-ordinate is the extensive variable of the sin-
gle degree of freedom that takes the system to its transition state. Thus, in the case of
outer-sphere electron transfer, the correct reaction co-ordinate is the net charge fluctuation
Q on the co-sphere of the acceptor.

For concerted reactions, more complex co-ordinates are needed. These are widely
referred to as “collective variables” or “order parameters” and they appear regularly in the
literature on enzyme kinetics and phase transformations. They typically involve weighted
sums of translational and rotational variables. However, complex co-ordinates of this type
are not appropriate for outer-sphere electron transfer reactions, since bond-making and
bond-breaking are absent.

8.5.20 The vertical energy gap

By parsing the electrochemical potential into chemical and electrical terms one finds that
the reaction co-ordinate appropriate to outer-sphere electron transfer is the net charge fluc-
tuation Q on the acceptor [20]. Accordingly, the Gibbs energy curves of ions in solution are
quadratic functions of this charge.
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The vertical energy gap is the name given to the difference between two Gibbs energy
curves having the same configuration of ionic atmosphere but different unitary charges on
their central ions. This parameter was introduced by Warshel in 1982 and has subsequently
been adopted by many molecular simulators as a proxy for the reaction co-ordinate [35]. It
was also endorsed by Marcus in 2000 as equivalent to his own reaction co-ordinate [33]. Let
us therefore connect it with the present work.

We consider the Gibbs energy curves of reactants and products as a function of the reac-
tion co-ordinate Q. Let us label these G, and G,. Since the fluctuations of Q constitute
quadratic degree of freedom of the system, we can write:

_Q-ay

G, = 2C. +b (8.75)
_Q-¢p

G, = 2, +d, (8.76)

where a, b, c and d are constants. For independent Gibbs energy curves (i.e., non-adiabatic
kinetics) the energy gap is simply the geometric difference:

1 1 2 c a a? c?
G -Gy=|=—=—-— +(=-=)Q+(==-—=+b-d). 8.77
co(mmm)os(G-a)orlig-mr-e) o
It is immediately apparent that this function is not a linear transformation of the true
reaction co-ordinate Q. There is a term in Q? which is always finite unless:

11 )\oo (8.78)
2C, _ 20,

Accordingly, we deduce that the vertical energy gap G, — G, is not, in general, a reaction
co-ordinate of the system. It only behaves as such if the Gibbs energy curves of reactants
and products have the same curvature. Although this situation can be contrived in some
special cases (such as self-exchange reactions in solution) it is unlikely to occur by chance
in open systems. Thus, the use of the vertical energy gap as a reaction co-ordinate is unsafe.
A better strategy is to estimate Q directly.

Reaching a consensus on the identification of the reaction co-ordinate for electron trans-
fer continues to be difficult. Even today, the IUPAC “Gold Book” wrongly defines a reaction
co-ordinate as a “geometric parameter” [36]. There is also a tendency among molecular sim-
ulators to label all reaction co-ordinates as g, leading to unnecessary confusion between
Cartesian distance and electrical charge. And even leading experts have made some very
dubious choices. Tibor Erdey-Gruz and Max Volmer believed that the reaction co-ordinate
was the fractional distance across the double layer [37]. Noel Hush thought that the reaction
co-ordinate was the extent of partial electron transfer between reactants and products [38],
and Rudolph Marcus has consistently maintained that the reaction coordinate is derivable
from a multidimensional set of Cartesian co-ordinates [33, 39]. In fact, none of these view-
points is in full accordance with reality. As noted above, the correct reaction co-ordinate for
outer-sphere electron transfer is the net charge Q on the ionic atmosphere of the acceptor,
created by equilibrium noise.
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8.5.21 Permittivity of solutions

The absolute permittivity of a physical substance is the total capacitance between the faces
of a unit cube of that substance at constant temperature and pressure. Its units are farads
per meter, F m~!. The relative permittivity is the ratio of the absolute permittivity to that of
empty space. Thus:

£, = €/€g, (8.79)

where ¢, is the relative permittivity (dielectric constant), ¢ is the absolute permittivity of the
physical substance (F m™) and ¢, is the permittivity of empty space (8.854 x 10712 Fm™1).
Solvents that have high relative permittivities (¢, > 15) are called polar solvents.

Because ¢, is the lowest possible permittivity we immediately deduce that:

e > 1. (8.80)

Experimentally, it is commonly observed that the relative permittivities of physical sub-
stances are frequency-dependent. This is because the atomic nuclei of molecules have such
a large inertia that they cannot respond rapidly to high frequency perturbations.

8.6 Electrolytes and non-electrolytes

Solutions can be classified into two types: electrolyte solutions and non-electrolyte solu-
tions. Electrolytes are soluble compounds that supply charge carriers for conduction. They
do this by dissociating into mobile charged species (anions and cations). An example of an
electrolyte solution is common salt dissolved in water:

NaCl = Na*(aq) + Cl (aq). (8.81)

By contrast, non-electrolytes are soluble compounds that do not supply charge carriers
for conduction. They are unable to dissociate into mobile charged species.

Based only on this brief comparison, it might be thought that electrolyte solutions carry
electrical current while non-electrolyte solutions do not. However, non-electrolyte solu-
tions can also carry electric current if the conditions are right.

Suppose the non-electrolyte solution contains dipolar molecules. These may be from the
non-electrolyte or from the solvent itself. In either case, the dipolar molecules have a net
charge of zero and a small internal separation of polarity (i.e., they possess a finite dipole
moment). When an external voltage is applied across a solution of these species, the dipolar
molecules fail to sustain a conduction current due to their overall electro-neutrality. But
they nevertheless tend to align with the direction of the applied electric field, a phenomenon
which manifests externally as a displacement current. In effect, many microscopic dis-
placements of charge add up to one macroscopic displacement of charge. By means of this
mechanism, electric currents can transiently circulate through non-electrolyte solutions
despite the absence of ions. A similar phenomenon is observed in solid-state dielectrics.

The theory of displacement currents was first developed by James Clerk Maxwell [40]
in the mid-nineteenth century. Maxwell added displacement current to the conduction
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current of charge carriers in Ampere’s Circuit Law. This allowed him to “save” the definition
of electric current as a rate of flow of charge in a complete circuit. (For Maxwell, as for us,
simply moving an electric charge from point A to point B does not constitute a current.
A complete circuit is required.) The size of the displacement current passing between the
plates of a capacitor is equal to the size of the conduction current in the wires leading up to
the capacitor (Kirchhoff’s Current Law).

The behavior of dipolar molecules inside non-electrolyte solutions was the subject
of a classical study by Peter Debye, who identified the phenomenon now known as
Debye relaxation [41]. Debye showed that the complex permittivity e(w) has the
frequency-dependent form

€

ew)=¢ + (8.82)

1+ jor’
where w is the angular frequency, €, is the high-frequency permittivity (F m™'), and
(&, +&,) is the low-frequency permittivity (F m~!). The parameter 7 is the Debye relaxation
time, here assumed to be the same for all dipoles. (In a more rigorous model, each dipole
would have its own relaxation time, depending on its local environment.) Expressed as
relative permittivities, it is found for water that

£, ~ 54 (8.83)

(e, +€&,) =784 (8.84)
and

T~ 8.3ps (8.85)

at 298.14 K. Although the relaxation process at 8.3 ps dominates the dielectric spectrum,
there still remain some disagreements about its mechanism. However, molecular dynamics
simulations generally ascribe this process to the re-orientation of water molecules embed-
ded in a local cluster of hydrogen bonds [42].

Because the capacitance C = €A/d, the Debye equation may also be written

G,
C =C, + ————— 8.86
(@) L] + jwR,C, ( )

where:

R,C, =1, (8.87)

This model corresponds exactly to the equivalent circuit shown in Fig. 8.3.

C Figure 8.3 Equivalent circuit of a non-electrolyte solution.
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8.6 Electrolytes and non-electrolytes

8.6.1 Equivalent circuit of a non-electrolyte solution

Here the C; branch of the circuit is a model for the polarization of electron clouds (plus
the polarization of empty space), while the R,C, branch of the circuit is a model for the
polarization of solvent dipoles. Since R,C, is approximately 8.3 ps in water, it follows that
the solvent dipoles can oscillate in synchrony with the applied electric field at all angular
frequencies from zero hertz to 1 GHz.

In the theory of electron transfer, a key parameter is the amount of work (wyg) needed
to create charge fluctuations of magnitude +Q or —Q in the non-electrolyte (NE) solution,
starting from a state of electro-neutrality. Unlike the permanent charges on ions, transient
charges are not supplied externally from the remote field-free vacuum, but instead arise
internally from the ionization of neutral species within the solution itself. In other words,
the charge fluctuations are caused by Johnson-Nyquist noise. Figure 8.3 illustrates the
fact that the noise current has only one route through the system, which is the closed circuit
formed by R,, C,, and C,. Thus, with regard to Johnson-Nyquist noise, the capacitors C,
and C, act in series, and the total capacitance seen by the resistor R, is:

-1
11
Cr=(=+=) . 8.88
B (Cl CZ) ( )

As always when capacitors are connected in series, the total capacitance is smaller than
any individual capacitance. However, in the case that C, > C, (as in water) we have:

Cp~C,. (8.89)
In this case we find that the work wy needed to create a charge fluctuation of magnitude
+Q or —Q in the non-electrolyte (NE) solution is:
2

1

8.6.2 Equivalent circuit of an electrolyte solution

The equivalent circuit of an electrolyte solution is shown in Fig. 8.4. It is the same as the
equivalent circuit of a non-electrolyte solution, except that an additional branch of resis-
tance R, (ohms) is included to account for electrolyte conduction. Equivalent circuits of
this type are widely used in the field of dielectric spectroscopy [43].

Figure 8.4 Equivalent circuit of an electrolyte solution. Cy
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The complex permittivity e(w) as a function of angular frequency o is

.+ 2, (8.91)
1+jor  jo

g(w)=¢; +

where ¢, is the high-frequency permittivity (F m™'), and (e, +¢,) is the low-frequency
permittivity (F m™!), the parameter t is the relaxation time, and ¢ is the conductivity of
the third branch in siemens per meter (S/m). Or, in terms of capacitance,
c
:_ L
1+jotr  joR,

Clw)=C, + (8.92)

where R, is the resistance of the third branch in ohms (Q).

As in the case of non-electrolyte (NE) solutions, a key parameter in electrolyte (E) solu-
tions is the amount of work needed to create a charge fluctuation of magnitude +Q or -Q,
starting from an initial state of electro-neutrality. As in the non-electrolyte case, the charge
fluctuations arise spontaneously from Johnson-Nyquist noise. However, this time, there
are two resistances instead of one.

The capacitors C; and C, behave additively at all angular frequencies below 1 GHz. As
a result, the noise current is constrained to flow through the resistance R; and into the
parallel combination of capacitors C; and C,. Thus, as regards Johnson-Nyquist noise,
the total capacitance seen by the resistor R; is

Cr ~ (C, +Cy) (8.93)

and hence the work (wy) needed to create a charge fluctuation of magnitude +Q or —Q in
the electrolyte (E) solution is:

QZ

Wg R —————. 8.94
BT 20, +Cy) (8:94)
Finally, comparison of wy with wy shows that
€
Wp R W . 8.95
S (5 1T & > ®99

Evidently, it requires less work to form a charge fluctuation in an electrolyte solution than
it does in a non-electrolyte solution.

8.6.3 Probability of an electron jump

In order for an elementary act of electron transfer to occur with finite probability there
must be some overlap between the frontier molecular orbitals of the two species concerned
(i.e., between the donor species D and the acceptor species A). The presence of this overlap
introduces a complication into electron transfer theory known as electronic coupling.
During the lifetime of the transition state, the transferring electron necessarily experiences
the electric fields of two species (the donor and the acceptor) not just the electric field of
one species alone. As a result of this dual interaction, the potential energy of the transition
state is less than it would otherwise be. The magnitude of this stabilizing effect is called the
electronic stabilization energy (or “electronic coupling energy”) and is denoted Hp,. It
plays an important role in the theory. It also plays a decisive role in many electron transport
chains in living cells.
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The electronic stabilization energy is of interest to theorists because it is one of
only two parameters that determine whether the elementary act of electron transfer is
“quantum adiabatic” or not. (The other factor is the transition state lifetime.) A large
electronic stabilization energy and a large transition state lifetime both favor quantum
adiabaticity, i.e., a situation in which there is rapid and complete equilibration of the
electronic wavefunction while the system traverses the reaction co-ordinate. Conversely,
a small electronic stabilization energy and a small transition state lifetime both favor
quantum non-adiabaticity, i.e., a situation in which there is non-equilibrium of the
electronic wavefunction as the system traverses the reaction co-ordinate. In the latter
case the rate of the elementary act of electron transfer must be described by an approx-
imation technique, such as time-dependent perturbation theory [44] or Landau-Zener
theory [45-48].

In real-world systems it is important to establish the existence (or non-existence) of quan-
tum adiabaticity because it has a large effect on the transition probability of the elementary
act of electron transfer. Let p be the transition probability that an electron will tunnel from
the donor to the acceptor during the lifetime of the transition state. The only way that (p =1)
can occur is for the elementary act of electron transfer to be quantum adiabatic. Conversely,
the only way that (p < 1) can occur is for the elementary act of electron transfer to be quan-
tum non-adiabatic.

The physical meaning of quantum adiabaticity is now clear. If (p = 1) then an electron
tunnels every time the transition state is reached. By contrast, if (p <1) then an electron
does not tunnel every time the transition state is reached. In extremis, the system may make
millions of attempts to tunnel before an elementary act of electron transfer actually occurs.
This is the case for spin-forbidden reactions, for example.

In solution-phase electrochemistry, electron transfer reactions are most commonly car-
ried out in polar solvents. In such media the overlapping of frontier orbitals between donors
and acceptors is generally weak because solvation shells form around all the solution com-
ponents. As a result, the donor and acceptor species are physically remote from each other,
and the elementary act of electron transfer is “quantum non-adiabatic”. By contrast, quan-
tum adiabatic electron transfer is rarer. In order for the latter to occur, the donors and
acceptors must be organized into “contact ion pairs”, or tethered by covalent bonds, in order
to generate the necessary orbital overlap.

Similar reasoning applies to interfacial electron transfer. The electrical double layer at
the electrode surface acts like a thick solvation shell, and prevents electrode orbitals from
overlapping reactant orbitals. Thus, interfacial electron transfer is predominantly quantum
non-adiabatic (i.e., long range). Only reactants that are “specifically adsorbed”, or tethered
to the electrode surface by covalent bonds, can achieve strong orbital overlap and thus
achieve adiabatic status.

8.6.4 The Klopman-Salem equation

In general, the total energy change of the reactants as they enter the transition state is
described by the Klopman-Salem equation, which derives from molecular orbital theory
[49-51]. The Klopman-Salem equation has three principal terms. The first term describes
the energy increase caused by the closed-shell repulsion between the occupied molecular
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orbitals of the donor and acceptor species. The second term describes the energy decrease
caused by the overlap of occupied and unoccupied molecular orbitals (H,, ). The third term
describes the energy increase associated with charge fluctuations in the ionic atmosphere
of the reactants. The latter is the most important term and accounts for the majority of the
activation energy of electron transfer reactions. The energy of the charge fluctuations is
temporarily “loaned” from the surrounding heat bath.

occ un occ un Z(Zabcracsbﬁab)z QD QA
AE = iZ(na + 1) BapSap + (Z Z + Z Z E +E + 247:505 Foa
e~ = 5 e r s k r
(8.96)

Here, n, and n, are the electron populations in orbitals a and b; § and S are resonance
and overlap integrals; c,, is the coefficient of atomic orbital a in molecular orbital r; E, is
the energy of molecular orbital r; Q and Q, are the total charges on species D and A; ge,
is the local permittivity; and rp,, is the distance between the species D and A.

Three important conclusions can be drawn from this equation: (i) the occupied orbitals
of one species repel the occupied orbitals of the other, (ii) the highest occupied molecular
orbitals (HOMOs) of one species attract the lowest unoccupied molecular orbitals (LUMOs)
of the other, and (iii) the positive charge on one species attracts the negative charge on the
other (and vice versa).

8.6.5 Electrode kinetics

Electrode kinetics typically involves two phases, a solid and a liquid, where the solid is a
metal and the liquid is a solution of a conducting salt. Unlike heterogeneous kinetics, how-
ever, both the metal and solution form part of a complete electrical circuit. As current flows
around the circuit, electron transfer occurs from the frontier orbitals of the electrode to the
frontier orbitals of the reactant, to create a (reactant + electron) complex. This complex then
rearranges into product. Electron transfer reactions occur so readily because electrons don’t
jump over energy barriers - they tunnel through them. They are able to do this because they
have a very low mass.

All conventional electron transfer reactions are tunneling reactions. Moreover, all tun-
neling reactions (after relaxation of the perturbed wave function) obey the principle of
conservation of energy. Thus any electron that tunnels into a reactant molecule takes with
it the same energy that it had inside the electrode.

From this analysis we find that the total energy of the (reactant + electron) complex in
solution is determined, in part, by the electrode potential of the electrode, because the free
energy of the electron in the electrode is carried into the (reactant + electron) complex by
the tunneling process. This is the remarkable feature of electrochemical reactions. It means
that by changing the electrode potential of an electrode we can change the energy of all the
reactants within electron tunneling distance of the electrode surface. As we shall soon see,
this gives us control over the rates of electrochemical reactions, and therefore some control
over the nature of the reaction products.
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8.6.6 Homogeneous kinetics, first order

Consider two substances A and B, whose amount concentrations per unit volume of solu-
tion are ¢, (mol m~3) and ¢ (mol m~3), and which convert reciprocally via the reaction
K
A =B. (8.97)
ki
In this first-order reaction, the rate constants k; and k{j have units of s71. (Indeed, the rate
constants k; and k; are simply the reciprocals of the mean lifetimes of the species A and B,
respectively.)
(Note. In a more general treatment, each rate constant would have units of (mol m=3)! ~"s~!
where n is the reaction order, but here we confine ourselves to the case n =1.)
Neglecting any difference between concentration and activity, the rate of the forward reac-
tion per unit volume of solution v; (mol m~3 s~1) may be written

V=K, (8.98)
and similarly the rate of the backward reaction v{j (mol m~3 s~1) may be written
vl') = k];CB. (8.99)

The net conversion rate of the species A and B is therefore

ro_

Vnet = Vf - Vb
= kicp — ki g (8.100)
At equilibrium the net conversion rate is zero, hence
c K
B _ _,f -K (8.101)
ca Kk

where the constant K’ is called the equilibrium constant. Note that this is precisely the
same result as that predicted by thermodynamics, namely a constant concentration ratio at
equilibrium.

8.6.7 Homogeneous kinetics, second order

Consider two substances A and B, whose amount concentrations per unit volume of solu-
tion are ¢, (mol m~3) and ¢ (mol m~3), and which convert reciprocally via a second-order
reaction
1"
ki
A+B=B+A. (8.102)
1
Ky
This is commonly referred to as a self-exchange reaction. During a self-exchange reaction,
an external observer sees no net change in the concentrations of A and B, and the rate
constants k' and k;’ have units of (mol m~*)~'s™!. By symmetry,

ké’ _ klr)/ (8.103)
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and the Gibbs energy change for the reaction is

AG,=G G =0. (8.104)

products — “reactants

Neglecting any difference between concentration and activity, the rate of the forward reac-
tion per unit volume of solution v{’ (mol m~3 s7!) may be written

v/ =ki'cpcy (8.105)

and similarly the rate of the backward reaction per unit volume of solution v;’ (mol m73s7l)
may be written

vy =klcycy. (8.106)

The net conversion rate of A to B, is therefore

"

Vhet

o n
—\/f Vb

=k{'cycg — ki cacy
=o0. (8.107)

Note that this system is always trapped in its initial state. Every time A reacts with B, it
simply regenerates B and A, and so the equilibrium constant is always 1.

"
kf

o7 = K’ =1. (8.108)
b

8.6.8 Homogeneous versus heterogeneous kinetics

In homogeneous kinetics, it is generally assumed that reactions occur with complete spatial
uniformity. Given this assumption, the rate of reaction may be considered as the rate of
change of the amount of substance A (mol) in any small element of volume dV (m?), where
dV may be located anywhere in the solution. In such circumstances, it becomes easy to
evaluate the total rate of change of the amount of A by integrating (summing) the rate of
the forward reaction per unit volume of solution over all the small elements of volume
dV (m3) in the reaction vessel. For example, for a homogeneous second-order reaction

14
Total rate=/ v/ -dv (mols™). (8.109)
0

In heterogeneous kinetics, the analogous integration (summation) is more complicated.
Reactions take place with spatial non-uniformity —they are confined to places where inter-
faces exist— and a different approach is called for. The approach favored by electrochemists
is to focus on the surface rate of the forward reaction. The latter is defined as the total rate of
change of the amount of A (mol s7!) in the reaction vessel, but normalized by the total sur-
face area of the electrode S (m?). Henceforth we shall indicate this parameter by the symbol
v; (mol m~2 s71), and refer to it as the rate of the forward reaction per unit area of interface.
The total rate of change of the amount of A is then given by the formula

s
Total rate = / ve.dS  (mols™). (8.110)
0
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Comparing the heterogeneous approach (un-primed symbols) with the homogeneous
approach (primed symbols), we immediately observe that

s v
/ vg-dS  is the 2D analog of / v/.dv. (8.111)
0 0

This comparison emphasizes that the total rate of reaction in a reaction vessel is normal-
ized in different ways in different approaches. In homogeneous kinetics, the total rate is
normalized by the bulk volume. In heterogeneous kinetics, the total rate is normalized by
the interfacial area.

8.6.9 Tunneling layer approximation

Although the relation between the rates of homogeneous and heterogeneous electron trans-
fer reactions is straightforward, the relation between the rate constants is a little more com-
plicated. This is particularly true for electrochemical reactions. To simplify the analysis,
we here introduce a tunneling layer approximation, in which a finite layer of solution,
of thickness x', is assumed to contain all the molecules that are within electron tunneling
distance of the electrode surface.

Inside the tunneling layer, the concentrations of substances A and B are assumed to be
uniform and equal to their bulk concentrations, i.e., neither positive adsorption nor neg-
ative adsorption is assumed to occur. The electron tunneling probability is also assumed
to be spatially uniform inside the layer. Although this is clearly not true —the electron
tunneling probability decays approximately exponentially with distance from the electrode
surface— nevertheless the error introduced by this approximation will be negligible on the
order-of-magnitude scale that we are considering.

Without loss of generality, we focus on the case of second-order homogeneous kinetics,
i.e., the case of a “self-exchange” reaction, because it is a benchmark reaction scheme in
the inorganic chemistry literature. (The simpler case of first-order homogeneous kinetics
can readily be derived from the second-order case by replacing k;’ cp with k;.) Evidently,

VTL
Total rate inside tunneling layer = / v AV
0
=ki'cycgVyy  (mols™). (8.112)

Here vg’ (mol m~3 s7!) is the rate of the forward reaction per unit volume of solution, and
V1 is the volume of the tunneling layer.
It follows that the rate of a second-order homogeneous reaction inside the tunneling layer,

per unit area of interface, is
k' cacy Vi,
fA— =ki'cycgx’  (molm™2s7"), (8.113)

TL

where Aq, is the area of the interface. This rate may now be compared directly with the
rate of the heterogeneous reaction inside the tunneling layer, per unit area of interface,
which is:

Ve = kch' (8.114)
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Comparing these two rates reveals the equivalence relation:

= R 13

This relation indicates the value of the heterogeneous rate constant k; (m s™!) that is
needed to generate the same total rate of reaction as that provided by a second-order homo-
geneous rate constant of value k' ((mol m~3)"1s71).

It is instructive to note that, in the case of homogeneous kinetics, the amount concen-
trations ¢, (mol m~3) and ¢z (mol m™3) both refer to amount concentrations of soluble
species per unit volume of solution; whereas, in the case of heterogeneous kinetics, only
¢, (mol m~3) does so. In the heterogeneous case ¢z (mol m=3) refers to an amount concentra-
tion of insoluble species (the surface sites where electron tunneling is occurring) calculated
per unit volume of tunneling layer. It follows that, unlike the homogeneous rate constant
for electrochemical reaction k', the heterogeneous rate constant for electrochemical reac-
tion k; has the amount concentration of surface sites per unit volume of tunneling layer, and
the mean tunneling layer thickness x', already incorporated in its value. This also explains
why k; and k' have such different units.

In an alternative (but equivalent) analysis, the product czx may be interpreted as the
surface concentration of sites cg at which electron transfer occurs:

cpX’ = cg molm™, (8.116)

In this case, k; can be viewed as a pseudo first-order rate constant, in which the amount
concentration of surface sites is assumed to remain un-depleted on the time scale of exper-
iments.

8.6.10 The back of the envelope

In order to develop some physical insight into actual values of k; let us make some
back-of-the-envelope estimates of k!, ¢y, and x'. The maximum observable value of k;’
is determined by the onset of diffusion control. In aqueous solutions (k;’)malx is typically
of the order 10° (mol m~3)~s~!. The amount concentration of surface sites ¢z (mol m=3)
inside the electron tunneling distance of a transition metal electrode, is about 10> mol m~3.
The maximum thickness of the electron tunneling layer is about 1.4 x 10~° m, here crudely
rounded to 107° m.

[Note. Because the electron tunneling distance depends only on the Planck constant, the
mass of the electron, and the height of the tunneling barrier (~1 eV in aqueous systems),
the maximum thickness of ~1.4x 10~° m is quite robust, and unlikely to be more than an
order of magnitude in error in any “normal” electrochemical system. |

Combining the above three estimates we get:

(kf)max x (kgl)max X Cg X xl
~10°x 10° x 107°
~1lms™. (8.117)

This represents an order-of-magnitude estimate for the maximum observable rate con-

stant (kg),,. for a heterogeneous electron transfer reaction.



8.6 Electrolytes and non-electrolytes
The same result can be obtained by noting that

(kp) Da (8.118)
f/max ~ (5)min > .
where D, is the diffusion coefficient of substance A, and 6 is the diffusion layer thickness.
For small molecules in aqueous solution D, is of the order 10~° m? s7!, and the minimum
value of § cannot be less than the mean thickness of the electron tunneling layer, namely
10~° m. Hence:
107° 1

(k) max ® =l ~1lms™ .

= (8.119)

Finally, it may also be noted that the surface concentration of sites at which electron
transfer occurs is

g ~ cpx’
~10°x 107°

~ 107 mol m™2

~ 107 mol cm™2. (8.120)

If we now multiply this quantity by the Avogadro constant (~10?* sites mol~!) then we
obtain the following crude estimate of the surface site density:

Ny ~ 10"8sites m ™ (8.121)
~ 1sitenm™. (8.122)

More precise estimates have been made by crystallography, ion adsorption, and scanning
tunneling microscopy, and these typically yield results 1-15 times larger than this number.
For comparison, the surface density of water molecules is about 10 molecules nm~2. How-
ever, water is a small molecule when compared with most other molecules. Its diameter is
only ~0.277 nm. So a surface site density of 1 site nm~2 is probably a realistic figure for large
molecules.

From our earlier consideration of surface work function, we know that the magnitude of
the outer potential ¢, at a metal surface depends sensitively on many hard-to-control local
factors, including crystal orientation, alloy composition, surface preparation, etc. Thus, on
a solid electrode surface, there is likely to be a distribution of chemical potential, leading to
the concept of active sites, i.e., some sites that have some special activity with respect to a
particular reaction. However, the involvement of these sites requires a short-range chemical
interaction (an adsorption process) to be effective.

8.6.11 The total rate constant of an electron transfer process

The total rate constant of an electron transfer process is frequently a composite of several
elementary rate constants. To illustrate why this is so, let us analyze the situation where an
elementary act of electron transfer is bounded by a pre-equilibrium and a post-equilibrium.
In between, the rate constant k, of the elementary act is assumed to be pseudo-first order
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because it includes the constant concentration of surface sites at which electron transfer
occurs. These sites are assumed to be identical.

k, . ks
X = X 3 Y = Y. (8.123)
k_, k_,

The preceding and following equilibria might be, for example, fluctuations of charge in
the ionic atmospheres of the reactant species [X] and product species [Y]. As pointed out
by Fletcher [20], fluctuations of this type are needed to equalize the free energies of the
intermediates [X"] and [Y"]. Also, we assume that the follow-up reaction k; is very fast, so
that at all times

ky > (ky, k). (8.124)

The model now describes an electron transfer process in which a small but finite popu-
lation of intermediates [X'] can decay by two different mechanisms; by backward thermal
decomposition (k_,) and by forward electron transfer (k,). This corresponds very closely to
reality. The revised reaction scheme is

k, N
X = X" 5 Y (8.125)
k—l
For which the mean lifetime of the intermediate species [X'] is simply
1
= —. 8.126
=% (8.126)

An exact solution for the revised reaction scheme does exist. It can be derived using the
eigenvalue method. However, for present purposes, it is convenient to remove solutions
that are of no practical significance, in order that we remain focused on important special
cases. One such case is the pre-equilibrium approximation [52]; another is the steady state
approximation [53]. In the pre-equilibrium approximation, it is assumed that (k,, k_,) > k,.
One readily obtains

kik,

12 & Kk, (8.127)
k 1

ktotal ~

where K is the equilibrium constant between [X] and [X"]. This case is sometimes referred to
as the “non-adiabatic” case. This terminology refers to the fact that the elementary electron
transfer step fails to “keep up” with the arrival of the system at the transition state. Indeed,
the system may arrive at the transition state many millions of times before electron transfer
finally occurs.

By contrast, in the steady state approximation, it is assumed that (k;, k_;) < k,. In this
case, the intermediate [X'] undergoes fast electron transfer, and equilibrium is never
achieved. Instead one obtains

Kot ~ Ky (8.128)

and the intermediate disappears as rapidly as it is formed with rate constant k,. This case
is sometimes known as the technical literature as the “adiabatic” case. This terminology
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refers to the fact that the elementary electron transfer step occurs every time the transition
state is reached. In other words, the electron transfer step “keeps up” with the arrival of the
system at the transition state.

The fact that an electron is thousands of times lighter than an atom or molecule sug-
gests that the adiabatic case should be the most widely observed in nature. However, the
non-adiabatic case is important in cases of long-range tunneling and in spin-forbidden tran-
sitions.

In electrochemical terminology, the non-adiabatic case corresponds to a CE reaction (fast
chemical equilibrium followed by slow electron transfer, while the adiabatic case corre-
sponds to a CE reaction (slow chemical equilibrium followed by fast electron transfer). In
the latter case, the activation of the electron transfer step is purely thermal (non-quantum).

8.7 Heterogeneous electron transfer

In the case of electron transfer across a phase boundary (e.g., electron transfer from a metal
electrode to an acceptor species in solution), the law of conservation of energy dictates that
the energy of the transferring electron must be added into that of the acceptor species, such
that the sum equals the energy of the product species. At constant temperature and pressure
the energy of the transferring electron is just its Gibbs energy.

Let us indicate by a circumflex accent those work terms which have the energy of the
tunneling electron already added into them. Thus, for the Gibbs energy of the reactants we
have:

&

G ¢E, (8.129)

reactant — reactant —

where e is the unit positive charge and E is the electrode potential (on the vacuum scale) of
the tunneling electron. The term —eE is the Gibbs energy of the tunneling electron.
For the conversion of reactant to product, the overall change in Gibbs energy is:

~

AG® = Gproduct -G
= AG® +¢eE. (8.130)

reactant

In the “normal” region of electron transfer, for a metal electrode, Fermi-Dirac statis-
tics compel the electron to tunnel from an energy level within +k,T of the Fermi energy,
implying:

eE ~ eEg. (8.131)

Thus, for the elementary step of a heterogeneous electron transfer reaction from a metal
electrode to an acceptor species in solution, we can use the Golden Rule directly:

27 5 1 —(A+ AG® + eEp)?
et = 7|HDA| exp kT

\/4x Ak T 42k
Here 4 is the reorganization energy and Ey, is the Fermi potential of the electrons inside

the metal electrode. This equation (with a slightly different notation) was first published by
Revaz Dogonadze and Yurii Chizmadzhev in 1962 [54].

k (8.132)
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Converting to molar quantities:
AGY = AG% + FE (8.133)
then yields:

(8.134)

o0 —(4,, + AG? + FEp)?
ket = 7'

2 NA
Hpal &P 44 RT
\/47 ) RT Am

Here k., is the rate constant for the elementary act of electron transfer, 7 is the reduced
Planck constant, H, is the electronic coupling matrix element between a single electron
donor and a single electron acceptor, N, is the Avogadro constant, 4., is the molar Gibbs
reorganization energy, AGY, is the difference in molar Gibbs energy between the reactant
and the product, and —FEy, is the molar Gibbs energy of the electron that tunnels from the
Fermi level of the metal electrode into the acceptor. The parameter Hp,, is complex, but
may be considered (roughly) as a measure of orbital overlap.

The relative positions of the molar Gibbs energy curves are captured by the dimensionless
parameter y:

1 Fn
==(1-=—=). 8.135
Y 2( ﬂm> ( )

This gamma parameter is simply the fractional distance along the reaction co-ordinate
at which electron transfer occurs, at constant temperature and pressure. Thus, it indicates
whether the transition state is “early” (y <0.5) or “late” (y > 0.5) (Fig. 8.5). According to
the Hammond postulate [55], early transition states are characteristic of rapid exergonic
reactions, whereas late transition states are characteristic of slow endergonic reactions. We
can see that this is certainly true for non-adiabatic electron transfer reactions.

It is clear by inspection that y is almost a constant having the value 1/2, but it has a
weak dependence on overpotential # determined by the size of the molar Gibbs reorganiza-
tion energy A,,. (A large value of A, means a weak dependence on #.) Most importantly,

A reactant
(plus electron)

product

molar
Gibbs energy
of fluctuations

fractional charge of fluctuations
on ionic atmosphere
of reactant

Figure 8.5 Molar Gibbs energy diagram for heterogeneous one-electron transfer from an
electrode to an acceptor species in solution. The circumflex accents indicate that the molar Gibbs
energy of the electron has been added into that of the reactant. The term 7 is the overpotential.
The minima of the curves are locations of pure chemical potential (zero net charge).



8.7 Heterogeneous electron transfer

y supplies the link between the molar Gibbs energy of activation and the molar Gibbs
reorganization energy:

AGEL =72 Ay (8.136)
Hence:
N, -2 2y + 1)F
ko = Z%H]Z)A 2 exp < m> exp <M> (8.137)
474, RT 4RT 4RT
or:
2y + DFy
ket = kO exp (T . (8138)

The same equation applies to the reverse reaction, except that y is replaced by (1 —y).
Thus for the overall current-overpotential curve we can write:

2 + DF
I=Io{exp (%)—exp(%@)}. (8.139)

This equation is the macroscopic manifestation of the elementary act of electron transfer.
It connects the quantum world with macroscopic observables.

The above result differs slightly from the “textbook” Butler-Volmer (BV) equation for a
one-electron transfer reaction:

Izlo{exp<ﬂ1;¥5n> —exp(%)}. (8.140)

The reason for the difference is that the one-electron version of the Butler-Volmer
equation is expressed in terms of a “symmetry factor” By, which connects the decrease
in molar Gibbs energy of activation of the reaction to the increase in molar Gibbs energy
of the electrons. The precise relationship between f,, and y is shown in Fig. 8.6 and is
summarized by the equations:

1
Y+ 3 = 2Py (8.141)

and:

Fi
Bry = % (1 - %) . (8.142)

Finally, for avoidance of ambiguity, we supply the following definitions:

o (Definition 1) The symmetry factor (dimensionless) for the elementary act of electron
transfer is the ratio of the decrease in molar Gibbs energy of activation of the reactants to
the increase in molar Gibbs energy of the electrons, at constant temperature and pressure.

o (Definition 2) The gamma factor (dimensionless) for the elementary act of electron
transfer is the fractional distance along the reaction co-ordinate at which electron transfer
occurs, at constant temperature and pressure.
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reactant
(plus electron)

molar
Gibbs energy
of fluctuations

VY
| 1 1
-1 0 +1 +2

fractional charge of fluctuations
on ionic atmosphere
of reactant

Figure 8.6 Molar Gibbs energy diagram for a one-electron transfer from an electrode to a reactant
in solution, showing the relation between the symmetry factor g, and the gamma factor y.

8.7.1 Tafel slopes for multi-step reactions

So far we have considered only a single-electron transfer process. Here we consider
multi-electron transfer processes. We start by writing down the electron transfer steps
individually:

A+e = B [pre-stepl]
B+e = C [pre-step2]

Q+e = R [pre-stepn,]

s

S+e” = T [post-stepl]
T+e = U [post-step 2]

Y+e = Z [post-stepn,]

Next we adopt some simplifying notation. We define n, as the number of electrons trans-
ferred before the rate-determining step. Then we define n, to be the number of electrons
transferred after the rate-determining step. In between, we define ny to be the number
of electrons transferred during one elementary act of the rate-determining step. (This is a
stratagem to ensure that n, can take only the values zero or one, depending on whether the
rate-determining step (rds) is a chemical reaction or an electron transfer reaction.) Thus,
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the total number of electrons transferred is:
n=n,+n,+n,. (8.143)

Now we make some further assumptions. (i) The exchange current of the rate-determining
step is at least one hundred times less than that of any other step, (ii) the rate-determining
step of the forward reaction is also the rate-determining step of the backward reaction,
(iii) no steps are concerted, (iv) there is no electrode blockage by adsorbed species, and
(v) the reaction is in a steady state. Given these assumptions the total rate of reaction is:

[n, + n, il Fn —[n, + n,py1Fn
Low =1y {exp <%> —exp <+> } . (8.144)
Or equivalently:
acFn —a, Fn
T = 1 {exp (%) — exp < T ) } : (8.145)

where a; and «a,, are dimensionless “charge transfer coefficients”. Although this equation
strongly resembles the one-electron Butler-Volmer equation, it should be kept in mind that
the charge transfer coefficients a; and @, do not behave like the symmetry factors fg,, and
(1 — Pgy)- Basically a; and «, are complex parameters describing the overall kinetics of a
multi-electron process, whereas fg,, and (1 — fy) are fundamental parameters describing
a single electron process.

In the case of multi-electron transfer processes, if the rate-determining step is purely
chemical (i.e., does not involve electron transfer) then ny = 0 and the symmetry factors
disappear from the equations for «a; and «,. Conversely, if the rate-determining step is an
electrochemical step (i.e., does involve electron transfer) then ny = 1 and the symmetry fac-
tors enter the equations for a; and a;,.

The classical method of analyzing experimental data from steady-state current-
overpotential curves is to plot graphs of loglI/I,| versus 7. The gradients of such graphs
are called “Tafel slopes” and they provide very useful estimates of «; or a,. These data, in
turn, afford insights into the interfacial kinetics and the rate-determining steps of complex
reactions. Coupled with additional information from perturbative measurements (such
as cyclic voltammetry) a detailed picture of the reactions at electrode surfaces can be
constructed.

The use of logarithms to base ten means that Tafel slopes tell us how much we need to
increase the overpotential in order to increase the reaction rate by a factor ten:

2.303RT ( dlog|I/Iy|
= 1| > I,. 8.146
a; Or @ 7 < on 11| > 1, ( )
A table of Tafel slopes is given below. The parameter A is shorthand for:
Az I (8.147)
24

In Table 8.1, E indicates an electrochemical step, C indicates a chemical step, D indicates
a dimerization step, and a circumflex accent indicates a rate-determining step.
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Table 8.1 Tafel slopes for selected reaction schemes at 25 °C. Reactions
having chemical rate-determining steps have potential-independent Tafel
slopes. Source: Adapted from Stephen Fletcher, “Tafel slopes from first
principles”, Journal of Solid State Electrochemistry, 13, 537-549 (2009).

Scheme Tafel Slope mV decade™!
CE 00

CED ©

E 118.4/(1— A)
EE 118.4/(1—A)
EEE 118.4/(1—A)
Ec 118.4/(1— A)
ECE 118.4/(1— A)
CE 118.4/(1 - A)
CED 118.4/(1 - A)
EC 59.2

ECE 59.2

EE 39.5/(1—A/3)
EEE 39.5/(1—A/3)
ECE 39.5/(1—A/3)
EEC 29.6

CED 29.6

EEE 23.7/(1 = A/5)
EEEC 19.7

8.8 The future: supercatalysis by superexchange

Carnarvon, “Can you see anything...?”
Carter, “Yes, wonderful things!” [56]

In electron transfer theory, the forward rate constant for an electron transfer reaction can
be expressed in the following form:

Kip = Ky exp ( _ﬁg )- (8.148)

Here kET is the forward rate constant for the electron transfer reaction (s71), x is the
electronic transmission coefficient (dimensionless), ky is the nuclear transmission coef-
ficient (dimensionless), v is the pre-exponential factor (s7!), AG" is the Gibbs energy of
activation (J mol~!), R is the molar gas constant, (8.314 J K~! mol~!), and T is the absolute
temperature (K).

On the orthodox view, catalysis is achieved by decreasing the Gibbs energy of activa-
tion AG" below its catalyst-free value. However, it has recently been demonstrated that
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an alternative form of catalysis exists, in which the electron transmission coefficient
is increased above its catalyst-free value [57]. All that is needed is to insert a suitable bridge
molecule between the donor and the acceptor species. Under optimum conditions, the
result can be a million-fold increase in the rate of electron transfer.

To illustrate how this new form of catalysis works, recall the Dogonadze-Chizmadzhev
equation [54] for a heterogeneous electron transfer reaction (i.e., one involving electron
transfer between the frontier orbitals of a metal electrode and a nearby species in solution):

N, —(AGY + A, + FEp)?
(9:4 .
44, RT

2
kir = =~ [Hpl?

(8.149)
h 472, RT

Here kET is the forward rate constant for electron transfer (s7!), # is the reduced Planck
constant (1.054x 1073 J s), Hp, is the electronic coupling matrix element between the
donor and acceptor species (J), N, is the Avogadro constant (6.022 x 10%* mol™1), 4, is the
molar reorganization energy (J mol~!), R is the molar gas constant (8.314 J K~! mol~!), T
is the absolute temperature (K), AGY is the difference in molar Gibbs energy between the
reactants and products, and Ey, is the Fermi potential (on the vacuum scale) of the electrons
in the frontier orbitals of the electrode surface.

The Dogonadze-Chizmadzhev equation tells us that the forward rate constant for hetero-
geneous electron transfer k7. is controlled by five key parameters: the molar reorganization
energy A, the molar Gibbs energy difference between the reactants and products AGY,, the
Fermi potential of the electrons Ey, the absolute temperature T, and the electronic coupling
matrix element Hp,. The first four of these parameters determine the location, shape and
population of the molar Gibbs energy surface on which the reaction takes place, while the
fifth parameter quantifies the extent of orbital overlap between the donor species and the
acceptor species. Adding a superexchange bridge greatly boosts the orbital overlap, and
therefore greatly boosts the rate of electron transfer. We call this phenomenon “supercatal-
ysis”. The bridge molecular orbitals are readily able to participate in the electron transfer
process provided the Pauli Exclusion Principle is not violated, i.e., provided any electron
pairs that are formed do not have the same spin.

It has been known for a long time that superexchange can mediate electron transfer
between remote orbitals [58—62]. In the case of a bridge molecule contributing a single link-
ing orbital between a donor and an acceptor species, the electronic coupling matrix element
Hy,, takes the form:

Hp, = —25Ba. (8.150)

Here Hp and Hy, are the electronic coupling matrix elements for the donor-bridge and
bridge-acceptor subsystems, and Aeg,p is the energy gap between the bridge state and
the paired donor-and-acceptor states, here assumed degenerate. It is clear that the great-
est effect on the rate constant arises from the pair of orbitals that share the smallest value
of Aeg,p. This pair of orbitals is likely to consist of the highest occupied molecular orbital
of the donor and the lowest unoccupied molecular orbital of the bridge.

In recent work in our own laboratories, we have shown that the reduction of the pen-
tasulfide ion on graphite electrodes can be speeded up by a factor of >10° by insertion of
a cobalt phthalocyanine molecule between the ion and the electrode surface. The reason
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for this exceptional improvement is the presence of a half-filled d,. orbital orthogonal to the
electrode surface, which provides a superexchange conduit for the electron transfer process.

Given the observation of superexchange in the catalyzed pentasulfide system, it is rea-
sonable to suppose that the same phenomenon might be found in other systems for which
cobalt phthalocyanine is a catalyst. Examples include oxygen reduction [63, 64], hydrogen
peroxide activation [65] and carbon dioxide reduction [66].

Even more astonishing, we have discovered that a single molecule transistor regulates
the flow of electrons through photosystem II [67]. Photosystem II is a large protein complex
responsible for the first stage of oxygenic photosynthesis in plants, algae, and cyanobacteria.
At the heart of the complex, electrons flow through an iron(II) d-orbital by a process of
superexchange, at a rate which is gated by the ambient ligand field. The transistor operates
in the negative feedback mode, and its existence suggests that single-molecule logic gates
are technologically feasible. We believe this is the first recorded example of a single molecule
electronic transistor in a living system.

Elsewhere, the role of spin-dependent mechanisms in electron transfer, and their
application to oxygen electrochemistry, has been explored by Jose Gracia and colleagues,
and guidelines for optimizing various exchange interactions have been suggested [68]. The
future looks bright indeed for studies of superexchange and spin in electron transfer.
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Constant potential rate theory - general formulation and

electrocatalysis
Marko M. Melander

Nanoscience Center, Department of Chemistry, University of Jyvéskyld, Finland

9.1 Kinetics at electrochemical interfaces

Using the electrode potential to control reaction thermodynamics and kinetics forms the
backbone of all electrochemistry and electrocatalysis. Important reactions include the
oxygen and hydrogen reduction/evolution reactions, nitrogen reduction to ammonia, and
CO, reduction [1]. In all these electrochemical reactions small molecules are converted
to products via successive proton-coupled electron transfer (PCET), electron transfer
(ET), and proton transfer (PT) reactions as shown schematically in Figure 9.1. Therefore,
controlling and understanding PCET, PT, and ET reactions is a central goal in the search
for better electrocatalysts for a wide range of applications. PCET reactions can be concerted
(CPET, electron and proton move at the same time) or sequential (ET-PT electron first, then
proton or PT-ET). How to compute the CPET, ET, and PT reaction kinetics is the topic of
this section.

Reactions at electrochemical interfaces are often divided to outer- and inner-sphere
reactions [2]. Outer-sphere or electrochemical reactions are usually ET and PCET
reactions taking place without specific adsorption on the electrode surface and the
electrode acts only as an electron source [2]. Electrochemical kinetics for this class of
reactions are often determined using non-adiabatic rate theory derived from a perturbative
Fermi’s Golden Rule formalism leading to theoretical treatments such as Dogonadze-
Kutzentsov [3], non-adiabatic Schmickler [4], Gerischer [5], Soudackov-Hammes-Schiffer
[6, 7] or non-adiabatic Marcus theories [8]. These theories are based on the reorganization
of the reaction environment such that electron tunneling can take place. Influence of
the electrode potential is usually added as a simple parameter in the Hamiltonian to
change the free energy in a predefined way. Hence, these approaches usually utilize model
Hamiltonians and it may be difficult to include realistic environments with complex
electronic structure, solid-solvent interfaces, double-layer formation etc. in these models.

In inner-sphere reactions the reactants adsorb on the electrode surface and a covalent
bond is formed [2]. Reaction Kinetics are usually described in terms of a fully (i.e. electron-
ically and vibronically) adiabatic (canonical) transition state theory with classical nuclei.
The electrode potential can be included from the start using fixed-potential first principles
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H,O* + 0, + & PT H,0 + [HO,J* + e Figurg 9.1 Depiction of a single PCET step
>0 showing both ET-PT, PT-ET, and CPET
pathways for the initial step of acidic
oxygen reduction reaction.

ET CPET ET
@
PT
HgO* + 0, H,0 + OOH

approaches such as grand canonical DFT. (see also the chapter by Peterson et al.) [9-12]
Such approaches can naturally capture and mimic the complex reaction environments.
However, until recently, only a small subset of reactions have been considered; only fully
adiabatic CPET have been studied. All (vibronic and electronic) non-adiabaticity as well as
nuclear tunneling in PT and PCET reactions have been largely neglected.

Recently, a unified rate theory of electrochemical (outer-sphere) and electrocatalytic
(inner-sphere) reactions was put forward by the author of this chapter [13]. This constant
potential rate theory is an extension of a very general canonical rate theory to the grand
canonical ensemble (GCE). As will be shown below, the constant potential rate theory can
naturally include electronic and vibronic non-adiabaticity as well as nuclear tunneling,
for example. The general fixed-potential rate theory enables treating all potential-driven
reactions within a single formalism instead of relying on separate theories for electro-
catalysis and electrochemistry. This theory can (in most parts) be directly combined
with modern, solid-state ab initio methods, such as DFT, without any modifications to
the underlying codes. Hence, a realistic description including the electrode potential,
solvation, and double-layer from first principles can be utilized. Combining well-defined,
general rate theories with equally well-defined computational models paves way towards
understanding electrocatalytic reactions from the atomic-level under realistic reaction
conditions.

9.2 Rate theory in the grand canonical ensemble

Asdiscussed extensively in this book and elsewhere [9-12, 14, 15], GCE provides the natural
basis for modeling electrochemical interfaces from the atomic-level. Within GCE, the state
of an electrochemical interface is defined in terms of fixed temperature (T), volume (V),
and the (electro)chemical potentials ({ y;}) of all the species in the system. In particular, the
electron chemical potential (y,) defines the Fermi level which again is directly related to
the electrode potential [9]. Using this set of control parameters (T, V, { i;}) ensures that all
expectation values are computed for a chemical system at fixed temperature, volume/pres-
sure and a set of chemical potentials. This also means that the particle number is allowed
to fluctuate to keep the corresponding chemical potential constant.

Besides the presence of the electric potential, there is, in principle, nothing special about
electrochemical or electrocatalytic kinetics as compared to reaction kinetics in other types
of chemical systems. Gas-phase kinetics are usually determined in the microcanonical
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EVT-ensemble while most condensed-phase kinetics are studied in the canonical
Helmholtz NVT-ensemble or in the Gibbs NPT-ensemble. For atomic-scale modeling the
most widely used is the canonical ensemble and in this ensemble the most general
definition of a thermal rate constant is given by Miller [16-19]

k(T,V,N)Q, = / dEP(E) exp[—pE] (9.1)

where P(E) is the transition probability at a given energy, Q; is the canonical partition func-
tion of the initial state, and § = (kzT)~. Despite its simple appearance, Eq. (9.1) is extremely
powerful. Different choices for P(E) provide the basis for computing reaction rates using
common (canonical) transition state theory (TST), nuclear tunneling using semi-classical
TST, instanton theory, or ring-polymer rate theory, non-adiabatic reactions etc. The Boltz-
mann distribution shows that the above equation gives a thermal rate constant.

The main idea behind the grand canonical rate theory is to extend Eq. (9.1) to an electro-
chemical GCE setting. This enables one to access a wide variety of different reactions and
phenomena at electrochemical interfaces. Given that a thermodynamic (quasi)equilibrium
is also reached at an electrochemical interface, extending the canonical rate theory to the
GCE is straightforward and is given as [13]

K(T.V.u,)E = Y expl[fu,N] / dEP(E) exp|—pE] (9:2)
N=0
where E; = exp[fu,N]1Q, is the initial state grand partition function at electron chemical
potential 4, and N is the number of electrons in the system. Equation (9.2) is still a thermal
reaction rate but in an environment open to electrons at fixed chemical potential.

9.3 Adiabatic reactions

Electrochemical reactions can be roughly divided in two groups: adiabatic and
non-adiabatic. In the former, reactions take place solely on the electronic/vibrational
ground state. Non-adiabatic reactions on the other hand require accounting for electron-
ically/vibrationally excited states as well. In this section electronically adiabatic reactions
are treated while non-adiabatic reactions are treated in the next section.

9.3.1 Classical nuclei

The most commonly used rate theory is the transtition state theory (TST). In an electro-
chemical setting, an especially important TST describes classical nuclei and adiabatic reac-
tions taking place at a fixed electrode potential potential energy surface (PES). The steps
needed for obtaining a rate constant for this class of reactions involve invoking the TST
approximation i.e. that i) there are no recrossings of the dividing surface separating reac-
tants and products, ii) treating only the ground state and iii) using a classical Hamiltonian
describing a fixed electrode potential potential energy surface (PES)

Hy(u,) = Zplz +V(q;, 1y,) 9.3)

iENy
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where P; is nuclear momentum and the grand free energy of the electrons is given by
Q,(T,V,Ny, u,;q;) for a system with N, nuclei at positions q;. As the nuclei move on the
effective PES provided by the electrons, one recognizes that V(q;, u,,) = Q,(T,V, Ny, 1,5 9;)
(see [9]). Using the above assumptions leads to the classical adiabatic TST rate. (for
derivation details refer to [13])

kT =t
KT,V uy) = k), ——= =(x), —exp[ PAQ] (9.4)

where Q; = —In(E,)/p is the grand free energy i.e. free energy at a fixed chemical potential.
The (x}, prefactor term corrects for omissions in TST and the subscript reminds that this
correction may depend on the electrode potential. In the field of heterogenous catalysis a
harmonic TST rate constant is usually applied. An equivalent rate constant for electrocat-
alytic reactions is accomplished by Taylor expanding the grand free energies in terms of
fixed potential vibrational frequencies. This yields the fixed potential harmonic TST

kyrsr(T,V, ) = exp [ ﬂAQJfJ] (9.5)

where vy is the frequency along the reaction coordinate, and the total electronic grand free
energy Q' = Q, — TSy is composed of the grand potential energy Q, and the harmonic
vibrational entropy S; = —kg ln(Hﬁv v;) with N real vibrational frequencies.

9.3.2 Fixed potential empirical valence bond theory

The rate of adiabatic reactions is largely defined by the reaction grand energy barrier. This
barrier can be computed using methods such as the nudged elastic band [20] (NEB) com-
bined with grand canonical DFT (see e.g. the chapter by Peterson et al.). However, these
calculations need to be performed for a range of potentials, which can become insurmount-
able. As aresult, many have resorted to using interpolating or extrapolating reaction barriers
between different potentials using (experimental, calculated, or guessed) Tafel coefficients
or Bronstedt-Evans-Polanyi (BEP) free energy methods.

Another useful method called the grand canonical ensemble empirical valence bond
method (GCE-EVB) was recently developed [13] to provide a link between full-ranged
NEB-DFT calculations and Tafel-BEP interpolations. GCE-EVB is based on a Marcus-like
picture [8] of presenting the initial and final states using diabatic states, effective wave
functions, and grand free energies. The diabatic states are basically charge or spin-localized
states. Unlike adiabatic states, diabatic states retain their localized nature at all nuclear
geometries.

Formally, the GCE-EVB requires computing two diabatic grand energy curves defined
along a suitable reaction coordinate (solvent or energy-gap coordinate) at a fixed electrode
potential and enforcing the charge/spin localization at all geometries, see Figure 9.2. The
complete rate constant development is lengthy and presented in [13], while a simple inter-
pretation is provided here. In simple terms, the reaction barrier is found from the crossing
of these two diabatic grand energy curves. Assuming classical nuclei, and equally curved
parabolic grand energy along the reaction coordinate gives the adiabatic Marcus theory
result but now at a fixed electrode potential

(AQy; + A
_ﬂT

kyT kT
(T,V,u,) = —— exp = % exp [ BAQ dm] (9.6)

h

Marcus
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-

Reaction Coordinate

Figure 9.2 Depiction of the GCE-EVB curves. The solid blue (purple) line is the adiabatic ground
(excited) state. The dashed blue (purple) line is the initial | (final F) diabatic state. Q is the
coupling term between the diabatic states. AQ,, and A are the fixed potential reaction and
reorganization energies, respectively.

where AQ;, A, and sz are the grand reaction, reorganization energy, and diabatic energy
barrier, respectively (see also Figure 9.2). It can be shown [13, 21, 22] that the diabatic bar-
rier can be corrected to give the adiabatic barrier using the diabatic coupling element Q;
to give

Q)

AQF ~AQE Qo —
5 AQL +A

ad,EVB dia (9 : 7)

This equation is most useful. Consider that the adiabatic barrier AQE LEVE is computed at
a single electrode potential using e.g. NEB-DFT. One can also compute the diabatic barrier
ina at the same potential (see computational aspects). Then €, can be fitted to reproduce
AQZ LEVB based on sz. Now that all the parameters are known, the adiabatic barrier may
be estimated using just the reaction grand free energy AQ at various electrode potentials.
Eq. (9.7) provides a general way to compute and use non-linear Tafel-BEP relationships for
evaluating the reaction grand energy as a function of the readily obtainable reaction grand
energy. This evaluation can be done either be explicitly computing AQ as a function of the
electrode potential using GCE-DFT or using the widely popular computational hydrogen

electrode model [23].

9.3.3 Nuclear tunneling

As many electrocatalytic reactions involve a transfer of hydrogen, nuclear quantum effects
may be important. Experimentally, it has been demonstrated that hydrogen tunneling takes
place e.g. during alkaline ORR on Pt(111) [24] and HER on gold surfaces [25]. Therefore, it
is important that nuclear quantum effects can be included in the general electrochemical/-
electrocatalytic rate theory.

Modelling tunneling in the canonical ensemble can be roughly divided to two different
different categories. The first one includes hydrogen motion as the reaction coordinate.
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Theories in this direction include the instanton theory [17, 26], semiclassical TST [17, 27],
and simple tunneling corrections such as the Bell correction [28]. Both deep (through
the barrier) and shallow (corrections near the barrier top) can be treated using different
approaches. Central to these treatments is that the proton coordinate is taken as the
reaction coordinate and that proton motion is considered only for the proton ground state.
The reaction barriers are given by the TST-like barrier for motion along the proton transfer
coordinate. The prefactor introduces a tunneling correction along the proton coordinate.

Another branch of theories start from considering fluctuations in the reaction environ-
ment as the reaction coordinate and quantization of the proton movement [29-31] (similar
to the non-adiabatic CPET below). In these curve crossing theories diabatic proton states are
brought to resonance by fluctuations in the reaction environment. The proton then trans-
fers in a non-adiabatic tunneling step. Both ground and excited proton vibrational states are
included in the description. The reaction free energy barrier is provided by the environment
reorganization leading to an activation barrier of the form Eq. (9.9). The prefactor is given
by a Fermi’s Golden Rule-like formula as in Eq. (9.9).

The curve crossing formula is expected to be valid for reactions where solvent reorganiza-
tion dominates. Such reactions are likely to occur when significant charge reorganization
takes place during the reaction. Also the solvent needs to interact strongly with both the
reactants and products. On the other hand, the tunneling corrections to TST seem more
appropriate for reactions where the role of the solvent is to stabilize the reaction intermedi-
ates but the solvent does not participate in the reaction dynamics. At the moment it is not
clear which model is more appropriate for treating reactions at electrochemical interfaces.

Both approaches are easy to extend to reactions at the electrochemical interfaces. The key
observation is that both formulations describe electronically adiabatic reactions. Then the
nuclei, classical or quantized, move on an effective fixed electrode potential PES provided
by Eq. (9.3). Using such a fixed electrode potential PES allows access to both electronically
adiabatic tunneling models without any other modifications to the tunneling treatment.

9.4 Non-adiabatic reactions

9.4.1 Non-adiabatic reactions in electrochemistry

In this section an introduction to the rate theory of non-adiabatic reactions is provided.
Non-adiabaticity is a hallmark for the breakdown of the Born-Oppenheimer approximation.
In non-adiabatic reactions the electron (in the case of ET) or proton (in the case of PT/CPET)
movement cannot be separated form nuclear motion.

If an electrochemical reaction is non-adiabatic, the electron/proton does not instanta-
neously respond to nuclear motion. Also the electronic/vibronic coupling (defined below)
is smaller than thermal energy. Furthermore, the excited electronic/vibronic states cannot
be neglected. PCET reactions can exhibit various flavors of non-adiabaticity: i) if the reac-
tion is electronically non-adiabatic it is also vibronically non-adiabatic, ii) the electronically
adiabatic can be vibrationally either adiabatic or non-adiabatic. For an excellent discussion
on adiabaticity and non-adiabaticity see [32]

Both electronic, vibronic, and vibrational non-adiabaticity can be encountered in
electrochemical systems. Electronically non-adiabatic reactions are expected to occur in
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outer-sphere ET and CPET in which the interaction between the electron donor and accep-
tor is weak or in which long-range electron transfer takes place. Reactions taking place
on a surface, i.e. inner-sphere sphere reactions, are expected to be electronically adiabatic
due to the strong electronic coupling between the electron donor and acceptor. Even at
this electronically adiabatic limit, both vibrationally adiabatic [33] and non-adiabatic [25]
reactions can take place in electrocatalytic systems.

9.4.2 Rate of ET and CPET reactions

The physical/chemical picture behind the rate constant depicted in Figure 9.3 can be
explained as follows. First, the transferring proton is quantized. In ET (CPET), the initially
localized diabatic electronic (vibronic) wave function transforms to a final localized
diabatic electronic (vibrational) state. Reorganization of the environment leads to a point
where the electronic (vibronic) states cross. At this crossing point a non-adiabatic transition
takes place between the reactant and product degenerate electronic (vibronic) states - this
corresponds to a tunneling of an electron (simultaneous tunneling of an electron and
proton) from donors to acceptors. Finally, further reorganization of the environment
stabilizes the reactant electronic (vibronic) state.

Kinetics of the above non-adiabatic transition can be described using a variation of
Fermi’s Golden Rule. This is also the direction taken in the derivation of fixed potential rate

Proton coojdlinate

oton coordinate Proton coordinate

Reorganization coordinate

Figure 9.3 Schematic picture for electrochemical PCET. The blue (purple) line depicts an initial
(final) vibronic diabatic state as a function of the environment reaction coordinate. The insets show
two types of proton curves along the proton transfer coordinate at the initial, transition, and final
solvent coordinates. The top (bottom) inset shows the electronically non-adiabatic (adiabatic)
proton curves. The dashed solid (dashed) electronically non-adiabatic curve corresponds to
electron localized at the initial (final) state. In each inset the black and red curves correspond to
two different electrode potentials or states with different number of electrons.
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constants of non-adiabatic reactions. The main difficulty in the fixed potential case comes
from the computation of electronic transition matrix elements which are not defined for
states with different number of electrons. Therefore, the transfer matrix element needs to
be calculated for each canonical (fixed number) state. Afterwards, a weighted summation
over particle number states and rates is performed.

The CPET kinetics are based on the CPET rate theory of Soudackov and Hammes-Schiffer
[6, 7, 34, 35]. Within the canonical ensemble the relevant rate expressions were derived
in [6, 7, 34, 35]. Recently this treatment was extended to the GCE, yielding CPET rate
constants at fixed electrode potentials [13]. Non-adiabatic ET kinetics are treated in an
analogous matter but proton transfer is neglected.

To derive the ET and CPET rates, electronic states are defined for initial (i) and final (f)
states with a fixed number of particles (N). In the case of CPET, a geometric variable
q denotes the position of the transferring proton. The fixed particle number electronic/
vibronic energies at fixed particle number at nuclear geometry Q are then computed. This
is written as

(iN|HY|iN) = £,4(q.Q) and

(INIHZIN) = (g, Q) (9.8)
[T, +£n(q. Q] |iuN) = €l [iuN) ~ and

[T, +en(q. QIIN) = ey [foN) (9.8b)
[T+ €yl ImN) = €, ImN) and

[Tq + ely] InN) = &, [nN) (9.8¢)

where H,, is the electronic Hamiltonian, and Tq and T o are the kinetic energy operators
for the proton and other nuclei, respectively. Again, the Egs. (9.8b) are neglected in the
case of ET. The initial (final) wave function is written within BOA as |imN) = |iN(Q)) [mN)
and the energy is E;,,y = &y + €,y (IfnN) = |[fN(Q)) |[nN) and Ej, ). Correspondingly, the
initial (final) vibronic state is |iumN) = |iN(q, Q)) [uN(Q)) |mN) with an energy E,,,.x =
e + €y + Eny (onM) = |fN(q, Q)) [VN(Q)) |nN) and Ej,,,y = ey + €Ly + Eqn)-

One notices that all the above wave functions depend explicitly on the number of elec-
trons N. To arrive at a fixed potential rather than fixed particle number rate, the GCE Golden
Rule rate is used [13]

2 —B(E, n— 1 2
KA = h_EiNz =P Euny MN>(<an|VN|lmN>| 8By — Epuy) (9.92)
m,n
2 BB n— 7 1 2
KNA = = Z e PEumy "N)|(Nnvf|VN|lumN>‘ 8By = Efpnn) (9.9b)
i N,uy,mn

where V couples the initial and final states. The quantity between the bars is the electron-
ic/vibronic coupling term. It is also useful to define the weights p;y = e #Emv=#N) /=5 and
Puy = € PEuwn=rN) /5. Starting from the general Golden Rule formula, various rate con-
stants valid at different well-defined limits can be derived [6, 7, 13, 35, 36]. Though not
shown above, it is important to stress that proton and CPET rates are very sensitive to the
distance between the proton donor-acceptor distance, the R-coordinate. Various treatments
of the R-coordinate are also available [30, 35]. Below, rate constants are shown only for
when i) the short time approximation to the correlation is used, ii) high-temperature limit
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is taken, and iii) the R-coordinate is static. Applying these to the GCE Golden Rule rates
above gives [13]

2
Vig| (AEY + 27
4 = Y p. | : p |- i (9.10a)
BT ; ¥ hfankyT2 4kyTA
VRN |? AEN +4,,)°
kpoer = mez—l B exp (Bt ) (9.10b)
Nu v h\/4ﬂ'kBTﬂw 4kB Ty

where AE};’ (AEN) is the reaction energy between initial and final electronic (vibronic)
states with N electrons. 4 (4,,) is the reorganization energy required to reach the final elec-
tronic (vibronic) state. See Figures 9.2 and 9.3 for clarification. Vy (V(R)N)is the electronic
(vibronic) coupling term. For PCET reactions, the vibronic coupling term takes a different
form for electronically adiabatic and non-adiabatic reactions [6, 7, 35, 37, 38]. A universally
applicable semiclassical formula for the vibronic coupling can also be used [25, 37, 38].

Looking at Eq. (9.10), one recognizes that they bear remarkable resemblance with the
canonical Marcus theory used for describing ET. They also share the same form with the PT
rate constants within the curve crossing picture discussed in 9.3.3. The only real difference
is that to obtain a rate at a given electrode potential, a summation over different canonical
states is needed in the electronically non-adiabatic limit.

9.5 Computational aspects

The fixed potential rate theory does not make use of any empirical Hamiltonians. Instead,
all the above rate equations can be parametrized and evaluated directly using first princi-
ples atomic simulations with general Hamiltonians. As there is no need to parametrize the
model Hamiltonians, adoption and evaluation of the rates is straightforward (but poten-
tially laborious).

There are a few special requirements for the software used for parametrizing the rate
equations. First, simulation of charged systems is needed to sample the electrode potential.
The overall cell neutrality can be accomplished using e.g. Poisson-Boltzmann or jellium like
models detailed in other chapters of this book. Fixed potential calculations can be accom-
plished using either fixed potential SCF (see chapter by Sundararam and Arias), an iterative
approach (see chapter by Peterson et al.), or using the potentiostat scheme in [39]. Second,
the solvent effects should be included in the model. The solvent can be presented either
explicitly or using an implicit solvent model; for details I refer to chapters by Arias, Peter-
son, and Andreussi in this the book. While adiabatic reactions can be in principle modeled
without solvent contributions, the solvent is known to greatly affect the stability of reaction
intermediates and should therefore be included for qualitatively and quantitatively accu-
rate calculations. Computation of non-adiabatic reaction rates should always be performed
in the presence of a solvent; the reaction barrier is directly related to the solvent/environ-
ment reorganization energy and neglecting the solvent contributions will most likely lead
to incorrect results.

Given a software capable of handling charged systems and performing constant potential
calculations, adiabatic rate constants can be readily evaluated. One only needs to compute
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the adiabatic constant potential reaction barrier using e.g. the NEB [20] method. One should
also evaluate the free energy corrections using e.g. the harmonic vibrational frequencies
which leads to a harmonic constant potential TST [13]. Tunneling contributions can be
estimated using the same GCE potential energy surface using methods such as rate using
Bell tunneling correction, one-dimensional WKB barrier penetration integral or harmonic
semiclassical TST [40] or more advanced instanton approaches.

Evaluating non-adiabatic and GCE-EVB rate constants requires additional software capa-
bilities. The main new requirement is the possibility to construct charge/spin localized
diabatic states and to evaluate the electronic coupling between these states. Also the reorga-
nization energy, which is an excited state quantity, needs to be computed. One widely imple-
mented and available tool for evaluating the additional parameters is the constrained DFT
methodology [41-44]. Evaluation of the vibronic/vibrational matrix elements is accom-
plished using e.g. a Fourier grid Hamiltonian [45] method which is easy to implement.
GCE-EVB simulations should be accompanied with a constant potential simulation to com-
pute fixed potential reaction and reorganization energies. Non-adiabatic rate constants need
sampling at different charge states to evaluate the summation over the number of electrons.
While this summation is in principle infinite, in practice only 5-10 charge states suffice
because GCE weight is non-zero only for a few states [13].

A final computational aspect is the interpolation between the different rate equations.
Such an interpolation is needed to bridge the adiabatic and non-adiabatic rate constants
because the division between inner-sphere/electrocatalytic/adiabatic and outer-sphere/
non-adiabatic/electrochemical is not always straigthforward. Also such a division depends
on the reaction, reaction conditions as well as e.g. distance between the reactant and
the electrode. Currently, a generally valid interpolation for fixed potentials has not
yet been developed. In the canonical ensemble interpolation between electronical-
ly/vibrationally adiabatic and non-adiabatic reactions can be accomplished using the
Landau-Zener formula [31, 46]. In CPET, a universally valid interpolation from a fully
non-adiabatic to fully adiabatic reaction is accomplished using a semiclassical CPET
prefactor [38].

9.6 Conclusions

In this chapter a general theoretical framework for computing reaction rates at fixed elec-
trode potentials was presented. The basic approach is to extend (micro)canonical rate the-
ories to the GCE to enable computation of rates at fixed potentials. Based on this strategy,
it is shown that all rate theories developed within the canonical ensemble can be extended
to GCE. Therefore, this theoretical construction enables a unified description of electro-
chemical and electrocatalytic reaction rates. Specifically, ways to address e.g. adiabatic,
non-adiabatic, and tunnelling reactions can be formulated within GCE were addressed.
Also, well-defined Tafel-BEP free energy relations were developed and analyzed.

The rate expressions can be readily combined with ab initio methods to study reaction
kinetics at complex electrochemical interfaces as a function of the electrode potential.
The rate equations have been constructed to enable straightforward parametrization using
first principles calculations in realistic environments. Fully adiabatic reaction rates can be
computed with any software providing simulation of charged electrodes. The GCE-EVB
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and non-adiabatic rate theories present an additional requirement of constructing diabatic
states and computing the coupling matrix elements — both can be accomplished using e.g.
the widely implemented constrained DFT.

The possibility to study reaction rates using general first principles methods gives direct
access to atomistic electrochemistry. A wide variety of mechanistic, kinetic, and thermo-
dynamic aspects of electrocatalytic reactions can be addressed on equal footing within the
GCE and the complex interplay between the electrode potential, solvation, double-layer
and electrocatalysis can be studied using atomistic simulations. Besides providing a rig-
orous and general theoretical framework for fixed potential kinetics, the work presented
herein enables computational studies on pure ET, PT, and CPET with hydrogen tunnelling
pathways to circumvent scaling relations often encountered in electrocatalysis.
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Thermodynamically consistent free energy diagrams
with the solvated jellium method
Georg Kastlunger, Per Lindgren, and Andrew A. Peterson

School of Engineering, Brown University, Providence, Rhode Island, 02912, USA

10.1 Computational studies of electrochemical
systems - Recent advances and modern challenges

Density functional theory has proven very useful for studying solid-state systems in
vacuum. However, conventional DFT is not directly applicable to electrochemical systems.
The most prominent issue is that conventional DFT works within the canonical ensemble,
where the number of particles is constant. Electrochemical reactions, however, demand
an ensemble where the chemical potential of the active electrons - and not the number
of electrons - is constant [1]. To see why electrochemical reactions in canonical DFT are
problematic, one can consider the Volmer step of HER on Pt(111) in Fig. 10.1. Structural
relaxation of the initial state, consisting of a Pt(111) surface and a protonated water bilayer,
induces a charge separation where a fractional number of electrons from the additional
hydrogen atom in the water bilayer transfers to the metal surface. The metal and water
bilayer are thus negatively and positively charged, respectively. However, the final state
contains a neutral water bilayer and an adsorbed hydrogen atom on the metal surface,
where the transferred proton has received the excess charge from the surface to form
hydrogen. The final state therefore consists of two neutral subsystems. This drastic change
in the surface dipole along the reaction trajectory leads to a corresponding change in the
electrode Fermi level, causing the work function to change according to Eq. 10.1,

b= s — % (10.1)

where p and ¢, are the Fermi level of the metal and the reference potential, respectively,
and e is the positive elementary charge.

This computational setup introduces an artificial potential bias where the initial and
final states (and any states along an electrochemical reaction trajectory) have different
applied potentials. This is evident in Fig. 10.1, where the work function changes by over 2V
in a nudged elastic band (NEB) [2, 3] calculation performed under a boundary condition
defined by a constant number of electrons in the unit cell. Any realistic simulation of an
electrochemical system should thus correspond to the (electronically) grand canonical
ensemble.

Atomic-Scale Modelling of Electrochemical Systems, First Edition.
Edited by Marko M. Melander, Tomi T. Laurila, and Kari Laasonen.
© 2022 John Wiley & Sons Ltd. Published 2022 by John Wiley & Sons Ltd.
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Figure 10.1 Work function in a canonical (constant-charge) nudged elastic band calculation of the
Volmer step of HER on Pt(111). The fifth state (fourth interior) represents the transition state. None
of the states along the reaction trajectory has the same work function; the work function changes
by over 2V in the course of the reaction.

A multitude of methods to study electrochemical systems within the DFT framework are
available in the literature. The most commonly used method is the computational hydrogen
electrode (CHE) [4], which allows for potential-dependent studies of reaction thermody-
namics. The fundamental basis of CHE is the equilibrium between a proton-electron pair
and gaseous hydrogen at 0 Vgyp ryyp- Any deviation from the equilibrium potential can be
dealt with in post-processing steps according to Eq. 10.2 [5],

H(E) + u(e) = S u(Hy(@) — eU, (102)

where u(H") and u(e™) are the chemical potentials of the proton and electron, respectively,
e is the positive elementary charge and U is the applied potential. This method predicts that
for a change in potential by 1V, the free energy difference between two consecutive elemen-
tary states in an electrochemical reaction will change by 1 eV. The CHE model has proven
incredibly useful for mechanistic studies of electrochemical systems [5], but is limited to
the analysis of thermodynamically stable intermediates. Other methods have attempted to
deal with the modeling of not only stable intermediates, but also transition states. These
range from modeling electrochemical reactions as non-electrochemical counterparts [6]
to treating the electrochemical interface explicitly. Among the latter, one method deals
with increasingly large unit cells to minimize the artificial potential bias introduced by
the metal charge depletion described above [7, 8]. This so-called “unit cell extrapolation”
method allows for calculations of electrochemical reactions at constant potential, but is
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hampered by the computational expense associated with increasingly large unit cells, since
DFT scales as O(N2)-O(N?) [9]. Chan and Nerskov [10, 11] used a capacitor argument to
model electrochemical systems based on canonical simulations and extrapolate the charge
a posteriori to keep the metal work function constant. All these methods have the advan-
tage that they avoid explicitly charging the electrode by adding or subtracting electrons.
However, none of these methods provides a straightforward and rigorous way to study an
electrochemical reaction at any arbitrary potential. Furthermore, some intermediate states
may only be stable within a certain potential range, and thus require methods with appro-
priate potential control.

Other methods explicitly deal with applied charges [12-20]. This introduces an additional
degree of freedom; electrons (or fractions thereof) must be added to or subtracted from
the unit cell in order to reach a target potential. The variability in the number of electrons
introduces yet another challenge in the study of metals. Metals are extended systems, and
periodic boundary conditions must be used to study the semi-infinite nature of metal slabs.
However, periodically repeating any unit cell with a net charge will cause the energy to
diverge. One must therefore introduce a counter-charge in the unit cell to enforce charge
neutrality. Several approaches have been developed to deal with this issue. The simplest
approach is to use a homogeneous background charge. As the name suggests, this approach
introduces a uniformly distributed background charge in the unit cell with the same magni-
tude as the explicit charge but opposite sign. This method, while computationally efficient,
does not capture the physics of an electrochemical system. Since the background charge is
smeared out in the entire unit cell, it interacts with all the atoms. Furthermore, the uni-
formly distributed background charge prevents any field-free region from being defined.
The lack of a field-free region in the unit cell prohibits the definition of the constant refer-
ence potential in Eq. 10.1.

Another commonly used charge neutralization scheme is a localized counter charge.
This counter charge can take any shape, but has been modeled as a Gaussian in previous
works [13, 14]. Unlike the homogeneous background approach, this method does not suf-
fer from a lack of field-free region in the unit cell. However, in the absence of a screening
medium, this approach represents two isolated capacitor plates in vacuum. The absence of
a screening medium creates an artificially large electric field between the working electrode
and the counter charge, contradicting the physical picture of an electrochemical interface
where the electric field decays according to the Gouy-Chapman-Stern model [21]. It is
important to emphasize that any method that explicitly deals with charge should have a
physically reasonable charge neutralization scheme that reproduces the physical picture of
an electrochemical interface.

10.2 Thermodynamic consistency with a decoupled

computational electrode model

The computational hydrogen electrode (CHE) model [4, 5] has been the most widely
used methodology in the computational electrocatalysis community for the past 15 years.

305



306

10 Thermodynamically consistent free energy diagrams with the solvated jellium method

The fundamental relation of CHE is the equilibrium of the standard hydrogen electrode
(SHE) at any temperature,

1
0 ov _1 o
Hrp+ + Hg- = ZMHz’ (10.3)

where ”H + ;4 V and - yOH correspond to the chemical potential of the proton in solution,

the electron in the circuit and H, in gas phase, respectively, in their respective standard
states (pH 0, 0 Vg, p = 101325 Pa). It is challenging to accurately calculate y;’{ +and yg ,

but '“H is directly accessible within electronic structure methods as the vibrational free

energy of H,. Therefore, substitution of the free energy of the proton-electron pair by H, is
an elegant way to describe the thermodynamics of electrochemical reactions.

The electrode potential with respect to 0 Vg, can be accounted for in a post-processing
step by adding —e¢ to GHz' This accounts for the deviation of ue- from its standard state.
Hence, the final equilibrium at any temperature and any given potential on a SHE scale (¢)
changes into

o _ 1
/4;)_1-;- tHe- = 5/4%12 — edsygs (10.4)
where
yg_ = ng — ey (10.5)

The free energy change of an electrochemical reaction, such as H* + e~ + % — Hx studied
at pH 0, can now elegantly be written as

1
AGy = Hyy — My — (5/4H2(g) - e(,b) s (10.6)

where the chemical potentials of the initial (4, ) and final states (y,) are generally calcu-
lated as the vibrational free energies at charge neutral conditions. Applications of the CHE
model have proven useful in numerous studies. However, the scheme is only applicable for
calculating reaction thermodynamics. The reason for this limitation is that CHE does not
account for changes in the interface dipole perpendicular to the electrode surface, p, in
the course of a reaction. The electrode potential is a function of p,, which (besides other
system parameters, such as the dielectric properties of the solvent) determines the shape of
the electrostatic potential profile between the bulk of the electrode and the electrolyte. In a
complete electrochemical proton-coupled electron transfer reaction (H* + e™ + % — Hx),
p, does not change significantly if one only compares the stable endstates of the reac-
tion. Hence, constant-potential conditions are present in AG,,, by default. For intermediate
states of along a reaction trajectory, e.g. a saddle point, p, often differs from its value in the
initial and final states. This causes the constant-potential condition to be broken. There are
two reasons for this: (i) rotation of implicit dipoles at the interface, i.e., rotation of water
molecules, and (ii) (partial) charge transfer that creates an induced dipole in the unit cell.

Here, we describe how this limitation of CHE can be lifted by changing from a
constant-particle description to a constant-potential treatment. We note that this demands
a scheme for treating charged electrochemical interfaces, such as the solvated jellium
method [22] or Poisson-Boltzmann schemes [20, 23-27]. In such schemes, the free energy
at constant applied potential is G® = u? —Neﬂg’ (often referred to as the (semi-)grand
canonical free energy Q).
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We start the derivations by rewriting Eq. (10.6) into
MGy = iy = o = (uip, + 1" — e)
= g, — Hy — M(I]{+ - u?, (10.7)
where u, and py, represent the chemical potentials of the states where the proton is resid-
ing in the bulk of the solution (not included in the unit cell) and adsorbed on the surface,
respectively, at charge-neutral conditions. ug‘l is the chemical potential of the electron at
0V on the SHE scale and e is the (positive) elementary charge. yf is the chemical potential
of the electron in the electrode at ¢, defined as the Fermi level of the electrode (referenced
to the field free potential in the solvent near surface).

From Eq. 10.7, the reason for CHE’s limitation to thermodynamic endstates is apparent.
First, p, and py, are calculated at charge-neutral conditions, and the difference between
them is only meaningful if their interface dipoles, p,, and Fermi levels are equivalent.
Additionally, an equivalent surface capacity is assumed, which makes it possible to vary
¢ linearly by changing u,.

Moreover, integer electron transfer is assumed, which does not allow for comparisons
to reaction intermediates, whose numbers of electrons generally vary gradually due to the
adiabatic nature of the reactions.

Constant-potential methods are able to lift both these limitations. By monitoring the
Fermi level of the electrode and adapting the number of electrons in the unit cell, the
chemical potential of the compared states can be calculated at any applied potential, ¢.
Additionally, the amount of transferred charge is easily accessible from the difference in
the number of electrons at ¢, AN,. With these two changes, Eq. 10.7 can now be rewritten,

AGY, = /41“.;* —u? - u;ﬁ ~ AN u?. (10.8)

Equation 10.8 can be applied to any arbitrary intermediate of the reaction and gives the
possibility of calculating activation energies for electrochemical reactions referenced to the
initial state of a bulk solvated proton. The leap to constant-potential free energies is also
apparent. Substituting G = u% — N,u? into Eq. (10.8) now leads to

AGh, =G - G? - M‘I’{+, (10.9)

which is a direct consequence of the electronically open systems that are compared; the
difference in the number of electrons between the two states is directly accounted for in
the constant-potential free energies. However, the systems are not open for protons, and the
energetic cost of introducing protons into the system has to be added explicitly. x°_, , is not
directly accessible within standard DFT methods, since it would demand sampling of the
proton-water complex in the solution via e.g. molecular dynamics. One can, however, make
use of the SHE equilibrium along with the absolute value of the chemical potential of the
electron at 0 V (~ —4.44 eV [28]). With this scheme, the definition of the free energy change
along the reaction coordinate - including proton shuttling from bulk to interface — can be
calculated as

b _ A o 1 0
AGh, = AG, — AGY - ~Gyy () + He-» (10.10)

This makes it possible to calculate the free energy change of a proton shuttling step directly
from constant-potential free energies and the definition of 'MOH L = %GH2 - yg_. Expressing

307



308

10 Thermodynamically consistent free energy diagrams with the solvated jellium method

Eq. 10.10 in terms of the chemical potentials of the involved species leads to the elegant
final solution,

1
AGh, = iy, — ! = SHH, g+ - ANuY. (10.11)

This equation directly reverts into the CHE equation if a reaction involves integer electron
transfer and has a negligible change in the intrinsic dipole of the electrode-solution inter-
face. Thus, it can be interpreted as a generalization of CHE that is applicable to any free
energy change along a reaction trajectory involving a proton-electron pair.

Interestingly, the methodology is not only applicable to electrochemical reactions, but can
be applied in a straightforward manner for any reaction at constant potential. For example,
(de-)protonation of an acidic molecule adsorbed on an electrode does not involve electron
transfer [42]. Equations 10.10 and 10.11 automatically capture the nature of the reaction; if
a reaction does not involve electron transfer, AN, will be close to zero. Similarly, a reaction
that does not involve proton transfer can be treated by not including s, , in Eq. 10.10. This
changes the description into a pure difference in constant-potential free energies.

10.3 Solvated jellium method (SJM)

10.3.1 Introduction

To address the issues associated with computational studies of electrochemical systems, we
have developed the solvated jellium method (SJM). This method - which is implemented in
the GPAW [29, 30] electronic structure code — allows for first-principles calculations of elec-
trochemical systems at constant potential. The solvated jellium method can be partitioned
into two sections: charging and screening. The system under study is explicitly charged
using a Jellium slab [31]. Jellium is a charge-neutral entity that includes explicit charge
and a background charge of equal magnitude but opposite sign. While the distribution of
explicit charge is optimized within the self-consistent field (SCF) cycle of DFT, the back-
ground charge is spatially constrained in the SCF cycle. By itself, this charging approach
would closely resemble that of the isolator capacitor approach described above [13, 14].
In order to create a more realistic behavior, we screen the electric field with explicit and
implicit solvents. The resulting electrostatic problem is solved in the generalized Poisson
equation

V(e()VO(1)) = =47 (pepiicit(1) + pjeuium(r)) (10.12)

where the charge density p(r) includes the neutral atomic system electron density and com-
pensation charge (peypicit(r)), as well as the charge density from the jellium electron/hole
density and its jelly background charge (pjemum ().

The electron density in the unit cell, pjep,m (1), is initially localized in the region of the
homogeneous jellium counter charge. However, the electron/hole density transfers into the
resulting Kohn-Sham states in the course of the SCF cycle, provided that the Fermi level of
the atomic system lies well below the electrostatic potential of the solvent. This is generally
the case, since the Fermi level is 4.4V lower than the mean potential in the solvent at
0V on the standard hydrogen electrode (SHE) scale. This large gap cannot be closed by
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the diffuse layer, described by the jellium counter charge, at reasonable applied charges or
potentials. This localization only fails at extremely low potentials, deviating from 0 Vg
by several volts, where the Fermi level is artificially high. This will be discussed in a later
section of this chapter.

A description of the electrostatic problem on the basis of Eq. 10.12 is certainly approx-
imative in comparison to more realistic Poisson-Boltzmann (PB) descriptions of the elec-
trochemical interface [25-27, 32-34]. However, the appeal of SIM lies in its efficiency and
stability for treating the electrostatic problem; the improved efficiency compared to PB
methods stems from the fact that the generalized Poisson equation only needs to be solved
once per SCF step of DFT. (Non-linearized) Poisson-Boltzmann schemes, on the other
hand, demand a self-consistent treatment of the electrostatic problem. Here, the general-
ized Poisson equation has to be solved in each iteration while the ionic charge density is
optimized. [26].

Regarding stability, it has been shown that PB schemes can lead to spikes in the electro-
static potential due to artificial accumulation of ions in the interface [35]. (This behavior can
be avoided by applying the size-modified Poisson-Boltzmann equation [25-27].) In SIM,
the homogeneous charge background is evenly distributed in the implicit solvent region,
and the potential smoothly approaches the value in the solvent without spikes in the elec-
trostatic potential. This smooth decay of the electrostatic potential leads to rapid and reliable
convergence of the finite difference Poisson solver.

10.3.2 Electrostatic potential profiles and charge localization

The charging-screening scheme described in the last section addresses the issues associated
with homogeneous background charges and localized background charges in vacuum. The
solvated background charge allows for the definition of a reference potential in a field-free
region of the unit cell, and the inclusion of explicit and implicit solvent between the working
electrode and counter charge scales down the electric field considerably with respect to the
vacuum case.

Figure 10.2 shows the electrostatic potential profile perpendicular to the surface plane
for Au(111) covered by an H-down water bilayer. Here, we describe five distinct regions in
the unit cell:

o Electrode backside (I): This region, which extends from the far left of the unit cell
until the back of the electrode is reached, is a vacuum region. This is a field-free region
(constant electrostatic potential) that is independent of the applied charge/potential; the
dipole-correction perpendicular to the lateral dimensions of the electrode ensures that
the vacuum work function is constant. This behavior is not only valid for static structures
with varying applied charges/potentials, but also for structures with changing geome-
tries. An example of the latter is saddle point searches, where the geometry changes along
the reaction coordinate. This behavior is unique to the solvated jellium method.

o Electrode bulk (II): This region contains the metallic electrode. The electrostatic poten-
tial varies significantly due to the large number of electrons and the applied compensation
charges close to the atomic cores. Additionally, the conducting nature of metallic systems
screens the electric field on the reactive side of the electrode. This leads to a constant
xy-averaged electrostatic potential inside the electrode.
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Figure 10.2 Plane-averaged electrostatic potential profile perpendicular to the electrode surface
for a Au(111) slab covered with a hexagonal H-down water bilayer. The different lines represent
varying applied charges in the SIM scheme, where the charge increment is 0.03 electrons per
surface atoms. Source: Adapted from Georg Kastlunger, Per Lindgren, and Andrew A. Peterson.
Controlled-potential simulation of elementary electrochemical reactions: proton discharge on
metal surfaces J. Phys. Chem. C 2018, 122, 24,12771-12781.
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o Stern layer (III): This region, located between the metallic electrode and the explicit
water layer, is crucial for simulations of electrochemical reactions, since proton and elec-
tron transfer occurs here. As seen in Fig. 10.2, the applied potential has the greatest effect
in this region. As shown later in this section, this behavior leads to a shift of the frontier
orbitals of the explicit water molecules with respect to the metallic Fermi level.

o Diffuse layer (IV): Behind the explicit water layer, the implicit solvent — with jelly
background charge embedded in it - is present. Due to the dielectric constant of the
chosen solvent the electric field is scaled down in this region, leading to comparatively
minor changes in the electrostatic potential. When moving away from the surface, the
net monopole in the system is gradually neutralized. Consequently, the electric field
reduces exponentially, leading to a flat electrostatic potential profile at the end of the
region. This homogeneous diffuse charged region, which is screened by the solvent,
approximates the diffuse layer within which the electrode potential attracts ionic species
from the bulk electrolyte.

o Field free solvent (V): This region corresponds to the (mean) electrostatic potential in
the solvent bulk. The nature of the charging scheme of SIM ensures that no monopole
moment is present. Moreover, the dipole-correction ensures that no dipole moment is
present in this region of the unit cell, leading to a flat electrostatic potential profile. This
constant electrostatic potential value acts as the reference for the Fermi level of the slab,
which determines the (absolute) electrode potential [28].

Figure 10.3 shows the electrostatic potential of charged systems relative to the neutral
case within the STM framework. The innermost region of the electrochemical interface has
a high, constant electric field, while the electric field decays exponentially farther away
from the electrode surface. These two regions correspond to the Stern layer and diffuse
plane, respectively, in the Gouy—Chapman-Stern model [21] of an electrochemical inter-
face. This relatively simple charge-neutralization scheme thus produces interfacial electro-
static potential profiles that are in good qualitative agreement with electrochemical theory
and experiments.
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Figure 10.3 Electrostatic potential difference between charged systems and a neutral system with
the same geometry. Copyright 2018 American Chemical Society. Source: Adapted from Georg
Kastlunger, Per Lindgren, and Andrew A. Peterson. Controlled-Potential Simulation of Elementary
Electrochemical Reactions: Proton Discharge on Metal Surfaces. J. Phys. Chem. C 2018, 122, 24,
12771-12781.

When explicitly charging a unit cell, one must ensure that the charge localizes in the
region of interest; that is, the metal surface at the interface. The charge localization
depends on the energetic alignment between metal surface and explicit water, and should
be carefully monitored. STM allows for selective charging of the electrochemical interface.
Figure 10.4 shows the xy-averaged integration of electron density in an H-up water
geometry on Pt(111) of charged systems relative to a neutral system of the same geometry.

In this representation, a slope indicates a change in the number of electrons relative to the
neutral system. The back of the electrode is not solvated, and any applied charge does not
affect the occupation of states. This is an important result, since the back of the electrode is
fixed at the bulk lattice constant and is meant to represent the bulk of the electrode infinitely
far away from the interface. However, the number of electrons changes significantly in the
interface region, with the majority of the electrons either added to or subtracted from the
metal surface. This charging scheme works selectively for charges of low and intermedi-
ate magnitude. However, Fig. 10.4 shows a deviation from charge-selectivity for charges
of higher magnitude. For these high-magnitude charges, electrons are not only added to
or subtracted from the metal at the interface, but also to or from the water bilayer. This is
a result of the energetic alignment between metal and the frontier orbitals of water, and
is in agreement with the findings of Bjorketun et al. [36], who found that the Fermi level
of the metal will only change relative to the solvent if it is located between the highest

311



312 | 10 Thermodynamically consistent free energy diagrams with the solvated jellium method

0.13 e/atom

0.8 4
0.10 e/atom

0.6 4

.07

044 0.07 e/atom
0.03 e/atom

0.2 1

< 00

g 0-
—0.03 e/atom

_02 4
—04. —0.07 e/atom
—0.10 e/atom

—-0.6 1
—0.13 e/atom

_08 4

0 5 10 15 20 25 30

z(A)

Figure 10.4 xy-averaged integration of electron density in an H-up water geometry on Pt(111) of
charged systems relative to a neutral system of the same geometry. The vertical black lines
represent the z-location of each Pt layer, and the vertical red line represents the average z-location
of oxygen atoms in the water bilayer. The labels denote the surplus/deficiency of electrons
normalized to the number of surface atoms.

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of
the solvent. The metal can therefore be selectively charged if its Fermi level is located in
the HOMO-LUMO gap of the solvent. However, selectively adding electrons to the metal
causes the Fermi level to increase relative to the frontier orbitals of the solvent. Conversely,
subtraction of electrons from the metal decreases the Fermi level relative to the molecu-
lar eigenstates of the solvent. For high, positive charges (subtraction of electrons) the Fermi
level of the metal decreases to a point where it is in resonance with the HOMO of the solvent.
Addition of electrons on the other hand increases the Fermi level relative to the (solvent)
reference potential until the electron density starts to spill out it into the implicit solvent
region above the interface. When the two subsystems are in resonance, they are degenerate
and further addition/subtraction of electrons will be added to or subtracted from both the
metal and solvent. This is shown in Fig. 10.5, which shows the projected density of states
(PDOS) of the p, states of an H-down water geometry on Au(111) with varying charges. For
positive charges of higher magnitude, the Fermi level of the metal approaches the HOMO
of the water until the two subsystems are in resonance when ~ 0.07 e/atom are removed
from the unit cell.

While the charging for low and intermediate magnitudes is selective, it is not perfectly
selective. The reason for this could be that there is always some degree of hybridization
between the metal and the water bilayer. This degree of hybridization is highly dependent
on the degree of solvation between the two subsystems. If one were to completely solvate
the interface between metal and water bilayer, the two subsystems would be electrostati-
cally decoupled. This would result in highly selective charging, but this is not a physically
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Figure 10.5 Density of states projected onto the p, states of the water bilayer in an H-down
geometry on Au(111). Source: Adapted from Georg Kastlunger, Per Lindgren, and Andrew A.
Peterson. Controlled-potential simulation of elementary electrochemical reactions: proton
discharge on metal surfaces J. Phys. Chem. C 2018, 122, 24,12771-12781.

reasonable model since the electrostatic potential at the interface would deviate from that
shown in Fig. 10.3. Rather than completely solvating the interface, the implicit solvent mod-
ule has been modified to partially solvate the interface. Here, the innermost part of the
interface - corresponding to the Stern layer of the Gouy-Chapman-Stern model - is not sol-
vated to allow for a high, constant electric field. The remaining regions of the unit cell are
solvated based on the location of the explicit atoms.

For all applied charges, we find that the majority of the applied charge localizes on the
metal surface at the interface. The next logical step is to study the potential response as a
function of applied charge, since potential is one of the variables of interest in electrochem-
istry. As one might expect for a systematic charging scheme, the potential changes linearly
over a wide window of applied charges. The linear response, which is shown in Fig. 10.6,
extends over a range of ~ 6 V on Pt(111). This makes constant-potential calculations rel-
atively inexpensive, since the charge optimization algorithm needs a maximum of three
static calculations to reach a target potential. As noted in subsequent sections, the charge
equilibrion scheme in SJM rarely needs more than two consecutive SCF cycles to reach a
target potential. However, the linear response does not hold for high-magnitude charges.
For high, positive charges (subtraction of electrons) the Fermi level is in resonance with
the HOMO of the water bilayer, causing the charge selectivity to decrease as noted above.
The potential response deviates from linearity for high, negative charges. However, these
potentials are not of interest in HER (or other electrocatalytic reactions of interest), since
the absolute standard hydrogen electrode potential is ~4.44 V [28].

10.3.3 Workflow of potential equilibration

One major advantage of the use of an implicit electrolyte is the reduction in computational
cost, while providing a reasonable physical description of the solvent. In fact, explicitly
accounting for the solution molecules and ions in the electrolyte would not only increase
the computational demand tremendously, but also creates the need for thermodynamic
sampling via e.g. molecular dynamics simulations. Hence, applying the averaged values
for the solvent dielectric constant and neglecting the quantum and dipolar nature of the
solvent is desirable, if not necessary. This is particularly important for simulations of
electrode-electrolyte interfaces at constant potential. Since the total number of electrons
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the system is allowed to vary, a strategy for reaching the desired potential by means
standard DFT calculation has to be developed. Three strategies for constant-potential

structure optimizations are commonly pursued:

Constant charge relaxation followed by adaptation of the charge: Here, the
structure optimization is performed at charge neutral conditions. Once the forces in
the system are minimized the charge is varied iteratively until the desired potential is
reached [37, 38].

Alternatively optimizing the geometry and electrode potential: In this methodol-
ogy, two loops are used in series. The electrode potential is calculated after each ionic step
of the structure relaxation. If the potential does not correspond to the desired value, it is
iteratively equilibrated. Since the relationship between the electrons in the unit cell and
the electrode potential is linear at constant geometry, a maximum of three iterations is
generally needed in order to reach the target potential [22, 35, 39].

Constant-potential self consistent cycle: In this scheme, the variational principle
in the SCF cycle is adapted in order to satisfy the constant-potential condition. This is
achieved by altering the Lagrange multiplier term from -,(/ n(r)dr — N,), which sat-
isfies the constant charge condition, to -u, / n(r)dr, which automatically leads to the
constant-potential free energy. While this scheme is very elegant and efficient, it can
lead to numerical instability, expressed as a spatial oscillation of the electron density
between SCF steps. Modifications to the SCF cycle have been proposed to correct this
behavior [25].

Two algorithms are implemented in the solvated jellium method. The first follows the iter-

ative scheme of the second strategy described above in an automated fashion. The standard
workflow of this method is shown in the left panel of Fig. 10.7 for a structure optimization.
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It can, however, be applied to e.g. transition state searches in a straightforward way. The
crucial component of the algorithm is highlighted in Fig. 10.7, namely the “computational
potentiostat”. This loop sets the potential by varying the number of electrons in the system.
A detailed description of the workflow can be found elsewhere [22, 39]. However, a few
aspects are worth highlighting for the scheme implemented in STM:

o Using the converged wavefunctions from the previous calculation in a potential equili-
bration significantly reduces the number of iterations needed to reach convergence.

o The change in electrode potential with the number of electrons for a given geometry is
nearly constant. Hence, reaching the target potential in three steps is generally possible.
However, by remembering the slope from a previous charge equilibration, the algorithm
can reach the target potential within a single charge equilibration step.

e The design of the algorithm suggests that the number of SCF cycles increases mani-
fold compared to the number of force calls. In practice, the number of SCF cycles rarely
reaches a factor of two compared to the number of force calls. This is due to the fact that
ionic steps are generally small and only lead to small perturbations of the electrode poten-
tial. Hence, the number of electrons in the system do not need to be adapted after each
step.

These aspects considerably decrease the computational cost of the method; the computa-
tional expense is generally well below 1.5 times that of a constant-charge optimization. In
the upcoming section, we discuss the computational effort in detail.

In addition to the sequential charge and geometry optimization, SJM also includes a
simultaneous scheme. In this algorithm, outlined in the right panel of Fig. 10.7, the poten-
tial is not equilibrated in a separate loop of SCF cycles, but is adapted directly when an ionic
step happens. Here, the method uses the slope from the last step and redefines it at the same
time. As shown in more detail in the upcoming section, this scheme does not lead to any
penalty compared to a constant-charge structure optimization.

Comparison of the implemented potential equilibration schemes

In order to make the workflow shown in Fig. 10.7 more apparent and to estimate the numer-
ical performance of the two described schemes, in the following an application to a structure
optimization is shown. The system of choice for this example is an Au(111) slab covered by
a water layer. In the initial geometry the H,O molecules, included as a hexagonal ice-like
layer, are rotated for the OH-bonds to be aligned with the electrode surface plane, except
for one H,O molecule which has been slightly tilted, in order to avoid artifacts arising from
the high symmetry. In the course of the structure optimization the water layer will rotate
and form the well-known H, O bilayer structure in its H-down form. This particular setup
was chosen because the change in the surface dipole of the electrode-interface is very pro-
nounced in the course of the relaxation, due to the rotation of the polar OH-bonds. In
addition to comparing the two charge equilibration schemes, a comparison to a constant
charge relaxation, where the charge was set to the determined final charge from the con-
stant potential schemes, will be given as well. Thus, the additional computational effort
to constant charge DFT geometry optimizations is accessible. For both the sequential and
simultaneous potential equilibration schemes the initial guess for the charge was set to 0
and automatically relaxed before the geometry optimization started.
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Table 10.1 Final results of described geometry optimization. The shown results are final constant
potential energy (E?) referenced to the sequential charge equilibration scheme, Number of added
electrons with respect to the uncharged system, deviation of the final electrode potential from the
target potential (®°=4.40V), number of force calls (#FC), number of SCF cycles (#SCF), total CPU
time (Walltime x Number of cores), CPU time for 100 force calls.

AE?[eV] (N,—N°)[e] ®—@°[V] #FC #SCF CPU[h] CPU (100 FC) [h]

Constant charge 0.024 0.340 0.039 106 106 578 546
Sequential 0 0.347 0.002 103 178 810 786
Simultaneous —-0.012 0.331 —0.006 117 120 663 580

Figure 10.8 and Table 10.1 show the results of the comparison of the structure optimiza-
tion schemes described above. Both potential equilibration schemes reached the same final
geometry and energy save for some noise arising from the chosen convergence criterion
(0.05eV/A).

The target potential has been reached by both charge equilibration schemes, where the
deviation isin the order of single digit mV. As can be seen in the upper right panel of Fig. 10.8
the sequential scheme never leads to a significant deviation from the target potential. The
electrode potential in the simultaneous scheme on the other hand oscillates substantially
and can sometimes even lead to spikes of strong deviation (as it is the case at the 44th SCF
step). This is a consequence of the fact the change in electrode potential due to a change
in the system’s geometry is not estimated by the scheme. However, towards the end of the
geometry optimization, where the change in geometry is small and the system’s inherent
dipoles do not vary their orientation significantly, the oscillation is strongly reduced and the
target potential can be reached reliably. The constant charge scheme differs from the target
potential by a slightly higher amount (39mV), which is a consequence of the fact that the
charge has been chosen at the beginning of the optimization and has not been optimized
in the course of it.

In this specific example, the number of ionic steps — or number of force calls — needed
for reaching the final convergence was about 10% higher for the simultaneous charge and
potential equilibration than for the sequential scheme. This, however, is not a general trend.
In practical applications the relative number of force calls can vary and convergence can
often be reached in the same of less number of steps when applying the simultaneous
scheme. Counting the number of SCF cycles needed for convergence shows a different pic-
ture. While the number of cycles for simultaneous scheme is the same as the number of
force calls, save for 3 initial SCF cycles in the beginning used to pre-equilibrate the poten-
tial. In the sequential scheme, on the other hand, the number of SCF cycles was 68% higher
than in the constant charge scheme. The reason for this behavior is the rather tight poten-
tial equilibration criterion. Each time the potential varies for the target potential by more
than 10mV after an ionic step, the charge is equilibrated without changing the molecular
geometry. This behavior is shown in the lower right panel of the Fig. 10.8. Open circles rep-
resent SCF steps resulting in a potential outside of the set tolerance. Although the number
of SCF cycles was 68% higher than in the compared constant charge scheme, the total CPU
time only increased by 40%. This is a consequence of the implementation, which applied
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Figure 10.8 Comparison of the two constant potential geometry optimization schemes outlined in Fig. 10.7 and a constant charge relaxation, where the
final surface charge determined via the constant potential schemes at an absolute potential of 4.4V. Left top panel: Initial and final geometry, Left bottom
panel: £ referenced to the final £ of the sequential scheme optimization (left axis, solid line) and maximum force (right axis, dotted line), Right top
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10.4 Example: Mechanistic studies of the hydrogen evolution reaction (HER)

the previously converged wavefunctions for the initial guess of the electron density, when
the charge is equilibrated. As shown in the lower right panel of Fig. 10.8 the additional SCF
cycles generally converge well within 20 iterations.

In summary, both charge equilibration schemes are viable for constant potential geome-
try optimizations. While the sequential scheme, applying the previous wavefunctions, leads
to an increase in computational cost of about 40%, the method is robust and does not lead
to any oscillation of the potential in the course of the relaxation. The simultaneous scheme
is more efficient, leading to almost no added cost compared to a constant charge relaxation.
However, the potential during the structure optimization can oscillate.

10.3.4 Shape of the jellium background charge

The description of the diffuse layer as a homogeneously charged region is clearly a sim-
plification of a real electrochemical interface. However, this choice of description is very
versatile and also leads to numerical stability and speed. The choice of the counter charge
region is not necessarily limited to a large block-like counter charge region. Various param-
eters can be tuned in order to adapt the model to the simulated system.

For approximately planar interfaces, the block like counter charge region, which is com-
pletely uniform in the directions parallel to the electrode surface, is a reasonable approxima-
tion. However, the thickness of the electrochemical double layer is a strong function of the
ionic strength of the electrolyte. The jellium background charge can be adapted to approxi-
mate this behavior. In principle, this corresponds to a change of the Debye screening length
of the interface.

For non-planar interfaces, one can make use of the smooth permittivity function of the
implicit solvent. In this scheme, the counter charge is scaled in dependence of the value
of the dielectric shape function. This description of the jellium counter charge allows for
the simulation of e.g. self-assembled monolayer structures, which are not close-packed and
therefore allow the electrolyte to penetrate the adsorbate layer.

10.4 Example: Mechanistic studies of the hydrogen evolution
reaction (HER)

The hydrogen evolution reaction (HER) - the simplest of electrocatalytic reactions - is
one of the key reactions for a scalable hydrogen economy. In this half-cell reaction, pro-
tons from the electrolyte and electrons from the external circuit combine to form hydrogen
gas at the cathode. In this section, we describe the elementary steps of hydrogen evolution
and calculate potential-dependent reaction barriers. Moreover, we use SJM and the decou-
pled computational electrode described in Section 10.2 to account for the complete reaction
trajectory of all elementary electrochemical reactions. This allows us to calculate current
densities and coverage-dependent Tafel slopes.

HER is a two-step mechanism with three possible elementary reactions. The Volmer
step is a proton discharge step from the electrolyte coupled with electron transfer to
form adsorbed hydrogen. The second elementary reaction is either Heyrovsky or Tafel.
The former describes hydrogen gas formation from an adsorbed hydrogen atom and a

319



320

10 Thermodynamically consistent free energy diagrams with the solvated jellium method

proton-electron pair from the electrolyte/circuit, whereas the latter is a purely chemical
step between two adsorbed hydrogen atoms. Since the Volmer and Heyrovsky steps are
electrochemical reactions, they require an electronically grand canonical treatment for the
reasons outlined in the introduction.

The Tafel reaction, though non-electrochemical in nature, can also be a complicated ele-
mentary step. HER on platinum group metals is accompanied by underpotential deposition
of hydrogen. This capacitive event occurs on the positive side of the equilibrium poten-
tial, and introduces a monolayer (or close to a monolayer) of hydrogen in the most stable
adsorption sites. On the (111) facet of Pt, the fcc sites are occupied by these strongly bound
hydrogen atoms before the surface begins to evolve H,. The next available surface sites are
the top sites, onto which the overpotential deposited hydrogen atoms adsorb. The nature of
these weakly bound hydrogen atoms is vastly different from the strongly bound ones. Using
constant-potential reaction barrier calculations and the decoupled computational electrode
outlined above, we calculate thermodynamically consistent free energy diagrams for two
possible HER mechanisms.

10.4.1 Potential dependence of the elementary steps of HER

We have calculated potential-dependent reaction barriers for all elementary steps of HER
on Pt(111) with SIM and the nudged elastic band (NEB) method [2, 3], shown in Fig. 10.9.
The fcc sites on the platinum lattice are saturated with a monolayer of hydrogen to sim-
ulate underpotential deposited hydrogen. The first two panels represent the Volmer and
Heyrovsky steps, respectively. The electrochemical nature of these elementary steps man-
ifests itself in the splitting of the potential-dependent minimum energy pathways; since
electrons are transferred between the initial and final states, both the reaction energy and
barrier change with applied potential. We find that the reaction barrier and reaction energy
change quadratically and linearly, respectively, with applied potential. The latter validates
the thermodynamic consistency of the model, if one takes into account the fractional charge
transfer between a hybridized initial state and the final state [40]. The fractional charge
transfer will be addressed in subsequent sections. The right panel of Fig. 10.9 shows the
minimum energy pathways of the Tafel reaction. Here, we consider two configurations of
reactive intermediates: (i) one neutrally adsorbed hydrogen in an fcc site and a weakly
bound hydrogen in an ontop site, and (ii) two weakly adsorbed hydrogen atoms in adja-
cent ontop sites. Regardless of the nature of the reactive intermediate, we find that the
potential dependence of the reaction barrier and energy is negligible, consistent with the
non-electrochemical nature of this elementary step. Note that we do not makes assumptions
regarding the nature of the reaction a priori; all elementary steps are treated identically, and
the potential dependence is captured by the model.

The Volmer reaction is essentially barrierless at the equilibrium potential; the Butler-
Volmer symmetry factor is close to unity. Moreover, the reaction barrier is low relative to
those of the hydrogen-liberating steps. We note that the barrier height of the Heyrovsky step
(electrochemical H, liberation) is significantly higher than for either Tafel mechanism at
most potentials of interest.

The functional forms of the reaction energy and barrier can be explained by a quadratic
relationship, functionally similar to Marcus theory [41] or empirical valence bond
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Figure 10.9 Potential-dependent potential energy diagrams for the elementary steps of HER on
Pt(111). The Tafel insets represent optimized geometries for the top-hollow mechanism.

theory. This is shown in Eq. 10.13, where the reaction barrier changes quadratically for
intermediate thermodynamic driving forces. This model requires one parameter, b, which
we take to be the reaction barrier at thermoneutral conditions: the intrinsic reaction
barrier. For high thermodynamic driving forces (U < 0 Vgyg), the reaction approaches an
activationless state and the Butler—Volmer symmetry factor approaches zero. Conversely,
the reaction approaches a barrierless region for low thermodynamic driving forces. Here,
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the Butler-Volmer symmetry factor is unity, and the reaction barrier and energy have
identical responses to the applied potential.

0, AE < —4b
2
B = %, _4b < AE < 4b (10.13)
AE, AE > 4b

The data from our constant-potential calculations on Au(111) and Pt(111) and the func-
tional form in Eq. 10.13 are plotted in Fig. 10.10. As noted in subsequent sections, the
Volmer reaction on Au(111) proceeds via ontop adsorption followed by exothermic dif-
fusion into an fcc site. The latter part of the reaction trajectory is not accompanied by
electron transfer, and is independent of the applied potential. Thus, the thermodynamic
driving force in Fig. 10.10 corresponds to hydrogen adsorbed in an ontop site. This func-
tional form captures the constant-potential data well, and properly describes the limiting
cases for high-magnitude driving forces. Moreover, we find that the intrinsic reaction bar-
rier, b, is higher on Au(111) than on Pt(111).

10.4.2 Charge transfer along reaction trajectories

SIM is an electronically grand canonical method, and electrons are added (subtracted) to
(from) the electrode in order to keep the potential constant. Thus, the charge transfer along
the reaction trajectory can be monitored for each elementary step. This analysis is help-
ful for partitioning the reaction trajectory into electrochemical and non-electrochemical
trajectories. Here, we show the minimum energy pathways and charge transfer profiles
for the Volmer and Heyrovsky steps on Au(111). First, we note that these are adiabatic
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Figure 10.10 Constant-potential data for the Volmer reaction on Au(111) and Pt(111) fitted to the
functional form in Eq. 10.13. The intrinsic reaction barrier, b, is lower on Pt(111).
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calculations, and that the charge transfer is not a step-wise function; the electron transfer
process is distributed between the intermediate states. However, the most dramatic change
in electron transfer, i.e., the inflection point, coincides with the saddle point of the electro-
chemical reaction. The left panel of Fig. 10.11 shows the Volmer step at the equilibrium
potential. Unlike platinum group metals, gold electrodes are not accompanied by underpo-
tential deposition of hydrogen. Moreover, the weak hydrogen binding energy of Au results
in low hydrogen coverage at moderate overpotentials. Thus, the most stable sites, i.e., the
fce sites, are available. Interestingly, we find that the reaction proceeds via adsorption into
an ontop site, followed by exothermic diffusion into a neighboring fcc site; that is, the
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Figure 10.11 Minimum energy pathways (circles) and charge transfer profiles (squares) of the
(left) Volmer and (right) Heyrovsky reactions on Au(111). The inflection point of the charge transfer
curve coincides with the saddle point in both elementary steps.
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electron transfer process ends when the hydrogen adsorbs in the ontop site. One could
therefore create shorter pathways for these types of reactions, where a saddle point search
is conducted between the initial state and the top-adsorbed hydrogen. The subsequent ther-
modynamic shift into an fcc site could be accounted for with a separate calculation.

The right panel of Fig. 10.11 shows the minimum energy pathway of the Heyrovsky step at
the equilibrium potential. The saddle point is well-defined, and the charge transfer curve
reflects this; the electron transfer process only occurs at or around the saddle point. The
two diffusion processes - surface diffusion of hydrogen from an fcc site to an ontop site and
diffusion of H, gas - exhibit negligible electron transfer and are independent of the applied
potential.

One common characteristic of the two reactions is the fractional charge transfer; none
of the two reactions includes the transfer of a full electron. A recent study [40] has inves-
tigated this phenomenon with self-interaction free methodologies, and concluded that the
fractional charge transfer is a consequence of hybridization between solvated protons and
the electrode in the electrochemical double layer. We account for this with our decoupled
computational electrode model (section 10.2), where all states are referenced to the relevant
initial state, i.e., a bulk solvated proton and an electron in the electrode. Thus, although the
explicit reaction barrier calculations only account for part of the trajectory, we can combine
them with thermodynamic proton shuttling calculations to calculate the energetics of the
complete electrochemical reaction. We explain this in greater detail in section 10.4.3.

10.4.3 Thermodynamically consistent free energy diagrams from first
principles

As noted in section 10.4.2, a recent study by Chen et al. has concluded that the fractional
charge transfer observed in interfacial kinetic studies stems from hybridization of solvated
protons and the electrode in the electrochemical double layer [40]. Thus, a complete electro-
chemical reaction trajectory has to account for proton shuttling from bulk solution into the
electrochemical interface. We account for this with our decoupled computational electrode
model outlined in Section 10.2; all states along the reaction trajectory are referenced to the
true initial state, where the proton is solvated in the bulk and the electrode-water interface
is calculated at constant potential. Since the pseudo-initial state is hybridized, the proton
shuttling step also includes partial charge transfer. In net, the charge transfer from bulk
solvation to adsorption is close to unity, where any small deviation from unity is accounted
for in the model.

Thus, each elementary electrochemical step includes two reactions, both of which are
accompanied by partial charge transfer: (i) proton shuttling from bulk to interface, and
(ii) proton transfer from the hybridized pseudo-initial state to the electrode. This analysis
is evident in free energy diagrams, where each electrochemical step includes a shoulder
before the reaction barrier. Figure 10.12 shows free energy diagrams for the Volmer-Tafel
and Volmer-Heyrovsky mechanisms, respectively, on Au(111). The Volmer and Heyrovsky
steps are electrochemical, and thus require an additional proton shuttling step to ensure
thermodynamic consistency. The Tafel step, however, is non-electrochemical, and does not
require explicit consideration of proton shuttling from bulk into the interface.
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Figure 10.12 Potential-dependent free energy diagrams on Au(111). Note that each elementary
electrochemical reaction includes a proton shuttling step from bulk solution into the interface.

Figure 10.12 shows two examples of thermodynamically consistent free energy diagrams.
Each state along the reaction trajectory is properly referenced to the initial state with a
bulk solvated proton. This analysis therefore accounts for the hybridization issue associated
with interfacial studies, and ensures that the complete reaction trajectory is described. The
results from these calculations can be used in potential-dependent microkinetic models to
calculate current densities and coverage-dependent Tafel slopes.
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11.1 Introduction

Understanding and improving the performance of a battery requires deep knowledge of a
plethora of phenomena that occur on a wide range of length and time scales. For predictive
modelling of batteries, the length scales span from the atomistic level, where quantities such
as the open circuit voltage (OCV) can be determined, to the device level, which is employed
in battery management systems. The modelling time scales start at the pico to nanosecond
scale, to capture phenomena such as electron transfer and ionic diffusion, and reaches the
year-scale in order to describe battery aging. Similarly, the length scales span from angstrom
to meters. Obviously, there is no a single modelling framework that can cover all these
scales simultaneously, but specific simulation tools have been developed to treat each of
them independently. The biggest challenge to build a reliable multiscale approach to model
batteries is to feed the larger scale levels, both length and time, with appropriate parame-
ters. Ideally, these parameters for mesoscopic and macroscopic simulations would be derive
from the output of microscopic scale calculations. In this regard, Machine Learning algo-
rithms (MLAs) and related data-driven approaches are showing great promise to accelerate
the coupling between the different simulation scales.

Machine learning is a subfield of AI, where an algorithm learns from examples to estab-
lish a functional mapping from input to output, and improves the mapping upon training.
MLAs therefore rely on a ‘training set’ of systems from which the algorithm learns. Each
computation in the training set is described by a ‘vector descriptor’ which contains a unique
and meaningful way to describe the computed material. The training set also contains a
number of target properties for each material. If the size of the training set is large enough,
the MLA can figure out how the vector descriptors and the targeted properties are corre-
lated. In order to obtain reliable outputs from the MLA, the data in the training set must
be reliable. On the other hand, producing data to train the MLAs can be time-consuming.
Thus, the method to produce the data in the training set must also be affordable. The del-
icate balance between reliability and affordability depends on the targeted property. In
some cases, it is better to have a vast amount of data with moderate fidelity, while in other
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situations it is more convenient to use a limited amount of high-fidelity data (here fidelity
is understood as the degree to which a simulation reproduces the state and evolution of a
set of given properties of a physically real entity). In this chapter, we present examples of
the two situations in the context of microscopic modelling of batteries. First, we show how
to produce a large set of data with moderate fidelity by means of a computational workflow.
That workflow, based on Density Functional Theory (DFT) simulations, is able to predict
open circuit voltages (OCV) and diffusivities of electrode materials that can be later used
as input parameters in macroscopic models based on Finite Difference Elements (FDE).
Secondly, we present how to produce high-fidelity data on the formation of solid electrolyte
interphase (SEIs) by means of ab initio molecular dynamics. We conclude by illustrating
how these data sets are employed to train the MLAs.

This chapter is arranged as follows. Section 11.2 presents the global structure of the work-
flow which creates moderate-fidelity data and describes the workflow to produce a large set
of moderate-fidelity data on OCVs, mechanical stability, and cation diffusivity in intercala-
tion electrodes. This workflow relies on several novel computational techniques which con-
tribute to accelerate the data production and enhance its reliability. In subsection 11.2.1 we
show how diffusivity is calculated within the workflow explaining how reflective symmetry
can be exploited to boost Nudged Elastic Band (NEB) calculations (11.2.1.1) and discussing
the importance of the choice of the right exchange-correlation functionals (11.2.1.2). Sub-
section 11.2.2 deals with the modelling of disorder in battery electrode materials, which is
also part of the workflow. Section 11.3 shows one example of computational production of
high-fidelity data, namely the use of ab initio molecular dynamics to understand the reduc-
tion reactions that bring to the first stages in the formation of SEIs. We conclude with a
section 11.4 MLAs explaining how they can help to predict synthesizability and structure
of battery materials and the evolution of interfaces based on high- and moderate-fidelity
computational data.

11.2 Computational workflows for production
of moderate-fidelity data sets

Given the tools that are able to accelerate calculations combined with the ever increasing
computational resources available, a great interest lies in how to efficiently combine sep-
arate computational tasks into organized workflows that would make it easier to perform
calculations and store data. Some of the goals of such an efficient workflow scheme include:

(a) consistent electronic structure calculations

(b) reproducible and transparent data

(c) reusability of the code scripts and ideas developed throughout the whole creation of the
workflow.

The need for such workflows as well as the requirement of reproducibility of the
calculations arose due to the lack of consistent data warehousing in the materials science
community [1]. The reliability of the databases is also strongly related to the underly-
ing data creation workflow. Within the materials community the Automated Interactive
Infrastructure and Database for Computational Science (AiiDA) [2] as well as the workflow
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Figure 11.1 Generic workflow for finding ion-insertion cathode battery materials. Detailed
explanation of the different steps are found in the text.

management system “Fireworks” [3] are good examples for how to handle thousands of
electronic structure calculations distributed over different computational resources as well
as users.

We will now show how to create a generic workflow for ion-insertion cathode battery
materials while focusing on unraveling different parts of a scientific workflow. The main
idea of the workflow is to keep a modularity that is easy to understand for users not familiar
with computational workflow management concepts.

The physical properties of interest in the workflow are the mechanical stability, the OCYV,
and cation diffusivity (see Figure 11.1). These properties are obtained by combinig Den-
sity Functional Theory (DFT) calculations combined with other techniques, such as the
Nudged Elastic Band or the Cluster Expansion methods. The goal is to find potential materi-
als which could outperform the ones currently used in the state-of-the-art battery electrodes
and test them experimentally. Key parameters that determine the performance of a mate-
rial as battery electrode are the OCV at different charge states and the corresponding cation
diffusivity. Possible ions could, for example, include lithium, sodium, or magnesium, as the
workflow will not change its underlying structure.

The workflow (Figure 11.1) starts with reading in a starting structure taken from the
Inorganic Crystal Structure Database (ICSD), ensuring synthesizability of the material.
Two subsequent calculations relax the unit cell as well as a unit cell where all ions
have been removed (labeled as “empty”) to obtain the changes in volume change upon
charging/discharging which can give insight into the mechanical stability. After the unit
cell has been relaxed, the symmetry inequivalent ion sites are extracted using Atomic
Simulation Environment (ASE) [4]. The information about inequivalent sites is subse-
quently used for creating starting structures for the OCV as well as diffusion barrier
(NEB) calculations. Subsequent DFT calculations aim at calculating the OCV at very
high/low ion concentrations. The prediction of the OCV at very high/low charge states
comprises the smallest possible phase space including symmetry considerations. For
instance, the phase space of investigating structures where only one ion has been removed
from the supercell is often very small due to symmetry considerations. Calculating the
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OCV at very high/low concentrations (i.e. removing a single ion from the structure or
removing all but one ion from the structure) give a first indication on the performance
of the cathode material. Depending on the calculated OCV, a subsequent step calculates
the cation diffusivity. Here, computational time is further reduced to a minimum by
using reflective NEB calculations (as discussed in subsection 11.2.1) disregarding the
computation of symmetry equivalent structures. Cathode materials that show promising
cation diffusivities as well as an adequate OCV will be part of a more in depth study of the
OCYV. The Cluster Expansion method (as discussed in subsection 11.2.2) helps to find the
the minimum energy configuration at different charge states coping with the large possible
phase space that arises due to the many possible ion arrangements within the supercell.
In case of promising OCVs over different charge states the material will be part of further
experimental investigations. All the data produced during the run is stored in a database.
Especially materials that do not meet the specified requirements in terms of the OCV and
the cation diffusivities should not be disregarded since machine learning (ML) approaches
using data from the database can help to learn whether a material is promising even before
running a single DFT calculation (as discussed in section 11.4).

The core of any computational workflow is its workflow management systems (WMS)
responsible for submitting, observing and post processing the calculations. Due to the high
likelihood of calculation errors, the WMS has to be capable of visualizing the status of
the submitted calculations to the researcher enabling to fix failed calculations efficiently.
While Fireworks is a good example of a WMS developed specifically for the materials
science community, here we use an in-house tool with similar features called MyQueue
(https://myqueue.readthedocs.io/en/latest/). The different calculation parts are further
divided into sub-tasks: retrieving the starting structure, manipulating the structure,
submitting the DFT calculation to the cluster, and finally post processing and storing the
data in a database. Every DFT calculation is carried out in a separate folder. The folder
structure does not only ensure uniqueness of the calculation but also carries information
on the calculation input. The WMS will give information about every single step in the
workflow and its status. In case of a failed workflow step, the user can readily check the
error message in the calculation folder. This also makes it possible for the user to create
automatic rules on how to restart a failed calculation, which can be specific depending on
the ion used.

After discussing the structure of the workflow, we now explain how the goals of the
computational work being (a) consistent, (b) reproducible and transparent, as well as (c)
reusable have been met. Consistency is given by having all the code scripts collected in the
version control tool GitLab while ensuring that the input and electronic structure calcula-
tion schemes are consistent within the whole workflow chain. While storing all calculation
scripts in GitLab makes the workflow also transparent, a detailed documentation of how
the results were obtained in the created database enables full reproducibility given by the
used DFT input as well as the version of the used programs. Finally, the reusability will be
of different advantage to the researchers developing the workflow compared to researchers
trying to achieve similar results. The researchers in charge can easily modify the workflows
and make use of them in other projects as the workflow forces the development of generic
modules. In the workflow at hand, for example, running the same workflow to investigate
possible lithium or magnesium cathode materials requires solely the change of a single
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input variable and reading in the appropriate testing materials. Since material scientists
may not be familiar with all electronic structure codes (e.g. VASP [5]) or packages that help
manipulating crystal structures (e.g. ASE), a great value lies in how the workflow was build
up, as well as which general tools have been used. For instance, the ion-insertion cathode
battery workflow could inspire researchers to include R-NEB calculations in future projects
simply by looking at the workflow scheme (Figure 11.1).

Having created a consistent database that allows full reproducibility also opens the door
towards using MLAs that rely heavily on good training data. The presented workflow gives
the researcher confidence in the created dataset and prevents involved machine learning
studies on DFT created datasets that lack the needed fidelity as this may have not been the
major objective when the dataset has been created.

11.2.1 lonic diffusion: NEB calculations

The NEB method is used to search for minimum energy paths (MEPs) between two fixed
points on a potential energy surface (PES) [6-9]. This is a frequent problem in battery
research, e.g., in intercalation materials where the diffusivity of the intercalated species
is determined by the energy cost associated with jumps between local energy minima posi-
tions in the host material. In the NEB method the path of such a jump is represented by a
set of points where each point refers to the full structure as it is at some point during the
transition. Each point is also referred to as an image. The traditional NEB calculation is
usually done following these steps:

1. Define initial and final images of the path.
2. Optimize the initial and final images.

3. Make an initial guess of the path.

4. Optimize the path.

In the case of intercalated lithium, defining the initial and final images usually just
involves putting the lithium at the initial and final position of the jump that is being
studied. Following this, each of the images should also be optimized down to the nearest
local minimum. The simplest approach for making an initial guess of the path is to make a
geometrical linear interpolation between the initial and final images. Besides being simple
and relatively robust it is also often a good guess for bulk systems. If an unconstrained
optimization of the path is carried out the intermediate images will all move to the nearest
local minimum of the PES (which corresponds to the initial or final image), thus providing
no information about the transition. To avoid this scenario, a constrained optimization
is performed. This makes sure the images stay well separated and span the interesting
part of the PES. The three main constraints needed to do an NEB calculation are: (a) the
initial and final images are fixed; (b) spring forces parallel to the direction of the path are
introduced between neighbouring images; (c) from the true force, only the part of the force
perpendicular to the path at each image is used. In this way it is ensured that the images
are covering the relevant part of the PES while they are free to converge on the MEP.

11.2.1.1 Symmetric NEB
Many of the fundamental jumps of defects relevant to batteries such as polarons, vacancies,
intercalated species, etc. are reflection-symmetric. When reflection symmetry is present
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Figure 11.2 Anillustration of the R-NEB method. (a) The solid black lines are contour lines of the
potential energy surface. The circles represent images, i.e. atomic configurations. They are
connected by gray lines to indicate a path. The bottom path, p, is the initial guess, the middle path,
P, is an intermediate, mth, step of the optimization, and the top path is the MEP. The dashed
vertical line shows the mirror plane of the reflection U. Circles highlighted with a red border are
images given as input while circles with blue borders are images constructed through symmetry
operations. Black arrows represent calculated forces and blue arrows represent forces obtained by

symmetry. iy and iy, are the optimized initial and final images, respectively, and ij and iy, are the

un-optimized initial and final images, respectively. (b) An example of reflection with respect to a
point. The inversion center is at the center of the figure and the MEP is shown with the dotted line.
The central contour lines mark a local minimum on the PES and the crosses indicate the maximum
energy points on the MEP. Adapted with permission from [10], copyright 2019 American Chemical
Society.

only half of the barrier is unique and as a result at most half the MEP needs to be found. This
opens up the possibility of exploiting the reflection symmetry to speed up NEB calculations.
For this purpose we developed the Reflection-NEB (R-NEB) method which automatically
identifies reflection symmetric NEB paths and avoids explicit force evaluations on half the
images [10]. The missing forces are obtained by applying the appropriate symmetry oper-
ation to the forces calculated for the symmetry equivalent images (see Figure 11.2). The
revised procedure for doing an NEB calculation following the R-NEB method is:

Define initial and final images of the path.

Optimize the initial image and obtain the optimized final image by symmetry.

Make an initial guess of the path.

Optimize the path with the usual NEB algorithm but carry out force evaluations for only
one half of the path and get energy and atomic forces of the other half by applying the
appropriate symmetry operation.

e

Additionally, the presence of a reflection symmetry makes sure that images placed half
way between the initial and final images are positioned directly in a mirror plane. Images
placed in a mirror plane are constrained to move only within this plane since any force
taking the image out of the mirror plane will be exactly countered at the other side of the
mirror. This means that, if it is known a priori that the maximum of the barrier is at the
halfway point, the barrier can be determined using just a single image, thus gaining several
factors of speed-up. We call this approach the Reflection-Middle-Image-NEB (RMI-NEB).
It is important to stress that both R-NEB and RMI-NEB calculations agree perfectly with
the traditional NEB method for any reflection symmetric barrier. However, when using the
RMI-NEB method there is a risk that the maximum of the barrier is not halfway, in which
case the RMI-NEB underestimates the barrier.
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The RMI-NEB method can typically be used for sufficiently simple paths and for studies
involving many similar paths with small variations, e.g. when studying the diffusion of dif-
ferent intercalated ions in materials with the same symmetry. Another use of the RMI-NEB
method is for screening studies where the workflow only needs rough estimations of the
barriers to identify the low energy barriers to be selected for further studies. In this case the
only risk of using the RMI-NEB method is that it underestimates the true barrier. Thus, no
important barriers will be discarded and if there is any doubt about the shape of the barrier
a R-NEB calculation can subsequently be used to verify the result. As regards producing
training data for MLAs, the RMI-NEB method presents the possibility to choose between a
relatively computationally expensive dataset with high-fidelity values (using R-NEB or reg-
ular NEB) or a cheaper dataset with some risk of small errors. Recently, the NEB method
has also been combined with neural network and Gaussian process regression algorithms to
significantly reduce the computational cost [11, 12]. Interestingly, the speed up gained from
both the MLAs and the R-NEB method could be harvested at the same time if they were
to be integrated. The R-NEB and RMI-NEB methods are implemented in the open-source
Python library ASE [4].

11.2.1.2 Choice of functionals for NEB

When modelling diffusivities with the NEB method, the choice of DFT functional will nat-
urally play a large role. The diffusivity depends exponentially on the obtained diffusion
barriers, D ~ exp (—f—;), where E, is the barrier of diffusion. [13] Therefore, small errors
in the obtained DFT barriers will be exponentionally amplified on the diffusivities.

In layered 2D battery materials, the van der Waals bonding plays a critical role, as the
vacuum between the layers provide a natural cavity for Li-ions, and thus also for the diffu-
sion processes. These long-range dispersion forces must be explicitly accounted for in DFT,
either by inclusion in the design of the xc-functional, or as an ad hoc correction. These
methods, however, do not identically determine the long-range interactions between the
layers, and are thus a source of error in the model.

An emerging class of materials called MXenes (M,,,, X, T, for n = 1,2, 3), where M is an
early transition metal (e.g. V, Ti, etc.), X = {C,N}, and T is a functional termination group,
(e.g. O, OH or F), are an example of such potential 2D battery materials. The large composi-
tional space of MXenes allow for a high degree of tunability in electronic properties, which
in turn allows for optimization of relevant energy storage parameters, such as energy and
power densities as well as mechanical stability.

Using Ti,CO, as a prototype MXene, we studied the effects of different long-range dis-
persion functionals on the corresponding NEB barriers of the intercalated Li ions. [14]
Three functionals were chosen, based on some of the popular choices for studying MXenes
with DFT: The vdW-DF2 functional, the optB88-vdW functional; and the PBE functional
combined with a D3 correction (named PBE+D3). The diffusion barrier of lithium in bulk
MZXenes for the chosen functionals are seen in Figure 11.3a. This diffusion process is a
good example the R-NEB, or even the RMI-NEB, could have saved a considerable amount
of computational resources, however, these methods were still under development at the
time of this study, so the conventional NEB algorithm was employed instead. Here we find
a quite significant quantitative difference in the barrier height, depending on the functional
choice. As the diffusion process takes place in the vacuum between MXene layers, simple
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Figure 11.3 a) Diffusion in bulk MXene, of a single Li-ion. b) Diffusion barrier dependency on the
out-of-plane lattice parameters. Optimized parameters highlighted by black marker for each
functional. Adapted with permission from [14], copyright 2019 American Chemical Society.

electrostatics would suggest that a crucial parameter for the diffusion barrier is the inter-
layer distance. And indeed, if we tune the interlayer distance between the stacked layers,
we find a linear relation between the out-of-plane lattice parameter and the energy barrier,
as seen in Figure 11.3b. This reveals that the primary source of error in the energy barriers
stems from an initial disagreement on that interlayer spacing of the MXenes between the
functionals.

The consequence of this, is that a reliable estimate of the lattice parameters of the
material plays an integral role. However, for technical reasons, getting experimental
lattice parameter data for the MXenes has proved difficult, and thus we cannot compare
our calculated values with experimental ones. Instead, we benchmarked materials of
similar character with experimentally known lattice parameters, in order to estimate
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Table 11.1 Mean absolute errors from benchmarking lattice
parameters on similar materials, and applying those error
estimates to the linear relation model from Figure 11.3b. Ar is the
ratio of diffusion rates with AE, as the difference in barrier at

T =300 K. Adapted with permission from [14], copyright 2019
American Chemical Society.

E, MAE (eV) Ar
vdW-DF2 0.37 6.0x 1077
optB88-vdW 0.12 8.7%x1073
PBE + D3 0.15 2.5%1073

the reliability of the lattice parameter of each of the functionals. Assuming a general
transferability between such benchmarking results of the lattice parameters, and using
the linear relationship between the out-of-plane lattice parameter and energy barrier,
as shown in Fig 11.3b, we estimated the errors in the diffusion barriers, and the corre-
sponding errors in the diffusion rates, as seen in Table 11.1. The ratio of diffusion rates,
Ar =r,/r, = exp(—AE, /kT), where AE, = E, , — E, ;, gives us an estimate of the order of
magnitude the errors in the diffusion barriers induces on the diffusivity, meaning that we
lose 7 orders of magnitude on the accuracy of the diffusion coefficient, with just an average
error of 0.37 eV.

Intrinsic improvement upon the the functions is would naturally be the most desirable
approach to thisissue, e.g. by applying machine learning techniques to correct for the intrin-
sic errors in the functionals, as demonstrated by Mezei and Lilienfeld [15].

11.2.2 Disordered materials: Cluster Expansion

Cluster Expansion (CE) [16-21] is an elegant method that maps the physical property calcu-
lated from ab initio simulations onto a simpler Hamiltonian. CE formalism is often viewed
as a generalized Ising or lattice-gas model [16, 18]. Although CE can be used to map phys-
ical properties such as band gap and density of states, the current discussion is limited to
energy as it is the most widely used in the context of CE. CE has been used successfully in
the past few decades to study crystalline materials exhibiting configurational disorder. The
configurational dependence of physical properties is parameterized in the CE scheme, and
the resulting lattice model allows rapid evaluations of the parameterized properties of con-
figurations consisting of tens of thousands of atoms. The evaluation process is sufficiently
fast to be used in Monte Carlo simulations, which enables one to assess the parameterized
properties of the system at finite temperatures.

Early examples of employing CE for investigating materials for battery applications date
back to 1998 where Van der Ven et al. [22, 23] and Wolverton and Zunger [24, 25] studied
Li,CoO,. CE played a vital role in analyzing the ordering of cation and lithium vacancies
in Li,CoO,. The relevance of CE in investigating battery materials is on the rise. In par-
ticular, Li-rich materials with disordered rocksalt structures are attracting much attention
in the past few years [26-28]. Several software packages that allow users to construct CE,
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Figure 11.4 A simplified illustration of the decomposition of a body-centered cubic lattice into
clusters. Reproduced from [32], copyright 2019 Institute of Physics. Creative Commons Attribution
3.0 licence. DOI: 10.1088/1361-648x/ab1bbc.

such as Alloy Theoretic Automated Toolkit (ATAT) [29, 30], UNiversal CLuster Expansion
(UNCLE) [31], Cluster Approach to Statistical Mechanics (CASM), and CLuster Expansion
in Atomic Simulation Environment (CLEASE) [32].

The core concept of the CE is to express the energy of a crystalline material to its con-
figuration. A general CE formalism for the multicomponent alloy is discussed in [32], and
a binary case (i.e., materials consisting of two types of elements) is used for illustration
herein for simplicity. Each atomic site of the lattice is occupied by one of the two types of
atoms, and the site variable s; with a value of either +1 or —1 is assigned to each site i of the
lattice. Any configuration of material with N atomic sites is then expressed with a vector
o = {5y,5,, ...,8y}. The total energy of a configuration o is expanded in terms of the energy
contribution of clusters, a. The clusters are a collection of atoms in the lattice as illustrated
in Figure 11.4.

The energy contribution of each cluster is expressed via a correlation function, ¢,, which
is the product of s; for all the sites that the clusters contain (i.e., ¢, =s; - 5; - ... - 8, Where ,
j and k are the sites within the corresponding cluster). The cluster expansion of the config-
urational energy, E, is written as

E=Jy+ Y, (11.1)

where J are the coefficients describing the configurational energy dependence of clusters
called effective cluster interactions (ECIs). Constructing the CE model ultimately amounts
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to finding the numerical values of the ECIs based on the energies obtained from ab initio
calculations. An arbitrarily large number of clusters can be generated for an infinite crystal
(as it is most often the case due to periodic boundary conditions used in many DFT codes).
However, the accuracy of the CE model typically converges rapidly with respect to the size of
clusters and the number of sites the clusters include. A relatively low truncation threshold,
e.g. up to four-body clusters with the maximum diameter of 5 A, is sufficient in practice for
many materials systems.

It can be seen that Eq. 11.1 takes the same form as linear regression in machine learning.
Consequently, CE is also regarded as a form of machine learning formalism [33], and several
machine learning techniques such as compressive sensing [34] and Bayesian compressive
sensing [35] have been introduced to CE. In the context of machine learning, CE is the
method that maps the physical properties onto the occupation of sites in the lattice. Such
formalism is naturally suited for investigating crystalline materials with a substitutional
disorder to study phenomena such as thermal properties, order-disorder phase transition
and OCV at finite temperatures.

For battery modelling, OCV at finite temperatures is one of the most desirable properties
to simulate. We describe how one can simulate OCV based on the CE formalism with an
example battery system consisting of Li, CrO,F (0 < x < 2) cathode and Li anode. The OCV
of the system is defined as

Iuce.lthode _ Mapode
OoCV = —%, (11.2)

where y;; is the chemical potential in eV per Li atom and e is an electron charge. As Li metal
is used as an anode, yﬂ“’de is constant. Therefore, evaluating OCV is essentially calculating
the chemical potential of Li,CrO,F relative to the reference Li metal. A direct method of
computing the chemical potential is to use grand canonical Monte Carlo simulations based
on the CE model where the chemical potential as a function of x at a given temperature
is computed. The OCV plot generated from the grand canonical Monte Carlo simulation
results is shown in Figure 11.5. Alternatively, one can utilize the fact that the chemical
potential of cathode is the derivative of its free energy with respect to its Li content, i.e.,

Li Li ax

where Gr; CrO,F is the free energy of Li,CrO,F in eV per formula unit. The OCV can
X

alternatively be written as

cathode _ MLixcrOZF - M (11.3)

dGy; cro,F  anode
dx Li
e

OCV = —

(11.4)

One can then calculate the free energy of Li,CrO,F at different Li concentration using
canonical Monte Carlo simulations and calculate its derivative with respect to x as shown
in Figure 11.5.
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11.3 High-Fidelity data sets: Ab initio molecular dynamics
simulations

The solid/electrolyte intefaces play a key role to determine the performance and the safety
of a battery. In a Li-ion battery, for example, the high voltage obtainable from these devices,
which is one of their advantages compared to other rechargeable batteries, is also the reason
why the organic electrolyte is thermodynamically unstable at the working potential and
decomposes into a mixture of organic and inorganic species. These layers, known as the
solid electrolyte interphase (SEI) on the anode and cathode-electrolyte interphase (CEI) on
the cathode, are formed during the initial cycles of charge/discharge and is essential for a
battery to work.

In more detail, the SEI starts forming at the atomic scale level, with its nucleation through
chemical reactions between the electrode surface and molecules from the electrolyte. These
reactions involve fast transfer of electrons at time-scale down to femtoseconds. During
growth, different nanometric inorganic (LiF, Li,O0, ...) and organic (Li,CO,, polymers, ...)
compounds are formed and their interactions are crucial to allow ionic migration and
to block electron conductivity. The SEI layer, as a passivating film formed on the anode,
protects the electrolyte from further decomposition. However, the SEI film cannot be
too thick or compact since it allows the transport of Li-ions from the electrolyte to the
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anode and vice versa, and should have good ionic conductivity. At the larger scale, the
mechanical stability of the SEI is responsible the aging of the battery. Due to the complexity
of this electrochemical system as well as the different time and length scales involved, the
relation between reactions and interfaces is not completely clear yet and there is a lack of
understanding of the nature of the SEI [36, 37].

Atomic- and multi-scale models are used to address different phenomena occurring at
various length- and time-scale at the interface and explain experimental results [38, 39].
These models have different levels of fidelity and computational cost. At the atomic-scale
level, for example, high-fidelity models are molecular dynamic (MD) simulations, in which
the electrolyte is explicitly included. When each step of the MD simulation is calculated
in the framework of DFT, we are dealing with ab initio molecular dynamics (AIMD). This
approach can be efficiently used to investigate the evolution of the interfaces as a function of
the potential of the battery and, for example, to understand the electrochemical reduction
reactions that happen during the first cycles at the battery and that lead to the formation of
SEI compounds. This methodology allows to model solid/electrolyte interfaces in LIB [40]
and beyond batteries, such as the Pt(111)/water interface [41]. At a lower-fidelity, we can
find simulations of interfaces, where the electrolyte is represented by a continuous medium
(implicit solvation model) or by classical potentials, sometimes generated by machine learn-
ing algorithm trained from AIMD calculations. Although these models allow to treat larger
systems [42, 43], the accuracy is reduced compared to AIMD. At the bottom of the fidelity
ladder, we find simulations of the interfaces in vacuum, i.e. without the electrolyte. These
simulations allow complex problems to be tackled in a simple and time-efficient way, which
can then be verified using a higher-fidelity model.

In the following, we report an example of high-fidelity calculations to study the interface
between metal single crystals and EC:EMC 3:7w, an organic electrolyte commonly used in
LIB. In particular, we investigate the reduction of HF impurities that leads to the evolu-
tion of H, and formation of LiF. The use of single crystals have the advantage of simplify
the interface, which allows the multiple reactions happening simultaneously at the inter-
face to be decoupled. The realistic (i.e. the electrolyte si explicitly included), but idealized
(i.e. model surfaces and lack of defects/impurities) calculations with high fidelity experi-
ments is the key to understand this complex interface. The MD simulations at 300K produce
an ensamble of structures that are used to calculate physical and chemical averages. Each
computed structure is composed of different regions (as shown in Figure 11.6a): (a) fixed
metal slab, (b) electrolyte, and (c) fixed top layer (ice structure of EC[44]), which has a total
dipole along the direction normal to the surface equal zero. The top layer has the func-
tion of confining the electrolyte at the correct experimental density and of reproducing the
bulk structure of the electrolyte. In addition, it needs a zero dipole to avoid effects on the
orientation of the molecules in the electrolyte. Different concentrations of lithium, salts
(like hexafluorophosphate, PF,), and additives (like VC and PC) can be added to the elec-
trolyte molecules. The electrolyte in the simulation is composed of eight EMC and four
EC molecules. An equivalent definition of the generalized computational hydrogen elec-
trode has been developed for Li to calculate the phase diagram of Li in the electrolyte.
According to this description, the Gibbs free energy, G'™, is obtained from the equation:
G = AE — n;(® — U,), where AE is the enthalpy of the system, n;; the number of Li
atoms in the configuration, U, the calculated work function with respect to the Li/ Li* scale,
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Figure 11.6 a) structure of the MD simulations (H atoms are represented in white, Li in purple, C
in gray, O inred, F in green, P in orange, and Au in gold). A frozen position is indicated by an x. b)
phase diagram of Li in EC:EMC. The Li coverage increasing with decreasing of the electrostatic
potential. ) reaction path for the dissociation of HF and formation of LiF grains. Figure adapted
from [40].

® (Ugg)- A grand canonical Metropolis Monte Carlo simulation at 300K is performed
to ensure that each state could be visited with the same probability. More details on the
methodology can be found in the literature [40, 41, 45, 46]. The phase diagram of Li in
EC:EMC on Au(111) is shown in Figure 11.6b. At high potential, no Li atoms are present
at the interface, and the coverage of Li increases with a decrease of the electrostatic poten-
tial. It has been shown that the Li adsorption potential, indicated with a black arrow in
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the figure, correlates with the electrochemical response in cyclicvoltammetry experiments.
The structure of the interface at that potential can be then used to understand the reaction
paths. The rigorous approach to do so would be to run AIMD simulations for the different
steps of the chemical reaction. This would, however, be extremely expensive. The more fea-
sible solution is to take the structure of the interface, freeze the atoms of the electrolyte far
away from the reaction fragments, and run standard DFT calculations. With this approach,
it has been shown that Li plays a key role in the formation of LiF from HF impurities, work-
ing as a catalyst for the dissociation of the HF molecule, as shown in Figure 11.6c. In the
inital configuration, HF and Li are present at the interface (indicated as Li*+ e~ +HF*) at
a potential corresponding to the adsorption potential of Li (2 V vs Li/Li*). From there, we
could follow two path: the highest energy path proceed by splitting HF in H* and F* (which
has an energy 0.9 eV above the initial state) and the lowest path in which HF adsorbs on
top of Li (LiHF*, 0.1 eV below the initial state). The final state is a grain of LiF* and H*,
both adsorbed on the surface, which can be obtained by combining Li* and F* (highest
energy path) or removing an H from LiHF (lowest energy path). The dissociation of HF
and formation of LiF is 0.2 eV downhill in energy when the reaction uses Li as a catalyst.
The formation of rock-salt LiF from LiF grains is also favorable in energy and H, evolves
from the H atoms.

The AIMD approach, in principle, could be also used to understand the formation of the
CEI layer. Although because of the complexity of the cathode materials (oxide interface,
lithiation rate, etc.), it is currently not feasible to perform AIMD simulations. More con-
ventional approaches based on “static” DFT and investigation of reaction paths have been
followed [47].

11.4 Machine Learning

Machine learning (ML) can be defined as the branch of artificial intelligence where func-
tional mapping is done between input and output variable and the mapping improves by
training with examples [48, 49]. As an illustration, a model can be developed to take the
behaviour of a secondary battery cell during the first few cycles as input and predict the
long-term capacity degradation of the cell [50]. The power of ML comes from the improv-
ing accuracy when larger data sets are available for training. Specifically in the area of
battery material modelling, data for ML training can come from both experimental and
simulation-based sources. Accuracy of ML models is dependent on the quality and quan-
tity of data that is used for training [51]. Often ML models are trained assuming absolute
accuracy of the training data. In the materials discovery area, both experiments and simu-
lations attempt to gather information on real systems with precision that is associated with
the method used. Thus it is important to consider the fidelity of data and cost of acquisition.
Ideally data procurement must be optimized such that the incremental benefit of more data
comes at the lowest cost. ML methods (especially Bayesian process regression type, which
are very popular in the materials modelling community [52]) can work with uncertainties
in input data [53, 54]. The uncertainties in data from physics-based simulations can thus
be taken into account while estimating the reliability of ML-based models. Uncertainty in
ML-based materials modelling additionally comes from that of the model itself. It can be
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especially significant if the model is used in a subspace not sampled during training [55].
This is called systemic uncertainty and can be alleviated by tracking the uncertainty and
generating a new training data point through active learning to lower it [56].

Application of ML methods have accelerated materials discovery [57-62]. The bulk of ML
application in battery research has been in prediction of state of charge (SoC) [63-66]. Bat-
tery material discovery has benefited from this trend as well [67-70] during the last few
years, as ML has been utilized for predicting cathode materials’ intercalation potential;
electrolyte ionic conductivity, redox potential, and dendrite suppression. A broad area of
ML application in battery material modelling is development of cheap surrogate models
for atomic-scale simulations in lieu of electronic structure methods like DFT. For example,
machine learned Gaussian approximation potential (GAP) [71] can be used for larger time
and length scale simulation of anode materials and lithium intercalation process [72, 73].
These type of inter-atomic potential are derived from energies and forces generated by
quantum mechanical calculation of smaller systems. The flexibility of the functional form
of ML potentials like GAP- or neural-network-based ones [74, 75] allow modeling com-
plex potential energy landscapes and systematic improvement with more data. Using ab
initio methods for MD- or NEB-based dynamical property estimation is computationally
very expensive, while classical potentials’ lack of electronic description severely impede
accuracy as battery material properties are electrochemical and electronic. ML potentials
constructed from DFT can potentially match DFT accuracy.

Application of ML in battery material modelling goes beyond expediting molecular
simulations. ML models can provide cheap surrogate models replacement for finite ele-
ment method-based system-level simulations. Neural networks trained with finite element
simulation results from a thermo-electrochemical model can verify design feasibility and
predict specific energy and specific power from battery structural details like electrode
thickness, particle radius, electrolyte concentration etc. [76]. Similarly, results from a
large number of pseudo two-dimensional (P2D) model simulations (favored in battery
design community due to its balance between accuracy and cost when solved using finite
difference techniques) can be used to construct ML models based on random forest (RF) or
gradient-boosted machine (GBM) or decision tree (DT) to predict battery behaviours like
voltage decay curve much faster [77].

ML models can directly predict key electrode/electrolyte properties from structure/chem-
istry or other easily accessible material parameters or even the crystal structure itself after
learning from data sets validated by experiments or simulations [68, 69, 78-80]. This class of
machine learning is known as supervised machine learning. Kernel ridge regression (KRR),
Gaussian process regression (GPR), support vector machine (SVM), and artificial neural
network (ANN) models are popular methods for this purpose. ANN-based ML models [81]),
which have become popular during last few year, employ many layers of interconnected
neurons. The structure of the model provides immense flexibility in the functional space
and is thus well suited for approximating complex chemical/physical processes in battery
materials. The use of probabilistic weights in deep neural network is gaining popularity
to understand the fidelity of the model itself [82]. Novel approaches like noise-contrastive
priors can also be used to obtain an uncertainty estimate [83].

High-fidelity data sets for supervised ML are essential for model accuracy and can be
obtained by automated high throughput simulations and experiments [84, 85]. Open
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availability of data sets is steadily growing and facilitating ML-based material design
efforts [86-89]. While data agglomeration improves data quantity, challenges originate in
fidelity of data from multiple sources even for the same method. Furthermore, reported
data often is incomplete in terms of the details of the simulation parameters or exact
structural details. The lack of standardization and completeness of the information can be
addressed through the establishment of guidelines [2, 90]. For DFT-based training data,
the exchange-correlation functional used have large implications on data fidelity. The
development of the Bayesian error estimation functional with van der Waals correlation
(BEEF-vdW) [91] can do uncertainty estimation in atomic-scale simulations. It has been
used to predict high-fidelity lithium-graphite phase diagrams [92] important for lithium
ion battery systems. It has also been used to identify intrinsic DFT-errors associated with
the formation and breaking of specific chemical bonds in metal air batteries [93].

Especially for supervised ML, the input data need to be represented in the form of finger-
prints. For example, fingerprinting for prediction of total energy from a molecular or crystal
structure can be done with fourier series of atomic radial distribution functions, smooth
overlap of atomic positions, atomic symmetry functions, or simply the atomic structure
graph network [94-100]. The optimal choice of representation depends on the property and
the specific MLA. Improved ML methods can learn pattern-like symmetry operations from
data. Methods like KRR [101], needs symmetry to be built into the structural fingerprints,
whereas convolutional neural networks can automatically detect symmetries [100]. Battery
being an electrochemical system, the variety of molecules, materials and phases present is
enormous and often key properties rise at the interface of different material phases present.
The few existing application of ML in battery material modelling has been focused on
bulk/molecular properties, but going forward, future applications aiming at complex
interfacial properties need to move towards automated fingerprinting process. One of
the most powerful methods for representation into latent variables from raw data is
variational auto encoder (VAE) [102]. VAE would allow creation of unique representations
that are appropriate for the specific property of the battery materials. VAE is a powerful
unsupervised learning approach to model an unlabeled distribution of the data.

In unsupervised learning, we only use the data set for feature vectors or fingerprints and
model the data distribution based on patterns between data points. For battery materials
modelling, semi-supervised learning [103] might be most useful, where data distribution
in feature space is learned unsupervised but data with known target variable is used for
identifying sub-spaces in feature spaces. As for some of the materials, all structural and
property details are available but more often target property data is incomplete. But the
material data points without property data are still useful for learning the distribution of all
materials features of interest.

Ideally we would like to tailor battery materials for a specific set of properties simulta-
neously. But the lack of a one-to-one mapping between chemical/structural details and
the observable properties makes the functional relationship between them ‘non-invertible’,
necessitating a generative inverse design approach [104]. Generative modelling is of prac-
tical use for inverse design, where the goal is to predict hitherto unknown material with
the desired property. Unsupervised ML has the inherent advantage of enabling generative
modelling. Generative modelling enables the prediction of new materials in the form of
new data points in the feature space. The new data points can be used for qualitative model
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evaluation by actual physical simulation after evaluating whether the generated material
structure looks realistic. For inverse materials design, when one-to-one mapping does exist
and the design space is immensely large, the traditional screening strategies do not work
and generative models have to be used [105, 106]. Successes of inverse computational design
of materials are very rare as it is needed to identify and suggest material compositions and
structures, which can, in fact, be synthesized. Recent work by Aykol et al. uses a network
representation to identify synthesizable materials [107] from the OQMD database [87].

Directly fitting the material details to the target property can result in property predic-
tions very fast but it loses on the physical understanding as well as fidelity, as changes in
the underlying physical mechanism between the training and the test data would lead to
low fidelity. An ML model trained on charge transport data from materials with polaronic
transport [108] will be erroneous in predicting that for materials with electron tunnel-
ing [38] phenomenon. A hybrid of experiments, physical modelling, and a machine learning
approach might be especially useful for battery material development. It would allow opti-
mal utilization of all available resources based on the data fidelity and cost. For example,
while designing intercalation cathode material with greater stability during cycling, cheap
cycling experiments, synchrotron-based XRD investigation, expensive atomic scale char-
acterization, a handful of high-accuracy DFT simulations, many low-accuracy ML-based
force field simulations, or a ML model directly fitted to existing data can be used. Each of
these methods has an inherent level of uncertainty. Intelligent selection based on the esti-
mated fidelity should be used for accelerating the innovation process. A long-term goal can
be complete integration of all synthesis, characterization, simulation, and data modelling
methods towards a unified platform for closed-loop materials innovation.
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v

Volmer reaction 44-45, 180, 222, 228-230,
303, 319-323

Volta potential 9, 252-254

w

Work function 7,122-125,174-175,
177-178, 180-183, 187-189, 208-211,
252-253, 273, 303-305, 341

Work terms 30, 33, 35, 73, 258, 275
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