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Abstract

This study investigates the complex mechanisms underlying the heterogeneous electron
transfer in electrode-solution interface, with the main goal of advancing electrochemical
modelling and the accurate prediction of electron transfer kinetics. The research is focused on
the three key objectives: establishing a robust reference model for electron transfer based on
the Fc%/Fc* system that is adaptable across diverse solvents and electrochemical environments;
developing a density functional theory (DFT)-based kinetic model that minimizes reliance on
experimental data through cyclic voltammetry (CV) simulations; and examining how
supporting electrolytes influence electron transfer kinetics and thermodynamics, particularly

with regard to solvent interactions.

Our study begins with the detailed examination of the electrode potentials, standard
equilibrium potentials, and reaction Kinetics in the ferrocene/ferrocenium (Fc%Fc*) redox
system. Analysis of various DFT functionals revealed that unrestricted Kohn-Sham (UKS)
calculations often underestimate ionization energies, especially in functionals with high
Hartree-Fock exchange. A refinement with restricted open-shell Kohn-Sham (ROKS)
adjustments improved these predictions, aligning calculated ionization energies more closely
with experimental results, especially using PBE and MO06 functionals. The MO06 functional
emerged as particularly effective for the equilibrium potentials predictions and activation
energy calculations via the Marcus-Hush model, highlighting its accuracy and potential for

broader electrochemical applications.

Further, in Chapter 4 we utilize our approach for calculating energetics and Kinetic
barriers in electron transfer, applied specifically to the electrochemical carboxylation of benzyl
chloride (BnCl) in acetonitrile (MeCN). Built upon the computational hydrogen electrode
(CHE) model approximation, this approach uses the Fc%/Fc* reference couple as a standard for
consistent comparative analysis. The application of Marcus theory for determining electron
transfer barriers at the electrode’s double layer (EDL) provided insights into the mechanisms
of electrochemical transformations. The model showed strong alignment with experimental
results, demonstrating its validity and potential for adaptation to other electrochemical
processes. Suggested improvements for this approach include incorporating dynamic solvent
effects and accounting for electrode-molecule interactions, which could further refine the

model’s accuracy.

In exploring the influence of solvents and supporting electrolytes, Chapter 5 utilizes

solvation models, the Marcus-Hush model and our modified model to assess how non-aqueous



solvents and variations in electrolyte concentration impact electron transfer thermodynamics
and kinetics, particularly for the Fc®/Fc* redox couple. The computational Fc%Fc* electrode
(CFE) served as a reference point, comparable to the computational hydrogen electrode, and
demonstrated strong agreement with experimental data, underscoring its effectiveness in
predicting current peaks, half-wave potential shifts and enhancing understanding of

electrochemical processes under varied conditions.

Our research proposes that the potential of zero charge (PZC) could serve as a
benchmark for optimizing electrode material selection, offering new possibilities for
understanding reaction kinetics and selectivity. Future studies are encouraged to extend this
model to include detailed electrode surface characteristics, such as atomic structure and
electronic properties, as well as to explore coupled proton-electron transfers, broadening its
applications in electrocatalysis and energy storage. Altogether, this study provides a
comprehensive framework for advancing electrochemical transformation models and offers
tools and insights that support the development of next-generation materials and processes for
sustainable chemistry and energy conversion applications.



Zusammenfassung

Diese Studie untersucht die komplexen Mechanismen, die dem heterogenen
Elektronentransfer in der Elektroden-Ldsungs-Grenzflache zugrunde liegen, mit dem
Hauptziel, die elektrochemische Modellierung und genaue Vorhersage der
Elektronentransferkinetik voranzutreiben. Die Forschung konzentriert sich auf die drei
Hauptziele: Etablierung eines robusten Referenzmodells fir den Elektronentransfer auf der
Grundlage des Fc%Fc* -Systems, das an verschiedene Losungsmittel und elektrochemische
Umgebungen angepasst werden kann; Entwicklung eines auf Dichtefunktionaltheorie (DFT)
basierenden kinetischen Modells, das die Abhéangigkeit von experimentellen Daten durch
zyklische Voltammetrie (CV) -Simulationen minimiert; und Untersuchen, wie unterstiitzende
Elektrolyte die Elektronentransferkinetik und -Thermodynamik beeinflussen, insbesondere im

Hinblick auf Lésungsmittelwechselwirkungen.

Unsere Studie beginnt mit der detaillierten Untersuchung der Elektrodenpotentiale,
Standardgleichgewichtspotentiale und Reaktionskinetik im Ferrocen / Ferrocenium (Fc/Fc*) -
Redoxsystem. Die Analyse verschiedener DFT-Funktionale ergab, dass uneingeschrankte
Kohn-Sham (UKS) -Berechnungen lonisationsenergien haufig unterschétzen, insbesondere bei
Funktionalen mit hohem Hartree-Fock-Austausch. Eine Verfeinerung mit eingeschrankten
Open-Shell-Kohn-Sham-Anpassungen (ROKS) verbesserte diese VVorhersagen und passte die
berechneten lonisationsenergien enger an die experimentellen Ergebnisse an, insbesondere
unter Verwendung von PBE- und MO06-Funktionalen. Das MO06-Funktional erwies sich als
besonders  effektiv fur die Vorhersage von Gleichgewichtspotentialen und
Aktivierungsenergieberechnungen ber das Marcus-Hush-Modell, was seine Genauigkeit und

sein Potenzial fur breitere elektrochemische Anwendungen unterstreicht.

Dartiber hinaus verwenden wir in Kapitel 4 unseren Ansatz zur Berechnung
energetischer und kinetischer Barrieren beim Elektronentransfer, der speziell auf die
elektrochemische Carboxylierung von Benzylchlorid (BnCl) in Acetonitril (MeCN)
angewendet  wird.  Aufbauend auf der rechnergestiitzten = N&dherung  des
Wasserstoffelektrodenmodells (CHE) verwendet dieser Ansatz das Fc®/Fc* -Referenzpaar als
Standard flr konsistente Vergleichsanalysen. Die Anwendung der Marcus-Theorie zur
Bestimmung von Elektronentransportbarrieren an der Doppelschicht (EDL) der Elektrode
lieferte Einblicke in die Mechanismen elektrochemischer Umwandlungen. Das Modell zeigte
eine starke Ubereinstimmung mit experimentellen Ergebnissen und demonstrierte seine

Gultigkeit und sein Potenzial fir die Anpassung an andere elektrochemische Prozesse.



Verbesserungsvorschldge fur diesen Ansatz umfassen die Einbeziehung dynamischer
Losungsmitteleffekte und die Beriicksichtigung von Elektroden-Molekil-Wechselwirkungen,

die die Genauigkeit des Modells weiter verfeinern konnten.

Bei der Untersuchung des Einflusses von Ldsungsmitteln und unterstitzenden
Elektrolyten verwendet Kapitel 5 Solvatationsmodelle, das Marcus-Hush-Modell und unser
modifiziertes Modell, um zu bewerten, wie sich nichtwéssrige L&sungsmittel und
Schwankungen der Elektrolytkonzentration auf die Thermodynamik und Kinetik des
Elektronentransfers auswirken, insbesondere fiir das Fc®/Fc* -Redoxpaar. Die rechnergestiitzte
Fc/Fc*-Elektrode (CFE) diente als Referenzpunkt, vergleichbar mit der rechnergestiitzten
Wasserstoffelektrode, und zeigte eine starke Ubereinstimmung mit experimentellen Daten, was
ihre Wirksamkeit bei der Vorhersage von Stromspitzen, Halbwellenpotentialverschiebungen
und der Verbesserung des Verstandnisses elektrochemischer Prozesse unter verschiedenen

Bedingungen unterstreicht.

Unsere Forschung legt nahe, dass das Potenzial der Nullladung (PZC) als MaRstab fir
die Optimierung der Auswahl des Elektrodenmaterials dienen kénnte und neue Moglichkeiten
zum Verstandnis der Reaktionskinetik und Selektivitat bietet. Zuklnftige Studien werden
ermutigt, dieses Modell um detaillierte Elektrodenoberflacheneigenschaften wie Atomstruktur
und elektronische Eigenschaften zu erweitern sowie gekoppelte Protonen-Elektronen-
Transfers zu untersuchen wund seine Anwendungen in der Elektrokatalyse und
Energiespeicherung auszuweiten. Insgesamt bietet diese Studie einen umfassenden Rahmen
fur die Weiterentwicklung elektrochemischer Transformationsmodelle und bietet Werkzeuge
und Erkenntnisse, die die Entwicklung von Materialien und Prozessen der ndchsten Generation

fiir nachhaltige Chemie- und Energieumwandlungsanwendungen unterstiitzen.



1. Introduction

1.1 Motivation

The steady increase in anthropogenic carbon dioxide (CO.) emissions is a big problem
for the world and despite the numerous climate change mitigation efforts in recent years, carbon
dioxide emissions rose at an average rate of 2.6% per year from 2000 to 2014, compared to
1.72% per year from 1970 to 2000.* Specifically, emissions grew from about 31.9 to 35.5 Gt
of CO; per year between 2010 and 2014, averaging an increase of 2.75% per year (Figure 1).2
Apart from two small declines from 2008 to 2009 and 2019 to 2020, every year in this century
has experienced a year-on-year rise in anthropogenic CO, emissions.}®*

Annual CO, emissions

Carbon dioxide (CO,) emissions from fossil fuels and industry’. Land-use change is not included.

World

36 billien t

34 billien t
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Data source: Global Carbon Budget {2023) QurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY

1. Fossil emissions: Fossil emissions measure the gquantity of carbon diexide (CO,) emitted from the burning of fossil fuels, and directly from
industrial processes such as cement and steel production. Fossil CO, includes emissions from coal, oil, gas, flaring, cement, steel, and other
industrial processes. Fossil emissions do not include land use change, deforestation, seils, or vegetation

Figure 1. Annual carbon dioxide emissions from all types of sources in the world for
the past 24 years. Reproduced from ref. 2. Available under a CC-BY 4.0 license. Copyright
2024 Ritchie, H.; Rosado, P.; Roser, M.

Future mitigation pathways are often discussed using the concepts of enhancement of
natural carbon sinks, and the development of technologies for CO, capture, storage, and
utilization. Carbon dioxide utilization refers to the process of converting captured CO> into
valuable products, reducing carbon dioxide presence in the atmosphere and simultaneously
creating economic opportunities. This approach not only mitigates the environmental impact

of CO> but also adds value to what is often considered as a waste. The potential applications
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of CO» utilization are diverse, ranging from the production of chemicals, fuels, and materials
to its use in biological processes and enhanced oil recovery.*>8 One of the primary trajectory
for CO> utilization is its electrocatalytic conversion into valuable chemical derivatives.®%7
This approach represents a promising technological frontier for sustainable and
environmentally friendly solutions to reduce greenhouse gas emissions. By converting CO>
into valuable products using renewable energy, this process not only tackles climate change
but also promotes the development of the closed carbon-cycle economy. Ongoing research and
innovation in this field are crucial for overcoming the current challenges and realizing full

potential of carbon-efficient cycle.

1.2 COg2 capture

Capture and separation of CO> can be performed through various techniques. However,
existing technologies still meet many challenges in capacity, stability and toxicity of the
utilized reagents including the total efficiency of these processes. Typical procedures of carbon
dioxide capture and separation include absorption, adsorption, electrochemical CO; fixation,

membrane separation, and cryogenic distillation (Figure 2).
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Figure 2. Schematic representation of the typical carbon dioxide capture technologies:
a) absorption, b) adsorption, c¢) electrochemical capture, d) membrane-based separation, €)
cryogenic distillation.

The absorption process involves usage of amine-substituted organic compounds or
electrolyte solutions in aqueous or organic solvents (Figure 2a).*81°

R NH, + CO, + H,0 5 HCO3 + R NHy, (1.1)

where x={1, 2, 3} and y={0, 1, 2}.

K,CO; + CO, + H,0 S 2KHCO;, 1.2)

The usage of amines or carbonates increases solubility of CO> in the liquid sorbents and
at the same time makes their regeneration more complicated demanding lower pressure and
higher temperature. Moreover, one of the challenges in these procedures is the production of
harmful side products such as nitramines and nitrosamines.*® Additional obstacles are coming
from the parallel absorption of accompanying gases such as SOx and NxOy which are common
products in many industrial processes. They decrease selectivity of the solvents towards COs,
reducing the overall efficiency of the process. For aqueous absorbents, the strong interaction
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between CO> and the solution, raises the energy costs for the regeneration process. Adding a
catalyst to an absorption column increases the reaction rate, which in turn allows for a reduction
in the size of the column and the solvent flow rate. This has a great impact on the industrial
application of the process.?*-23

The capture of carbon dioxide!®?4% by solid sorbents?”?° has become a sustainable
strategy to manage anthropogenic CO, emission. The easiest way to capture and store CO> by
solid substances is to use cheap and wide-spread minerals?’283933 or specifically designed
metal-organic frameworks (MOFs)**3° (Figure 2b). A simple example of this process is CO;
fixation through the reaction of carbon dioxide with calcium or magnesium in rocks, forming

stable carbonates:
(Ca, Mg)SiO,+C0O,5(Ca, Mg)CO,+Si0,. (1.3)

This process is the most efficient technique due to the wide distribution of these
adsorbents in the nature. Moreover, many material researchers and engineers are working to
develop new materials with higher selectivity and CO. capacity, combining with energy
efficient and yield efficient setups. Overall, solid-state adsorption techniques are proposed to

be a superior alternative to their liquid-phase counterparts.

Membrane separation (Figure 2d) is widely employed compared to other methods due
to its simplicity, ease of implementation, energy efficiency, and cost-effectiveness.*># It is
also commonly used as a practical approach for separating light components from the
atmosphere. In such processes, the membrane plays a crucial role in the separation mechanism.
Membranes can be made from a single polymer*?, composite polymers®, ceramics*#5,
carbon*®, metal-based minerals*’, or metal-organic framework membranes®, all of which are
typically stacked on mechanical supports.

Cryogenic distillation (Figure 2e) relies on the differences in boiling points of gas
components under high pressure (100-200 atm) and low temperatures (= -195 °C) to achieve
CO; condensation.***® This allows CO- to be separated from other lighter gases. However, the
efficiency of this method is debatable, and it requires further refinement and development.

1.3 Electrochemical approach

Electrochemical conversion (Figure 2d) uses electrical energy to reduce or capture CO-
into various useful products. This process employs electrocatalysts that aid in the transfer of

electrons to electrochemically active molecules, transforming them into hydrocarbons,

12



alcohols, and other compounds.®®175152 This technology has significant potential for
sustainable energy production, as it can be powered by renewable energy sources like solar or

wind power (Figure 3).53°°

412 ppm CO, _
’/
/
e v \Renewable energy/
e

Atmosphere =

002 ~ > — 1

Feedstocks

(Organic halides)

o G

- J

Electrochemical fixation

Industry

Figure 3. Schematic representation of green-powered electrochemical conversion of
atmospheric and industrially produced CO> by fixation on organic halides for fuel, polymers

and drugs production.

The electrocatalytic conversion process takes place in an electrochemical cell, which
typically consists of two main components: anode and cathode, separated by an electrolyte.
The core of this technology is the electrocatalyst, which is usually placed on the cathode.
Commonly researched materials include metals like copper, silver, and gold, as well as various
alloys and metal-organic frameworks.®?°7-%2 These catalysts play a crucial role in lowering
the energy barrier for the electron transfer.52-54 The electrochemical cell is designed to optimize
the contact between the electrocatalyst, electroactive species, and the electrolyte. The anode, is
typically made of materials such as platinum or iridium, facilitating the oxidation reaction
necessary to balance the reduction process occurring at the cathode. The efficiency and
selectivity of CO> capture are influenced by factors such as applied electrode potential, current
density, and electrolyte composition. Careful control of these parameters is essential to
maximize conversion efficiency and direct the reaction pathway towards the desired products.

The use of carbon dioxide as an elementary chemical brick is a logical strategy to get

economic benefit from its capture. However, high thermodynamic stability of the CO:
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molecule (AG=-396 ;‘—;)52 demands application of high temperature and pressure, or very

negative applied potentials in order to activate CO,.%>% Therefore, the optimal approach for
sustainable mitigation of the CO problem is the CO; fixation by organic chemicals with a
lower activation barrier, followed by the production of carboxylic acids. The advantage of this
approach is that it needs only a couple of electrons per CO2 molecule with formation of C-C
bond (Scheme 1).

R HO_ O
1
M= +COy +2HY 26—
R, Ry
R
R4 0 R4
== +2C0,+2H* +26 ——> OH
R, HO
R, O

Scheme 1. Schematic representation of electrochemical CO> fixation by olefins in
aqueous solution producing organic acids.

Overall, electrochemical fixation of CO. is an efficient approach to activate
thermodynamically stable CO> under relatively mild and safe conditions. However, this
technology still meets many challenges, such as the choice of reactor setup®-%, electrode
type® 7972 and reaction pathway®®3-"°, which not only affect the cost of implementation, but

also control operation characteristics.

1.4  CO: fixation by Benzyl Halides

Besides the direct CO electroreduction to single- and multi-carbon small molecules,
CO; can be electrochemically coupled with various precursors (alkynes’®®!, olefins®84 etc.)
to produce numerous carboxylic acids.’?®5°0 The reactivity and product selectivity of
electrocarboxylation (EC) are highly dependent on the cathodic behavior, which involves a
series of electron transfers and chemical reactions (Figure 4). Therefore, understanding the
cathodic reaction mechanisms is essential for optimizing reaction performance and product

distribution.

14
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Figure 4. Possible pathway of benzyl halides electrochemical carboxylation and
thermodynamic effects of elementary steps. Reduction potentials are referenced to the saturated
calomel electrode (SCE) 4.422 V. Reproduced from ref. 91. Available under a CC-BY 4.0
license. Copyright 2024 A.S. Kramarenko, I. Yu. Chernyshov and E. A. Pidko.

The EC of organic halides (R—X) catches the eye as an environmentally friendly method
for synthesizing nonsteroidal anti-inflammatory drugs like ibuprofen®, as well as key precursor
for many industrial processes.®>%* |t was shown that EC of organohalides with different
cathode materials®2°893%-% in undivided cells with sacrificial Mg or Al anodes generally
yields the corresponding carboxylic acids as magnesium or aluminum salts, with moderate or
high efficiency.%%-1% Although the formation of these salts simplifies the work-up procedure,
it negatively impacts atom economy due to anode consumption. Additionally, the formation of
insoluble products during EC reactions causes electrode passivation, leading to significant
current fluctuations (potentiostatic electrolysis)!® or increased cell voltage (constant current
electrolysis), and hindering reaction yield.'® Using non-sacrificial anodes with alternative
anodic reactions could potentially overcome these issues. While divided cells with non-
sacrificial anodes have been reported for EC of various organic substrates!®1%  attempts with
halides have generally been unsuccessful. Despite high yields from EC reactions of organic

halides with Mg or Al anodes, the exact formation mechanism remains unclear.

Previous experimental studies propose two possible mechanisms of electron transfer
(Figure 5).
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Figure 5. Two possible schemes of electrochemical reduction mechanism of organic
halides (RX) on a) electrochemically inert electrodes such as glassy carbon (GC), or b)

electrocatalytic electrodes such as Ag, Cu, Au etc.

In the first case (Figure 5a), there is no specific interaction between electrode and
electroactive specie (e.g Glassy carbon electrode), therefore the electron transfer happens
through the tunneling from a state in the electrode near the Fermi level to the electronic state
in the reduced molecule.1%112 The second mechanism (Figure 5b) assumes a direct interaction
of benzyl halides on the electrode surface. However, recent computational study showed that
this mechanism is hindered by the tight EDL formation on the electrode surface.®* Therefore,
in this thesis, we focus on the first mechanism (Figure 5a) which we will discuss in details in
Chapter 5.

1.5 Electrode/Solution Interface and Heterogeneous Electron Transfer

Previously, we analyzed chemical and electrochemical methods and technologies for
CO2 conversion and established that the electrochemical approach is a powerful tool for the
production of carboxylic acids. In this section we will discuss the electrode-electrolyte
interface, the formation of EDL and its influence on the electron transfer.

Electron transfer (ET) usually occurs between the electrode and electroactive agents in

the solution when the electrode’s applied potential (E), which is equal to the electrochemical

16



potential of the electrons in the electrode, reaches the equilibrium potential (E®) of the solution
species.!*314 The ET process processes modulate charges at the electrode surface and in the
meantime, there is accumulation of solution ions near the electrode due to the electrostatic
interaction, forming an EDL, which is featured by the gradient distributions of the electrostatic

potential and the concentration of ions (Figure 6).

/\I OHP —— Potential —— Concentration

OO

(e s

Electrostatic potential/Concentration

~
~
! X [um]

1Electrode

Figure 6. A schematic diagram of the structure of an electrode/electrolyte interface.
The blue and red solid lines illustrate the distribution of the electrostatic potential and the
concentration of the reactant respectively. Arrows denote the dipole moment of the solvent
molecules adsorbed on the electrode surface and in solvation atmosphere of the ions. The outer-
Helmholtz plane (OHP) denote the distance of the closest approach for the solvated ions. The

inner-Helmholtz plane shows the solvation shell of the electrode.

The EDL can be divided into a compact part and a diffuse part with the boundaries at
the outer-Helmholtz plane (OHP), which is the approximated distance of the closest approach
of the solvated ions to the solvated electrode surface. If there is no direct adsorption of ions on
the electrode surface, the electrostatic potential should change linearly inside the OHP. The
electrostatic potential at the electrode surface (¢m) and at the OHP (¢orr) depend on the
electrode electrochemical potential, electronic structure of electrode material and dielectric

permittivity of the solvent in the EDL 115118

Equation 1.4 connects electrostatic potential with the electrochemical potential of

electrons via following relation
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E=-p + dwm, (1.4)

where pe is the chemical potential of electrons in the electrode, which represent the non-
electrostatic contribution of the electronic work function of the electrode and depends on the
electrode material nature. For ordinary bulk metals electrodes, which are usually used in the
electrochemical setups, the density of electronic states (DOS) near the Fermi level is high.
Therefore, the electron transfer/injection is hardly modifying pe. Hence, the potential difference
between two similar electrodes originates from the difference of ¢m rather than from that of
chemical potentials. Moreover, in experiments, the electrochemical potential is usually
referenced to a known reference value (e.g Standard Hydrogen Electrode, Saturated Calomel

Electrode etc.).

1.6 Scope of this Thesis

In this context, the effects of electrode material and electroactive species are still not
fully understood. Improving the selectivity and yield in electrochemical processes demands a
thorough understanding of the complex interactions occurring at the electrode-electrolyte
interface, as well as a deep dive into the rate-determining steps that control the process. To
address these gaps in knowledge, this thesis focuses on uncovering the fundamental aspects of

electron transfer kinetics and thermodynamics through a detailed, multi-scale approach.

In Chapter 3, this research establishes a reliable benchmarking procedure for the
electrochemical Fc%Fc* reference electrode via DFT calculations, offering a robust
computational reference for diverse electrochemical processes across various solvents. This
approach enhances the accuracy and consistency of electrochemical measurements and
theoretical predictions, setting a new standard for computational references.

Moving into Chapter 4, we examine the benzyl chloride electrocarboxylation reaction
to further clarify the mechanisms of electron transfer at the electrode-solution interplay. This
work aims to bridge the gap between theoretical predictions and practical applications by
establishing a methodology for direct comparison between experimental data and simulation
results. Such comparison is crucial for validating theoretical models and ensuring they

accurately capture the electron-transfer phenomena.

Additionally, Chapter 5 investigates how the local solution structure within the EDL
affects anion and cation radical formation, with particular emphasis on the impact of varying

supporting electrolyte concentrations on the electrochemical behavior of systems. This analysis
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seeks to find the connections between electrolyte concentration, radical formation, and
potential-dependent activation energies that drive the overall efficiency of electrochemical
reactions. These insights are essential for optimizing conditions in various electrochemical

applications.

Through this comprehensive investigation, we aspire to contribute to the development
of more accurate and predictive models for electrochemical processes. This, in turn, can inform
the design of more effective systems and materials, advancing sustainable practices in
applications from energy storage to catalysis. Ultimately, this thesis strives to offer valuable
insights that bolster the sustainability, efficiency, and functionality of technologies reliant on
electrochemical processes.
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2. Computational methods

2.1 Electronic Structure Methods

The quantum chemical approach relies on the fundamental properties of the material.
The ultimate goal of this approach is to solve the time independent non-relativistic Schrédinger

equation and compute the total energy for a given atomic configuration. 19121
A%y ({?i}5 {RI}) =E Pk ({?i}; {RI}), (2.1)

here A is Hamiltonian, P, ({?i}; {EI}) is the many-body wave function and E, is the

total energy of the system. For a system consisting of n electrons and N nuclei the complex
many bodies wave function depends on all the atomic (r) and electronic positions (R) W (ri,
r, ..., :Ry, Ry, ..., R,) and the Hamiltonian of the system consists of a sum of four terms as
2.2.

1I_\I:Tezlec +Qelec-elec +velec-nuc +vnuc-nuc ’ (2 . 2)

where T.,.. is the total kinetic energy of the electrons, V.jec_ciec ANV 1ue.nue represent the
repulsive potential energies due to the electron-electron and nucleus-nucleus interaction, while
Vereenue IN between corresponds to the attractive electrostatic interaction between the electrons
and the nuclei.'??

To further reduce computational complexity, only the ground state solution, Wo, can be
considered, which corresponds to the state with the lowest energy. For the system of n electrons
and any given external potential (Vext) and for the electron-nuclei interaction, the variational
principle defines a procedure to determine the ground state wave function, the ground state
energy Eo, and any other properties of interest. In other words the ground state energy is a
function of the number of electrons and the external potential: Eo = E[n,Vexi].

An analytical solution of equation 2.1 is feasible only for very small systems. Moreover,
the exact solution is only available for the homogeneous electron gas, solving Equation 2.1.
And, for the real materials, where the number of electrons is on the order of 10%, it becomes a
formidable task and is essentially impossible to achieve analytically.'?°

Therefore, to reduce computational complexity it is suggested to employ a density
functional theory (DFT). This approach utilizes certain state properties of a many-electrons
system in an external field. Conventional approaches use the wave function W, as the central
quantity, which contains full information of the system. The prime feature of the DFT approach

is that it resolves the ground state electronic density of the system p°(r;) in order to replace the

20



many-body wave function and, therefore, reduce the dimentiality of the problem to 3 degrees
of freedom rather than 3N with N being number of electrons in the system. In that case, the

electronic density is defined as the integral 2.3.

pO(?)=Nf f lP; (?1,?2,,?N)To(?l,?z,,?l\])d?z?n, (23)
and determines the probability of finding any of the N electrons within volume element
dr.

Now, the Hamiltonian is specified by the external potential and the total number of
electrons, which can be computed from density by integration over all space. Therefore, the
electronic wave function Wk({ri}) is a unique functional of the electronic density Wk[p(r)] and,
thus, all the ground state properties of the system can be obtained from its density.
Consequently, the energy of the system can be written as a functional of the electronic density

p(r) via Equation 2.4.

E[p(0)]=(¥lp ()] Aleiee[¥i[p()])=
:Telec [p( r )]+Velec-elec [p( r )]+Velec-nuc [p( r )]:’ (24)
=F[p(r)]+ [ Vext (1)p(1)

where the functional F[p(r)] contains the functional for the kinetic energy of the
electrons T...[p()] and that for the potential energy due to the electron-electron interaction
Velec-elec [P(?)] .

However, it needs a confirmation that a certain electronic density is the desirable
ground state density p,(r). Thus, the functional F[p( )] that delivers the ground state energy

of the system, delivers the lowest energy if the input density is the true ground state density
(Equation 2.5).

EoElp, ()]<E[ (7). @)

This means that for any trial density p(?), which is associated with some external
potential V. (), the energy obtained from the functional F[p(r)] in the equation 2.4
represents an upper bound to the true ground state energy.'?>?" The E, results from the
minimization of the functional F[p(r)] at the exact ground state density p,(r). Hence, the

functional F[p()] is the essential part of the DFT, which can be approximated via equation
2.6.

Flp(r)] = To[p()Hp(r)+Exclp()]. (2.6)
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where T,[p(7)] is the kinetic energy of non-interacting reference system and J[p(1)]
is the Coulomb repulsion with Exc[p(r)] being the exchange-correlation energy. Here,

T,[p( )] can be computed by equation 2.7.

Tp(N)]=2N (0] -3 7o) 2.7)
where ¢, is a one-electron wave-function.

Exchange-correlation energy Exc[p()] is defined as

Exc [p (?)]ETe [p(?)] -Ts [p(?)]JrveleC-elec [p (?)] -J [p (?)] . (2.8)

Now, one-electron wave functions can be determined by one-particle equations under

the constraint to reproduce the density of the interacting system.

2.2 Cyclic Voltammetry Simulation

2.2.1 Finite Difference Method

Computer simulation of cyclic voltammograms (CVs) can be helpful in obtaining
additional information about a redox couple and drawing comparison of theoretical approaches
with the experimental results'?®,

Reaction at the electrode surface generates concentration gradients resulting in
diffusion. One of the approaches is to use the finite difference method*?® for solving differential
equations based on a diffusion grid where each line represents a concentration array. The total
time of a CV simulation equals twice the potential range scan divided by the scan rate. The
increment (At) equals to the total simulation time divided by the number of the time increments
in the grid. Total length of the simulation cell is calculated as xtotalz6m. This corresponds
to about four times the root-mean-square distance a species diffuses throughout the course of
an experiment'*313, The distance increment (Ax) equals the total distance divided by the
number of distance increments in the grid. The main variable to be predicted is the
concentration gradient that is computed from Fick’s second law of diffusion in discrete form.

dc d’c

E: 1@, (29)
Gi-Ci _ Dy[C;1-2C+Ciy]
= — : (2.10)
CJ:C1 + DIAt[Ci—l - 22Ci + Ci+l]’ (211)

AX
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where D is the diffusion coefficient of the reaction species, At and Ax are the time and distance

increments, whereas Ci and Cj denotes concentration in i-th and j-th segment on the grid.

However, equation 2.11 cannot be used for the first simulation box where the
electrochemical reaction occurs. The rate and mass transfer to the electrode surface is then

described in the simulation using the following flux equations:

kfCox,1-kpCred,
Jox= Jred = kflA+kbAfl’ (212)
1+
Dy Dy
where Jox and Jred are fluxes, Cox1 and Creq,1 are concentrations of the oxidized and
reduced forms in the first simulation box at the distance from the electrode surface, whereas ks
and kp are forward and backward rate constants. The surface concentrations of the oxidized and

reduced forms can now be calculated using the two equations below:

JoxAX
D’

Cox,0: Cox,l + (2 13)

redAX

J
Cred 0™ Credan + "D, (2.14)

where Cox,0 and Creq,0 are concentrations at the electrode surface.
The total faradic current density that corresponds to each time increments can be finally
calculated as:

0l — AT, (2.15)

where n denotes the number of electrons participating in the process and A is the electrode

surface area.

2.2.2  Finite Elements Method
To compute the concentration gradients of dilute species we use the Poisson-Nernst-
Plank model''®!31"134 (PNP) in one-dimensional formulation to simulate the electric double

layer (EDL) formation and determine potentials on the outer-Helmholtz plane. For planar

electrodes this model can be written as a system of equations in the following way,!18:130-132.134
0 oV
p (Soﬁr g) =F Xt zCi
oCi_ N , (2.16)
o ox

where g and & are vacuum and solution dielectric permittivity, V represents the
electrostatic potential across the simulation domain, F denotes Faraday’s constant, C; shows
the concentration of i-th specie, whereas z; shows the electric charge of i-th specie. Here, N;

denotes the mass flux of dilute specie.
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oC; DiFzCjov | DiNAG XS a5t 2.17)
0x RT 0x l—NAZ}il a-3Ci ! '

1

N;(x,t)=-D;

where D; is a diffusion coefficient of i-th specie and a; is the radius of the specie represented as

the solid sphere with the molecular volume of the specie.

The Stern layer can be accounted for via the boundary conditions relating the potential
drop across the Stern layer with the potential gradient at the Stern/diffuse layer interface. Then
it suffices to simulate only the condensed and diffuse layers in the computational domain. It
was also shown that the surface charge boundary condition influences the potential drop on the
OHP8131 This boundary condition specifies the relationship between the potential (¢) and the

potential gradient (aa—i’) at the OHP. For planar electrodes, the boundary condition accounting

the Stern layer is given by*3:

0b _ go&;
ox H

[d)ohp'd)surf]’ (218)

where H is the EDL width, V, is the potential at OHP, and V. is the potential at the electrode
surface. In this study EDL width equals to the radius of the biggest specie in the system, which
is TBA® cation in this case. To account for the reduction in relative permittivity due to higher

electrolyte concentration we use the following equation!!813L,

_ bulk, Ssolv- %G min X G
= solviaitiy g i
o, s G EC i 2 (219)

where 2% is the dielectric permittivity of the pure solvent and C,, is the number of moles in
one liter of pure solvent (~19 M for MeCN at 25 °C). ™" shows drop in dielectric permittivity
due to the supporting electrolyte concentration effect.

Table 1. Summary of the experimental'® dielectric permittivity of the saturated EDL
solutions near the electrode surface (e™") and the molar concentration of some pure solvent
(Csolv) used in our study. Csoiv was calculated as a relation of the solvent density (p) to the

solvent molar mass (M).

Solvent gmin Csolv [M]
MeCN 5.0 19.15
DCM 4.5 15.62
NMF 10.2 17.12
EtOH 4.0 17.14
H20 6.3 55.55
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The zero flux boundary condition was set at the Stern/diffuse layer due to the absence
of species insertion in the electrode material. The initial conditions in the diffuse layer satisfy
the electroneutrality condition and were set to zero for electrostatic potential, and bulk
concentrations for all chemical species in the system.

2.3 Thermodynamics

Calculations of reaction free energies require thermodynamic contributions in addition
to the energies obtained from the electronic structure theory. This requires to know a partition
function that comprises of rotational, vibrational and translational degrees of freedom which
can be computed within the rigid rotator'**137, free translator*”3 and harmonic oscillator!®’
approximations, respectively. We note that the rotational partition function is different for

linear and non-linear molecules.

q:qrot.qtrans 'qvib ! (2 -2 1)
linear_ 87°kpT
r1011tear_ = (2.22)
/
q?é)tn-linear: (SR:ZBT)3 2 . (IAIBLCTE)W, (223)
_ V(2nMkgT)3?
trans h3 ! (2 . 24)
hvi
AT
S i (2.25)
l-e_kB_T

where kB is the Boltzmann constant, h is the Plank constant, T is the temperature, M is
the molecular mass, V is the volume of 1 mol of ideal gas, o is the symmetry number, | are
moments of inertia, and v are the vibrational frequencies.™*® The entropy (S) and heat capacity
(Cp) are calculated from the partition function.
H(T)=E+Egpe+ f, CodT, (2.26)
G(T,p)=H(T)-TS(T,p), (2.27)
Thus, enthalpy and Gibbs free energy can be calculated using the electronic energy (E)

and the zero-point vibration energy (Ezre).

2.4 Kinetics

The classical Marcus-Hush model (CMH) assumes the Gibbs free surfaces of reduced

(Red) and oxidized (Ox) species to be parabolic and have equal curvature (Figure 7).110:140-142
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Free energy [eV]

Reaction coordinate

Figure 7. Standard free energy diagram vs. reaction coordinate for an electron-transfer
reaction in a precursor complex e.g. Fc%Fc*. The curve for a reagent (the blue line, the product
electronic state is represented by the red line) includes the energy of an electron on the electrode
at the Fermi level corresponding to potential E. Interception on two parabolas (electronic states)
denote the activation energy for the electron transfer controlled by overpotential 1.

The energy of the transition state, and hence the activation energy (AG¥), is therefore

determined by the intersection of these two curves and can be calculated through equation 2.28.

2
s (o) [, FE-E")
AGH=2" [1+QM)], (2.28)

where A, represents inner-sphere reorganization energy and A; denotes outer-sphere
reorganization energy. The reaction activation energy is introduced by the difference of the
electrode potential (E) and the standard equilibrium potential (E°, SEP).

The standard reduction potential refers to the reaction free Gibbs energy change at

equilibrium and can be calculated by Equation 2.30.

AG;

EO=_22
nF

- Eref’ (229)

where AG; is the reaction free energy change, n shows the number of electrons participating in
the process and F is the Faraday’s constant. SRP is computed with respect to the reference
electrode'®3. A, is related to the reorganization of the solvation shell around the reductant due

to the electron transfer process and can be computed via Equation 2.30.144145

solv 87eo (_ _)(T _) (230)
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where ¢ denotes elementary clectron charge, €o represents vacuum dielectric permittivity,
whereas s and gop are static dielectric permittivity of a solvent and corresponding to the optical
dielectric permittivity. ap and R show the molecular radius of reductant and its position from
the electrode surface. R is usually taken as 2ap 3. ; represents the inner-sphere reorganization
energy related to the change of bonds length and angles due to the charge transfer. This term
can be computed by the following Equation 2.31:

In the given equation, A; represents the reorganization energy associated with alterations
in bond lengths and angles between atoms during the electron charge transfer process. This

parameter for the case of ferrocene/ferrocenium system can be calculated as

%i=Gre(Qper)-Gre(Qp,)- (2.31)
where Grc denotes the Gibbs Free energy of the reduced state, and Q represents the equilibrium
geometries of ferrocenium and ferrocene.

According to this model, a reaction is considered probable when the free energy
associated with the reaction step is, at a minimum, thermoneutral. Having knowledge of the

activation energies for the electron transfer, one can easily compute the potential-dependent

forward and backward rate constants by’!7>146-148
0 _aF(E—EO)
k=k'e" rT , (2.32)
F(E-EY)
k= k%" Rr (2.33)

where k° is the standard rate constant, which is dependent on the total reorganization
energy and a is a potential dependent symmetry factor. This parameter can be evaluated by the

following equation

_ 1, FEE)
=t ==, (2.34)
This parameter can be calculated from the following equation
0 o 2
k'= ZerT, (2.35)

where Z is the collision frequency with the electrode surface which depends on the
molar mass of the target molecule.

In the early development of Marcus theory!*114%-154 the reactants were encountered the
electrode surface by hard-sphere Brownian motion and the pre-exponential factor for the rate
constant were written in terms of collision frequency.’>**® The collision frequency (Z) can be

assessed by the Equation 2.36:
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_|RT
7= /m (2.36)

where R and T are gas constant and temperature. M denotes the molar mass of the

reactant.

2.5  Computational Details for this Thesis

Here, we provide a summary and additional information of the methodology used in
this thesis.

We start our investigation of electron transfer kinetics and thermodynamics by
analyzing the performance of popular DFT methods using ORCA (version 5.0.3) code.!>>157
We considered a wide selection of popular exchange-correlation functionals (BHANHLYP,
B3LYP, BLYP, M06-2X, M06, M06-L, PBE, PBEO) together with the ma-def2-TZVPP basis
set to accurately represent the electronic structure of all atomic species'>®!*. Geometries of
chemical species were fully relaxed using the unrestricted Kohn-Sham approach for pure and
hybrid functionals. Frequency calculations were performed at the same level of theory to
calculate Gibbs free energies at 298.15 K.

Our starting point is the redox couple ferrocene/ferrocenium (Fc%Fc") that is widely
applied as a reference system in electrochemical reactions.!®®13 The solvation effects of
acetonitrile (MeCN), dimethyl formamide (DMF) and acetone (ACE) have been taken into

account by using the CPCM solvation model'®!

implemented in ORCA. Implicit solvation was
modeled using the CPCM continuum solvation model in acetonitrile (¢ = 36.6, Chapter 3,

Chapter 4).

In Section 5, we investigated the influence of the solvent and the supporting electrolyte
concentration on the electron transfer thermodynamics. We computed the equilibrium
potentials of the computational ferrocene/ferrocenium electrode (CFE) and test the molecules
(Chapter 5) with the BP86 functional and the def2-TZVP basis set by the Gaussian 16C
quantum chemical package.®?

To account for the solvation effects of a solvent and supporting electrolyte mixture, we
employed the PCM and COSMO-RS*31%2 solvation models. For COSMO-RS calculations,
we used the COSMOThermX computational tool (version 19.0.5). We selected the BP86
functional because the COSMO-RS solvation model is parametrized to perform well with this
functional. The calculated Fc%Fc* absolute potential in gas phase is 6.74 V which is in line
with the experimental value 6.71 V.17
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For periodic calculations of the electrode materials, the spin-polarized electronic
structure was calculated using the PBE functional'®3, with an energy cutoff of 450 eV for the
plane-wave basis set. The interactions between electrons and ions were described using the
PAW method.®*1% All calculations were conducted using the VASP software (version
5.4).19:1% gplvation effects were included by applying the implicit solvation model*®":1%
developed by Hennig and colleagues, known as VASPsol.1%2% |n this model, the electrostatic
interaction with the implicit solvent is determined based on a linear polarization approach,
where the medium’s relative permittivity varies continuously with electron density. A
switching function around a specified isodensity value adjusts the relative permittivity from 1
near the surface to the bulk solvent value farther away. This modified Hartree potential is
derived by solving the modified Poisson equation. The dielectric constant of acetonitrile
(MeCN) was set to 54.4, corresponding to a supporting electrolyte (n-NBusPFs) concentration
of 100 mM (Section 5.1). All geometries were optimized to achieve a gradient less than 0.05
eV/A, with wave functions converged to within 5x10°6 eV. The precision setting in VASP was
adjusted to “accurate,” and the automatic optimization of the real-space projection operators
was enabled. The Debye length was set to 8.08 A, reflecting an electrolyte concentration of
100 mM. The surface charge was modelled according to the previously reported

procedure, 54201
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3. Ferrocene/Ferrocenium Reference for Cyclic Voltammetry Simulation

This chapter is based on [Kramarenko, A. S.; Sharapa, D. I.; Pidko, E. A.; Studt, F. Ab
Initio Kinetics of Electrochemical Reactions Using the Computational Fc%Fc* Electrode. J.
Phys. Chem. A 2024].

Determining the equilibrium potential of a particular compound under experimental
conditions is crucial, due to the difficulties of obtaining the absolute equilibrium potential of a
half-cell, experimentally. Therefore, when discussing the equilibrium potential (E°), the
relative potential to the reference half-cell is often used. The most popular reference electrode
for electrochemical measurements in aqueous solution is the standard hydrogen electrode
(SHE). The International Union of Theoretical and Applied Chemistry (IUPAC) recommends
the SHE potential value of 4.44 V, which was reported by Trasatti in 1986.13 While the SHE
potential is often used in computational research, problems arise due to its dependence on the
models!?202203 - computational methods, and differences in reported experimental SHE
potentials (ranging from 4.05 to 4.73 V).126:127204.205 The nroblems are particularly noticeable
in non-aqueous media, which prompted IUPAC to propose the Fc*/Fc® (ferrocenium/ferrocene)
redox pair as an alternative reference frame.'8 Despite the fact that ferrocene usually serves as
an internal reference, its redox potential is influenced by specific solvation effects, which casts
doubt on the "ferrocene assumption”. The equilibrium potential of ferrocene can vary up to
0.56 V depending on the solvent under the influence of ion pairing between the ferrocenium
cation and the anion of the supporting electrolyte in certain solvents.*’”1"® Numerous studies
have focused on regulating the reduction potential of ferrocene using substitutions and linkers
in the ferrocene core,160161.163173.175,178.206.207 Setting up the equilibrium potential of ferrocene
IS a time-consuming and resource-intensive process that leads to the integration of quantum

chemical calculations to facilitate this work.

3.1 Benchmark Calculations of the Absolute reduction potential of Fc%Fc*
Electrode

Electrode materials play a crucial role in electrochemical processes and their electronic
structure is a fundamental factor that controls the efficiency and dynamics of electron transfer
processes in electrochemical systems.837275.208 Electron transfer kinetics, which control the rate

and mechanism of electrochemical reactions, is highly sensitive to the electronic properties of
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the electrode, such as density of states (DOS), electrochemical potential of electrons, and band
structure. These properties influence the alignment of energy levels between the electrode and
the redox species in the electrolyte, thereby affecting the ease with which electrons can be

transferred across the electrode-electrolyte interface,>%112113.149201,209,.210

The density of states at the Fermi level is particularly critical, as it determines the
availability of electrons for transfer in a metallic or semiconducting electrode. A high DOS at
the Fermi level typically facilitates a faster electron transfer, as seen in materials like platinum
and other transition metals, which are known for their excellent catalytic activity and low
overpotentials.”>148211.212 |n contrast, materials with lower DOS or wider band gaps, such as
certain semiconductors, can present higher energy barriers to electron transfer, leading to

slower Kinetics.

The electrochemical potential of the electrode electrons, which defines the energy
required to extract/inject an electron from/to the bulk to the surface, also plays a crucial role.
A well-matched electrochemical potential of electrons in the electrode and the redox species
ensures efficient charge transfer with minimal energy loss. Additionally, surface states and
defects within the electrode material can introduce localized electronic states that either
facilitate or hinder electron transfer, depending on their nature and distribution. In this section
we make some assumptions stating that the density of states for the electrode material we are
studying (GC) is high and therefore DOS does not have large influence on the overall process
kinetics and the electrode’s applied potential (E) is approximated by manual modulation of the
value without explicit calculation of the material properties.

Overall, electrochemical process can be expressed using a simple scheme which is

shown in Figure 8.
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Figure 8. Schematic representation of the electron transfer from the electrode material
to the reduced state in the electrode-electrolyte interface. Here, the solvated work function of

the electrode (-fi,) shows the difference in electronic state energy in the electrode material and

the bulk solution, where the energy of electrons is zero and AG? is the free Gibbs energy of the
respective electrochemical reaction (here we show the case for ferrocenium/ferrocene
reduction process).

Now, the applied potential can be stated in the following way:

E= 'ﬁ - Erefa (31)

e
where Err is the Gibbs free energy of the reference reaction (for example: hydrogen
evolution for SHE).
Usually in the electrochemical studies, electrochemical potential of electrons is
referenced to a system with known thermodynamic parameters (Figure 9). Therefore, the

electron transfer energy (ET) can be calculated through the Equation 3.2.
ET=E - AGY, (3.2)

At the equilibrium electron transfer energy is zero, therefore AG!? = -
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Figure 9. DFT computed electrochemical potentials of reference reactions and the
experimentally obtained electrochemical potential of reference electrodes in acetonitrile
solutions, 8143213

In this section, we assessed the reliability of the functionals by comparing calculated
reaction Gibbs free energies (AG?) of Fc’/Fc* couple with experimental results.

AG=(G_, - Gox) - Erer, (3.2)
where G4 is the Gibbs free energy of the corresponding Fc° state and G,, is the free
energy of the Fc* cation radical.

The Fc%Fc* couple was chosen due to its wide applicability in experimental
electrochemistry as a well-studied reference, thus, there are many experimental ionization
potentials obtained by the photoelectron and the electron impact spectroscopy.t®®1” In this

thesis, we choose as the experimental reference, the value (6.71 £ 0.08 eV) recommended by
the National Institute of Standards and Technology (NIST).1"®
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Figure 10. lonization energies of the Fc%/Fc* system obtained with various functionals
for unrestricted and restricted Kohn-Sham calculations in the gas-phase (a.) and the acetonitrile
(b.). Dashed lines denote experimental values for ferrocene ionization in the gas phase and the
acetonitrile solution. Reproduced from ref. 214. Available under a CC BY-NC-ND 4.0 license.
Copyright 2024 Kramarenko A.S., Sharapa D.l., Pidko E.A., Studt F.

Figure 10 shows ionization energies of the Fc’/Fc* reference system (CFE) calculated
with unrestricted?!® (UKS) and restricted (ROKS) open-shell calculations.?!® Analyzing the
obtained results, it can be seen that UKS consistently underestimates the ionization energy (IE),
whereas ROKS overestimates IE values, in some cases for more than 1.5 eV. The most accurate
results were obtained by the PBE and M06 functionals, which yield IEs of 6.76 and 6.78 eV in
gas phase, respectively. Moving from the gas-phase to the solution ionization potential
decreases dramatically due to the solvation effect of the cation radical in the polar acetonitrile
solution. The mean absolute error (MAE) for UKS calculations in the gas phase does not exceed
0.3 eV overall. This notable error arises mainly from an over-estimation of the stability of
oxidized species, particularly by hybrid functionals that involve a mixture of Hartree-Fock

(HF) correlation 160,175,180,207,217

Previous research has shown that the error tends to increase with a higher proportion of
HF exchange in the functional, except for the two functionals mentioned earlier. Transitioning
from the UKS to the ROKS approach dramatically alters this situation, making ionization
energy less reliant on the amount of HF in the functionals and shifts IEcac. into the range of
experimental values from 6.6 to 7.20 eV.!”> This is related to the phenomenon of the adverse

effect of spin contamination to the HF methods.?!®?!¥2!° Consequently, a greater HF-exchange
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component within the functional results in an increased occurrence of spin contamination.
When dealing with open-shell systems using an unrestricted wave function, the measurement
of spin contamination is conducted through the expectation value of the S? operator. A
commonly accepted guideline is that spin contamination is considered negligible if the
difference between the spin-squared value S? and S(S+1) is less than 10%, where s represents
half number of the unpaired electrons. Spin contamination has a more pronounced negative
impact on HF methods compared to DFT methods. As a result, a higher HF-exchange
component within the functional leads to an increased incidence of spin contamination. It was
demonstrated that ferrocenium cation can be affected by this both with DLPNO-CCSD(T)?*
and double-hybrids!%.

Experimentally, applied potentials (E) in solution are usually measured against a

reference electrode and can be calculated according to equation 3.2
Eqotv = (E + Erep)nF (3:3)

where Esolv denotes the AG? in a specific solvent, F the Faradays constant and Ereris the
absolute potential of the reference electrode in a particular solvent, n denotes the number of
electrons transferred during the process, and E° corresponds to the experimental standard
equilibrium potential. The Esoy values for several commonly used aprotic solvents are
summarized in Table 1 and compared to our computational results using the PBE and M06
functional.

Table 2. Comparison of experimental and computed applied electrode potentials in
solution (Esoiv) of the Fc%Fc* system in MeCN, dimethyl formamide (DMF) and ACE solvents.

Esolv [eV]
Solvent Calculations
Experiment
PBE MO06
MeCN 4.88146:203 4 9043 5 25171 5.26 4.85
DMF 5.33180204 4 70126,127 5.28 5.03
ACE 5.46164169 4 74%0 5.61 6.90

As it can be seen from Table 2, both functionals give reasonable results, especially
considering that there is also large disagreement among the experimentally reported

data.!”"175177 Here, we are interested in the absolute potential of Fc?/Fc" in acetonitrile solution,
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where the average value of the experimentally obtained absolute potentials is 5.01 eV with a

mean absolute error (MAE) of 0.16 eV.

3.2 Redox Potentials of Organic Molecules in Non-aqueous solvents

We validated our method by computing equilibrium potentials and electron transfer
activation barriers of an extensive list of organic molecules (Figure 11), that have been

221—224’ dye5225_227 and

discussed for a broad range of applications such as for energy storage

photo-responsive membranes production,?23-228-23!1

Standard equilibrium potential, one of the most crucial parameters in electrochemistry
represents the difference between the target reaction energetics and the reference electrode
potential, thus, even poor predicting ability of the reference electrode potential, might end up
in a correct differential value. Therefore, we used a wide range of electrochemical reactions to
compare the accuracy of the functional in equilibrium potential prediction. Standard
equilibrium potentials were collected from the literature datall®178.221-223225.226228-237 g
summarized in the Figure 11. Experimental results are often measured with respect to the SCE
electrodes, therefore to convert E° from SCE to the Fc*/Fc? scale, one needs to extract 0.46 V

from the value of E° vs. SCE.
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Figure 11. Reference reactions used for estimation of accuracy in reduction potential
prediction and its experimental reduction potentials extracted from the published literature.
Reproduced from ref. 24, Available under a CC BY-NC-ND 4.0 license. Copyright 2024
Kramarenko A.S., Sharapa D.I., Pidko E.A., Studt F.
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Now, by determining the Gibbs free energy of the aforementioned reactions and
utilizing the electrochemical potential of the ferrocene/ferrocenium system as a benchmark,

equilibrium potentials can be computed using Equation 3.4.

0_ AGY
B'=-20 (3.4)

where F denotes Faraday constant and n shows the number of electrons transferred
during the process. We derived E° values from DFT calculations, without relying on any
experimentally received data. Comparison of experimental and computed reduction potentials

by our methodology are shown in Figure 12.
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Figure 12. Comparison of experimental and calculated reduction potentials of the test
set of 13 test reactions from Figure 11 using the CFE with the MO06 functional. Reaction Gibbs
free energies were computed using equations 3.2 and 3.4. Reproduced from ref. 214, Available
under a CC BY-NC-ND 4.0 license. Copyright 2024 Kramarenko A.S., Sharapa D.I., Pidko
E.A., Studt F.

The error bars in Figure 12 represent the deviation of experimentally observed reduction
potentials due to the error raised from the reference system. Now, comparing the MAE of all
studied functionals (Figure 13), we can assess the accuracy of the DFT methods.
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Figure 13. Performance of studied DFT functionals for predicting standard reduction
potentials. The red area denotes mean average error distribution for standard reduction
potentials computed with UKS scheme, whereas the blue areas represent the mean average
error for ROKS computed SEPs. Black dots and triangles represent the computed values of
SEP for studied reactions (Figure 11).

The UKS calculations consistently underestimate reduction potentials across all the
functionals studied, while the ROKS approach provides more accurate predictions for
reduction potentials. Nonetheless, the M062X and BH&HLYP functionals tend to overestimate
the absolute potential of ferrocene/ferrocenium, leading to a high overall error for these
particular functionals.

Figure 12 and Figure 13 confirm the high accuracy of our computational Fc%/Fc*
electrode at the MO6 level for the estimation of the reduction potentials of this test set with the
mean absolute error of only 0.18 V. Note, that this error is within the accuracy of typical DFT
functionals (+/-0.20 eV). Note that the experiments also deviate in reported reduction
potentials, with deviations between experiments being as large as 0.16 V. Having established
that we are able to calculate SEPs, and thus the thermodynamics of an electrochemical system
using the CFE, we will now use this to evaluate electron transfer kinetics in the framework of

the Marcus-Hush model.112:113.238-243
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3.3 Electron Transfer Kinetics on Inert Glassy Carbon Electrode Surface

To evaluate electron transfer kinetics, we employed the outcomes of ROKS M06/ma-
def2-TZVPP calculations incorporating a solvation model. Subsequently, we applied these
findings to the Marcus-Hush model discussed in Section 2.4.

In the case of the Fc*/Fc® system, the computed reorganization energy is partitioned
into 0.02 eV for inner-sphere reorganization and 0.28 eV for outer-sphere reorganization
energies. Subsequently, we computed the activation energy for both the forward and backward

reactions using Equation 2.28, as illustrated in Figure 14.

0.8
0.7
0.6
0.5
0.4

—o— Forward
--e-- Backward

0.3
0.2
0.1
0.0

_01 T 1 T | T I T I T I T
-06 -04 -02 0.0 0.2 0.4 0.6

Potential [V vs. Fc®/Fc™]

Activation energy [eV]

L I B IR I BURELE LA B
IN(Kpme)

Figure 14. The dependence of the activation energy (dots) and rate constants (squares)
for the Fc%/Fc* oxidation process on the applied potential. The open white circles at 0 V
correspond to the respective values at the standard reduction potential. Reproduced from ref.
214 Available under a CC BY-NC-ND 4.0 license. Copyright 2024 Kramarenko A.S., Sharapa
D.1., Pidko E.A., Studt F.

Figure 14 shows that the activation energy is dependent on the working electrode
potential and intersects at the point of SEP, where the activation energy relies specifically on
the reorganization energy. A similar behavior was observed for the process rate constants.
Table 3 collects thermodynamic and kinetic parameters of the studied reactions calculated at
the ROKS M06/ma-def2-TZVPP level of theory.
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Table 3. Computed Gibbs free energy, standard equilibrium potentials and Kinetic
parameters obtained from the Marcus-Hush model computed via the methodology in Section
2.4. Reaction free energies are calculated via Equation 3.2 and SEP are computed using
Equation 3.4. The inner-structure reorganization energy (Ai) and the solvent reorganization

energy (Asorv) Were computed using Equation 2.31 and Equation 2.30.

Reaction AG [eV]  E'[V vs. Fc"/Fc'] Asotv. [eV] Ai [eV] Kk’ [em/s]
FcYFc* -4.85 0.00 0.28 0.02 248.59
BQ/BQ -3.97 -0.88 0.32 0.26 21.39

BQ/BQ* -2.85 -2.00 0.32 0.72 0.24
BP/BP- -2.48 -2.37 0.26 0.21 48.04

0,/0; -3.47 -1.38 0.48 0.53 0.60
NB/NB- -3.24 -1.61 0.31 0.31 13.58
TCNQ/TCNQ -4.80 -0.05 0.26 0.15 81.36
TCNQ/TCNQ* -4.00 -0.85 0.26 0.39 7.87
An/An” -54 0.55 0.26 0.06 209.06

AB/AB- -3.12 -1.73 0.26 0.17 70.89

AB/AB* -2.25 -2.60 0.26 0.21 48.04

TTF/TTF* -4.48 -0.37 0.28 0.14 73.79

TTF*/TTF** -5.44 0.59 0.28 0.42 4.84

TH/TH" -5.19 0.34 0.26 0.05 209.16

THY/TH?* -6.27 1.42 0.26 0.36 10.24

To understand the electrochemical behavior of CFE and the reference reactions, we
performed numerical simulations of electrochemical processes using the finite difference
method as described in Section 2.2.1. This approach was previously described in the
literature.'!%!113:244 One of the parameters utilized in the model is the diffusion constant (D;) that

was calculated using the Einstein-Stokes equation:

_ kT
6mna;

(3.5)

i

where ky 1s the Boltzmann constant, 1) is the solvent viscosity and a; is the radius of the

molecule. The viscosity of acetonitrile at 298.15 K equals to 0.38 mPa-s.!” Thus, the calculated

diffusion coefficients are 0.954x107 and 0.951x10”° cm?/s for Fc® and Fc”, respectively. This

fits well with experimentally obtained values of 2.00x10 and 1.60x107> cm?/s for Fc® and Fc*,
respectively.!?

Figure 15 shows the comparison of experimental®*® and simulated CVs of the Fc%Fc*

system.
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Figure 15. Experimental and simulated CV curves of 5 mM ferrocene oxidation at 0.01
V/s scan rate. Solid line represents simulated CV, dashed line represents experimental CVs
(see text). The provided values represent simulated/experimental peak potentials and standard
reduction potentials. Reproduced from ref. 214. Available under a CC BY-NC-ND 4.0 license.
Copyright 2024 Kramarenko A.S., Sharapa D.l., Pidko E.A., Studt F.

Concentrations of all components of the reaction medium in simulations were set to
reproduce the experimental conditions. In the simulation of the ferrocene behavior, the
equilibrium potential was established at 0 V vs. Fc%/Fc*, and the positions of peak potentials
exhibited slight variations compared to the experimental results, with the peak potential
difference being 0.06 V for our simulation and 0.08 V for experimental results.>*> We can thus
nicely simulate the CV of our CFE using exclusively input from DFT calculations as well as

the tabulated viscosity of acetonitrile as the input.

Using our CFE simulation we can now focus on the study of the reference reactions.

The cases where experimental CVs were found are summarized in Figure 16.
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Figure 16. Experimental (dashed blue line) and simulated (solid black line) CV curves
of electron transfer for some studied electrochemical systems noted in Figure 11. The current
density is represented in arbitrary units to neglect the deviation in experimental and computed
(via Equation 3.5) diffusion coefficients. Scan rates for simulations were set uniformly to 0.1

V/s to reproduce experimental conditions.
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Figure 16 includes experimental CVs adapted from published experimental works.
170.221,222,224.226,229-233,246 Iy a]] cases shown in Figure 16, all deviations from the experimentally

1113,229,233,237 and

observed reaction behavior can be explained by the difference in experimenta
predicted equilibrium potentials (E°). However, the experimental anthracene oxidation does
not show the cathodic peak from the cation radical deactivation which was observed for
anthracene derivatives on the Pt electrode.?*” This might be related to the chemical step which
was not considered in the current model. This process was shown to be the fast step®*3, hence
the reversed process of An" reduction is hindered due to lack of cation radicals.?*® The
experimental approach for estimating kinetic parameters of a reversible electrochemical
process relies on the Nicholson’s method, employing an empirical Equations 3.6,!!3-168:206

_(-0.6288+0.0021AEP)

(1-0.017AEP) > (3.6)
the standard rate constant can be computed as following:
(Do/Dr)P?K’
- Colal (3.)

RT

where Do and Dr are diffusion coefficients of reduced and oxidized species and f is
symmetry parameter of the Butler-Volmer model.

From simulation results we can see that AEP is well reproduced for the reversed
processes (Table 3), however in the case of quasi-reversible processes (AEP > 80 mV), the
Marcus-Hush model is unable to predict correctly the electrochemical behavior. Thus, for such
processes more advanced models can be used that are taking into account reaction
asymmetricity.110:128140.142153 \When examining experimental rate constants, the assumption
was made that the B parameter is uniformly set to 0.5 for all reversible processes. Rate constants
calculated by the abovementioned method are summarized in Table 4.

Table 4. Rate constants of some reference reactions obtained by the Nicholson method

from experimental CVs (kjy exp.) and from simulated CVs (kiy calc.).

Reaction AEP exp. [V] AEP calc. [V] K%y exp. [cm/s] Ky calc. [cm/s]
Fc%Fc* 0.08 0.06 0.004 0.085
BQ/BQ 0.20 0.08 0.001 0.015

BQ/BQ* 0.12 0.08 0.004 0.015
BP/BP 0.07 0.08 0.026 0.013
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Table 4. Rate constants of some reference reactions obtained by the Nicholson method

from experimental CVs (ki3y exp.) and from simulated CVs (kv calc.) (cont.).

0,/0; 0.12 0.08 0.005 0.018
NB/NB 0.10 0.08 0.007 0.014
TCNQ/TCNQ 0.15 0.08 0.002 0.013
TCNQ/TCNQ* 0.21 0.08 0.001 0.013
An/An* - 0.08 - 0.013
AB/AB 0.05 0.08 0.261 0.013
AB/AB* 0.10 0.08 0.006 0.013
TTF/TTF* 0.08 0.08 0.014 0.014
TTFY/TTF** 0.07 0.08 0.027 0.014
TH/TH* - 0.08 - 0.015
TH'/TH?* - 0.08 - 0.015

Our approach qualitatively reproduces the magnitude of the rate constant and can be

employed for investigating the thermodynamics and kinetics of electrochemical processes.

Furthermore, by comparing the experimental peak potentials with the simulated values,
we can evaluate the reproduction of kinetic parameters. We also stress here, that the
discrepancies are mostly due to errors originating from inaccuracies of the DFT functional, as

an error of e.g. 0.2 eV translates directly into a deviation of 0.2 V in the CV.
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Figure 17. Representation of accuracy for peak potential prediction by the Marcus-
Hush model. E? and EE are anodic and cathodic peak potentials, respectively. Numbers denote
the reaction indexes from Figure 11. Reproduced from ref. 214. Available under a CC BY-NC-
ND 4.0 license. Copyright 2024 Kramarenko A.S., Sharapa D.l., Pidko E.A., Studt F.
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Figure 17 illustrates a comparison between the experimental and simulated peak
potentials for investigated test reactions for which experimental CVs have been found. The
analysis indicates that the predicted peak potentials align well with the experimental results,
within the typical error introduced by DFT. The mean average deviation for the model was
estimated to be 0.33 V vs. Fc”/Fc*. Significant deviations from experimental results were

primarily observed, when computational errors in reduction potentials existed.

34 Summary and Conclusion

In conclusion, our study digs into the determination of absolute electrode potentials,
reduction potentials, and electrode reaction kinetics for the reference reaction and the
ferrocene/ferrocenium system in particular. The assessment of various density functional
theory functionals revealed that UKS calculations consistently underestimate the ionization
energy, especially for functionals with a high proportion of Hartree-Fock exchange.
Transitioning to the ROKS approach rectifies this issue, aligning ionization energies more

closely with experimental values, particularly for the PBE and M06 functionals.

In the realm of reduction potentials, the study demonstrated that the ROKS approach
provides more accurate predictions across various functionals compared to UKS calculations.
The M06 functional emerged as the most precise predictor, with a mean average deviation
falling within the typical range of DFT errors. This precision in reduction potential predictions
is crucial for understanding electrochemical reactions.

Moving beyond potential energies, our investigation extended to electrode reaction
kinetics. Utilizing the Marcus-Hush model, we calculated activation energies for reference
reactions, shedding light on the electron transfer process. The M06 functional stood out as
providing the most accurate predictions for reduction potentials, facilitating precise
calculations of activation energies.

Furthermore, the study employed CV simulations to gain insights into the
electrochemical behavior of the reference reactions and Fc*/Fc? system. The model, validated
against experimental data, showcased its utility in predicting peak potentials and current
density responses. While deviations were observed, particularly in reduction potentials
impacting peak potentials, the model provided a qualitative representation of electrochemical
processes.

In summary, our comprehensive investigation involving absolute electrode potentials,

reduction potentials, electrode reaction kinetics, and cyclic voltammetry simulations
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contributes valuable insights into the computational precision of various DFT functionals for
the Fc*/Fc? system. The findings emphasize the importance of selecting appropriate functionals
for accurate predictions in different electrochemical contexts, laying the groundwork for more

informed studies in the field of electrochemistry.
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4, Dissociative  Electron  Transfer Kinetics in Benzyl Halides
Electrocarboxylation
This chapter is based on [Kramarenko, A. S.; Sharapa, D. I.; Pidko, E. A.; Studt, F.

Kinetics of Dissociative Electron Transfer in Electrocarboxylation of Benzyl Chloride. 2024,

In preparation]

Electrocarboxylation is an electrochemical process that introduces carboxylic acids
functional groups into organic substrates, with benzyl halides being particularly notable due to
their accessibility and versatility. This process represents a sustainable method for synthesizing

carboxylic acids while reducing the need for hazardous reagents.?%°2%

The mechanism often involves dissociative electron transfer (DET),?*¢-252 where the
benzyl halide undergoes one-electron reduction to form a radical anion,2>"263-26% which then
fragments or reacts with carbon dioxide to yield the carboxylic acid product. The Kinetics of

DET in benzyl halides is crucial for optimizing reaction conditions and enhancing yields.5%2%

Factors such as the electronic properties of the halogen substituent, solvent effects, and
supporting electrolytes significantly influence the rate of electron transfer and the stability of
radical intermediates. In this section, we aim to investigate this kinetics, providing insights into
the mechanistic aspects of electrocarboxylation and contributing to the development of more

efficient and environmentally friendly synthetic methods for carboxylic acids and their
derivatives.213,250,251,253,2667273

4.1 Electrochemical reduction of Benzyl Halides

In this section, we utilize the previously developed method for calculating the free
energy of electron transfer at any given potential by focusing on an electrochemical reaction
that involves only electron transfer steps, using the CHE reference. Additionally, we

demonstrate how Marcus theory!'4%:23-274-278

can be employed to calculate reaction barriers for
these electron transfer steps in a simple and computationally efficient way. As a test case, we
selected the electrochemical activation of benzyl chloride (BnCl) followed by CO; fixation in
aprotic acetonitrile (see Scheme 2), as this process occurs in the liquid phase without the need
for adsorption into a solid electrocatalyst and is considered as a promising, sustainable
approach for carbon cycle optimization and halogenated pollutant

remediation.sz’s7’73’90’92’98’ 148,211,239,275,278-282
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Scheme 2. Schematic representation of electrochemical carboxylation of benzyl
chloride consisting of two-electron transfer, with chemical steps and CO; electrochemical

activation producing phenylacetate as a target product.

We employed the M06 functional combined with the ma-def2-TZVPP basis set as
implemented in the ORCA code (version 5.0.3). The procedure followed in this study is based
on methods reported in Section 3. To account for the solvation effects of the acetonitrile

medium, the CPCM solvation model was utilized.

Although the reaction is known to be influenced by the choice of the cathode

materia158,7 1,75,98,147,212,283

, our focus here is on using an inert electrode, such as glassy carbon
(GC), which has been demonstrated to facilitate the reaction without requiring intermediate
adsorption.!”1* This concept is supported by previous molecular dynamics simulations, which
revealed the formation of a dense solvation layer on the electrode surface®! that prevents direct
interaction between the organic halide and the electrode. The electron transfer occurs from the
electrode, across the electric double layer (EDL), to the BnCl via an outer-sphere electron
transfer (OSET) mechanism (see Figure 18).!13284285 Recent studies have shown that the EDL
density varies with applied potential, particularly as cation concentration increases. Typical

EDLs range from 0.5 to 30 nm in thickness, '3!:286287
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Figure 18. Schematic description of benzyl chloride electroreduction over a glassy
carbon electrode through an electron transfer from the cathode to the bulk solution via an outer-
sphere electron transfer mechanism.

We introduce a method for calculating free energy changes during electron transfer as
a function of potential, drawing inspiration from the computational hydrogen electrode method
used for proton coupled electron transfer steps. This approach enables us to analyze the
thermodynamics of the electrochemical reactions in Scheme 2 in relation to the applied
potential, allowing us to evaluate the likelihood of different reaction pathways.

The thermodynamics of the two electron transfer steps are thus calculated according to

Equations 4.1 and 4.2.

BnCl+ Fc’=Bn’ + ClI™ +Fc, 4.1)
BnCl+2Fc’ =Bn— + CI™ +2Fc’, (4.2)
CO, +Fc’=CO; +Fc', 4.3)

The free energy change of the electron transfer process, AGer, at a given potential is

than easily obtained by
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AGgt = Gyt - G0 +neU, 4.4)
here G+ and G o represent the free energies of F¢™ and Fc?, respectively, while e
denotes the elementary charge, U is the applied potential, and n is the number of transferred
electrons. It is important to note that we assume the reduction occurs in the liquid phase within
the electric double layer (EDL), with no adsorbed species at the electrode surface during this
process. The free energy diagram illustrating the electroreduction of BnCl, derived from this
model and our DFT calculations of various intermediates in solution (utilizing a CPCM model),

is presented in Figure 19 for different applied potentials (E) relative to the Fc%/Fc' couple.
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Figure 19. Free energy diagram of the electroreduction of benzyl chloride to benzyl
radical at standard conditions given at various potentials vs Fc%/Fc* as obtained from our
electron transfer model. Reaction free energy barriers as obtained through calculations using
Marcus theory at the various potentials (Equation 2.28).

As illustrated in Scheme 2, the electrochemical activation of BnCl begins with the
cleavage of the C-Cl bond and the formation of the benzyl radical at a reduction potential (SRP)
of -1.26 V vs. Fc”Fc*, which is very close to the experimental SRP value of -1.22 V vs.
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FcFc*?° The second electron transfer becomes thermoneutral with respect to the BnCl
molecule at the SRP of -1.56 V vs. Fc’/Fc*. However, this step remains unfeasible at this
potential. Instead, the second electron transfer occurs at a more negative potential of -1.87 V
vs. Fc”Fc’, which matches the experimental SRP value3®2!! for the second electron transfer.
The final step, the formation of phenylacetate, is a thermochemical step that does not depend

on the applied potential.

Using Marcus theory, we calculated the activation barriers for the electron transfer steps
involved in the electroreduction of BnCl and CO; activation. As anticipated, the barriers
decrease with increasing exothermicity of the reaction step, which corresponds to more
negative potentials. Notably, for BnCl activation, the activation barriers for the first and second
electron transfer steps are 0.83 eV and 0.08 eV, respectively, for the standard equilibrium
potentials of -1.26 V and -1.87 V vs. Fc%Fc*, where the corresponding reaction steps become
thermoneutral. These barriers correspond to reaction rates of approximately 6.3x107!! and
2.2x10% cm/s at 298.15 K, respectively (Table 4).

Table 4. Computed thermodynamic (E° via Equation 2.29) and kinetic parameters (k°

via Equation 2.35) of electrochemical steps used in electrochemical response simulations.
Reorganization energies were calculated using Equations 2.30 and 2.31.

Reactions E° [V vs. Fc%Fc'] solv [€V] Ai [eV] Mot [6V] k° [m/s]
BnCl+e=Bn"+CI -1.26 0.30 3.00 3.30 6.33x10713
Bn'+e=Bn" -1.87 0.32 0.03 0.35 2.18

CO2 +e=C0Oy~ -2.86 0.43 1.63 2.06 1.86x1077

This observation supports the assumption underlying the CHE model that a reaction is

more likely when the free energy of the reaction step is at least thermoneutral.

Figure 20 illustrates the calculated barrier heights as a function of applied potential and
exothermicity. We analyzed three reactions within a reorganization energy range of 0 to 3.30
eV to highlight the observed trends. It is clear that the slope of the activation energy curve is
significantly affected by the value of the reorganization energy (see Figure 20a). Since the
reorganization energy is composed of two components, and the solvent's reorganization energy
typically does not exceed 0.5 eV, the primary contribution comes from the internal

reorganization (change in bond lengths and angles), which depends on the nature of the reagent.
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Figure 20. Computed activation energy dependence of benzyl chloride (blue line),
benzyl radical (red line), and CO2 (green line) electroreduction on applied potential (a) and
reaction free Gibbs energy change (b). The chosen electrochemical reactions cover the
reorganization energy range from 0.35to 3.3 eV.

Now, having Figure 20, it is possible to predict the potential dependent activation
barrier of an electron transfer, approximating the reorganization energy for any system. It is
useful for experimentalist to compare and assess kinetic parameters of several reactions by
modulating the total reorganization energy of their systems.

Figure 20b shows the activation energy plotted against the free energy change of the
reactions within the potential range of 0.1 to -2.9 V vs. Fc”Fc*. It is clear that CO; activation
requires very negative potentials. Therefore, under standard experimental conditions, the
formation of BnCO>™ occurs exclusively through the interaction of Bn~ with neutral CO-
molecules.

Considering CO> activation, we assume in this study that this process is reversible
because attaching an excess electron to the CO, molecule it only changes the OCO angle from
180 to 120 deg. Without a coupling agent, it is expected that the electron can be returned and
since CO; does not undergo bond splitting like in the case of BnCl, it is likely that CO»
activation is a reversible process.

Having all necessary kinetic properties of CO> activation, we computed the cyclic
voltammetry response using the finite elements method!3>?%2%2 by the COMSOL

Multiphysics (version 6.1) software.
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Figure 21. Electrochemical response of simulated (black line) and experimental?!!
(blue line) CO- electrochemical activation at the inert and Ag electrodes, respectively.

Figure 21 shows the simulated and experimental CV responses of COz electroreduction.
The main mismatch between simulation and experiment arises from our approximation of the
process reversibility. Therefore, we can observe the current peak in the range -2.4 —-2.5 V vs.
Fc”Fc* from CO, deactivation. Another big difference between the simulation and the
experiment comes from the mismatch of computed (-2.86 V vs Fc%/Fc*) and experimental'® (-
2.55 V vs. Fc%Fc") standard equilibrium potentials, which leads to the difference in position of
peak potentials. This also might be connected to the electrocatalytic activity of the cathode
material. However, previous theoretical studies show that outer-sphere electron transfer
mechanisms are a possible scenario for the CO» electroreduction process.***

Additionally, the whole process depicted in Scheme 2 also includes thermochemical
steps. Therefore, we also investigated the thermodynamics of these steps performing potential
surface scans. Radical coupling reactions are shown in Scheme 3. We performed potential

energy scans using C-C bond length as a descriptor.
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Scheme 3. Schematic representation of two possible radical coupling pathways with

two possible product conformers. Highlighted carbon atoms represent the atoms used in the

distance constrain for the potential energy scan.

Analyzing Figure 22 it can be observed that radical the coupling reaction undergoes a

barrierless process producing two possible conformers of biphenyl ethane (Scheme 3).

AH [eV]

C-C distance [A]

Figure 22. Relative energy dependence of radical coupling reaction described as a

function of distance between two carbon atoms highlighted in Scheme 3. The blue and red lines

denote two possible reaction paths from of Scheme 3. (Reaction 1: blue line, Reaction 2: red

line) Optimized geometries of the initial and final states for both processes are shown in the

figure with the corresponding color scheme.
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As we mentioned before, radical coupling undergoes two possible pathways. Therefore,
we computed the activation barrier of the conformer transition from one state to another. For
this, also we computed the potential energy profile as a function of the dihedral angle between

two aromatic rings (Scheme 4).
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Scheme 4. Schematic representation of the isomerization reaction of biphenyl ethane.

Highlighted carbon atoms construct the dihedral angle that was used as a constraint descriptor

for the potential energy scan.

A summary of the studied potential energy scan for the isomerization process can be

found in Figure 23.
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Figure 23. Relative energy dependence of the biphenyl ethane isomerization process
as a function of the dihedral angle between the highlighted carbon atoms in Scheme 4.

Optimized geometries of initial, final and transition state are shown in the figure.
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Our findings show that there is one transition state in the process. Therefore, we
computed the activation free energy of the isomerization process which is about 0.18 eV.
Additionally, we show that the plane conformation of biphenyl ethane is less energetically

favorable than the bent one.

Now, we will discuss the reaction thermodynamic properties of phenyl acetate anion

formation by discussing the results of the potential energy scan.

o coo®

I
CH; CH,
4) +  Co, -

Scheme 5. Schematic representation of benzyl anion radical coupling with CO>
molecule. Highlighted carbon atoms represent the atoms used in the distance constrain for the
potential energy scan.
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Figure 24. Relative energy dependence of benzyl anion radical coupling with the CO-
molecule as a function of distance between the highlighted carbon atoms in Scheme 5.

Optimized geometries of initial and final states are shown in the figure.
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This result shows that this process is barrierless and can be described through collision

theory.

o
CE:>H3 H,C HC—CH,
» O+ 0O — G O

Scheme 6. Schematic representation of benzyl anion radical coupling with the BnCl
molecule. Highlighted carbon atoms represent the atoms used in the distance constrain for the

potential energy scan.
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Figure 25. Relative energy dependence of benzyl anion radical coupling with the BnCl
molecule as a function of distance between the highlighted carbon atoms in Scheme 6.
Optimized geometries of initial, final and transition states are shown in the figure.

The reaction between BnCl and Bn anion undergoes Sn2 mechanism with the activation
barrier of 0.15 eV. Our results show that all thermochemical reactions taking place in our
system can be divided in two groups, where an activation barrier was observed and where it
was not (barrierless reactions). For the first group of reactions, rate constants were computed

according to transition state theory (Equation 4.5).
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kpT AG*

k= e, (4.5)

where kg is the Boltzmann constant, T is the temperature, h is the Plank constant and
AG is the activation energy of the process.

For the second group of reactions, where the activation barrier was not observed, we
utilized collision theory for the reaction rate calculation. Chemical reaction rate constants were
computed according to the collision theory?*® via the following equation.

k=4nN, (D, + Dy)(r, + 13,)0, (4.6)

where Na represents Avogadro’s number, D, and Dy are the reagents molecules
diffusion coefficients, ra, 1, denote molecular radii of the reagents and o is the spin statistical
factor, which is equal of 0.25 and considers that only singlet encounters will lead to the reaction
products.?”* The computed rate constants of thermochemical steps are summarized in Table 6.

Table 6. Rate constants of thermochemical reactions depicted in Scheme 2 calculated
using transition state theory (k via Equation 4.5) for the reaction with an explicitly computed
activation barrier and using the collision theory for the reaction where an activation barrier was

not found (k via Equation 4.6).

Reaction k [mol/(m?3-s)]
2Bn’ = BnBn 4.86x10°
Bn~+ CO2 =BnCOO- 4.97x10°
Bn~ + BnCl = BnBn + CI 1.24

Having all information about the elementary steps of the process,d we perform complex

multi-scale modelling of benzyl chloride electrocarboxylation.

4.2  Cyclic voltammetry simulation of Benzyl Chloride Electrocarboxylation

When comparing our theoretical results for the electrochemical two-electron reduction
of BnCl to Bn™, we generally observe that the reactivity trends align well with experimental
data. We conducted a cyclic voltammogram (CV) simulation for both BnCl activation and the
electrocarboxylation (EC) process. Figure 33 displays the experimental'*” and simulated CVs
for BnCl activation, along with concentration profiles of the reaction species at key points

during the simulation.
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Figure 26. Comparison of experimental and simulated CVs of BnCl activation, with
concentration profiles at various scan points. Electrode surface is assumed to be at 0 um. Initial
concentration of BnCl of 2 mM and scan rate of 0.2 V/s were taken to be consistent with the

experiment.*4’

Although our model underestimates the absolute value of the current density, the peak
potential difference is approximately 0.2 V, corresponding to an energy difference of 0.2 eV,
which falls within the error range of DFT methods?'*. Therefore, we conclude that our
simulation results align well with the experimental findings. The simulation indicates that the
first electron transfer is associated with a high activation barrier, which results in the
simultaneous activation of BnCl and the reduction of the Bn radical.

Figure 26a displays the concentration profile of the reaction species at the peak
potential, illustrating that the coupling of chemical radicals hinders the second electron transfer
due to the absence of free Bn radicals, with a concentration of 0 mM. However, at this peak
potential, the reduction of the Bn radical remains dominant, as indicated by the higher
concentration of the Bn anion. As the potential decreases further, the activation energy for the
second electron transfer is affected (see Figure 20a), which slows the reduction of the Bn
radical. Consequently, the radical coupling process becomes more probable, leading to an

almost twofold increase in BnBn concentration at the most negative potential in the simulation
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(Figure 26b). Our simulation also revealed a peak for the oxidation of the Bn anion at
approximately -1.9 V vs. Fc%/Fc*, which is not observed in the experimental CV scan. However,
such a process has been reported in experimental studies of BnBr electroreduction on the Ag
electrode surface.?!? This observation may be attributed to the greater difference between the
standard reduction potentials for the first and second electron transfers for BnBr,”! which
increases the peak potential separation and makes the oxidation of the Bn anion more
noticeable. At this point, the concentration of the Bn anion (see Figure 26¢) drops nearly to 0
mM due to the chemical reactions taking place.

211 obtained at

Figure 27 compares the simulated EC process with experimental results
the Ag electrode. The peak potential difference between the simulated and experimental CVs
is approximately 0.4 V, which may be attributed to the influence of the electrode material on
the process. Two characteristic peaks can be observed: one corresponding to the

electroreduction of BnCl and the other to CO; activation.
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Figure 27. Comparison of experimental and simulated CVs of EC process, with

concentration profiles at various scan points. Electrode surface is assumed to be at 0 um. Initial
concentration of BnCl of 3mM, and CO> is 280 mM (CO- solubility in acetonitrile) and scan

rate of 0.2 /s were taken to be consistent with the experiment?!*,
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Figure 27a presents the concentration distribution of the reaction reagents and products
at the first peak potential of approximately -2.4 V vs. Fc”/Fc*. Our results indicate that at this
potential, there is a simultaneous electrochemical reaction involving both the first and second
electron transfers, linked to the interaction between the Bn anion and the CO2 molecule. The
rate constant for this chemical step is 4.97x10° M""'s”!, which is slightly higher than that of the

radical coupling reaction.

Despite this, the concentrations of Bn radical, Bn anion, and dibenzyl ethane all drop
to 0 mM during the EC process, with BnCOO™ being the sole product. This contrasts with the
BnCl activation process, where BnBn is the primary product. At more negative potentials (see
Figure 34b), the production of Bn radical increases, leading to a rise in BnBn concentration up
to 1 mM near the electrode surface. In this study, we did not account for the interaction between
neutral CO> and the CO; anion, but we observed an increase in the concentration of free CO>
anions in the reaction system. Figure 27c depicts the concentration profile during CO>
deactivation, which in experimental work shows a slightly visible peak in the potential range
between -2.0 and -1.8 V vs. Fc%/Fc*.

4.4  Summary and Conclusion

In summary, we have developed a comprehensive method for calculating both the
energetics and the kinetic barriers of electron transfer steps in electrochemical processes. This
methodology has been successfully applied to investigate the electrochemical carboxylation of
benzyl chloride (BnCl) to form BnCO>" in the aprotic solvent acetonitrile, providing a valuable
framework for studying complex reaction mechanisms. Drawing inspiration from the CHE
model, our approach calculates energetics using the Fc%Fc* redox couple as a standard,

enabling consistent comparison across different reaction conditions and materials.

To assess the electron transfer barrier heights for the transition from the electrode to the
solvated molecule at the EDL, we employed Marcus theory, which is known for its accuracy
in predicting reaction kinetics in electrochemical systems. However, we recognize that more
rigorous computational methods would enhance the accuracy of these calculations by
incorporating additional factors, such as dynamic solvent effects and specific electrode-
molecule interactions. Our current methodology allows the computation of both energetics and
kinetic barriers as a function of the applied potential, making it a powerful tool for tailoring

electrochemical processes under various operational conditions.
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Our results provide key insights into the mechanistic pathway of BnCl reduction to
BnCO., aligning well with experimental findings in the literature, thereby validating our
approach. This alignment with experimental data not only supports the reliability of our method
but also emphasizes its applicability to similar electrochemical transformations.

Moreover, our study suggests that the electrochemical potential of electrons in electrode
materials, particularly at the potential of zero charge, could serve as a critical descriptor for
designing and selecting optimal electrode materials. This insight opens new avenues for
targeted electrode engineering, as materials could be tailored based on their electronic
properties to optimize reaction efficiency, selectivity, and stability.

Moving forward, future research should focus on refining this model to incorporate the
nuanced effects of the electrode surface, such as atomic structure, roughness, and electronic
properties, which could significantly impact reaction kinetics and selectivity. Furthermore,
expanding this approach to coupled proton-electron transfer steps would allow for broader
application in fields such as electrocatalysis and energy storage, where such reactions are
common.

Overall, our work lays a robust foundation for understanding and advancing
electrochemical transformations, providing tools and perspectives that will be instrumental in
developing next-generation materials and processes for various applications in sustainable

chemistry and energy conversion.
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5. Surface Charging Effect on Outer-Sphere Electron Transfer: A Strong
Dependence on Supporting Electrolyte Concentration
This chapter is based on [Kramarenko, A. S.; Sharapa, D. I.; Pidko, E. A.; Studt, F.

Surface Charging Effect on Outer-Sphere Electron Transfer: A Strong Dependence on

Supporting Electrolyte Concentration. 2024, In preparation].

Supporting electrolyte plays an active role in electrochemical processes influencing the
ionic conductivity of the solution and participates in EDL formation, which controls mobility
of electroactive species in the region close to the electrode.”!-131:243:284.286.295-299 yrariations in
electrolyte concentration can alter the thickness and capacitance of the EDL, subsequently
influencing the potential distribution and contribute rate, efficiency, and pathways of
electrochemical reactions,20820%-293:300305 Understanding these interactions is crucial for
optimizing reaction conditions in diverse applications, ranging from energy storage and
conversion systems like batteries and fuel cells to electrolysis processes and electrochemical

sensors, |1:71:221-223,225,228,230,232-234,237,247,306

51 Model of Electric Double Layer Formation and Electron Transfer Kinetics

simulation

The surface charge and EDL structure influence the electrode material activity and
dynamics of electrochemical reactions. In this way, the electrode’s surface charge is
compensated by the charge of specifically and non-specifically adsorbed ions, controlling the
overall EDL electroneutral. Consequently, the dynamics and structure of EDL are influenced
by the concentration of supporting electrolyte in the bulk solution.3***°7-32! Thus, modulating
the concentration of supporting electrolyte one can significantly alter the rate, efficiency and
pathway of electrochemical reactions.?%%-209295:300-305 Changes in the electrolyte concentration
can alter the thickness and capacitance of the EDL, subsequently influencing the potential
distribution and reaction kinetics at the electrode surface. A higher concentration usually
enhances ionic conductivity of solution, reducing ohmic losses and stimulating more efficient
current flow. In addition, the choice and concentration of the supporting electrolyte can affect
the selectivity and mechanism of the electrochemical reactions. Different ions in the electrolyte
can participate in side reactions, form complexes with the reacting species, or influence the

adsorption of reactants and products on the electrode surface.!%?%3309322329 [nyestigation of

64



these processes is important for optimizing reaction conditions in various applications, such as

energy storage, batteries and fuel cells, electrolysis processes and electrochemical sensors.

In previous chapters we discussed heterogeneous electron transfer through the lens of
the OSET mechanism where the electron transfer occurs through the electron tunnelling from
electronic state in the electrode to the energetic state in the reacting specie. In real systems,
electron transfer reactions are happening in the electrode-electrolyte interface where EDL
influences the reaction conditions. Influence of the EDL was firstly described by Frumkin
modifying the Butler-Volmer approach.?** Following his approach, we can rewrite Equation
2.32 and 2.33, modifying the activation energy term by adding the parameter that considers

formation of the EDL on the electrode surface:

(_(X-eon)2>

k= Ze\ 8™/, (5.1)
(_(x+e0n)2>

k,= Ze\ ™8™/ (5.2)

where Z is a prefactor depending on the molar mass of the reacting molecule assuming
that the electron coupling between electrons in the electrode and reactant state is negligibly low
(Equation 2.36),%14 A is the reaction reorganization energy, €o is the elementary charge, and n
is the overpotential, which is the difference between applied potential (E) and reaction
equilibrium potential (E®):

n=E-E’- (Oomp = Dy (5.3)

with ¢onp being the electrostatic potential at the outer-Helmholtz plane (OHP) and
dsulk being the reference potential in the bulk solution (¢peuk= 0 V) (Figure 28).

As we previously discussed in Chapter 3, applied potential (E) is dependent on the
electrochemical potential (fi ) of electrons in the solid electrode:**®

E--i,, (5.4)

=1, - by, (5.5)
where e is the chemical potential of electrode’s electrons and ¢m (Figure 28) is the
electrostatic potential in the electrode surface produced by electrons and nuclei. E° in this case

is the free energy of the corresponding electrochemical reaction.
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Figure 28. Schematic depiction of the electric double layer, showing the outer-
Helmholtz plane (OHP), which indicates the distance of the closest approach for the solvated
ions. The red and blue lines illustrate the distributions of the electrostatic potential and the
dielectric permittivity, respectively.

In the electrolyte, the distribution of supporting electrolyte ions, reagents, products and
their fluxes, as well as the electrostatic potential distribution are obtained by simultaneously
solving the generalized modified Nernst-Planck and Poisson equations (Equations 5.6 and 5.7)
using the finite elements method (Chapter 2.2.2).

d ap\ _ n

Z (e )= F 30, zC, (5.6)
N 309G

%: % + DiFZiCi@ + DiNACiZi:laiG_xl (5 7)

at T ox RT ox I-NA XN, &3¢ 2 :

where g and & are the vacuum and the solvent dielectric permittivity, ¢ is the
electrostatic potential, zi and C; are the charge and the concentration distribution of i-th specie
of the system, D; is the specie’s diffusion coefficient, ai is the radius of the solid sphere with
the molar volume equivalent to the cavity from the solvation model. We computed the
diffusion constants using the Einstein-Stokes equation (Equation 3.5). For the continuum
model, surface charging is dependent on the dielectric permittivity of the EDL.>*® Therefore,
concentration dependent dielectric permittivity (Figure 28) can be calculated according to
Equation 2.19.
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Experimentally,®** it was shown that the dielectric permittivity of a solution is

dependent on the supporting electrolyte concentration (n-NBusPFs) (Figure 29).
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Figure 29. Dependence of dielectric permittivity of various solvents on electrolyte
concentration (NBusPFg). The experimental dielectric permittivity values are adapted from ref
811 Available under a CC-BY 4.0 license. Copyright 2024 O. O’Mari, V. I. Vullev.

The curve fit for dielectric permittivity dependences on the supporting electrolyte
concentration are summarized in the Table 7.

Table 7. Dielectric permittivity curve fit for four aprotic solvents often used in

electrochemical measurements.

Solvent Equation
MeCN &= 1.62-/C, +38.20
DMF e'=5.79-,/C, +28.45
DCM e'=0.61-,/Cy +7.37
BnCN e'=1.33-/C, +22.51

Having derived the expression for the relative dielectric permittivity as a function of
supporting electrolyte, one can now simulate the formation of EDL on the electrode surface
and compute the potential-dependent rate constant for the forward and backward processes as

described in Section 2.4.331.3%
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5.2 Electrode surface charge and Potential of Zero Charge

In this section, we will discuss electron transfer thermodynamics closely, considering
aspects that influence the electrochemical potential of electrons in the electrode material.
Assuming that the density of states in the electrode is high (210 electrons/m®)3* and the
change in pe due to the electron transfer is negligible. We are able to consider p. as a constant
value. Therefore, the electrochemical potential is affected solely by the electrostatic potential
in the electrode (¢m). Thus, adjusting fi,, ¢wm, and ¢sur are changing accordingly (Figure
28).116.117.334 | this study, we investigate the electron transfer process on the inert glassy carbon
(GC) electrode and some of the most common electrode materials. pe of electrons in the
electrode can be calculated using the Thomas-Fermi approximation for homogeneous
electronic gas as

h 2
b= (3, (5.8)

¢ 4mm
with h being the Planck constant, m is the mass of electron and no is the electrons
number density. Since glassy carbon is a amorphous semiconductor, the electrons number
density can be calculated knowing its band gap (BG). For GC the band gap is ranging from 1

to 0.05 eV.3® Eventually, the electrons number density can be calculated via Equation 5.9.

ny= T2 (BO), (5.9)

where p is the GC density (1.5 g/cm®)**®, Na is the Avogadro number, n is the valence
of carbon atom, M molar mass of carbon, f equals to F/RT with F being Faraday constant, R is
gas constant, and T is the process temperature. Computed by this approach, pe for GC equals
to 4.49 eV which is close to experimental values in the range 4.5-4.6 eV,33°337:338

For the case of GC, ¢m can be calculated from Equation 5.5 knowing the
electrochemical potential. Experimentally, applied potential is always measured relative to a
known reference system (standard hydrogen electrode, saturated calomel electrode, etc.). The
electrochemical potential can be determined from the electrode’s potential of zero charge
(PZC), which represents the applied potential at which the surface charge density and ¢psur are
zero. Thus, the electrochemical potential at the PZC is calculated as

i, (PZC)=-(PZC + Eyepey, (5.10)

where Eref is the absolute electrode potential of the reference system. For our case, the

experimentally obtained PZC for the GC electrode is 0.29 V vs. Standard Hydrogen Electrode
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(SHE)%*, and Eres for SHE equals to 4.44 V.2% Eventually, ¢m computed from Equation 5.5 at
the PZC is around 9.22 V.

For the rest of the metals that were studied, we establish a realistic model of an electrode
surface relying on recent works of Tran et. al.>*%3*2 who shows the surface fraction distribution
of various facets for a wide number of materials. In this study, we also focus on four transition
metals frequently used in electrochemical setups (Ag, Cu, Au, Pt). The metal surfaces were
represented as symmetric slabs with a thickness of four atomic layers within periodic boxes
(computational details in Section 2.5).

The potential of zero charge (PZC) is a crucial parameter in understanding the
interfacial properties of electrochemical systems. It represents the electrode potential at which
the surface of an electrode has no net charge, meaning the positive and negative charges on the
electrode surface are balanced. Table 8 summarizes electrochemical potentials of electrons in

the electrode (i), PZC of the surface facets with the highest coverage, and computed Fermi
level for each structure.

Figure 30 shows computed the electrostatic potential profile for the Ag (111) surface at

the potential of zero charge.
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Figure 30. DFT computed electrostatic potential distribution of Ag(111) surface along
the simulation cell. The blue region denotes the transition region between the silver atoms and

the solution phase.
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In the Figure 30, distinct peaks in electrostatic potential are visible at the surface atom
cores when the cell size is below 0.8 nm, followed by a transition zone between the electrode’s
surface and the solution (cell size between 0.8 nm and 1 nm). Beyond this point, the
electrostatic potential stabilizes, reaching a plateau that matches the potential in the bulk
solution. Consequently, the applied potential at the potential of zero charge can be calculated

using Equation 5.11.
L= Er - eodyp0 (5.11)
where ¢nuik iS the electrostatic potential in vacuum/bulk solution (e.g. electrostatic
potential at 2.5 nm in Figure 30) and E; is the corresponding Fermi level energy.
Furthermore, the applied potential can be calculated via Equation 3.1. The PZC of
polycrystalline electrode surfaces were calculated using Equation 5.13.
PZC,= Y1, 0PZC;, (5.13)
where 0 is the surface fraction of a facet and PZCi; is the potential of zero charge of
various facets.
Table 8. DFT computed properties of studied metallic electrode materials: Fermi levels

(Ef) of different facets, surface fractions of corresponding facets were extracted from recent

publication, electrochemical potential (-fi.) at the PZC was computed according to Equation

5.11.

Electrode Facet fSr:(::;c:a Er[eV]" —fi, [eV]® PZC[Vvs.Fc%Fct]  PZCsurf [V vs. Fc/Fc']

111 0.08 -4.98 4.27 -0.59
322 0.63 -4.82 4.18 -0.68

Ag 332 0.10 -4.80 4.14 -0.72 -0.70
100 0.18 -4.62 4.00 -0.86
111 0.46 -5.36 4.59 -0.27
100 0.21 -4.98 431 -0.55
311 0.10 -5.02 431 -0.55

Cu 331 006  -5.06 4.29 -0.57 0.40
221 0.06 -5.11 4.38 -0.48
332 0.05 -5.11 4.39 -0.47
322 0.05 -5.08 4.43 -0.43
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Table 7. DFT computed properties of studied metallic electrode materials: Fermi levels

(Ef) of different facets, Surface fractions of corresponding facets were extracted from recent

publication, electrochemical potential (-fi.) at the PZC was computed according to Equation

5.11. (cont.)

111 0.24 -6.05 5.04 0.18
322 0.47 -5.90 4.99 0.13

Au 0.12
332 0.21 -5.84 4.90 0.04
100 0.09 -5.78 4.91 0.05
111 0.28 -6.54 5.55 0.69
332 0.12 -6.24 5.33 0.47
322 0.26 -6.31 5.42 0.56

Pt 0.56
221 0.19 -6.22 5.36 0.50
311 0.09 -6.63 5.33 0.47
100 0.05 -6.31 5.45 0.59

a - surface fractions obtained from ref.34
b - DFT computed Fermi level energies of studied facets
¢ - electrochemical potentials computed via Equation 5.13

Figure 31 depicts the parity plot illustrating the accuracy of our methodology by

comparing the calculated potentials of zero charge (PZC) with the experimentally obtained

val ues.200,343—347

Our findings show that our approach can effectively predict a potential of zero charge

for studied transition metals with the overall mean average error 0.13 V which is within the

error of the DFT approach. However, we can see that the PZC of Pt has the largest deviation

among the studied metals. Moreover, experimental results also vary in range -0.75 to 0.1 V.

This can be connected with the strong interaction of the solvent molecules with the electrode

surface,?87:343348-3%0 | dwig et. al. has shown in his recent work that at the potential of zero

charge acetonitrile is chemisorbed at the platinum surface.3*°
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Figure 31. Parity plot of DFT computed and experimental potentials of zero charge
(PZC) for various surface facets and polycrystalline (plc) electrode surface. Indexes in the
Figure denote the Miller’s index of the facet and inherit the color scheme from the figure’s

legend.

To assess the accuracy of the polycrystalline electrode model we investigated the
surface charging of electrodes in the MeCN solution with 100 mM of n-NBu4PFg according to
the methodology described in Section 2.5. Changing the number of electrons in the system, we
are able to compute the surface charge dependence on the applied potential. The surface charge

of polycrystalline surface can be calculated according to Equation 5.14:
oM™ Z?zl 0 GM(E)iv (514)
where o (E), is the surface charge of i-th facet.

Figure 32 represents the dependence of the surface charge density on the applied

potential of the electrode.
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Figure 32. Surface charge density of the polycrystalline silver electrode as a function
of applied potential computed with the implicit electrolyte module, VASPsol. The slope of the
curve determines the capacitance of the electric double layer.

The linear slope of oy(E) is the EDL capacitance, fitting the linear polynomial to the
computed results. Evaluating the slope at the PZC (om= 0 uC/cm?) we can obtain the double
layer capacitance. Table 9 compares experimental and computed electric double layer
capacitances at the PZC for the studied electrode materials.

Table 9. Comparison of experimental and computed data obtained from the linear slope

of the surface charge (EDL capacitance) using VASPsol implicit electrolyte module.

Electrode material Cdi exp [nF/cm?] Cai calc [wF/cm?]
Ag 28.5%L 26.55
Cu 25.0%%2 25.82
Au 25.0%4 23.35
Pt 30349 22.75

Our computational results show a strong alignment with experimental data, confirming
the reliability of our approach for modelling polycrystalline electrode surfaces. This alignment
suggests that our model accurately captures the key characteristics of polycrystalline surfaces,
providing a solid foundation for further simulations and predictions in various electrochemical

applications.
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5.3 Supporting Electrolyte Influence on the Thermodynamics of Fc%Fc*

Oxidation on the Glassy Carbon Electrode

A critical, yet often underexplored, factor affecting electron transfer dynamics and
thermodynamics is the role of supporting electrolytes. These inert ionic species, which are
added to stabilize the electrochemical environment, exert substantial influence on electron
transfer processes. Through modulation of ionic strength, double-layer structure, and solvation
properties, supporting electrolytes shape the energetic landscape in which electron transfer
occurs. Consequently, understanding how supporting electrolyte concentration, composition,
and ionic properties influence electron transfer thermodynamics is essential for optimizing
electrochemical processes across applications.

The solvation environment of the electroactive specie can have huge effect on the
electron transfer, participating in the hydrogen bonds formation and other short-range
interactions.”""?*> Figure 33 shows schematic dependence of the chemical potential of Fc%/Fc*

system in the EDL with various concentration of supporting electrolyte (n-NBu4PFs).

Chemical potential [eV]

Electrolyte concentration [mM]

Figure 33. Schematic representation of supporting electrolyte influence on the
chemical potential of reagents and products. Solvent environment is approximated as bulk
solution with different supporting electrolyte concentration modeled with COSMO-RS

solvation model.

To assess the influence of supporting electrolyte on the Fc’/Fc* oxidation process, we
calculated the free energy correction via the equation:
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AGY= AGE* + AGyy, (5.15)

where AG! is the reaction free energy change, AGE® is the free energy change and

AGy,, 1s the solvation energy change.
AGy,), can be calculated from

AGsolv:AGPCM pure _ AGCOSMO pure | AGsCocl)VSMO i, (516)

solv solv

PCM pure
solv

where AG is the solvation energy change in a pure solvent obtained by the PCM

COSMO pure

solv is the solvation energy change in a pure solvent obtained by the

solvation model, AG

COSMO-RS solvation model and AGSCO?VS MO i the solvation energy change in a mixture with
i mM of tetrabutylammonium hexafluorophosphate (NBu4PFs). We studied the influence of
various aprotic solvents widely used for electrochemical measurements: dichloromethane
(DCM), acetonitrile (MeCN), N,N-dimethylformamide (DMF) and benzonitrile (BnCN).
Figure 34 shows the dependence of the Fc%Fc* free energy change on the supporting

electrolyte concentration.
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Figure 34. DFT computed (via Equations 5.15 and 5.16) free Gibbs energy dependence

on n-NBusPFs concentration.

Our findings show that the ferrocene oxidation process is slightly dependent on the
concentration of the supporting electrolyte within the studied range. This aligns with the
experimentally measured oxidation potentials of ferrocene, which exhibit relatively little
dependence on the polarity of the pure solvents used for the measurements,!64353-354
Furthermore, the oxidation potential of ferrocene shows negligible dependence on the chemical

composition of the electrolyte and the material of the working electrode used for voltametric
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measurements.>>>3>® However, changes in the concentration of the supporting electrolyte cause
dramatic shifts in the half-wave potentials of ferrocene oxidation in dilute solutions and will

be discussed later (Section 5.3).!64:300:357,358

5.4  Supporting Electrolyte Influence on the Electron Transfer Kinetics of
Fc9%Fc* Oxidation Process on the Glassy Carbon Electrode

In this section, we discuss kinetic aspects of Fc%/Fc* electron transfer. Firstly, we
computed the viscosities of some solvents, commonly used in electrochemical measurements,
using the quantity-structure relation model (QSPR) implemented in COSMOTherm. Further,
we computed the molecular volume, and the diffusion coefficients of Fc® and Fc* and

summarized all the data in Table 10.

Table 10. Experimental and computed mobility parameters of ferrocene in various

solvents.1%4

Solvent Viscosity [Pa‘s]? Drec calc [em?/s]P Drc exp [cm?/s]
MeCN 0.41x107 1.38x107 2.24x107
DMF 0.68x107 0.84x107 0.95x107
DCM 0.35x1073 1.64x107 1.67x107
BnCN 1.31x107 0.43x107 -

a — viscosities obtained using QSPR model implemented in COSMOtherm.

b — diffusion constants computed using Einstein-Stokes equation (Equation 3.5)

Previously, in Section 5.3, we showed that supporting electrolyte concentration has
negligible influence to the electrochemical reaction free energy. Therefore, in this section we
use PCM computed solvation energy for the reagent and the product without taking into
account concentration correction. We summarized main thermodynamic and Kkinetic
parameters for the Fc%/Fc* system in the Table 11.

Table 11. Reaction free energy change, total reorganization energy and standard rate

constant of the electron transfer. Free energy change was computed according to Equation 3.2,

total reorganization energy and standard rate constant were computed via Equation 2.35.

Solvent AGr [eV] Aot [eV] k° [em/s]
MeCN 4.96 0.48 44.05
DMF 4.96 0.62 10.80
DCM 5.18 0.46 51.60
BnCN 4.97 0.62 11.60
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Initially, we performed a simulation for the Fc®/Fc* oxidation process in the MeCN

solution containing 50 mM of n-NBu4PFs. The initial concentration of Fc® was set to 5 mM

(Figure 35). The scan rate for all simulations in this section was set to 0.05 V/s.

a

jr [MA/cm?]

3.0

2.5

2.0

1.5

Cer [M]

1.0

0.5

0.0

E [V vs. SCE]

0.5 1.0

1.5

5.0

—fle [eV]

5.5

6.0

—fe [eV]
—— 4.73 (PZC)
— 4.96 (E9)
— 5.11

5.73

b

¢ [V]

10.0

9.5

9.0

1.0
0.8
0.6
0.4
0.2
0.0

C[mM]

il

—fie [eV]
4.73 (PZC)
4.96 (E9)
5.11
5.73

A\ Y
ANY

—He [eV]

— 4.73 (PZC) ]
—— 4.96 (E9)
— 5.11

5.73

e —————
S

-
-

Figure 35. Electrochemical response of Fc%Fc* oxidation process in MeCN solution
with 50 mM of n-NBu4PFs with 5 mM of Fc® and scan rate of 50 mV/s (a). The black dashed
lines denote the electrochemical potential of electrons in the electrode at the potential of zero

charge, and standard equilibrium potential for the Fc%/Fc* system. Colored points represent

four critical points which are shown in the rest of subplots. Electrostatic potential (b) along the

5 nm from the electrode surface represents the EDL structure. The black dashed line denotes
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the outer-Helmholtz plane. Supporting electrolyte (c), reagent and product (d) concentration

distribution within the 5 nm from electrode surface.

Our findings show CV response (Figure 35a) as the function of the electrochemical
potential. Moreover, to be able to compare our results with the experiment we also represented
the dependence on the applied potential relative to SCE. The potential of the reference electrode
was set to 4.42 V as recommended in previous studies.”* To assess the performance of our
model, we computed the half-wave potential of the simulated results. Half-wave potential can
be computed from CV response via the equation:

C A
Ep +Ep
5 )

E1/2= (515)

where Eg and Eﬁ‘ are the cathodic and anodic peak potentials, respectively.

Comparing this parameter obtained in our simulation (0.54 V vs. SCE) with the
experimental (0.47 V vs. SCE)*® half-wave potential we show that our approach can be an
accurate tool for the electron transfer kinetics prediction. Figure 35b shows the distribution of
the electrostatic potential within the 5 nm from the electrode surface and in the bulk glassy
carbon electrode. It was demonstrated how the change in electrostatic potential in the electrode
material affects the electrostatic potential distribution within the whole simulation region.
Figures 35c,d are representing the solution components distribution within the first 5 nm from
the electrode surface. The electrostatic potential increase in the electrode material causes the
adsorption of anions on the electrode surface (Figure 35c) and reach a steric limit for a
particular type of anions (PFs") of around 2.5 M.!8 Figure 35d shows us that the concentration
of Fc* in the electrode region decreases due to the electrostatic interaction with the positively
charged electrode surface, whereas the concentration of neutral Fc® stays unchanged in the

region of 5 nm from the electrode surface.

Furthermore, we investigated the supporting electrolyte influence on the electrode
Kinetics. Figure 36 represents the activation energy (computed via the Equation 5.16) of the
Fc%/Fc* electron transfer dependence on the electrochemical potential and electrostatic
potential at the OHP.

AGH=2(1+ 2)2, (5.16)
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Figure 36. Computed (Equation 5.16) activation energy for Fc%/Fc* oxidation process
in MeCN solution as a function of applied potential (E) and OHP electrostatic potential (dore).
Color lines denote ¢onp potential dependence on the applied potential from COMSOL
simulations with different concentration of n-NBusPFs and 5 mM of Fc® and potential scan rate
of 50 mV/s. White lines represent the position of the reaction equilibrium potential (E®) and

electrode applied potential at the point of zero charge (Epzc)

These results show that the concentration of supporting electrolyte dramatically affects
the activation energy of the process. Supporting electrolyte influences the EDL structure
modulating ¢orp and changing the activation energy of the process accordingly. This influences
the kinetics of the process by decreasing the electron transfer rate. These findings are
summarized in Figure 37. The dependence of the equilibrium constant on the applied potential
shows that decreasing the concentration of n-NBusPFs in the system we can modulate forward
and backward rates of the electron transfer. These results also describe the electrochemical
reaction asymmetricity without additionally fitted parameters.11%122140.142 Additionally, we can
see that solution design can intensify the electron transfer rate for a particular reaction even at
lower supporting electrolyte concentration as was shown in Figure 37 in the applied potential
range from 5.25 to 5.75 eV, for the cases of 50 and 500 mM.
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Figure 37. Equilibrium constant dependence on the applied potential for three studied
supporting electrolyte concentrations with 5 mM of Fc® and 50 mV/s of scan rate. The black
lines represent the applied potential at the potential of zero charge (Epzc), and equilibrium

potential (E°) for Fc%/Fc* electron transfer.

Another important parameter when discussing electron transfer in different solvents is
reorganization energy.>*%-3! Table 10 collects thermodynamic and kinetic parameters of Fc°
oxidation for wide ranges of solvents usually used in electrochemical setups. Reorganization
energy refers to the energy required to reorganize both the reactants and the solvent
environment during the electron transfer process. Solvents with lower reorganization energies
typically facilitate faster electron transfer kinetics. Among the solvents studied, DCM exhibits
the highest reorganization energy, leading to the standard rate constant of 51.6 cm/s and despite
its low dialectic permittivity (7.37), which implies less charge stabilization, the complex
influence of solvent properties (reorganization energy, viscosity) makes DCM the most
kinetically favorable solvent in the studied list. However, its solvation effect shifts the Gibbs
free energy from around 4.96 eV for MeCN, DMF and BnCN to 5.17 eV.

Summarizing the results of our kinetic model we are able to reproduce an
electrochemical response of Fc? oxidation vs. absolute potential. Figure 38 represents CV

curves of Fc%/Fc* with 50 mM of n-NBu4PFes. It shows that solvation effect has huge impact on
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electron transfer, influencing the peak positions and the shape of CV response. Analyzing our
results, it is possible to compute the difference between the AG! and the absolute peak potential

(-ft,) showing the qualitative effect of solvent to the electron transfer kinetics.
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Figure 38. Solvent influence on the electrochemical response of Fc%Fc* electron
transfer with 50 mM of n-NBusPFs and 50 mV/s.

Our results demonstrate that this descriptor can be used to guide the selection of a
solvent for a specific reaction. In our study, we observed that the electron transfer kinetics
follows the trend DCM > MeCN > DMF > BnCN, which mirrors previous experimental
findings.178362-3%4 The peak potential intensity is related to the ions, solvent and reactant
mobility in the EDL and presents a similar trend as the solvent viscosity (Table 9).365-3¢

Figure 39 provides an important insight into the influence of the solvent environment
and the concentration on the electrochemical behavior of the ferrocene couple in three different
solvents. By comparing experimental results®® with our simulated data at varying
concentrations of the supporting electrolyte, the figure sheds light on the strengths and

limitations of the electrochemical model, particularly in different solvent systems.
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Figure 39. Experimental and simulated CV curves of ferrocene oxidation with 0.05 V/s
scan rate for different concentrations of supporting electrolyte. Solid line represents simulated

CV, dashed line represents experimental CVs

MeCN is a commonly used solvent in electrochemical studies due to its high dielectric
constant and good solubility for ionic species. The electrochemical response of Fc%Fc* in
acetonitrile shows relatively symmetric peaks for 10 and 500 mM of n-NBusPFs, reflecting a
clean, quasi-reversible electron transfer process. Our results suggest that the model captures
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the behavior of this system well. The deviation at a high concentration could be attributed to
the concentration polarization effect. Simulation results at a lower supporting electrolyte
concentration show a relatively high deviation, possibly due to specific interactions between
DMF and the electroactive species. This discrepancy highlights the importance of considering
solvent-specific effects beyond simple diffusion, such as changes in the solvation shell or ion
pairing, which might play a more significant role in DMF. The broad, less defined peaks in
both the experimental and simulated curves suggest that electron transfer kinetics may be

slower in DCM, or that mass transport limitations are more significant in this solvent.

5.5  Supporting Electrolyte Influence to the Electron Transfer in the Reference

Reactions on the Glassy Carbon Electrode

Despite the importance of this topic, many aspects of the electrolyte’s influence remain
ambiguous, especially in complex systems where electrolyte ions interact with reactive species
and the electrode surface. This research addresses these gaps, focusing on the thermodynamic
aspects of electron transfer in the presence of various supporting electrolytes. By investigating
these effects systematically, this study aims to provide insights that will enable the precise
tuning of electrochemical reactions through electrolyte engineering. We investigated the
influence of solvent and supporting electrolyte concentration on the electron transfer

thermodynamics of reference molecules (Figure 40).

NH,
AN AP
NO, NO,
NA NN

NO, CHs
N
N
,‘O o0
NP Ptz

Figure 40. Structures of 1-naphthylamine (AN), 1-aminopyrene (AP), 9-
nitroanthracene  (AN), 1-nitrinaphthalene  (NN), 1-nitropyrene (NP), and 10-
methylphenotiazine (Ptz).
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Now, we compare calculated and experimental equilibrium potentials of studied
molecules to check the accuracy of our approach. Figure 41 shows the parity plot for computed

and experimental equilibrium potentials in various solvents.
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Figure 41. Comparison of experimental and computed standard equilibrium potentials
(EY) of test reactions using the Fc%Fc* reference with BP86 functional and def2-TZVP basis
set.

Figure 41 confirms the accurate prediction of SEPs using CFE at the BP86 level of
theory with the MAE of only 0.17 V. Note that this error is within the accuracy of typical DFT
functionals (+/-0.20 eV). Having thermodynamic results of the test reactions, we will now use

them to evaluate electron transfer kinetics in the framework of the Marcus-Hush model which

was previously discussed in Section 2.4.

Now, we summarize theoretical thermodynamic and kinetic data for the reference

reactions in various non-aqueous solvents (Table 12).

Table 12. The change in the reactions free energy, total reorganization energy and

standard rate constant of the electron transfer in various aprotic solvents. Free energy change

was computed according to Equation 3.2, total reorganization energy, and standard rate

constants were computed via Equation 2.35.

Reaction  Solvent AGr[eV] E°[V vs. Fc%Fc'] Mot [eV] kO [cm/s]
AN/AN* MeCN 5.22 0.26 0.59 17.42
AP/AP* MeCN 4.99 0.03 0.52 29.76
NA/NA~ MeCN -3.51 -1.45 0.56 18.57
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Table 12. The change in the reactions free energy, total reorganization energy and

standard rate constant of the electron transfer in various aprotic solvents. Free energy change

was computed according to Equation 3.2, total reorganization energy, and standard rate

constants were computed via Equation 2.35. (cont.)

NN/NN-
NP/NP-
Ptz/Ptz*
AN/AN™
AP/AP*
NA/NA-
NN/NN-
NP/NP~
Ptz/Ptz*
AN/AN?*
AP/AP*
NA/NA-
NN/NN-
NP/NP~
Ptz/Ptz*

MeCN
MeCN
MeCN

DCM
DCM
DCM
DCM
DCM
DCM
BnCN
BnCN
BnCN
BnCN
BnCN
BnCN

-3.46
-3.63
4.97
5.36
5.10
-3.34
-3.28
-3.46
5.10
5.24
5.00
-3.49
-3.44
-3.61
4.99

-1.50
-1.33
0.01
0.18
-0.07
-1.83
-1.89
-1.71
-0.07
0.26
0.03
-1.48
-1.53
-1.37
0.02

0.78
0.61
0.69
0.45
0.39
0.55
0.64
0.45
0.56
0.46
0.39
0.58
0.65
0.49
0.57

2.52
11.34
5.52
69.89
101.43
22.25
9.89
54.98
20.55
64.67
95.60
15.28
9.10
35.85
18.08
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Figure 28. Representation of accuracy for peak potential prediction by Marcus-Hush

model. EP and E? are anodic and cathodic peak potentials, respectively.

Figure 42 provides a visual representation of the correlation between the calculated and
experimental peak potentials (E,,. and E, respectively) for reference reactions in MeCN,
BnCN and DCM. The general trend shows a positive correlation between experimental and our
computed results. However, the scatter of points away from the diagonal line suggests that

there are inherent limitations in the accuracy of the model.

5.6  Summary and Conclusion

In summary, this study investigates how solvents and supporting electrolytes influence
the thermodynamics and kinetics of electron transfer, with a particular focus on the Fc%/Fc*
redox couple. By examining solvent effects using solvation models, this research sheds light
on how non-aqueous solvents and variations in supporting electrolyte concentrations impact
electrochemical reactions, offering a more nuanced understanding of these complex systems.
Additionally, the study delves into electrode reaction kinetics using the Marcus-Hush model,
which enables the calculation of rate constants for the Fc%Fc* system as well as other reference
reactions, thereby providing detailed insights into the mechanisms governing electron transfer.
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To deepen this understanding, cyclic voltammetry (CV) simulations were employed to
investigate electrochemical behavior under varying conditions. The simulations enabled the
observation of peak shifts and half-wave potentials, allowing for a closer examination of the
effects of different solvents and electrolyte concentrations. This work also introduces the
computational Fc%Fc* electrode as a valuable reference point for computational studies, similar
in utility to the computational hydrogen electrode widely used for modelling coupled proton-
electron transfer reactions. The Fc%/Fc* reference demonstrates particular effectiveness for

studying electron transfer processes in non-aqueous systems.

Our findings, validated by experimental data, illustrate the model’s capability to predict
key metrics, such as peak potentials and half-wave potentials. While some deviations were
noted, especially in reduction potentials impacting peak positions, the model provides
qualitative insights that enhance our understanding of the electrochemical processes. This
research lays the groundwork for future studies focused on refining computational approaches
to better capture subtle effects in electrochemical systems, advancing the design of predictive
models and facilitating improved materials selection for various electrochemical applications.
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6. Outlook

This research investigates the heterogeneous electron transfer between electrodes and
electroactive species, aiming to clarify the complexity of this process. The thesis is structured
around three main objectives. Firstly, we created a dependable reference model for the electron
transfer using the Fc%/Fc* system that is versatile across solvents and systems. Our DFT-based
Marcus-Hush kinetic model for the electron transfer allowed us to simulate CVs using the
output from quantum-chemical calculations. This approach helped us avoid using any
experimentally fitted parameters. Secondly, we applied our model to describe the process of
electrocarboxylation of the benzyl chloride in all its details, including the multistep electron
transfer and related chemical steps. Our results showed that the model can effectively catch the
electrochemical behavior of the system by predicting the CV response, the concentration
profiles of species and the rate determining steps of the process. Eventually, we extended our
computational ferrocene electrode model to predict the influence of the supporting electrolyte
and the EDL formation on the heterogeneous electron transfer. Our model captures the
electrostatic potential drop at the electrode surface due to the ions adsorption and assesses its

effect in the reaction kinetics and thermodynamics.

In Chapter 3, we focused on determining the absolute electrode potentials, reduction
potentials, and the reaction kinetics, particularly for the ferrocene/ferrocenium reference
system. An evaluation of various DFT functionals showed that UKS calculations generally
underestimate ionization energies, especially in functionals with a significant Hartree-Fock
exchange. The ROKS method corrects this by bringing calculated ionization energies closer to
experimental values, especially when using PBE and M06 functionals. ROKS also enhances
reduction potential predictions across functionals, with the M06 functional delivering the
highest accuracy. The study also explores electrode reaction kinetics, computing activation
energies through the Marcus-Hush model, which establishes M06 as a highly accurate
functional for reduction potential and activation energy predictions.

Moreover, CV simulations were utilized to assess the electrochemical behavior of
reference reactions and the Fc*/Fc system. The model aligned well with experimental data in
forecasting peak potentials and current density responses with minor discrepancies. This in-
depth examination highlights the critical role of functional selection in achieving accurate
predictions across various electrochemical scenarios, offering valuable insights for further
electrochemical studies. While this model covers many aspects of real-world systems, future

improvements could incorporate dynamic solvent effects and electrode-molecule interactions
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for higher accuracy. Results were closely aligned with experimental data, confirming the

method’s validity and applicability to similar electrochemical transformations.

Chapter 4 presents a method for calculating energetics and kinetic barriers in electron
transfer steps, applied to the electrochemical carboxylation of benzyl chloride (BnCl) in
acetonitrile. Building on the CHE model, this approach uses the Fc%Fc* redox couple as a
standard for consistent comparisons. Marcus theory assessed electron transfer barriers from the

electrode to the solvated molecule at the EDL.

Chapter 5 extends on the CHE model introduced in Chapter 3 to include the impact of
the EDL formation and the supporting electrolyte of the electron transfer kinetics and
thermodynamics. Using a combination of the COSMO-RS and the PCM solvation models, the
research sheds light on the effect of non-aqueous solvents and different concentrations of n-
NBusPFe on electrochemical reactions. Our extended model accounts for the generalized
modified Poisson-Nernst-Plank model which allows to simulate the migration of the charged
species in solution and accounts for the steric properties of the chemical species. The modified
Marcus-Hush model with the Frumkin’s correction term was applied to compute the electron
transfer rate constants, providing detailed insights into electron transfer mechanisms. Through
CV simulations, we observed the effects of different solvents and electrolyte concentrations on
peak shifts and half-wave potentials. The computational Fc®/Fc* electrode served as a valuable
reference point, similar to the computational hydrogen electrode, and was validated against
experimental data, offering qualitative insights to enhance the understanding of the
electrochemical process.

The study proposes that the electrochemical potential at the zero charge could help to
optimize electrode material selection. Future research should refine this model to include
detailed electrode surface characteristics, like atomic structure and electronic properties, for a
better understanding of reaction kinetics and selectivity. Expanding this framework to include
proton coupled electron transfers could extend its applications in electrocatalysis and energy
storage. This research establishes a foundation for advancing electrochemical transformations,
providing tools and understanding that will support the development of next-generation

materials and processes in sustainable chemistry and energy conversion.
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D Abbreviations

MOFs — metal-organic frameworks

EC — electrocarboxylation

CVs — cyclic voltammograms

EDL — electric double layer

OHP — outer Helmholtz plane

CMH - classical Marcus-Hush model
SEP — standard equilibrium potential
DOS — Density of states

AEP — Absolute electrode potential

NIST - National Institute of Standards and Technology
MAE — Mean absolute error

UKS — unrestricted open-shell calculation
ROKS - restricted open-shell calculation
CFE — computational ferrocene electrode
IE — ionization energy

PNP — Poisson-Nernst-Plank model

DFT — Density functional theory

QSPR — quantitative-structure-property relation model
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