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Abstract

Electrocatalytic reactions, such as oxygen reduction/evolution reactions and CO, reduction
reaction that are pivotal for the energy transition, are multi-step processes that occur in a
nanoscale electric double layer (EDL) at a solid-liquid interface. Conventional analyses based
on the Sabatier principle, using binding energies or effective electronic structure properties
such as the d-band center as descriptors, are able to grasp overall trends in catalytic activ-
ity in specific groups of catalysts. However, thermodynamic approaches often fail to account
for a plethora of electrolyte effects that arise in the EDL, including pH, cation, and anion ef-
fects. These effects have been observed to exert strong impacts on electrocatalytic reactions.
There is growing consensus that the local reaction environment (LRE) in the EDL is the key
to deciphering these complex and hitherto perplexing electrolyte effects. Increasing attention
is thus paid to designing appropriate electrolytes, positioning the LRE at center stage. To this
end, unraveling the LRE is becoming a new channel of delivering needed breakthroughs in

electrochemical energy science.

Theory and modeling are getting more and more important and powerful in addressing this
multifaceted problem that involves physical phenomena at different scales and interacting in
a multidimensional parametric space. Theoretical models developed for this purpose should
treat intrinsic multistep kinetics of electrocatalytic reactions, EDL effects from sub-nm scale to
the scale of 10 nm, and mass transport phenomena bridging scales from < 0.1 to 100 pum.
Given the diverse physical phenomena and scales involved, it is evident that the challenge at

hand surpasses the capabilities of any single theoretical or computational approach.

In this thesis, | present a hierarchical theoretical framework to address the above challenge.

It seamlessly integrates several modules: (i) microkinetic modelling that accounts for various



reaction pathways; (ii) an LRE model that describes the interfacial region extending from the
nanometric EDL continuously to the solution bulk; (iii) first-principles calculations that provide
parameters, e.g., adsorption energies, activation barriers and EDL parameters. The microki-
netic model considers all elementary steps without designating an a priori rate-determining
step. The kinetics of these elementary steps are expressed in terms of local concentrations,
potential, and electric field that are co-determined by EDL charging and mass transport in the

LRE model.

This framework has been applied to several crucial reactions, including electrochemical CO,
reduction, oxygen reduction/evolution reaction, and formic acid oxidation reaction, which has
yielded vital insights on electrode kinetic phenomena, i.e., potential-dependent Tafel slopes,
cation effects, and pH effects. This thesis provides means to navigate the intricate couplings
among processes occurring across a wide spectrum of time constants and lengths, and is
expected to contribute to a comprehensive understanding of the influence of multistep kinetics

and local reaction conditions on electrocatalytic reactions.



Zusammenfassung

Elektrokatalytische Reaktionen, wie Sauerstoffreduktions- und Sauerstoffentwicklungsreaktio-
nen sowie die CO,-Reduktionsreaktion, die fir die Energiewende von entscheidender Be-
deutung sind, sind mehrstufige Prozesse, die in einer nanoskaligen elektrischen Doppel-
schicht (EDL) an einer Fest-Flussig-Grenzflache ablaufen. Konventionelle Analysen, die auf
dem Sabatier-Prinzip basieren und Bindungsenergien oder effektive elektronische Struktur-
merkmale wie das d-Band-Zentrum als Deskriptoren verwenden, sind in der Lage, allgemeine
Trends in der katalytischen Aktivitat spezifischer Katalysatorgruppen zu erfassen. Thermody-
namische Anséatze scheitern jedoch oft daran, die Vielzahl von Elektrolyteffekten, die in der
EDL auftreten, wie pH-, Kationen- und Anioneneffekte, zu berlcksichtigen. Es wurde beobach-
tet, dass diese Effekte einen starken Einfluss auf elektrokatalytische Reaktionen austiben. Es
herrscht zunehmend Einigkeit dariiber, dass die lokale Reaktionsumgebung (LRE), die in der
EDL vorherrscht, der Schliissel zum Versténdnis dieser komplexen und bisher schwer fassba-
ren Elektrolyteffekte ist. Daher richtet sich zunehmend der Fokus darauf, geeignete Elektrolyte
zu entwerfen, wobei die LRE ins Zentrum gertickt wird. Infolgedessen wird das Verstandnis der
LRE immer wesentlicher fir die Entwicklung von Elektrokatalysatoren mit gezielt abgestimmten
Eigenschaften, die dringend bendtigte Durchbriiche in der elektrochemischen Energiewissen-

schaft erméglichen kdnnten.

Theorie und Modellierung gewinnen zunehmend an Bedeutung und werden immer leistungs-
fahiger, um dieses facettenreiche Problem zu adressieren, das physikalische Phdnomene auf
verschiedenen Skalen umfasst und in einem multidimensionalen Parameterraum interagiert.
Fur diesen Zweck entwickelte theoretische Modelle sollten die intrinsische Mehrstufenkinetik

elektrokatalytischer Reaktionen, EDL-Effekte im Bereich von Sub-Nanometern bis zu 10 Na-



nometern sowie Massentransportphdnomene, die Skalen von weniger als 0.1 pm bis 100 um
Uberbrucken, berlicksichtigen. Angesichts der Vielfalt der physikalischen Phanomene und Ska-
len ist offensichtlich, dass die vorliegende Herausforderung die Mdglichkeiten eines einzelnen

theoretischen oder rechnerischen Ansatzes Ubersteigt.

In dieser Dissertation stelle ich einen hierarchischen theoretischen Rahmen vor, um die oben
genannten Herausforderungen zu bewéltigen. Es integriert nahtlos mehrere Module: (i) eine
mikrokinetische Modellierung, die verschiedene Reaktionswege berlcksichtigt; (ii) ein LRE-
Modell, das die Grenzflachenregion beschreibt, die sich von der nanometrischen EDL konti-
nuierlich bis ins Lodsungsmittelvolumen erstreckt; (iii) erst-prinzipielle Berechnungen, die Para-
meter wie Adsorptionsenergien, Aktivierungsbarrieren und EDL-Parameter liefern. Das mikro-
kinetische Modell bericksichtigt alle elementaren Schritte, ohne im Voraus einen geschwin-
digkeitsbestimmenden Schritt festzulegen. Die Kinetik dieser elementaren Schritte wird in Ab-
hangigkeit von lokalen Konzentrationen, Potentialen und elektrischen Feldern ausgedriickt, die
durch die Aufladung der EDL und den Massentransport im LRE-Modell gemeinsam bestimmt

werden.

Dieses Rahmenwerk wurde auf mehrere entscheidende Reaktionen angewendet, darunter
die elektrochemische CO,-Reduktion, Sauerstoffreduktions- und Sauerstoffentwicklungsreak-
tionen sowie die Ameisenséureoxidation. Dies hat wesentliche Einblicke in kinetische Phé-
nomene an der Elektrode geliefert, wie potenzialabhangige Tafel-Steigungen, Kationen- und
pH-Effekte. Diese Dissertation bietet die Méglichkeit, die komplexen Kopplungen zwischen
Prozessen, die Uber ein breites Spektrum von Zeitkonstanten und Langenskalen ablaufen, zu
navigieren. Sie soll zu einem umfassenden Verstandnis des Einflusses von Mehrstufenkinetik

und lokalen Reaktionsbedingungen auf elekirokatalytische Reaktionen beitragen.
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1 Introduction

1.1 Electrocatalysis as a cornerstone of energy transition

With expanding industrialization and a growing world population, the production and consump-
tion of energy are projected to increase further, making it the primary driver of global warm-
ing and climate change. To reach net-zero emissions and limit global warming to 1.5 °C by
mid-century, the deployment of renewable energies is essential.[1, 2] Sustainable sources of
energy, such as solar and wind, are at the center of the transition to less carbon-intensive and
more sustainable energy systems. However, the production of electrical energy from these
sources is typically intermittent, which hinders their reliability and overall effectiveness. Elec-
trocatalysis, driven with a supply of electricity, is a promising pathway to store intermittent
energy and convert CO,, Np, and H,O into valuable chemicals and fuels, as shown in Figure

1.1.

For instance, the CO, reduction electrolyzer can convert CO, into important chemical products
such as ethanol, propanol, or butanol, helping to mitigate the accumulation of greenhouse gas
CO.,. This technology is highly attractive, as achieving net-negative emissions of CO, around
the year 2050 is crucial to limiting global warming to the relatively safe level of 1.5 °C.[3] Another
extensively studied technology in recent years is the water electrolyzer, which splits water into
oxygen and hydrogen. Driven by green electricity, the water electrolyzer produces hydrogen,
which is widely regarded as one of the most promising energy carriers, with minimal CO,

emissions.[4]
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Figure 1.1: Schematic of a sustainable energy landscape based on electrocatalysis.

1.2 A key challenge in electrocatalysis

The efficiency of electrolyzers is governed by the electrocatalytic reactions at anode and cath-
ode. Unfortunately, crucial electrocatalytic reactions, including electrochemical CO, reduction
reaction (CO,RR), nitrate reduction reaction (NH3;RR), and oxygen reduction/evolution reaction
(ORR/OER), grapple with sluggish kinetics and inadequate selectivity. In order to make these
technologies competitive for use at a large scale as part of a sustainable energy ecosystem,
the underlying electrocatalytic reactions need to proceed with high efficiency. A fundamental
understanding of reaction mechanisms and factors that limit activity and selectivity towards
targeted products is imperative in order to prompt progress in electrolyzer design and develop-

ment.

However, these endeavors are complicated and hindered by the intricate multi-step mecha-
nisms and concurrent factors arising on multiple scales, including the reaction thermodynamics
and kinetics at the atomic scale, the electric double layer (EDL) structure at the nanoscale, and
the mass transport phenomena at the macroscale.[5] Further complicating matters, all these

factors are intricately interconnected.
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For instance, adsorbates on the electrode surface influence the surface charging relation,
thereby altering the EDL structure. In some cases, the surface charging behavior as a function
of potential can be non-monotonic due to residual charge on the adsorbates resulting from
partial charge transfer reactions.[6, 7] At the same time, the EDL structure not only governs
the reaction thermodynamics and kinetics,[5, 7—11] but also mass transport processes.[12]
Specifically, the transport of reactants and products affects species concentrations, which sub-
sequently influence the reaction kinetics and the EDL structure. These couplings make it ex-
ceptionally complex to achieve a comprehensive understanding of even simplified model re-
actions, such as hydrogen oxidation/evolution reactions (HOR/HER) and formic acid oxidation
reaction (FAOR).[13, 14] This presents a pressing and significant challenge in the realm of

electrochemistry.

To address this challenge, it is necessary to understand the interplay of these multiple factors
and find a proper way to disentangle them. In this context, theory and modeling emerge as
indispensable tools, that can offer critical insights and guide experimental efforts toward more

efficient electrocatalytic systems.[1, 5, 15]

1.3 Essential components for understanding

electrocatalysis

A fundamental step in constructing a comprehensive model for understanding electrocatalysis
is identifying the crucial components that dictate reaction kinetics and interfacial behavior. Fig-
ure 1.2 depicts four essential components of a comprehensive understanding of electrocatalytic

reactions:

» Multistep thermodynamics. The thermodynamics of an elementary step are determined
by the binding energies of adsorbed intermediates involved in this step. Past approaches
have correlated the overall activity and selectivity of a specific reaction with the binding
energies of key intermediates, which are readily calculated using first-principles-based

methods.[16—18] This line of research leads to the development of tools for screening
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catalysts, employing, for instance, the famous d-band model that had been developed by

Norskov and co-workers[16] or the generalized coordinate number model.[18]

Multistep kinetics. Beyond thermodynamics, kinetic parameters, including but not limited
to activation barriers, transfer coefficients, and preexponential factors, are important for
a quantitative understanding of electrocatalysis.[19] In a few recent reports, these kinetic
factors have been shown to change the qualitative trend of activity.[20—22] For instance,
in a microkinetic analysis accounting for activation barriers and transfer coefficients of
elementary steps, the peak of the volcano plot on the binding energy axis changes with
electrode potential.[20, 21] In the quest to simplify microkinetic analyses, it has become
a customary practice to identify a single step that governs the overall rate of the reaction,
termed the rate-determining step (RDS).[23—25] The transition of the RDS from one step

to another is often regarded as the cause of potential-dependent Tafel slopes.

Electric double layer effects. Electrocatalytic reactions take place in the EDL at the
catalyst-electrolyte interface.[8, 11, 26—28] There exist many EDL effects, including
the classical Frumkin corrections (i.e., the effects on potential and reactant concen-
tration at the most probable reaction plane),[8] field-dependent adsorption energies of
intermediates,[11, 27] and dependency of the solvent reorganization energy on the sur-
face charge density.[29, 30] In addition to these equilibrium EDL effects, non-equilibrium
EDL effects, firstly proposed by Levich et al. in the 1950s,[31] are resurfacing in recent

studies.[10, 12]

Mass transport. The consumption (production) of reactants (products) significantly influ-
ences local reactant/product concentrations and pH in the near-surface region.[14, 32]
Recent progress has enabled direct probes of changes in ion concentrations and pH with

a spatial resolution down to a few hundred nanometers.[33-36]
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Figure 1.2: Four crucial components, i.e., thermodynamics of elementary steps, multi-step kinetics,
mass transport phenomena, and electric double layer, that need to be developed and in-
volved to gain a proper understanding of the activity and selectivity of electrocatalytic reac-
tions. Existing theoretical methodologies for electrocatalytic reactions are categorized into
four levels based on the components treated. Models on level 1 (L1) consider only ther-
modynamics, while those on level 2 (L2) incorporate both thermodynamics and kinetics of
multiple steps into a microkinetic model. Level 3 (L3) improves over L1 and L2 further by
integrating the macroscopic mass transport in the electrolyte solution into the microkinetic
model. Finally, level 4 (L4) completes the circle by adding electric double layer effects.

Based on the considered components, the existing theoretical methodologies for modeling
electrocatalytic reactions are categorized into four levels, as summarized in Figure 1.2. Level 1

(L1) considers only thermodynamics. Specifically, L1 models focus on the potential energy pro-
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files of electrocatalytic reactions with the binding energies of intermediates that can be readily
calculated from density functional theory (DFT)-based first-principles simulations.[1, 17, 37]
Despite the simplicity, L1 models can explain, surprisingly well, overall trends of activity and
selectivity within groups of catalysts with similar electronic structures. The success of these
models is evident from effective and easy-to-implement tools for screening catalyst materi-
als, encompassing the d-band model,[16, 38] the generalized coordinate number,[18, 39] and
volcano plots.[37, 40] In view of the simplicity of L1 models, it is unsurprising that counterex-
amples have been reported in the literature.[22, 41] For instance, the volcano plot predicts a
sequence Pt(111) > Pt(100) > Pt(110) > Pt(211) for the ORR, yet experiments show a trend
Pt(211) > Pt(110) > Pt(111) > Pt(100).[22] Additionally, concerns have been raised that the
thermodynamics-based method may yield inaccurate results, due to the neglect of kinetic pa-

rameters of elementary steps, e.g., activation barriers and transfer coefficients.[19-21]

As an obvious step, kinetic factors are incorporated into L1 models on level 2 (L2). L2 mod-
els treat the kinetics on two sublevels. The first sublevel relies on the RDS concept, and only
the kinetics of the RDS is considered.[23-25] Practically, the RDS is often identified based
on a Tafel slope analysis that is, however, problematic.[42] Values of the Tafel slope can vary
to a great extent among different measurements, leading to disparate reaction mechanisms
reported in different studies.[23, 24, 43—-47] Furthermore, the Tafel slope exhibits high sensi-
tivity to adsorbate coverages.[23, 46, 48] Therefore, the RDS usually changes with electrode
potential. These inconsistencies necessitate a full microkinetic model that treats the thermo-
dynamics and kinetics of all elementary steps without singling out an RDS, constituting the
second sublevel on the L2. These models have been utilized to rationalize potential-dependent

Tafel slopes and volcano plots for various reactions.[48-51]

Recent years have witnessed a growing awareness of the significance of electrolyte composi-
tion. Various electrolyte effects, including cation,[52-56] anion,[56, 57] and pH effects,[50, 56—
58] have been observed for many reactions, yet the underlying mechanisms of these effects
have remained elusive. Notably, most models on L1 and L2 fall short in interpreting electrolyte
effects, as they often ignore the role of the electrolyte. Consensus is growing that these elec-

trolyte effects originate from the change of the local reaction environment (LRE) at the catalyst-
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electrolyte interface, including local reactant concentrations, local pH, local potential, and local
electric field within the EDL, of all which are shaped by the interplay of macroscopic mass
transport and microscopic EDL charging. Therefore, resolving the LRE and its influence on the
multistep kinetics has transpired as the focal point for further improvement, as emphasized in

a recent Account of Xu et al.,

“The interplay of intrinsic microkinetics, homogeneous reactions, and mass transport limita-
tions in determining the overall activity needs to be investigated in coupled transport—kinetic

models.”[28]

Following the classical works on the modeling of catalyst layers in fuel cells,[32, 59-61] refined
models on level 3 (L3) incorporating mass transport into L2 models have recently been applied
to the CO,RR,[49] the HER/HOR,[50, 62] and the OER.[63] L3 models yield the local pH and
reactant concentration in the diffusion layer (0.1-100 um), the scale for models to meet ex-
perimental measurements.[33—-36] For instance, Monteiro et al. measured the local pH during
CO:RR at a distance of 80 um from the catalyst surface, and showed the consistency with

numerical simulations.[34]

While L3 models are often claimed to be able to calculate local concentrations, it should be
emphasized that the term “local” refers here to a macroscopic perspective with a scale of 0.1-
100 um. There is thus a gap to the microscopic reacting zone that is located in the EDL,
which is at a much smaller scale of 0.1-10 nm. The EDL is not resolved in L3 models, while
recent experimental evidence points to the central role of the EDL in understanding electrolyte

effects.[9, 64—66]

1.4 Aims of this thesis

This thesis aims to incorporate EDL effects into L3 models to achieve a unified treatment of all
components on level 4 (L4). This ambitious and multifaceted analysis encompasses not only
the mechanism of the electrocatalytic reaction itself but also the intricacies of surface charging,

the impact of partially ionic adsorbates, and the interplay of mass transport phenomena at the
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electrode-electrolyte interface.[7, 10, 11, 14, 51, 67—73] Given the diverse physical phenomena
and scales involved, it becomes apparent that the challenge at hand surpasses the capabilities

of any single theoretical or computational approach.

To address these complexities in a comprehensive yet effective manner, | have developed a
hierarchical framework, as shown in Figure 1.3. It seamlessly integrates several modeling and
simulation modules: (i) microkinetic modelling that accounts for various reaction pathways; (ii)
an LRE model that describes the interfacial region extending from the nanometric EDL con-
tinuously to the solution bulk; (iii) first-principles calculations that provide parameters, e.g.,
adsorption energies, activation barriers, and EDL parameters. By incorporating these compo-
nents, this framework enables the decoupling of the contributions of various factors. Notably,
it allows the extraction of intrinsic kinetics from the influences of the LRE, which are otherwise

inaccessible in experiments.

First-principles calculations

4 R g 2 4
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N S e

o6 6Ceftan
o6 660a06

< L
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4 g

4

L
Y
4 LY

Experimental p-

N
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p

Microkinetic model conditions Local reaction environment
*
I EDL Diffusion layer
- ‘i Mass transport
R P ® —
@ 5> —
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Figure 1.3: A hierarchical framework to decipher electrocatalytic reactions.

The reliability and versatility of this framework have been demonstrated through its applica-
tion to understand the electrokinetics of several important reactions, including CO2RR, OER,
and FAOR. By analyzing various electrokinetic phenomena, key insights into electrocatalysis
have been obtained, including potential-dependent Tafel slopes, cation effects, and pH ef-

fects—topics that are currently at the forefront of scientific debates.
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During this doctoral project, several publications and contributions to publications have
emerged. These works constitute the main parts of this thesis, as indicated at the beginning of
each chapter. This thesis is structured as follows: Chapter 2 presents the development of the
theoretical framework used in this thesis. In Chapter 3, | apply the framework to study elec-
trochemical CO,RR. Various kinetic phenomena observed in electrochemical CO, reduction at
silver are understood from the perspective of the LRE. Chapter 4 focuses on disentangling the
pH effects in the FAOR. Systematic comparison of the hierarchical framework and its simplified
variants allows interwoven factors influencing the pH effects to be disentangled. Specifically,
the distinct bell-shaped activity-pH relation in phosphate solution and the trapezoidal-shaped
activity-pH relation in perchlorate solution, are deciphered. Chapter 5 presents a summary of
the unique insights gained on various electrokinetic phenomena, including potential-dependent
Tafel slopes, cation effects, and pH effects. These insights are general and applicable to other
electrocatalytic reactions. Future possible improvements to the current framework will be dis-

cussed.
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2 Building the hierarchical framework

In this chapter, | establish a theoretical framework for studying the LRE effects on electro-
catalytic reactions. The framework comprises two essential submodels, as illustrated in Figure
2.1. The first submodel is a microkinetic model that integrates the thermodynamics and kinetics
of all elementary steps. The second submodel processes the LRE, encompassing microscopic

EDL structure and macroscopic mass transport in solution.

These two submodels are connected through boundary conditions and are solved in a self-
consistent manner, e.g., using COMSOL Multiphysics. The model inputs include experimen-
tal conditions such as temperature and electrolyte composition; reaction mechanisms derived
from first-principles-based calculations, spectroscopic experiments, and analytical tools; en-
ergy parameters for reaction paths, e.g., adsorption energies and activation barriers, obtained
from DFT calculations; and EDL parameters extracted from ab initio molecular dynamics
(AIMD) simulations. The model outputs include electrocatalytic performance metrics such as
activity and selectivity, surface properties including adsorbate coverages and surface charging
relations, and local reaction conditions such as local reactant distribution, local pH distribution,

local potential distribution, and local electric field distribution.

The microkinetic model (Section 2.1) is based on my contributions to the published research

article:

* Huang, J.; Zhu, X.; Eikerling, M. The Rate-Determining Term of Electrocatalytic Reac-
tions with First-Order Kinetics. Electrochim. Acta 2021, 393, 139019.
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Figure 2.1: Hierarchical framework for modeling electrocatalytic reactions. The framework consists of
two interrelated submodels, including a microkinetic model that accounts for the thermody-
namics and kinetics of all elementary steps, and a submodel for the LRE that accounts for
microscopic EDL effects and mass transport effects.

2.1 Microkinetic model

2.1.1 General formula

The microkinetic model requires a priori knowledge of the reaction mechanism that is usu-
ally inferred by combining key intermediates identified from spectroscopic experiments and
first-principles-based calculations. A specific reaction mechanism is expressed as a series of

elementary steps,



2.1 Microkinetic model 13

R +* +ne < Il,

Il —+ me < IQ,

(2.1)
I,',l + nje & I,',
In_1 + nye <& P+7,

where R and P denote the reactant and product, * denotes free sites on the catalyst surface for
adsorption, I; is an adsorbed intermediate with coverage 6;, and n; is the number of electrons

transferred in the ith step.

The net rates of elementary steps are given by,

r = k+,'9,',1 — k,,-9,-, i = 1, 2, AR N, (22)

where 6, = 6y denotes the coverage of free sites. Rate constants, k. ; and k_;, are calculated

based on transition state theory,

. (2.3)

Here, kg is the Boltzmann constant, h is the Planck constant, T is the temperature, and c.;
represents a concentration factor for species involved in forward or backward reactions other

than the free active sites, adsorbates, and electrons.

Activation barriers, G, y;, can be written using the Bransted—Evans—Polanyi (BEP) relation,[7,
74, 75]
Gayi = Gy + BIAG;,
(2.4)
Gai =Gy, — (1= Bi)AG,
where Gg, is the activation energy of step i/ under standard conditions (1 bar pressure, pH =

0) for chemical steps, and at equilibrium potential under the standard conditions for electro-
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chemical steps, B; the transfer coefficient, and AG; the reaction Gibbs free energy. For the

electrochemical steps, AG; shifts with potential in the following way,

AG; = nie(Em — ¢re — E;%) + AAG;, (2:5)

with Ey being the applied potential relative to the standard hydrogen electrode (SHE), and ¢rp
the electric potential at the reaction plane (RP). E;% is the equilibrium potential of step i and is

calculated using the Nernst equation,

(2.6)

with AG? being the reaction free energy of step i under standard conditions, it can be obtained
from first-principles calculations and thermodynamic modeling, as implemented in the com-
putational hydrogen electrode scheme of Narskov and colleagues.[17, 74] Additionally, recent
studies underscore the significance of lateral interactions,[76] electric field,[77] or electrode
surface charge in influencing the Gibbs free energies of adsorbates.[11, 27] These effects can
be incorporated into this framework by introducing the term AAG;, which is a function of cov-

erages, surface charge density, and electric field.

Steady-state conditions imply

do;
dt

=r—ry=0 1i=12,...,N—1. (2.7)
Combined with the conservation of adsorption sites,

> 6=1, (2.8)

the equations in Eq. (2.7) can be solved to obtain 6; and r;. The steady-state current density is

written as

N
j=ep)_nir, (2.9)
i=1
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with ey being the elementary charge and p being the number density of active sites at the

electrode surface.

2.1.2 Rate determining term

For a reaction pathway with first-order kinetics, i.e., a serial one that involves not more than one
adsorbed intermediate on the reactant or product side of each elementary step, Figure 2.2(a),

a closed set of equations is obtained,

(ki —k1i—kin ko - 0] 6] [o]
0 Kio  —ko—kis - 0| |6] o
0 0 k+3 - 0 6, = |0

1 1 1 1| o] (1]

These equations can be solved for 8;, which are expressed in a unified and compact form using

a new formalism,

K I,— S .
Zﬂsl PRGNS 2 0,1,2,..., N, (2.10)
k—p(i—j)

where the permutation operators P(i, +j) depicted in Figure 2.2(b) and illustrated in Figure
2.2(c), point to the jth number counted from the ith number in the counterclockwise (-) and

clockwise (+) direction, respectively. K; =

is the equilibrium constant of the ith elementary

step. The denominator = is given by

N

= Z Hs 1 KF’ (P(i,=j)+s) Z

i=0 j P(’r —J) i=0 ’+1)

N
2 [ Keies 211)
=0 s=1
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R layer 1t layer 2™ layer n** layer P layer

Intra-layer transition: chemical reactions, m; =10
Inter-layer transition: electron transfer reactions, n; = +1

(C) B(0,0) P(i,+3), 0<ij<N P(i,-j) 0<ij<N B(N+1,43), 0<j<N
Value N+1 clockwise j*™ number from counterclockwise j*" number N+14j

the i*" number from the i*" number

Figure 2.2: (a) A multi-electron reaction with a serial reaction network. (b) Schematic diagram of the
operator P(i, /). The inner circle corresponds to the index circle, and the outer circle rep-
resents the value circle. (c) Calculation rules of P(i, /). P(i,+j) is the clockwise jth value
from the ith value. P(i, —j) is the counterclockwise jth value from the ith value. Additionally,
P(0,+£0) =N +1.

The current density, defined as j = ep Zf\’zl n;ri = nepn, is calculated as

ne N+1
j= :0"<||Ks—1>. 2.12)
= s=1

Krotal = [T025" K. is the equilibrium constant of the total reaction, which is equal to 1 when the
overall reaction is under equilibrium, namely, j = 0. As Kigta o exp(—nFn/RT), Kiotar > 1
when an overpotential n is applied. In the overpotential region of practical interest, it is safe to
assume that Ky > 1. n = Z,{V:l n; is the total electrons transferred in N steps. The inverse

reaction rate (total reaction resistance) is given by

N+1
O;
neoP ~ =, (2.13)
J iy (i
where thermodynamic factors ©; are given by
I'V ] K i+s
o — Z,:o 1ot Kpiis ). (2.14)

N
[Ts=1 Kp(its)
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Eq. (2.13) decomposes the overall reaction resistance into (N + 1) resistance terms. Usually,
one of the (N + 1) resistance terms is much larger than the rest at specific potentials because
the reaction rates vary exponentially with electrode potential. This term then determines the
overall reaction resistance and is defined as the rate-determining term (RDT). The RDT is the
ratio of a thermodynamic term composed of thermodynamic constants of N elementary steps
to a single forward-reaction rate. The uniformity of the mathematical structure of the resistance

terms will remarkably reduce the complexity of the kinetic analysis.

A simple example serves to illustrate the formalism. The example involves only one intermedi-
ate and two electrons, thus, N = 1 and n = 2. The Volmer-Heyrovsky mechanism of the HER,

HT + e+ x < H,y, Hag + HT + e < H, + %, belongs to this category.

According to the algorithm shown in Figure 2.2(b),

P(0, —0) = P(1, —1) = P(P(0, —1), +1) = 2,

(2.15)
P(0,—1) = P(1,—0) = P(P(1,-1),+1) = 1.
Therefore, = now reads
1 K _ 1 K _
=_ + P(P(0,~1),41) n " P(P(1,—1),+1)
k_p(,—0) k_p@,-1) k_p@,—0) k_p@a,-1) (2.16)
1 K1 K |
Tk, ko kg ko
According to Eq. (2.10), 8, and 6, are written as
1 1 K _ 1 1 K:
b0 = < L Keere, 1),+1)> _! ( N 2>
= \ k_p(0,-0) k_p(0,-1) S \ko ko
B ko1 + ko
o +kia + koo 4 ko (2.17)

[1] =

1 1 K _
6, =L < L Keera, 1),+1)> _
= \ k_p(1,-0) k_p@,-1)

. ki1 4 ko
ki + kg + kot ko

1K
k1 koo
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Afterwards, the current density becomes

— =+ , (2.18)

with thermodynamic factors given by

1+K
2

o Ltk (2.19)

2*7K1 .

The advantage of the presented formalism in the kinetic analyses of electrocatalytic reactions
becomes more apparent when N and n are larger, namely, for more complex reactions, such

as the ORR and the CO2,RR.

2.1.3 Case study: oxygen reduction reaction

To demonstrate its advantage in electrocatalytic analyses, the RDT concept is applied to the
ORR to clarify the inconsistencies in reported Tafel slopes across the literature. The ORR

occurs via four elementary steps [7, 17, 74]:

0, +HT + %+ e < OOH,q, (Step 1)
OOH,q + H' + e + 0.4 + H20, (Step 2)
O.d + HT +e < OH,q, (Step 3)
OH,q + HY + e < HyO + *. (Step 4)

The ORR involves three adsorbates (OOH,q4, O,4 and OH,q4) and transfer four electrons, thus,
N = 3 and n = 4. According to Eq. (2.13), the reaction resistance is decomposed into four

terms,

dep _©1 0 0 O

p , 2.20
J kit ki kiz kya ( )
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The thermodynamic factors are determined by using Eqg. (2.13),

14+ Ky + KoKz + Ko K3 K,y

O = KoK3 K, ’
6, - 14+ Kz + K3K, + KsKa Ky
K3KakKy Y (2.21)
o._ L+ Kt KKy + KiKiKy
3 KoK K
O, — L+ Ky + KiKa + KiKoKs
KiK>K3

Figure 2.3 shows the four resistances, with parameters taken from refs. [7, 74] for Pt(111). ltis
apparent that % is several orders higher than other resistances, implying that % is the RDT

of ORR at Pt(111).

107

A WN R

O 10}

10-10 L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
E vs. SHE (V)

Figure 2.3: Four resistance terms of ORR, ,8 Parameters used in the calculation are cp, = 0.032 M,
i = 0.1 M, kP =621 x10', G5 =037eV,G;3 = Gok = Gog = 0.26 eV, i = 0.5,
E7¥ =097V, E59=225V, E5® = 0.95 V, and E; = 0.75 V. The potential is referred to the

SHE.

To a further step, k% is decomposed into four subterms,

O, 1 1 1 1
- + + 4+ . 2.22
kit kaKoKsKy o kiiKsKe o kaKe o ki ( )

At different potentials, a different term on the right-hand side dominates the electrode kinetics,

as illustrated in Figure 2.4(a). Furthermore, the different subterms lead to different Tafel slopes.
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The Tafel slope b is defined as,
E
po—_dEw (2.23)
dlogygJ

If is the dominated subterm, one finds

1
ki1K2K3K,

b 2.3RT 1
- F Bini 4+ n+n3+ng

= 17 mV/dec. (2.24)

Similarly, b = 24 mV/dec when is dominant; b = 39 mV/dec when ﬁ is dominant;

1
ki1+K3Ky

and b = 118 mV/dec when k%l is dominant.

(a)
10° F
£
$1070}
o
=3
@
1040 |
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
E vs. SHE (V)
b
( )120
__100
Q
(]
R
S
§, 80
(9]
&
» 60
2
=
40

20 L L L L L L
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

E vs. SHE (V)

Figure 2.4: (a) Four resistance subterms in ,%11. (b) Potential-dependent Tafel slopes of ORR.

As shown in Figure 2.4(b), the calculated Tafel slope is potential dependent, which is caused

by the change of the dominant subterm. Specifically, the dominant subterm shifts from m

to ﬁ in the potential range of 0.7 V < Ey < 0.95 V, leading to b increases from 24 mV/dec

to 39 mV/dec. In the potential range of 0.6 V < Ejy; < 0.7 V, the dominant subterm transforms
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from

ik, 10 1, resulting in the increase of b from 39 mV/dec to 118 mV/dec. When Ey <
0.6V, i is dominant and b remains at 118 mV/dec. Variations in Tafel slopes as gained from
this analysis have been reported in literature, including 30 mV/dec,[74] 60 mV/dec,[44, 78] 77
mV/dec,[79] and 120 mV/dec.[44, 78, 80, 81] These variations in Tafel slopes are illustrated in

Figure 2.4(b).

2.2 Local reaction environment model

2.2.1 Modified Poisson-Nernst-Planck theory

The Poisson-Nernst-Planck (PNP) equations have been widely used to describe ion trans-
port in solutions throughout the twentieth century and into recent years.[10, 82] However, their
standard form has limited applicability under electrocatalytic conditions. As a theory designed
for dilute solutions, PNP predictions can easily violate the fundamental assumption of dilution
near the electrode surface when the applied potential deviates significantly from the potential
of zero charge (pzc).[83] Furthermore, the PNP theory treats ions as point charges without
accounting for their finite sizes. As a result, ion concentrations increase exponentially with lo-
cal potential, leading to unphysically large values at high local potentials.[84] In this section, a
modified Poisson-Nernst-Planck theory is derived that considers the steric effects of particles

in the solution.

The derivation starts from the free energy of the system, which is written as,

F=U-TS, (2.25)

where U is the electrostatic contribution of internal energy, S the entropy and T the tempera-

ture.

The electrolyte is composed of ions and solvent molecules in general. lons, denoted with a
subscript o, have a charge of z, and a number density of n,. Solvent molecules, denoted with a

subscript s, have a dipole moment p; and a number density n;. In the mean-field approximation,
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U is expressed as,[71, 85]

U= /dV <—;eop(v¢)2 e Zana - %m W) , (2.26)

where ¢, is the optical permittivity, ¢ the electric potential, and g = kfr The first term is the
self-energy of the electric field, the next two terms are the electrostatic energies of the ions and

solvents.

The entropy S is calculated using the lattice-gas model,[84, 86]

sz/kBan, (2.27)

where W is the number of ways of arranging all the particles in the total lattice cells,

N,!

/R p— -
NTT Na!”

(2.28)

with N and N, being particle numbers, and N, the total number of lattice cells. The lattice cells

are fully occupied without vacancy, thus N is given by,

NS = (Nt - Z ch'Ya)/'Ys: (229)
where 7, is the size coefficient,
da\?
a f— —_— y 2.
v < dt> (2.30)

with d, being the effective diameter of particle o, and d; the reference lattice size. Taking d;

as the reference lattice size, one finds

Ns = Nt - Z Na'Ya- (231)
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Using the Stirling formula, namely, In N! = NIn N — N at N > 1, yields
S = —/deB (Znalnna—&—nslnns— ntlnnt—&—nt—Zna—ns) . (2.32)

Combining Egs. (2.25), (2.26), and (2.32), the volumetric the free energy f (F = [ fdV) is

given by,

o ; ns . sinh(BpsV¢)
f= _Eeop(v¢) + 60¢Zzana - E In W+ (2.33)

1
E<Znalnna+nslnns—ntlnnt+nt—Zna—ns).

Using the Euler-Lagrange equation,

of of
ax Vv (a(vx)) =0 (239

in terms of X = ¢ results in the modified Poisson equation,
0 0
B <€effa()l:> = —eozzana. (2.35)

with e being the effective dielectric permittivity,[87]

nsps
Vé

L(BpsV ), (2.36)

€eff = €op T

where L(x) = coth x — 1/x is the Langevin function. In the solution bulk, V¢ = 0, thus,

€eft = €op + BNEP2/3 = €, (2.37)

with n? being the solvent number density in the solution bulk, and e, the bulk permittivity of the

solvent medium. p, can be obtained by solving Eq. (2.37).

The modified Nernst-Planck equation is derived by calculating the electrochemical potential of

ion «a using the formula,
__of

Pa = gna

(2.38)
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When applying Eq. (2.38), it must be considered that ns = n; — > na7y. (Eq. (2.31)) is also a
function of n,. This dependence is the consequence of the fact that lattice cells are occupied
by either ions or solvent molecules. Therefore, adding an ion o will simultaneously remove

Yo /s solvent molecules. This consideration leads to

Yo | SON(ERTS) |

1
5 BoVd B (Inng — yo Inns) . (2.39)

ﬁcx = Zoce0<’S +
For the transport dynamics near equilibrium, it is reasonable to postulate that the flux density

is proportional to the gradient of the electrochemical potential,[83]

Jo = *banavﬁa = 7Daﬁnavﬁar (2.40)

where b, is the mobility and D,, is the diffusion coefficient of ion «, with b, = D,p being the

Einstein relation. Combining with Eq. (2.39), J, is determined as,

2 Zi#sryfvni
Ja = *Da vna + naZaﬁeoV¢ + na’YaﬁpsL(ﬁpsvd))v ¢ + na’)’ai . (241)
Me = 2 isg Villi

1
dT?a

As n, = Eq. (2.41) is rewritten as

2 Zi;ﬁs di?’vn"
Ja - _Dcx vncx + naZoﬁequS + ncx’Yc!ﬁpsL(ﬁpsvd’)v ¢ + navaiy, . (242)
1- Zi;és di'n;

The mass conservation law gives

ong

e _ . +R., 2.4
ot Jo + (2.43)

where R, is the source term due to homogeneous reactions, e.g., conversion between CO,

and HCOj3 in the CO,RR.

Since concentrations (mol /m*) are more commonly used than particle densities in electrocatal-

ysis, Egs. (2.35), (2.42), and (2.43) are transformed by using ¢, = n,/Na, with N4 being the
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Avogadro constant. This leads to

o ([ 04
a <€effax> = _Fzzacou

> iz & NaVe
Jo = —Dq (Vch + CazZaBeo Ve + Ca’YaISPsL(ﬁPsV¢)v2¢ + Ca’Yam , (2.44)
i#s i !

Oc,

7:_v'cx Rou
at Jo +

where F is the Faraday constant. The set of Egs. (2.44) constitutes the modified PNP theory
for multicomponent mass transport in solution, which are derived from a comprehensive free

energy functional that considers the steric effects and solvent polarization.

When the solvent polarization and ion size asymmetry are neglected, the modified PNP theory

reduces to the formula derived by Bazant et al. in [83],

o ( 04\
& <€sax> = —FZZO(CQ,

2.45)
YA (
J, = —D, (Vca t cuzaBegVe + cp =2t A ) .

1-— Z,-#S d?NAC,'

When the steric effects of particles and the solvent polarization are neglected, the ion flux is

reduced to the standard Nernst-Planck equation,

Jou = =Dy (Vo + cazafeaVe). (2.46)

2.2.2 Electric double layer model accounting for chemisorption

The modified PNP theory describes species and potential distributions beyond the outer
Helmholtz plane (OHP), which represents the closest approach of solvated ions to the electrode
surface. This region encompasses a diffuse layer, where the solution remains non-neutral, and
a diffusion layer whose thickness varies depending on experimental conditions. For example,
in rotating disk electrode (RDE) systems, the diffusion layer thickness is influenced by the rota-
tion speed. Within the OHP, an EDL model incorporating chemisorption effects is employed, as

shown in Figure 2.5.[88] The Helmholiz layer is divided into two sublayers, an inner Helmholtz
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layer located between the metal and the inner Helmholtz plane (IHP), which corresponds to the
central plane of chemisorbed adsorbates, and an outer Helmholtz layer between the IHP and

OHP.

“«> < > >

diffuse layer and

: i diffusion layer ™

Catalyst

A¢ad

(a) (b)

€1 €2

Figure 2.5: (a) Continuum EDL model consists of an IHP denoting the central plane of chemisorbed ions,
and an OHP denoting the central plane of nonspecifically adsorbed ions. The regions be-
tween metal and IHP, and IHP and OHP are described as dielectric continua, parameterized
with respective thicknesses §; and permittivities €;, with / = 1, 2. (b) The potential difference
between the metal bulk and the solution bulk, A¢ita = $m — Ps, can be separated into three
components: xu denoting the potential drop at the metal surface due to electron distribu-
tion, A¢ag the potential change due to partially charged, chemisorbed ions, and A¢gee the
potential change due to excess ionic charge stored in the diffuse layer, namely, free surface
charge.

The primary objective of the EDL model is to determine the electric potential distribution from
the metal to the electrolyte solution. As illustrated in Figure 2.5(b), the overall potential dif-
ference Ag¢ia between metal bulk (¢y) and solution bulk (¢s) comprises at least three com-
ponents. A significant potential drop occurs at the metal surface due to the metal electron
spillover, denoted as xu. Additionally, two other potential differences contribute: one arising
from partially charged, chemisorbed ions, and one due to the free surface charge density, oire,

defined as the negative of the net ionic charge in the diffuse layer.[6, 88]

The above decomposition scheme is expressed as [89]

dm — Ps = Xm + Adad + Adiree, (2.47)
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with
oi
A¢iee = PoHP + Tiree Z <’ (2.48)

where ¢onp is the potential at the OHP that represents the potential change over the diffuse
layer. A¢,q is calculated as the potential difference across an equivalent planar capacitor with

a charge amount of Y_ , egpfasa,

§
Aoy = é > eopbasa, (2.49)
A

where 0, and ¢4 are the coverage and net electron excess of a chemisorbed adsorbate A,
and Y, eppfasa is the amount of charge carried by all adsorbates at the IHP. ¢, is positive for

negatively charged adsorbates and negative for positively charged adsorbates.

As is well-known, ¢y in Eq. (2.47) is not directly measurable. In electrochemical experiments,
the potential of the working electrode (WE) is measured relative to a reference electrode (RE).
The electrode potential is expressed as Ey = ¢m — ¢re, With ¢re being the inner potential of
the RE. If the RE is placed in the same electrolyte as the WE, the electrode potential can be

rewritten as Ey = (¢m — ¢s) — (Pre — ¢s). For a SHE used as the RE, (¢u — ¢s) becomes

ém — ¢s = Esre + (dre — Ps)sHE. (2.50)

where Egye is the electrode potential versus the SHE.

Combining Eq. (2.47) and Eq. (2.50) yields
Esne + (¢re — ds)sHE — XM = Aag + A (2.51)

At the pzc and in the absence of adsorbates,

E&ie + (dre — bs)sie — xm =0, (2.52)
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pzc pzc

where Eg; ¢ is the pzc versus the SHE. Therefore, (¢re — ¢s)sne — Xxm = —Egpe- Substituting
this into Eqg. (2.51) yields
ESHE - ng-ch = A<15::1d + A<i’free- (2-53)

Finally, combining Egs. (2.48), (2.49) and (2.53), the equation that describes the EDL structure
within OHP is obtained,

6 O
Esne — E&fiz = dorp + Oiree Z - + é Z €0pBasa. (2.54)
! A

It is worth noting that a more advanced EDL model, which accounts for water chemisorption,
has been developed recently.[88] In that model, Eq. (2.54) requires modification to incorporate

the potential drop caused by dipoles of chemisorbed water molecules.

2.3 Numerical solution of the framework

The submodels within this framework are interdependent and must be solved in a self-
consistent manner. Firstly, the reaction kinetics described in Eq. (2.2) are influenced by the
LRE. For instance, the reactant concentration at the reaction plane, typically chosen at the OHP
for convenience in applying Frumkin corrections [11, 90], should be applied. Additionally, the
rate constants are significantly affected by the local potential and electric field, as described
in Eq. (2.5). These local conditions need to be determined by the LRE model. Secondly,
the mass transport is governed by the partial current densities, which are obtained from the
microkinetic model. Thirdly, adsorbate coverages impact the surface charging relation, as ex-
pressed in Eq. (2.54). Fourthly, the EDL model and the mass transport model are coupled to
ensure a continuous description of the potential distribution from the metal surface to the bulk

solution.

These connections are established through the boundary conditions for solving the modi-
fied PNP equations, as shown in Figure 2.6. The model domain spans between OHP and

the solution bulk, with the diffusion layer thickness determined according to experimental
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conditions.[91] The right boundary is situated in the solution bulk, where concentrations match
bulk concentrations, and the electric potential is taken as the reference potential, namely, ¢ = 0.
The left boundary is located at the OHP, and the fluxes at this side correlate with the current

densities obtained from the microkinetic model,

J i
Ji=z—,
F niota

(2.55)

where v; is the respective stoichiometric number of species i, with v; being negative for re-
actants and positive for products, and ny is the total number of electrons involved in the

reaction.

The EDL model is incorporated into the left boundary condition for the electric potential,

0 1 2 ]
Oiree = —€eff £ s Esne — E&ie — blxo — iz eopfasa | - (2.56)
x=0 € A

Experimental conditions:
temperature, pressure, applied potential, electrolyte composition, pH

: RP
Mas$ trar.lsport p?r.ameters. G, ¢RP' Ofree
« diffusion coefficient
* boundary layer thickness
* solvated ion size

!

Local reaction environment

Reaction mechanism:

* spectroscopy techniques

* DFT calculations

* electrochemical measurements

l

Microkinetic model

modified PNP equations R v =kyici0; —k_jc_;0_;
dc; _ v R eq
- VIitR kii = f(Gyyr B, 61 Ofree)

COMSOL
Multiphysics

=V (&V¢) = FYzic; d6;/dt = ¥v;
EDL parameters: Thermodynamic and kinetic parameters:
* atomic simulations e DFT calculations
* electrochemical measurements 8 * electrochemical measurements
v
Model outputs:

partial current densities, coverages, potential distribution, concentration distribution, surface charge density

Figure 2.6: Flowchart for solving the hierarchical framework.
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It has been pointed out by Johnson et al. that the surface charge boundary conditions are
often misused in L4 models, leading to incorrect conclusions regarding EDL effects.[90] The
inconsistencies arise from the adoption of inaccurate permittivity for the adlayer or the artificial
imposition of an electric potential at the RP. In this thesis, key parameters are estimated based
on AIMD simulations. In addition, to the best of my knowledge, the approach is unique in that
it considers the surface dipole moment induced by partially charged chemisorbates. It has
been shown that the residual charge on adsorbates markedly modifies the surface charging
relation and the LRE.[6] Furthermore, it is worth noting that a more detailed EDL structure that

accounts for the first water layer can also be integrated into Eq. (2.56).[88]

The overall model parameters can be categorized into three groups. The first group of param-
eters describes reaction properties, including adsorption energies, activation barriers, transfer
coefficients and lateral interaction coefficients between adsorbates. These parameters are
derived primarily from DFT calculations. The second group characterizes the EDL structure,
encompassing the permittivity and thickness of the adlayer, effective diameters of solvated
ions, and dipole moments of adsorbates. These parameters can be obtained with the aid
of DFT and AIMD. The third group defines the mass transport characteristics, incorporating
diffusion coefficients, bulk concentrations, and diffusion layer thickness. These parameters
relate to experimental conditions. With the provided inputs, the overall model can be solved

self-consistently, e.g., using COMSOL Multiphysics in a computationally efficient manner.
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3 Electrochemical CO» reduction at silver

from a local perspective

In this chapter, | apply the framework to electrochemical CO, reduction, which is a viable
process to store renewable energy and transform CO, into chemical fuels and value-added
chemicals. The study reveals how the local reaction environment dictates the mechanism and
kinetics of CO, reduction to CO at an Ag electrode. It yields vital mechanistic insights into the
reaction behavior. The increasing Tafel slope with overpotential is seen to be influenced by
the surface charging relation and mass transport effects. In addition, the decrease of the CO
current density at high overpotentials is found to be caused not only by the decrease in CO,
concentration due to mass transport, surface charge effects and pH increase, but also by lateral
interactions between the adsorbates. Moreover, it will be explored how electrolyte properties,
including bicarbonate concentration, solvated cation size, and CO, partial pressure, tune the

local reaction environment.
The chapter is based on the published research article:

» Zhu, X.; Huang, J.; Eikerling, M. Electrochemical CO, Reduction at Silver from a Local

Perspective. ACS Catal. 2021, 11, 23, 14521-14532.

3.1 Introduction

Electricity production from renewable energy sources will have to grow at an escalating pace

if the direst consequences of climate change are to be averted. On the path towards a de-
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fossilized, environmentally benign and sustainable energy economy, two pressing challenges
must be addressed: (i) the balance of anthropogenic CO, production must be rapidly reduced
to net zero (and then net negative); (ii) the development of infrastructure concepts and tech-
nologies for large-scale and long-term energy storage must keep pace with the growth of re-

newable power sector.

The conversion of CO, into chemical fuels (and value-added chemicals), driven with a supply of
renewable energy, is the most compelling option to tackle both of these challenges at once.[3,
92] However, CO, electrolysis is limited by a low energy efficiency and the usually low current
density of fuel production. The critical CO,RR exhibits notoriously sluggish kinetics as well as
a low selectivity towards the formation of convenient transportation fuels and benign media for
energy storage, such as ethanol, propanol or butanol. The latter products exhibit high energy
density (J/L) and specific energy (J/kg), are liquid at ambient conditions and therefore easy to

store.

CO is a key intermediate of the CO,RR to C,, products.[3, 92, 93] Au and Ag are known as
the most active and selective catalysts for CO,RR to CO.[3, 94, 95] Albeit being a seemingly
simple process, CO, reduction to CO at Ag has not been completely understood and remains

a source of controversial debates.

Tafel analysis is a vital mechanistic probe of multistep reactions. Different Tafel slopes (denoted
as b) that have been reported for CO,RR at Ag can be associated with distinct reaction mecha-
nisms and pathways or RDSs. Rosen et al. determined b = 134 mV/dec and b = 64 mV/dec on
polycrystalline and nanostructured Ag, respectively, in the range of low overpotentials. Based
on these data, they concluded that the first proton-coupled electro transfer (PCET) step is the
RDS at polycrystalline Ag, while the second proton transfer (PT) step was identified as the
RDS at nanostructured Ag.[96] Dunwell et al. obtained b = 59 mV/dec on both polycrystalline
Ag and nanostructured Ag at lower overpotentials, leading them to claim that the RDS at both
electrodes is a PT step following upon an initial electron transfer step or PCET step.[25] More-
over, they found a Tafel slope of 118 mV/dec at higher overpotentials in their experiments,
which was ascribed to mass transport effects and/or site blocking due to cation accumulation

at the OHP.
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First-principles computational studies have also reported different RDSs, including the hydro-
genation of adsorbed CO, to COOH,q,[49] or the PCET step of COOH.q to CO,4.[77] The in-
congruent findings and interpretations may arise from the neglect or insufficient consideration
of the LRE that prevails at the surface of the electrocatalyst, which exerts a marked impact on
the apparent kinetics.[97—-101] By the LRE here, | refer to not only the interfacial liquid region
of several nm thickness, in which the electric potential and ion concentrations exhibit strong
spatial variations, but also the surface of the solid catalyst, which is covered with multiple types

of adsorbed intermediates.

Surface-enhanced infrared spectroscopy has been used to detect the concentration gradients
in the region of 5-10 nm away from the electrode.[97] However, direct experimental probes of
the LRE at the OHP are currently out of reach. Theoretical modelling has to step up to fill
this gap in understanding, which has major implications for our ability to find or design new
electrocatalyst materials and scrutinize their utility under realistic reaction conditions. A com-
prehensive treatment of the LRE should consider ion transport in the electrolyte solution that
is dictated by the excess charge density on the electrode surface, as well as the formation and
desorption of multiple adsorbed intermediates that interact with each other and with solution

species in a complex way.

To date, a comprehensive theoretical treatment that accounts for these phenomena has not
been devised for the CO,RR at Ag. Several models have been developed to focus on the
species transport in solution.[49, 102, 103] However, these approaches do not account for the
surface charging relation of the electrode material. Ringe et al. developed a multiscale model
for the CO,RR at a gold electrode including surface charging effects.[11] Competitive reactions
and lateral interactions were found to be minor effects in their case and therefore were not
considered. However, DFT calculations have revealed the importance of interactions between
intermediates HCOQO,q, COOH,4 and H,y on Ag,[76] stressing the importance of considering

lateral interactions between adsorbates in kinetic modeling.

In this study, the hierarchical model is applied to describe the LRE for CO,RR at a planar
Ag electrode. Different reaction pathways, including CO pathway, H, pathway, and HCOOH

pathway, have been considered in the microkinetic model. Armed with this approach, | unravel
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why the CO partial current density first increases and then decreases with overpotential, and
how the Tafel slope is determined by the intrinsic kinetics and the LRE. Then, the LRE is tuned
by varying the electrolyte properties, including the concentration of bicarbonate, the type of

electrolyte cation, and the partial pressure of CO..

3.2 Model development

The reduction of CO, is modelled on a planar Ag(110) electrode in 0.1 M KHCOj; solution at
ambient conditions (25°C, 101.3 kPa). The potential of interest is between -0.3 V and -1.4 V.
Hereinafter, all potentials are referenced to the reversible hydrogen electrode (RHE), unless
otherwise noted. In this potential range, several reactions may occur in parallel, including the
main reaction, that is, CO, reduction to CO, and the competitive reactions, i.e., CO, reduction

to HCOOH and HER. [104, 105]

3.2.1 Microkinetic model

The reaction mechanism used in this model includes three pathways: the CO pathway (Steps
1 and 2), the HCOOH pathway (Steps 3 and 4), and the H, pathway (Steps 5 and 6), forming
three main products of CO, RR on Ag. [104, 105]

CO; + HO + € + * = COOH,q4 + OH (Step 1)
COOH4 + H,O + e — CO + H,O + OH +*  (Step 2)
CO, + HO + e + 2* = HCOO,4 + OH" (Step 3)
HCOOgyy + H,O + & — HCOOH + OH + 2*  (Step 4)
HO +e +* = Hy + OH (Step 5)

Hog +H:O+e > Ho + OH + % (Step 6)
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The following simplifications are made: (1) The reverse reactions of Steps 2, 4, and 6 are ne-
glected considering that the solubilities of CO and H, are quite low,[106] and the concentration
of HCOOH is negligible due to the low formation rate.[105, 107] (2) The desorption of CO,q is
very fast,[96, 108] so | combine COOH_q4 reduction to CO,4 and CO,q desorption into Step 2. (3)
The Tafel step of the HER is not considered since it is not energetically favorable at Ag.[49] (4)
The possible inter-conversion of COOH,y and HCOQ,q4 is not considered. Ocoon,, = 0 because
COOH44 hardly adsorbs on Ag as demonstrated with DFT studies.[76] The simulated coverage
of COOH,q is less than 1.8 x 10~* in this work. Therefore, the conversion of COOH,q to HCOO,4
can be neglected. In addition, DFT studies have found that AGcoon,, — AGhcoo,, = 1 eV on
Ag,[76] which means that the conversion of HCOO,4 to COOH,q is energetically unfavorable.
(5) All reaction steps are considered as PCET steps, as in refs. [109-111]. | notice that se-
quential proton and electron transfer steps were also proposed.[112] In addition, the adsorption
of CO, was shown to be the RDS on gold.[11] To date, there is still no consensus on the reac-
tion mechanisms and this thus remains an important topic for future research. (6) The proton
precursor here is H,O not H*, because the proton concentration is 1.58 x 10~ M in 0.1 M
KHCOj; solution (pH = 6.8), which can only support a current density in the order of 10~3 mA

cm2, as illustrated in Figure 3.1.

Figure 3.1 shows the distribution of proton concentration in the electrolyte, when the partial
current density of H* is 1.7 x 1073 mA cm. In this case, the proton concentration near the
surface approaches 0, indicating that the limiting partial current density of H* is only in the

order of 10~3 mA cm?2.
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Figure 3.1: The distribution of ¢4+ (mol/L) in solution when the partial current density of H* is 1.7 x 103
mA cm™2.

Based on the reaction equations, the following system of rate equations is solved at steady

state,
dQC;toHad =n—-n=0, (3.1)
M??“:@—M:O, (3.2)
%’;ﬁd =r—1r =0, (3:3)

where Ocoom,,, OHcoo., and Oy, are coverages, and r; is the reaction rate of step i. For the

latter, there are the following relations,

r = k186,00 — k-10coon. Con-» (3.4)
r> = kaBcooH,y (3.5)
3 = k3c§829§ — k739HCOOad CORE—' (36)
13 = k4BHco0, (3.7)

rs = ks — k_s0h.Con-» (3.8)
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e = k69Had, (39)

with 6y = 1 — OcooH,, — 26hcoo., — OH,, being the vacancy coverage (free sites). The con-
centrations g5, and ¢ff- are concentrations at the reaction plane. These concentrations will
be determined from the LRE model. Rate constants of the forward and reverse reactions, k;
and k_;, are calculated from Eq. (2.3). For the reaction Gibbs free energy, AG;, the lateral

interactions between adsorbates are considered. Thus, Eq. (2.5) becomes,

AG; = e(Ev—¢re — EF) £ &x,.x,0x;, (3.10)

Xj
where &x; x,0x; represents the variations in the Gibbs free energies caused by lateral inter-
actions between intermediates involved in step /, X;, and all the intermediates X; ( COOHgq,

HCOO44, Hag), With £x; x; being the lateral interaction parameters. [113]

Since Ocoon,, ~ 0, the term &coon,,. x;0coon,, €an be neglected. The detailed expressions for

AG; are written as,

AGy = e(Ey — drp — ET%) 4 €H00040,000HzOHCO0 + EHaa, COOHaOtag (3.11)
AGy = e(Em — drp — E5") — £H00040,C00Hus0HCO002 — EHag,COOHagOhag (3.12)
AGs = e(En — ¢rp — E3") 4 HC0046HCO0s0HC00.s + EHag HCOO s OHa (3.13)
DGy = e(Em — ¢rp — E5") — €HCOO44 HCOO44BHCO00ms — EHag HCOO4OHag s (3.14)
AGs = e(En — ¢re — Ec”) + €HCO04.Has PHCO0ms + EHag Hag OHag (3.15)
AGs = e(Em — ¢rp — Eg") — €HCO0045 HaaOHCO00ws — EHag Hag Oag- (3.16)

The coverages 0coon,y» OHcoo,» and By,, can be obtained by solving the rate equations. The
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partial current densities are given by,

Joo = 2epn,, (3.17)
Jrcoon = 2epry, (3.18)
Jn, = 2eprs, (3.19)
Jco, = jco + JHCOOH: (3.20)
Jon- = —(co + JjHcooH + jn,), (3.21)

where p is the number density of active sites at Ag(110), and ep = 0.68 C m~2 is used in this

model. [49]

3.2.2 Local reaction environment model

The model system is shown in Figure 3.2. The hydrodynamic boundary layer thickness at the
cathode surface was determined to be 50 um according to the diffusion-limited current of fer-
ricyanide reduction [104]. The RP is located at x = 0. Outside the RP resides the boundary
layer, which includes the diffuse layer and the diffusion layer. In the diffuse layer, electrostatic
interactions dominate over thermal motion, breaking the electroneutrality condition. The thick-
ness of the diffuse layer is generally lower than 10 nm, which is three orders of magnitude

smaller than that of the diffusion layer.
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Figure 3.2: Schematic illustration of the model system. Three zones in the EDL are distinguished: the
adlayer, the diffuse layer and the diffusion layer. The orange line is an illustrative potential
profile for the case of negative surface charge, with ¢p,c and ¢puk the potential of zero
charge and the bulk potential, respectively. a4, ddittuse @and daittusion are the thicknesses of
the adsorbate layer, diffuse layer and diffusion layer, respectively. Fluxes at the reaction
plane are indicated.

The multicomponent mass transport including CO,, HCO;, CO3~, OH~, H*, and K* are con-
sidered. The transport of species in the boundary layer is described by a simplified version of
the modified PNP theory, namely, Eq. (2.44). The simplified version takes into account steric

effects but neglects water polarization,

8 [ 04\
67 <656X> - _FZZOLCOU

Z';é dsNAVC,'
Jo=—Dq | Vcqu afa \4 o a; , (322)
( Gt CaZaPOVE + Cy I_Zi;ésdiaNAci
Oc
= -V Ja Rav
ot *

where R, is the rate of production of species o due to homogeneous reactions. The following

homogeneous reactions in the solution are considered,
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CO, + OH = HCO;3 (Step R1)
HCO; + OH = CO? + H,0O (Step R2)

OH + H* = H,0O (Step R3)

The expressions for R, are written as,

Rco, = —kricco,Con- + k-r1Gico; » (3.23)
Rico; = KriCco,Con- — k-R1Cuco; — Kr2Cuco; Con- + K-raCoo2- (3.24)
Rooz- = KraCucoy Con- — k-raCoo2- (3.25)
Ron- = —kr1cco, Con- + k-R1Guco; — KraCuco; Con- + K-raCeoz- — KraCon-Cur + k-gs,
(3.26)
Ry+ = —krsCon-cu+ + kg3, (3.27)
Ry+ = 0. (3.28)

with ki.g; being the rate constants of the homogeneous reactions.

In this work, the steady-state approximation is used, namely, %@* = 0. Additionally, only the
size asymmetry of K is considered because the metal is negatively charged and K+ is the
counterion in the EDL. For other species, v, = 1. The boundary conditions are given by Eq.

(2.55) and (2.56). The dipole moment of COOH,4 can be neglected because 8coon,, ~ 0.

3.2.3 Model parameterization

The model is parameterized in this section. Parameters of the microkinetic model are listed
in Tables 3.1 and 3.2. E;" and E5® have been calculated using DFT calculations in ref. [104].
E3%, E;, ESY, and Eg" have been obtained from the DFT studies in ref. [76]. For the CO
pathway, B; and S, are set to the common value of 0.5. The activation barrier of Step 1 in
0.1 M KHCOs (pH = 6.8) solution is determined to be 0.43 eV at -1.0 V vs. RHE [49], and
thus G; = 0.43eV — B; (—1.0 — 0.059 x 6.8 — E;%) eV = 0.53 eV. The activation barrier
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of Step 2 is calculated to be 0.7 eV at -0.11 V vs. RHE for Ag(111) at pH = 14 [77], then
qu2 =07eV—p, (70.11 —0.059 x 14 — E§q) eV=14¢V.

There is little information for the HCOOH pathway at Ag, because HCOOH is only a side

product. Therefore, G% and G.3, B3 and B, are fitted from the experimental data.

For the H, pathway, DFT results show the activation barriers of the Volmer step and the
Heyrovsky step as 0.52 eV and 0.72 eV at -1.0 V vs. RHE at pH = 6.8 [49], then G.} =
1.01eV and G;§ =1.27 eV. Bs and S are fitted to 0.5 and 0.3, respectively.

Table 3.1: Reaction parameters used in the model, including the standard equilibrium potential, E?q, the
activation energy, G°9, and the transfer coefficient, g;, of step i

a,i’

Stepi  AG? (eV) E* (V SHE) G (eV) B;

1 AGoon,, — AGY, -1.223 0.5310 05
2 AG, 10 — AGon., 0.523 1.411 05
3 AGYco0,, — DG, 0.2222 1.15 0.4
4 AGs00n — AGls00,, -0.5422 1.04 03
5 AGY, -0.4422 1.1510 05
6 -AGY, 0.4422 1.3110 03

The lateral interaction coefficients &ncoo,y,c00Hy» EHCOOHCO0s EHCOO Ha» AN &n,y.cooH, NAVE
been taken from ref. [76], assuming that the changes in binding energies due to lateral inter-

actions are linearly related to the coverages. &, Hcoo,, and &n,, 1., are fitting parameters.

Table 3.2: Lateral interaction coefficients, &x; x; (€V)

HCOO.4 Hag
COOH,q 0.2 1.2
HCOO.4 0.5 0.4
Had 0.45 0.37

The energetic parameters are allowed to vary within 0.2 eV around their base values, consid-
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ering the uncertainty associated with DFT calculations of reaction and transition-state energies
[114]. Sensitivity analyses of fitting parameters, G533, G4, &HuHCOOws EHaaHags B1s B2y B3, Ba,
Bs, and Bg, are thus provided. To perform these analyses, | have varied the values of spe-
cific parameters in their feasible ranges while keeping all other parameters constant, and then

calculated the partial current densities at Eyy = —1.2V and pH = 6.8.

The surface charging and mass transport effects are neglected here, and | focus on intrinsic
kinetics. That is to say, | use ¢gp = 0, and ¢, = cqpuk- The performance of a specific pathway
is controlled by two sequential steps. Therefore, G53 and G- for the HCOOH pathway, g; and
B, for the CO pathway, 3 and g, for the HCOOH pathway, and Bs and B for the H, pathway are
analyzed jointly. The results are shown below. The high sensitivity of the model performance

to these parameters implies a high confidence in the fitted parameters.

log10(jco) 1og10(jucoon)

Goy/ev

11 1.2 E K : 0.8 0.9 1 11 12 13 1.4
eq
63/ eV G /ev

Figure 3.3: Parameter sensitivity analysis of G; % and G .

As shown in Figure 3.3, the highest jco is obtained around G;3 = Go4. When G;% < G4,
Oncoo,, iNCreases because the adsorption of HCOO,q is strengthened. Then jgo decreases due
to the site-blocking effect of HCOO,.q. On the contrary, ficoo,, decreases when G;% > G35.
However, jco also decreases in this case. This is because the adsorption of Hyq is promoted at
the same time, which inhibits COOH,4 adsorption even more severely than HCOO,4 through
lateral interactions. [76] The analysis reveals that, albeit being a minor product, HCOO_4 plays
an important role in the CO,RR on Ag. jucoon increases with decreasing G‘.,eq3 as the adsorption
of HCOO,q is strengthened, or with decreasing Gfi as the desorption of HCOO,q is promoted.
Jjn, increases with increasing G.3 because the adsorption of HCOO,q is weakened, or with

decreasing G> as the desorption of HCOO,q is promoted. The adsorption of Hyg is enhanced
a4
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in both cases.
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Figure 3.4: Parameter sensitivity analysis of {H,y H,q and &,y HCOOq-

Jco increases monotonically as &u,, 1., increases or &, Hcoo,, decreases, as shown in Figure
3.4. Due to the lateral interactions, a larger &u,, 1., reduces Hyy adsorption, and a smaller
&H.4.HCOO,, Promotes HCOO,4 adsorption, which in turn inhibits H,q adsorption. 6y, decreases
in both cases, and jco increases as a result because the adsorption of COOH,q is improved.
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Figure 3.5: Parameter sensitivity analysis of §; and S».

Figure 3.5 shows the sensitivity of the transfer coefficients of the CO pathway. jco is very sen-
sitive to B; and B,, and increases with increasing 8; and 8. When B, > 0.45, the desorption
of COOH,q is much faster than its adsorption, leading to very low COOH,4 coverage. Thus,

Jucoon and jy, are not sensitive to §; and B, in this case.
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Figure 3.6: Parameter sensitivity analysis of 83 and Ba.

Figure 3.6 shows the sensitivity of the transfer coefficients of the HCOOH pathway. jucoon is
very sensitive to 83 and B4, and increases with increasing 83 and ;. jco is also very sensitive
to B3 and B4, and the highest jso is obtained around B; = Bs. ju, increases with decreasing B3

or increasing B;.

10g10(ico) jucoon log10(jy,)
07 ¢ 07 4 07 3
2
0.6 0.6 3 06
1
[
05 05 0.5
Q‘f 2
2 -
0.4 0.4 . 04
“ * ‘
0.3 0.3 0.3 N
0.3 0.4 05 0.6 07 0.3 0.4 0.5 0.6 0.7 03 0.4 0.5 0.6 07
Bs Bs Bs

Figure 3.7: Parameter sensitivity analysis of S5 and Be.

Figure 3.7 shows the sensitivity of the transfer coefficients of the H, pathway. When ¢ > 0.45
or Bs < 0.4, the desorption of H,q is very fast compared with its adsorption, resulting in 6, ~ 0.
In this case, jco and jucoon are always located in the optimal region and independent of 85 and
Bs. Otherwise, joo and jucoon increase with decreasing Bs or increasing Be. Ju, increases
with increasing Bs or increasing Bs. However, jyu, is not sensitive to s when Bs > 0.4, as the

adsorption of Hyq is rate-limiting for the H, pathway in this situation.

The detailed parameters for the LRE model, including the parameters for the EDL and the

parameters for the mass transport, are summarized in Tables 3.3, 3.4, and 3.5, including the
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sources that they have been extracted from.

With these parameters, the model was solved iteratively. Given the initial current densities and
coverages at a specific applied potential, the potential distribution and concentration distribu-
tions in the solution phase can be obtained from the LRE model. The calculated potential and
reactant concentrations at the RP are then used in the microkinetic model to calculate new
values of current densities and coverages. The cycle iterates until the current densities are

converged, with the criterion of relative error convergence being 1 x 1073,

Table 3.3: Parameters of the EDL

Item Category Value Note

HCOO,y Netcharge number per adsorbate 0.68 Ref. [76]

Hag Net charge number per adsorbate 0.25 Ref. [76]

Ppzc Potential of zero charge -0.73 V (SHE) Ref. [104]

€s Permittivity of the electrolyte solu- 78.5¢g €o is the permit-
tion tivity of vacuum

€ad Permittivity of the adlayer 6¢o Ref. [115]

Oad Thickness of the space between 0.2 nm Bond length of
the metal surface and the adsor- Pt-OHgq [116]
bate layer

Table 3.4: Rate constants of homogeneous reactions

Reaction Forward rate constant [11, 102] Reverse rate constant [11, 102]

Step R1 5.93 x 103 1.28 x 1074
StepR2  1x 108 2.03 x 10*

Step R3 2.4 x 10° 2.4 x 1075
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Table 3.5: Parameters for the mass transport, including bulk concentrations, diffusion coefficients, effec-
tive solvated diameters, and rate constants of homogeneous reactions

Category Item Value

Canbuk (M)[103] CO, 0.0342
HCO4 0.0999
COz* 31x10°°
OH 6.31 x 1078
H* 1.58 x 107
K* 0.1

D, (m?/s)[102,103]  CO» 1.91 x 107°
HCO4 1.185 x 10~°
COz* 0.923 x 107°
OH 5.723 x 107°
H* 9.311 x 10~°
K+ 1.957 x 10~°
Na* 1.334 x 107°
Li* 1.029 x 10~°

dy (M) [117] K* 0.662 x 10~°
Na* 0.716 x 107°
Lit 0.764 x 107°

3.3 Revealing the impact of the local reaction environment

In what follows, | first validate the model by comparing simulation results with experimental
data. A detailed mechanistic analyses of the bell-shaped polarization curve and the origins of

potential dependencies in Tafel slopes are then presented.
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3.3.1 Model-experiment comparison

Figure 3.8 shows the simulated CO partial current density in the potential range between -0.3
V and -1.4 V. Experimental data from Clark et al.,[104] Hoshi et al.,[105] Hatsukade et al.,[107]
and Singh et al.[54] are closely reproduced by this model. The experimentally observed in-
creasing Tafel slope with overpotential is captured. Specifically, the CO partial current density
increases with overpotential when Ey > —1.25 V, and decreases when Ey < —1.25V, result-
ing in the peculiar bell shape. A mechanistic explanation of the bell shape is to be given in the

following section.
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Figure 3.8: Model—-experiment comparison in terms of the CO partial current density. The experimental
data are obtained on Ag in 0.1 M KHCO3. The Tafel slopes were calculated in different
potential ranges as marked by different background colors.

| also reproduced the partial current densities of HCOOH and H,, as shown in Figure 3.9. The
excellent agreement between the model and experimental data for different reaction products

demonstrates the reliability of this model.
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Figure 3.9: Model-experiment comparison in terms of HCOOH partial current density and H, partial
current density.

3.3.2 Origins of the bell-shaped curve

The maximum current density is only about 5 mA/cm? at Eyy = —1.25 V, which is significantly
smaller than the diffusion-limited current density that is estimated as ~20 mA/cm? using the
mass transport model.[49] As shown in Figure 3.10(a), the partial current density of CO», jco, =
Jco + Jucoon, decreases at high overpotentials, implying that the decreasing trend cannot be

explained by the increasing consumption rate of CO,.

Analysis according to the microkinetic model yields

legg 90
6 = —=2 3.29
CO0Hw = 1 ks (3.29)
OHP
! L . o (3.30)

TOF  kafooor,,  kictn,00  KikacS 6o’

with K1 = ki/k_; being the equilibrium constant of Step 1. 1/TOF represents the effective
resistance of CO,RR to CO, which consists of two terms. Therefore, the activity of CO,RR to
CO can be represented as a series of resistances. In the context of a serial resistor network,

the notion of RDT becomes meaningful (Eqg. (2.13)).

RP

is the RDT when Ey > —0.5 V, and —&— is the RDT

OH—
) Kike <5 6o k.cgg, b0

As shown in Figure 3.10(b

when Ey < —0.5 V. Therefore, the increasing current density at £y > —0.5 V is due to the
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RP

decrease of — e @ decreases with overpotential when —1.25V < Ey < —0.5V and

Kiko cgp 6" klc

increases when Ey < —1.25V, resulting in the nonmonotonic current density. To understand

the nonmonotonic behavior, the potential dependence of ki, K1, k2, ¢85, ¢, OH, and 6, need to

be analyzed.
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Figure 3.10: (a) Model-experiment comparison in terms of the CO, partial current density. (b) Rate-
determining terms of the CO partial current density. (c) Forward rate constant of Step 1,
k1. (d) Surface charging relation. (e) Coverages of COOHg,q, HCOO,4, Hag and free sites.

(f) CO2 concentration at the RP.
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Figure 3.11: (a) Simulated potential at the RP as a function of electrode potential. (b) Equilibrium con-
stant of Step 1, K;. (c) Forward rate constant of Step 2, k».

As shown in Figure 3.10(c), k; deviates from the Tafel equation, k; = k?exp (—ELE). Two
factors are responsible for this deviation: the surface charging effects and lateral adsorbate-
adsorbate interactions. ¢grp is negative due to negative oyee (Figure 3.10(d)), and decreases
with overpotential following the surface charging relation, as presented in Figure 3.11(a). Con-
sequently, the driving force of interfacial charge transfer, defined as —(Eu — ¢rp — E; "), is lower

than —(Ey — E:7). This effect is essentially a Frumkin correction. DFT calculations have shown
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that Haq repels COOH,4 more than HCOQO,4.[76] With increasing overpotential, HCOO.q is re-
placed by H.q4 (Figure 3.10(e)), inhibiting the formation of COOH,4 to a greater extent. When
En < —1.25V, G,; increases anomalously with overpotential because AG; increases due to
lateral adsorbate interactions (Eq. (3.10)), resulting in the decrease of k;. K; and k, increase

monotonically when Ey > —0.5 V, as shown in Figure 3.11(b) and Figure 3.11(c).

As shown in Figure 3.10(e), fncoo,, is dominant over fcoon,, and 6y, when Ey > —1.1V, and
decreases with overpotential. 8coon,, is nearly zero in the whole potential range. In addition,
Ohcoo,, ~ 0 when Ey > —1.1 V and 6y,, increases with overpotential. 6, remains almost

constant due to the balance between 6y coo,, and 0y,

6 8 . ,
(a) s Simulation (B)
=5 1
= —~ 6F Clark et al.
o~
s E
T <
€3 E 4
g <
o
] =
(3] 2 2
+ 2t
X4
0 —— wEm ——
-1.4 -1.2 -1 -0.8 -0.6 -0.4 -1.4 -1.2 -1 -0.8 -0.6 -0.4
E vs. RHE (V) E/V (RHE)
104 : ; ; : ' 0.035
(c) = I
S 105 x =10 nm i 2 0.3
E g 0.025 |
T 10 8
S 5 o002
T c
3 8 o5
€107 e -
5 10 8
o ~ 001
I .8 (=]
10
° © 005 |
10°° 0
-1.4 -1.2 -1 -0.8 -0.6 -0.4 10°¢ 10 102 10° 102

E vs. RHE (V) Distance from RP / pm

Figure 3.12: (a) K* concentration at the RP. (b) Partial current density of OH". (c) OH" contrationat x =0
(RP) and x = 10 nm. (d) Distribution of cco, at -1.25 V and -1.4 V by using experimental
current densities to calculate fluxes.

cggz decreases monotonically with overpotential, as shown in Figure 3.10(f). It should be noted

that cé‘& is influenced not only by the mass transport of CO,, but also by the surface charge
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density. The magnitude of negative oy, increases with overpotential (Figure 3.10(d)). There-
fore, the concentration of K* at the RP dramatically increases due to electrostatic attraction
(Figure 3.12(a)). K* occupies most of the space near the electrode surface, thus repelling
CO,.[11] & OH, decreases slowly for Eyy > —0.6 V due to the electrostatic repulsion; it increases
for Ey < —0.6 V due to the increasing generation rate of OH™ (see jou- in Figure 3.12(b)),
as shown in Figure 3.12(c). It should be noted that the increase in COH, also decreases c29

through the homogeneous reaction in Steps R1-R3.

Combined, when Ey > —0.5V, c&5 , &, and 6, remain nearly constant, the dominant term

RP

OH’

in m is K1 ko, which increases monotonically with overpotential, leading to the decrease
RP

of ; When —1.25 V < Ey < —0.5V, the increase of k; dominates over the decrease

OH
KlkchP 6o’

of ¢f5,, causing the decrease of ; When Ey < —1.25V, both k; and ¢f§, decrease,

kic F*F' ,60°
resulting in the increase of m
In conclusion, the activity of the CO,RR to CO is not only determined by the intrinsic kinetics
that increases monotonically with overpotential, but also by the LRE. The LRE is determined
by the interplay between the mass transport effects that decrease the CO, concentration in the
RP, the surface charging effects that decrease the driving force of interfacial charge transfer and
block CO; transport, and the lateral interactions between adsorbates that inhibit the adsorption
of COOH,y. Specifically, the intrinsic kinetics dominates when Ey > —1.25 V, resulting in

RP

Sor—
the decrease of Kikactl 6o and

1
kl ngz 90 -

As a result, the CO current density increases with
overpotential in this potential range. When —1.4 V < Ey < —1.25V, 55, decreases, and the
repulsive effect on COOH,q4 from lateral interactions becomes stronger, causing the anomalous

decrease of the CO current density.

It has been proposed that the decrease of joo on Ag is mainly caused by the enhanced rate
of hydrogen evolution, which generates OH™ and thus decreases the CO, concentration.[118]
The distributions of cgo, at —1.25 V and —1.4 V by using experimental current densities in ref.
[104] as fluxes are compared (Figure 3.12(d)). It can be seen that Cco at —1.4 Vis about 40%

of c§% at —1.25 V.

If the lateral interactions are neglected, k; at —1.25 V should be only about 5% of k; at —1.4 V
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according to the Butler-Volmer equation. Based on this assessment, it is expected that k; 5§,
increases with overpotential. Therefore, only considering the decrease of CO, concentration
is insufficient to rationalize the decrease of jso with increasing overpotential, bringing into play
lateral interactions as another possible (and, in my understanding, likely) origin of the observed

trend.

In this context, it should be noted that HCOO,4 was detected by surface-enhanced Raman
spectroscopy,[76] whereas, interestingly, H.,qg was detected by infrared spectroscopy in the ab-
sence of CO, and disappeared when CO, was introduced.[112] Furthermore, it was observed
that the HER was severely suppressed in CO,-saturated solution.[104] These observations

together suggest a significant impact of interactions between adsorbates.

3.3.3 Origin of the potential-dependent Tafel slope

As shown in Figure 3.10, the model gives b = 51 mV/dec (close to 59 mV/dec) when
Ey > —0.4V,and b > 118 mV/dec when —0.4 V > Ey > —1.2'V, consistent with exper-
imental measurements on bulk Ag,[25] nanostructured Ag,[96] polycrystalline Au,[108] and
oxide-derived Au.[119] To explain the potential-dependent Tafel slope, | first explore the in-
trinsic kinetics of the CO pathway. That means that | neglect for the moment the competitive
reactions, mass transport, and surface charging effects. In this case, the analytical expression

for 8coon,, Can be obtained as,

kicco,
0 = . 3.31
COOHz leco2 + k4 Con— + ko ( )
Then,
1 1 1 1 1 -
1y n Com- (3.32)

TOF  kfcoom, ko kicco, Kika cco,

Figure 3.13(a) displays the RDTs as a function of potential. When Ey > —0.4 V, A= s

Kika cco,

the RDT, and b = (fng = 39 mV/dec, as shown in Figure 3.13(b). When Ey < —0.4V,

fee Is the RDT, and b = 228 = 118 mV/dec. A more general analysis of the Tafel slope of
2

multi-electron reactions can be found in ref. [48].
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Figure 3.13: (a) Rate determining terms and (b) intrinsic activity-potential relation of the CO2RR to CO.

The LRE is not considered in the calculations, namely, ¢rp = 0, cfP = cPuk,

Starting from the intrinsic Tafel slopes shown in Figure 3.13(b), | add complexity to the analysis
by considering the impact of the LRE. When —1.25 V < Ey < —0.4 V, both jco, and negative
Ofree iNCrease with increasing overpotential, as shown in Figure 3.11(a) and (d), leading to
b > 118 mV/dec. When Ey > —0.4V, joo, is very small and 6ucoo,,, 0,4, and 6o remain almost
constant, Figure 3.11(a) and (e), indicating that the competitive reactions and mass transport
effects are unimportant in this potential range. Instead, the primary factor controlling the Tafel
slope is the surface charging relation, which decreases the driving force and 55 . Thus, the
Tafel slope increases from 39 mV/dec to 51 mV/dec (close to 59 mV/dec). It should be noted
that 39 mV/dec and 59 mV/dec refer to different rate-determining steps in the Tafel analysis.
Consequently, it is necessary to consider the LRE when deciphering the reaction mechanisms

with Tafel analysis.

3.4 Tuning the local reaction environment

In this section, | demonstrate how the local reaction environment can be tuned by varying the

bicarbonate concentration, the type of electrolyte cations, and the CO, pressure.
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3.4.1 Role of bicarbonate

The bicarbonate (HCO3) is involved in the homogeneous reactions. Therefore, the LRE can
be tuned by varying the concentration of HCOy', ¢;co. - As the solution pH changes with ¢;0o-,

the influence of ¢,co- is different on SHE and RHE scales.

Let us change ¢, from 0.05 M to 0.5 M at fixed ionic strength and K* concentration by
adding KCIO,. For this case, the pH shifts from 6.5 to 7.5. If the electrode potential is ref-
erenced to the SHE scale, jco should be independent of ¢co when the mass transport
effects are insignificant because HCO3 is not involved in the reaction mechanism (Steps 1-
6). If the electrode potential is referenced to the RHE scale, the driving force, defined as
—(Em, sre — Ejaug), Will increase by an amount of RT In10/F = 59 mV (neglecting the surface

charging effect for the moment, namely, ¢gp = 0).
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Figure 3.14: Bicarbonate concentration dependence of the CO partial current density at (a) -1.1 V, -1.2
V, -1.3 Vvs. SHE, (b) at -0.7 V, -0.8 V, -0.9 V vs. RHE, and (c) at -1.5 V and -1.6 V
vs. SHE. (d) Concentration distributions of CO, in solutions with 0.05 M, 0.1 M and 0.5 M
bicarbonate at -1.6 V vs. SHE.
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As discussed in the previous section, ﬁ ‘jé';’ is the RDT for Ey > —0.4 V, the dependence of
2

Jco on bicarbonate concentration, denoted as bHco;s is 0.5; ﬁ is the RDT for Eyy < —0.4V,
2

resulting also in bco, = 0.5.

| calculate bHco; at-1.1V,-1.2V, and -1.3 V vs SHE, all being 0, as shown in Figure 3.14(a).
When the RHE scale is used, bHco; ~ 0.4 is obtained, regardless of the overpotential, as
shown in Figure 3.14(b). bco, is smaller than 0.5 because oiee becomes more negative with

Cheo; due to the pH increase, and the mass transport effects grow with increasing jco.

In experimental studies, both bHCO; = 0.58[96, 108] and bHCO; = 0.45[120] have been re-
ported, leading to different conclusions on the role of bicarbonate. Here, | clarify that the
different experimental values of by, are caused by the use of different potential scales. It
should also be noted that bco; ~ 1 was observed on oxide-derived Au nanoparticles,[119]
and polycrystalline Au.[108] This abnormal value of bHco; ~ 1 is related to the unusual exper-
imental conditions. In ref. [119], b0 is determined at potentials with severe mass transport
limitations. In addition, phosphate, which has been shown to inhibit the reaction,[120] was used

as a buffer to maintain the ionic strength in ref. [108].

However, the higher ¢,c can increase jco on the SHE scale when the mass transport effects
are significant, as shown in Figure 3.14(c). This enhancement can be attributed to the buffering
capacity of bicarbonate, which can maintain the local pH (Figure 3.15), and consequently in-
crease the local CO, concentration by inhibiting the homogeneous reaction, as shown in Figure

3.14(d).

65| . .
10 10 102 10° 102
Distance from OHP / um

Figure 3.15: pH distribution in 0.05 M, 0.1 M and 0.5 M bicarbonate solutions at -1.6 V vs SHE.



3.4 Tuning the local reaction environment 57

In conclusion, Cheo; affects the LRE by changing the pH and buffering capacity of the solution.
On the SHE scale, jco is independent of Ceo; when mass transport effects are insignificant
since HCO; is not the direct reactant, while it increases with ¢, when mass transport effects
are significant because of the buffering capacity of HCO3. On the RHE scale, bHco; ~ 05is

obtained due to the pH shift.

3.4.2 Cation effects

The LRE can also be tuned by using different electrolyte cations. For nonspecifically ad-
sorbing cations, they are characterized by the effective size, the diffusion coefficient, and
the charge number. In this section, | considered three cations, K*, Na™, and Li*, with
dg+ < dyg+ < dy+, considering their solvation shells.[117] The electrolyte solutions are 0.1M
KHCO3/NaHCO3/LIHCO5;. As shown in Figure 3.16(a), the intensity of the steric effect of
cations, d?N,c;, follows the order of Kt < Na™ < Li*, consistent with the order of solvated
ion size. A larger steric effect would lead to a decreased cggz, as shown in Figure 3.16(b).
Consequently, jco follows the order of Kt > Nat > Li™, Figure 3.16(c), which is in line with

experimental observations.[54]
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Figure 3.16: (a) Intensity of the steric effect of cations, (b) CO2 concentrations at RP, and (c) CO partial
current densities in 0.1 M KHCO3/NaHCO3/LiHCOj3 solutions.

The pH at the RP follows the order K™ > Na™ > Li*, as shown in Figure 3.17, which is consistent
with results in ref. [27]. The cation size effect on jucoon is similar to that on jco, as the two

pathways share the same reactant CO, (Figure 3.18). However, jy, is not sensitive to the
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cation sizes of K*, Na*, and Li* as the proton precursor is H,O and the backward reaction

of Step 5 can be neglected (k,5cg}':, < ks). The results in Figure 3.18 are in agreement with

experimental results.[54]

E vs. RHE (V)
Figure 3.17: pH at the RP in 0.1 M KHCO3/NaHCO3/LiHCO3 solutions.

It should be noted that cation effects are multifaceted in electrocatalysis, including for instance
hydrolysis,[54] promoter,[53], and electric field effects.[77, 111] The analysis in this work em-
phasizes the steric effect. The same cation overcrowding effect has recently also been applied

to explain the cation effect on the oxygen evolution reaction.[68]
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Figure 3.18: HCOOH and H. partial current densities in 0.1 M KHCO3/NaHCO3/LiHCOg3 solutions.
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3.4.3 Effects of CO, pressure

CO, is involved not only in the electrochemical reactions (Steps 1-4), but also in the homo-
geneous reaction. Therefore, varying the pressure of CO, will affect the LRE in two ways:
changing the local CO, concentration and pH, and modifying adsorbate coverages on the cat-
alyst surface. Herein, the dependence of jco on CO, pressure is investigated (defined as bgo,)
in 0.1 M KHCOj; solution. For convenience, the SHE scale is used considering the shift of bulk

pH with CO, pressure.
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Figure 3.19: CO, partial pressure dependence of joco at-1.2'V,-1.4V, -1.6 V vs. SHE.

As shown in Figure 3.19, it has been finded that bco, increases sequentially with overpotential,
being <1 at —1.2 and —1.4 V and >1 at —1.6 V. The variation of bso, with potential is caused
by the influence of LRE. At low overpotentials, 8y, is negligible, while the increase of CO,
concentration promotes the adsorption of HCOO,q. Thus, the increase of Oycoo,, inhibits the
CO pathway through site blocking effects and lateral interactions, leading to bco, < 1. At high
overpotentials, 6y, is not negligible, and the increase of 6ucoo,, can inhibit the adsorption of

Hag, Which has a stronger repulsion effect on COOH,gq, leading to bco, > 1.
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Figure 3.20: CO, partial pressure dependence of jco at-1.2 V vs. RHE.

The simulated bgo, shows good agreement with the experimental data at —1.2 V (RHE),[107]
as shown in Figure 3.20. However, bgo, at a specific overpotential is usually used as a mech-
anistic probe for the CO,RR. Values of bco, ~ 0.5[96] and bco, ~ 1[108, 121] have been
reported in the literature, leading to different reaction mechanisms. Here, | caution not to use
the observed bco, as a probe of the reaction mechanism and not to use bco, = 1 to determine

the reaction rate in kinetic modeling.

3.5 Conclusions

In this chapter, | applied the hierarchical framework to elucidate the influence of the local reac-
tion environment on CO; reduction at an Ag electrode. Several important insights are gleaned

from the model.

Firstly, the model explains the bell-shaped CO partial current density caused by the transition
between rate-determining terms. The intrinsic kinetics is dominant at low and medium overpo-
tentials, resulting in the increase of activity. Based on the assessment of the CO, concentration
at the reaction plane, the anomalous decrease of the CO partial current density at high over-

potentials is unlikely to be attributable solely to the decrease of CO, concentration. However,
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a consistent explanation of the trend can be given if lateral interactions between HCOO,q4,
COOH,q, and H,q4 are accounted for in the model. This, of course, does not exclude other ex-
planations of the experimental trends so far not accounted for in the model. In addition, it has
been shown that the experimentally observed Tafel slope of 59 mV/dec at low overpotentials
is a combined result of the intrinsic slope of 39 mV/dec and the surface charge effects, while
the Tafel slope of > 118 mV/dec at medium overpotentials is a combined result of the intrinsic

slope 118 mV/dec, the surface charge effects, and the mass transport effects.

The local reaction environment was tuned by varying the bicarbonate concentration, the type
of electrolyte cation, and the CO, pressure. | show that the bicarbonate is neither the direct
reaction partner nor the main source of CO,, but it can increase the local CO, concentration
when the mass transport effects are significant by maintaining the local pH and inhibiting the
homogeneous reaction of CO, to HCO; . The steric effect of cations is shown to increase with
the solvated size of cations, resulting in the activity in the order of K* > Na™ > Li*. Besides,
the dependence of activity on the pressure of CO, was shown to change with overpotential.
These results together stress the importance of the local reaction environment in understanding

electrocatalytic reactions.
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4 pH effects in a model electrocatalytic

reaction disentangled

In this chapter, | apply the hierarchical framework to study pH effects in electrocatalytic reac-
tions. Varying the solution pH not only changes reactant concentrations in bulk solution, but
also the local reaction environment that is shaped together by macroscopic mass transport and
microscopic electric double layer effects. Understanding the ubiquitous pH effects in electro-
catalysis requires disentangling these interwoven factors, which is a difficult, if not impossible,

task without modelling.

Herein, | demonstrate how the hierarchical model can help understand pH effects of formic acid
oxidation reaction, which is an important model reaction in electrochemistry. In terms of the
relation between the peak activity and the solution pH, intrinsic pH effects without considering
changes in the LRE would lead to a bell shape peaked at pH = 6. Adding only macroscopic
mass transport, | can already reproduce qualitatively the experimentally observed trapezoidal
shape with a plateau between pH 5 and 10 in perchlorate and sulfate solutions. A quanti-
tative agreement with experimental data requires the consideration of EDL effects to go be-
yond Frumkin correlations. Specifically, the peculiar nonmonotonic surface charging relation
affects the free energies of adsorbed intermediates. The pH effects of FAOR in phosphate and
chloride-containing solutions are further discussed, for which the anion adsorption becomes
important. This work underpins the importance of the complex interplay of multiple factors for

the interpretation of pH effects in electrocatalysis.

The chapter is based on the published research article:
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» Zhu, X.; Huang, J.; Eikerling, M. pH Effects in a Model Electrocatalytic Reaction Disen-
tangled. JACS Au 2023, 3(4), 1052—-1064.

4.1 Introduction

A quintessential aspect of electrocatalysis is that the activity of a particular reaction can vary
over several orders of magnitude if different electrode materials or atomic surface configura-
tions are used.[1, 15] In the past decades, remarkable progress in understanding the role of the
electrode material has paved the way towards rational designs of electrocatalysts.[1, 15, 17,
122—-125] The other medium involved in electrocatalysis, viz. the electrolyte, is however much
less understood. Controversy exists over how the type and concentration of cations modulate
the reaction activity,[27, 53, 68] and why variations in solution pH cause activity differences of

several orders of magnitude for specific reactions.[50, 62, 126—129]

Various explanations of pH effects in electrocatalytic reactions have been given, includ-
ing shifts of bulk proton concentration and electrode potential on the SHE scale,[129, 130]
changes in proton donor or oxidant,[50, 131, 132] and modulations on possible solution-phase
reactions.[133—135] In addition to these overall properties, local properties in the EDL, includ-

ing local potential, concentration and electric field, can also change with the solution pH.

Recent years have witnessed growing attention to the LRE effects. For instance, macroscopic
mass transport induces departure of the local pH from the bulk pH during the FAOR.[136,
137] Additionally, the local reactant concentration, which is lower than the bulk concentration
due to the macroscopic mass transport, is a key factor to understand the pH effects on the
HER/HOR[50, 138] and the CO,RR.[97, 139] It has also been demonstrated that the electric
field in the EDL impacts the free energies of intermediates in the ORR[140, 141] and the CO
electrochemical reduction.[53, 113] Lastly, the role of the reorganization of interfacial water
affected by the electric field is highlighted in the HER.[13, 142] These studies have shown that
the apparent pH effects are the consequence of multiple interacting factors. Any endeavor
towards a comprehensive understanding should be aware of their interplay and find a proper

way to disentangle them, which is highly nontrivial even for simple model reactions, such as
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HER and FAOR.[13, 143] Theory and modeling are indispensable to this end.[1, 15, 126]

In this chapter, | aim to disentangle the aforementioned multiple factors that affect the pH ef-
fects in FAOR. Marked pH effects have been reported by several independent groups for this
model system, but the explanations given have remained controversial. The controversy on re-
producible experimental phenomena in the simplest model system just indicates the complexity
arising from multiple interacting factors, as well as the lack of a reliable approach to handle the
complexity. | carefully analyze experimental data using a set of models that gradually climb the
ladder of complexity, in order to avoid overfitting of experimental data. The incremental anal-
ysis underlines the importance of considering LRE in understanding experimental pH effects.
Additionally, it is revealed that a quantitative analysis of experiments requires taking into ac-
count EDL effects that go beyond the Frumkin corrections but were not considered in previous

studies.

4.2 Model development

The oxidation of formic acid for a system consisting of a Pt(111) RDE in 0.5 M perchlorate
solutions under ambient conditions (25 °C, 101.3 kPa) is modelled. The pH range from 0 to 12

is considered.

4.2.1 Microkinetics

The reaction mechanism used in this model involves three adsorbates, HCOO,, HCOO,,, and

OH,q,[67]
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HCOOH + 2* = HCOO,, + H* + &= (Step 1)

HCOO" + 2* = HCOO, + & (Step 2)

HCOOH + * = HCOO,, + H* + &= (Step 3)

HCOO + * = HCOO,, + € (Step 4)
HCOO, — COy + H* + & +* (Step 5)
HoO +* = OHy + H* + & (Step 6)
OH +*=0Hy + € (Step 7)

Bridge-bonded formate HCOO, was detected on Pt electrodes by surface-enhanced IR ab-
sorption spectroscopy.[144] However, HCOOy, is unlikely to be the main active intermediate
because density functional theory (DFT) calculations have shown that its oxidation barrier is
too high (=~ 1.1 eV).[145, 146] In situ IR studies have shown that HCOOQ, is a site-blocking
spectator.[147, 148] Therefore, the oxidation step of HCOO, should be negligible. It has
then been speculated that there must be other active intermediates, which, due to their short
lifetime and/or low coverage, were not detected in spectroscopic measurements.[148] DFT
calculations have proposed two candidates, COOH,4[149] and C—H down monodentate for-
mate HCOO,,.[150, 151] Following studies on the pH effects of FAOR,[57, 135, 152, 153]
the HCOO,, as the main active intermediate is considered. Herein, there is negligible ad-
sorbed CO,4 because CO,q is considered to be absent on defect-free Pt(111).[154] In addition,
cyclic voltammetry data in the negative scan during which CO,q4 is oxidized are used for the
analysis.[57, 155, 156] In addition to the main reactions, this model also considers water oxi-

dation at high potentials that forms site-blocking OHgq.

For the case of phosphate solutions, the FAOR is inhibited when pH > 4.[57, 157] This is the

pH range in which HPO2~ appears. Therefore, the adsorption of HPO?~ is considered,

HPO;™ + x = HPO, ., + e~ (Step 8)

For the case of chloride-containing solutions, anion adsorption is accounted for via
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Cm+x=Cl,g+e” (Step9)
Based on the postulated reaction mechanism, rate equations for the changes of adsorbate

coverages, which are zero at steady state, can be formulated

%:flJr@ 1)
% . (4.2)
% =re+ry, (4.3)
% o (4.4)
% o, (4.5)

where 8hcoo,s OHCoOms BoH,gs eHPo; g and 0¢,,, are coverages, and r; is the reaction rate of step
L a

i. For the latter, there are the following relations,

n= kchRgOOHBS - k,leHcoobcEf , (4.6)
r = kaCicoo-05 — k-26ncoo, (4.7)
rs = ksGicoonfo — k-36Hcoom G- (4.8)
ry = k4CEEoo— 8o — k_40ncoom: (4.9)
rs = ksBncoon (4.10)

r6 = ksBo — k_600H,Cht (4.11)

rr = krchfi-00 — k_700m,4, (4.12)

fo = kacfEz B — k-oBhpo_. (4.13)

gy = kgcgl'iGO - k7960|ad, (414)
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where 8y = Omax — 26hcoo, — OHcoon — OoHay — GHPO;M — B¢, is the coverage of vacancy (free
sites), with 8,,.x = 0.6 being the maximum 26yc00,.[158] c,-RP are concentrations at the reaction

plane that need to be determined from the local reaction environment model.

It should be noted that the same 0,,,« for all adsorbates is used, while the 8., for OHag in
ref. [159] is about 0.3. Therefore, the sensitivity of 653* in the j — Ey curve at pH values of 3,
7, and 11 is examined, corresponding to acidic, neutral, and alkaline conditions, respectively.
The results in Figure 4.1 show that the j — Ey curve is not sensitive to 633 at acidic pH,
while the decrease in 683 weakens the site-blocking effect of OH,q4 at neutral/alkaline pH and
high potentials. However, the trend of the j — Ey curve remains the same. Therefore, the

simplification of using the same 6,,.x for HCOO, and OH,4 is reasonable for the case in this

work.
100
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[ HOH = 0.6 S
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Figure 4.1: Sensitivity of 5% in the j — Em curve at pH = 3, pH = 7 and pH = 11, corresponding to acidic,
neutral and alkaline conditions, respectively.

The variations in the Gibbs free energies of HCOO,, HCOO,,, OH,q4, and HPO, 4 due to lateral

interactions between adsorbates are considered,
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AGhcoo, = &Hcoo,-HC00,HC00, (4.15)
AGHco0, = &Hco0,—HC00,0HCO0, + €0Hyy~HC00m oM,y 1 Enpo;,—HC00,OHPO; ! (4.16)
AGoH,; = £0H,q—0H,qO0H,4» (4.17)
AGypo,, = &nro;,,-Hpo,,,Opo; (4.18)

with £x_y the lateral interaction parameters. The variations in the reaction Gibbs free energies

of steps are given by,

AAG; = AAG, = AGycoo,., (4.19)
AAGy = AAGy = —~AAGs = AGucoo.., (4.20)
AAGs = AAG; = AGop,, (4.21)
AAGs = AGypo_, (4.22)

OHco0y, OHCOOMs BoH.ys 9HPO;ad’ and 0¢,,, are obtained by solving the rate equations. The partial

current densities are given by,

JHcooH = —2eprs, (4.23)
JHcoo- = —2epry, (4.24)
Jn = —(jncoon + jcoo-/2), (4.25)
Jotal = 2eprs, (4.26)

(4.27)

with p the number density of active sites at Pt(111) and ep = 2.41 C m~2 in this model.[74]



70 4 pH effects in a model electrocatalytic reaction disentangled

4.2.2 Local reaction environment

The model system is shown in Figure 4.2. | consider an adlayer between the electrode and the
electrolyte, in which the intermediates are adsorbed and the potential distribution across the
adlayer is assumed to be linear. The reaction plane (RP) is located at the outer surface of the
adlayer (x=0), which is also the position of closest ion. Outside the RP resides the diffusion

layer, whose thickness is determined as,[160]

8p = 1.62D}/3 o vMouw 12, (4.28)

where Dycoo- is the diffusion coefficient of HCOO ™, v is the kinematic viscosity of the solution
phase, and w is the rotation speed of the RDE. Dycoo- is used to calculate the diffusion layer

thickness since HCOO™ is the main reactant.

Orp = 0.3 nm 8p = 18 pm

x=0 x

Figure 4.2: Schematic illustration of the model system. Two zones at the electrode-electrolyte surface
are distinguished: the adlayer and the boundary layer in the electrolyte. The reaction plane
is located at the boundary between them, where the fluxes are indicated. The solid red line
is a schematic potential profile for the case of negative surface charge, with Ey denoting the
applied metal potential and ¢p,c the potential of zero charge. pchem is the dipole moment
associated with chemisorbed HCOO, and OH.q4. The driving force for interface reactions is
defined as the difference between the applied potential Ey and the potential at the reaction
plane ¢rp. dgp and dpare the thicknesses of the adlayer and diffusion layer, respectively.



4.2 Model development 71

The multicomponent mass transport including HCOOH, HCOO—, OH~—, CIO,, H*, Na*, H3POy,,
H,PO,, HPO?~, and PO;~ are described by the modified PNP theory, namely, eq. (3.22). The

simplified version takes into account steric effects but neglects water polarization.

Two homogeneous reactions, formic acid dissociation and water dissociation, are considered

to occur in the perchlorate electrolyte,
HCOOH = H* + HCOO~ (pK, =3.75) (Step R1)

H,O = OH™ + HY  (pK, = 14) (Step R2)
When the FAOR in phosphate solution is explored, in addition to Steps R1 and R2, the following

buffer reactions are considered,
H3PO, = H,PO; + HT  (pK, =2.16)  (Step R3)
H,PO,; = HPO;™ + Ht (pK, =7.21) (Step R4)

HPOZ™ = PO} + Ht (pK, =12.32) (Step R5)

4.2.3 Model parameterization

All the parameters included in the microkinetic model are listed in Tables 4.1 and 4.2.

According to the thermodynamic equilibrium, one finds

AGlcoo +AGH: — AGEICOOH_

Ef = E% + (4.29)
e
According to the dissociation equilibrium of formic acid, Step R1,
AGHcoon = AGicoo- + AGY: + kgT In107P%. (4.30)

Combining egs. (4.29) and (4.30), the relations between the standard equilibrium potentials of
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Steps 1 and 2 can be determined,

Ef"=E"+022V. (4.31)
Following the same logic,
E3"=E;"+022V, (4.32)
E'=—E3"—0.07V, (4.33)
Eg' = E3"+0.83V. (4.34)

The HCOO, adsorption is very fast and in equilibrium, as shown in the voltammograms.[161]
Therefore, the activation barriers of HCOO,, adsorption steps should be very low.G;} = GJ% =
0.3 eV are used, close to the DFT calculations.[146] E;* = 0.4 V is taken from DFT results,[145,
146] which is consistent with the peak position of HCOO, adsorption.[161] E5" = 0.18 V is
calculated based on Eq. (4.31). 8; = B, = 0.5 is taken from the DFT study.[146]

Using transient calorimetry, AGlcoo, — AGﬂcoob = 0.3 eV is obtained.[162] Therefore,

E$*=E}"+03=07V, (4.35)
Ef = E5"—0.22=0.48V, (4.36)
Ef = —E$%—0.07=—-0.77 V. (4.37)

The oxidation of HCOO,, is much faster than its adsorption due to its negligible coverage,
implying that the adsorption Steps 3 and 4 are rate-determining steps. Therefore, B3 = B4 is
set to be 0.4, corresponding to the value estimated from the Tafel slope (150 mV/dec).[163]
G;% and GY, are fitted in the experimentally determined range of apparent activation barriers
(0.4 — 0.6 eV).[164] G;% and Bs are not sensitive parameters. Bs is set to the usual value of
0.5, and G;% is given as 0.6 eV (the activation barrier is low in the potential range of interest

since E¢" is very negative).

For OH.4 adsorption, the DFT-calculated parameters are adopted.[74, 165] For HPO?~ and
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Cl~ adsorption, G;% = G;4 = 0.3 eV are used, implying the strong adsorption of these two

anions. Eg" and Eg* correspond to the potentials at which specific adsorption occurs.[166, 167]

Bs = Bo = 0.5 are usual values.

Table 4.1: Reaction parameters used in the model, including the activation energies, G:‘f the standard

equilibrium potentials, E?q, and the transfer coefficients, g;, of step /

Step i E (V SHE) G2 (eV) Bi

1 0.3 04 0.5
2 0.3 0.18 0.5
3 0.56 0.7 0.4
4 0.44 0.48 0.4
5 0.6 -0.77 0.5
6 0.26 0.78 0.5
7 0.26 -0.05 0.5
8 0.3 0.06 0.5
9 0.3 -0.04 0.5

For the lateral interaction parameters, &ncoo,—Hcoo, Was calculated to be 0.2 eV,[158]

&0H,,—0H,, IS Set to be 0.15 eV,[7] &ncoo,—Hcoo,, and &on,,—Hcoo,, are fitted parameters.

Table 4.2: Lateral interaction parameters (eV)

€HCO0,—HCOOm
€HC00,—HCOO0,
€OH,4—HCOOm

§OH,4—OHaq

0.2

0.2

0.15

0.15

€nPo;,,~HCOO,, 0.15
€npo;,—HPO, , 0.3

€cl,4—HCOO,, 0.15
&Cly—Clg 0.25

The forward rate constants of the homogeneous reactions are listed in Table 4.3.[11, 168, 169]
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The reverse rate constants can be calculated as,

k_gri = /(R,'].OPKa .

(4.38)

Table 4.3: Forward rate constants of homogeneous reactions

Reaction

R2 R3

R5

Kri

24x107° 1x10°

1 x 108 1 x 108

The parameters used to describe the mass transport, including diffusion coefficients D,, effec-

tive solvated diameter d,,, kinematic viscosity of solution v, and the rotation speed of the RDE

w are listed in Table 4.4. [57, 117, 136, 137, 170, 171]

Table 4.4: Parameters for the mass transport

Category Item Value

Dq, (m?/s) HCOOH 1.41 x 107°
HCOO~ 1.454 x 107°
OH~ 5.27 x 107°
Ht 9.311 x 107°
Na* 1.334 x 107°
Clo; 1.029 x 107°
H;PO, 9.59 x 10710
H,PO, 8.5 x 10710
HPO;~ 6.9 x 10710
PO}~ 6.1 x 10710

d, (M) Na* 0.716 x 107°

v (m?/s) Kinematic viscosity of water 1.1 x 107

w (rpm) Rotation speed of the RDE 1000
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The parameters of the EDL are listed in Table 4.5. The net charge numbers of adsorbates are
fitted parameters with experiments. The permittivity of the adlayer is taken as 2.3¢q, which is
usually in the range of 2 — 10¢7.[50] The thickness of the adlayer is assumed to be 0.3 nm,
which is the Pt-C distance of HCOOy,.[149] ¢y, is measured to be 0.3 V versus SHE.[172]

Other parameters are constants.

Table 4.5: Parameters for the electric double layer

Category Item Value
Net charge number per adsorbate  ghcoo, 0.03

SOHaq 0.04

SHPO, 0.06

SClag 0.02
Permittivity of the vacuum €0 8.85 x 10712
Permittivity of the solution €s 78.5¢p
Permittivity of the adlayer €RP 2.3¢g
Thickness of the adlayer Orp 0.3 nm
Potential of zero charge Pozc 0.3V (SHE)

4.3 Results

In this work, | mainly focus on the relation between the peak current density and the pH value,
namely, the j, — pH relation, which is the most discussed relation in studies of the pH effects
in FAOR.[57, 135] The analysis begins with exclusive consideration of the microkinetics. The
mass transport effects and surface charging effects are then added in sequential steps. This

approach allows disentangling different factors controlling the overall pH effects.
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4.3.1 Intrinsic microkinetics

The intrinsic microkinetics is defined as reaction kinetics without accounting for effects of the
local reaction environment, which means that ¢, = cypuk, ¢re = 0, and oyee = 0 are con-
sidered. | start with simulating the polarization curves, namely, the j — Ey curves, at different
pHs using the parameters in Tables 4.1 and 4.2. Figure 4.3 compares the simulations and ex-
periments, with experimental data taken from ref. [164]. The model captures main features of

experimental data, namely, the j — Ey curve presents as a bell shape and the activity increases

with pH.
Simulations Experiments
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Figure 4.3: Comparison of simulated and experimental j — Ey curves at pH = 0.11 (1 M HCIOy4), pH =
1 (0.1 M HCIOy), and pH = 1.94 (0.01 M HCIO4 + 0.09 M NaClO4). The concentration of
formic acid is 0.1 M.

However, there are quantitative differences between simulations and experiments. There could
be two reasons. On the one hand, the LRE is not considered here, on the other hand, there are

also noticeable discrepancies between experiments,[164, 173, 174] as shown in Figure 4.4.
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Figure 4.4: Comparison of experimental j — Ey curves at Pt(111) from different literature.

Recently, Herrero et al. reported that the reaction order for formate is 1.[153] To further validate

the purported microkinetic model, | calculate the reaction order with respect to formate con-

centration in solutions with pH 1.2, 2.4 and 3.9 at 0.13 V versus SHE and for concentrations of

formic acid between 0.01 and 2 M. The results in Figure 4.5 confirm that the reaction order is

nearly 1.
10°
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Figure 4.5: Simulated current densities at 0.13 V vs SHE as a function of the formate concentration
in solutions with pH 1.2, 2.4 and 3.9. The total concentration of formic acid considered is
between 0.01 and 2 M. The different symbols refer to the total formic acid concentrations.

The model is then extended to a wide pH range. Figure 4.6(a) shows the simulated j — Ey
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curves at pH from 0 to 12. The j, — pH relation, obtained from Figure 4.6(a), is shown in Figure
4.6(b). The j, — pH relation is shown to present as a bell shape, with the peak located at pH
= 6, not the pK, of formic acid as previously thought.[135, 136] In addition, the peak current

density remains almost constant between pH 5 and 7, with a difference below 5%.
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Figure 4.6: (a) Simulated j — En curves in pH range from 0 to 12. (b) Simulated j, — pH relations for
Eg? = 0.78 V (used in this work) and E¢? = 0.6 V. (c) Coverages of free sites, HCOO,
and OH,q at peak potentials. (d) Bulk concentration of HCOO™ at different pHs. (e) Peak
potentials on the SHE scale, Ep, sHE.

It is noticed that in the work of Joo et al.[135] and Zhang et al.,[136] Eg’ = 0.6 V (SHE) is used
to obtain the bell-shaped j, — pH relation with the peak near the pKj, of formic acid. However,

0.6 V is much lower than the common equilibrium potential of OH.y adsorption at Pt(111),
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which is about 0.8 V,[74, 165] resulting in an overestimation of the site-blocking effect of OH_,g.

The comparison of 8o, for Eg* = 0.78 V and Eg* = 0.6 V is provided in Figure 4.7.

To understand the physical origins behind the bell-shaped j, —pH relation, an analytical solution
of the peak potential E, is given, which is defined as the potential where the peak current
density lies at a specific pH. However, since there are three adsorbates, HCOO,, HCOO,,
and OH,q, and HCOO, occupies two sites, the system is highly nonlinear and it cannot be
solved analytically. Instead of solving E, directly, | solve 8ncoo, and Oon,, at E,, which is very
helpful for the analysis of the j, — pH relation. The lateral interactions between adsorbates are
neglected for the moment to obtain the analytical solution. The validity of this assumption will

be discussed later.
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Figure 4.7: fon,, at peak potentials for E¢" = 0.78 V and Eg’ = 0.6 V.

Considering that HCOO~ is the main reactant and the adsorption of HCOO,, is the rate-

determining step, the turnover frequency (TOF) can be written as

TOF = ry = k4CHCOO_ (Gmax — 26HCOOb — GOHad)- (439)

The adsorption isotherms of HCOO, and OH 4 are

(Bmax — 26hcoo, — Bomy)? _ 1 _, (4.40)
Bhcoo, K>[HCOO™]
Omax — 26Hco0, — OoHay 1 (4.41)

OoH,, ~ K;[OHT]
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with K; = ki/k_; = exp (@%(EM — Efq)) being the equilibrium constant of Step .

At the peak potential, %T—,?; = 0. Differentiating eq.(4.39) with respect to Ey yields

00ucoo, . Ofom,y  BaF
22—+ —— 3 = ——(Opax — 20 — 0 . 4.42
3E,, + oE,, RT (Oma HCoo, — B0H,g) (4.42)

Differentiating egs. (4.40) and (4.41) with respect to Ey, one finds

aeHCOOb 690H d emax 29HCOOb 90H d 69HCOOb L 4.4
2 a a = —(6 — 26 0 , 43
’ + ’ + GHC ) 3 RT( max HCOO, OHad) ( )

4

aeHCOOb 0001 d Omax — 29HCOOb — Bon d 000K " F
- 2 O (Bmax — 20HC00, — OoHy)- (444
OEy 0Ew + fon., 9Ey RT( ma HCoo, — OoH,)-  (4.44)

B, =02

0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Figure 4.8: Sensitivity of B4 in the j — Ey curve at pH = 1. To assess the sensitivity, the value of B4 is
varied while keeping all other parameters constant, and then simulating the j — Eyn curves.
The j — En curve is bell-shaped only when B4 < 0.5, as predicted in Eq. (4.46). In addition,
the peak potential of the bell-shaped j — Ej curve shifts toward a more negative potential as
B4 decreases.

Solving eqgs. (4.42), (4.43), and (4.44) together, | get

1— B

"8,

1
Bhcoo, + EGOHM = Omax, (4.45)

where 6 = 0.6 and B4 = 0.4. In the case where OH,4 adsorption can be neglected, for
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example at acidic pH,[161] one can obtain

1 B

Bhcoo, = 51—7&9"@( =0.2. (4.46)

The peak potential only exists when 8, < 0.5 since 6ucoo, < %Gmax (HCOOy, occupies two

sites). The sensitivity of B, in the j — Ey curve at pH = 1 is shown in Figure 4.8.

In the case where HCOO,, adsorption can be neglected,

O0oH,y = BaBmax = 0.24. (4.47)

The peak potential always exists in this case. Numerical calculations considering the lateral

interactions do not alter the above conclusion, as shown in Figure 4.9.
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Figure 4.9: (a) Simulated j — En curves with and without considering lateral interactions at pH = 2. The
peak potentials are indicated by dots. (b) Simulated coverages of HCOO} with and without
considering lateral interactions. In both cases, 6xcoo, = %%%ax = 0.2 is valid at the
peak potentials.

The simulated peak potentials lie at Ocoo, = 0.2 when pH < 5, in which case OH,q4 adsorption
is negligible, as shown in Figure 4.6(c). This is consistent with the analytical expression of
Eq. (4.46). Specifically, ¢icoo- shown in Figure 4.6(d) increases approximately 10 times if
pH increases by 1 when pH < 3 due to the dissociation equilibrium of formic acid. Therefore,

the peak potential £, sye must decrease by % In 10 to maintain Oycoo, = 0.2 according to
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eq. (4.40), as shown in Figure 4.6(e). The peak current density will accordingly increase by
exp (ffﬁ% In 10) x 10 = 10%° ~ 4 times since 6, is constant. When 5 < pH < 10, ¢ycoo-
is constant, E, sye decreases, and 6, increases, resulting in a nonmonotonic j, — pH relation.
The adsorption of OH,4 is dominant and the adsorption of HCOQ, is negligible when 11 < pH
< 12. Therefore, E,sye decreases by "BTT In 10 to keep Oon,, = 0.24 according to eq. (4.41),

leading to a decrease of activity.

4.3.2 Mass transport

In this section, the mass transport of species is added into the play, while the effects of surface
charge are not yet considered, i.e., ¢rp = 0 and oyee = 0. Since the FAOR generates protons,
the solution phase in close proximity to the electrode surface should be more acidic than the

solution phase in the bulk.
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Figure 4.10: (a) Comparison of the surface pH and the bulk pH at peak potentials. (b) Adsorption
isotherm of OHq in the pH range of 0 and 12.

Figure 4.10(a) shows the simulated behaviour of the pH at the reaction plane, pHgp, at the
peak potential as a function of the bulk pH. pHgp deviates strongly from the bulk pH for pHyuk >
4. In the range of 5< pHyuk <11, pHgp remains constant at pHgp ~ 4, which is consistent with
previous simulations.[136] Due to the inhibited growth of pHgrp with pHyuk, OHag adsorption is
suppressed, as shown in Figure 4.10(b). For comparison, the isotherm of OH,4 adsorption

without accounting for mass transport effects is provided in Figure 4.11.
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Figure 4.11: Adsorption isotherm of OH,q in the pH range of 0 and 12 without considering the effects of
mass transport.
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Figure 4.12: (a) Comparison of the j, —pH relation considering only intrinsic microkinetics and the j, —pH
relation corrected by mass transport effects. (b) Coverage of free sites at peak potentials.
(c) Comparison of the bulk and the surface concentrations of HCOO™. (d) Comparison of
the intrinsic microkinetics controlled peak potentials and the mass transport corrected peak

potentials.

Under the influence of mass transport effects, the j, — pH relation transforms from a bell shape
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to a trapezoidal shape, with a plateau between pH 5 and 11, as shown in Figure 4.12(a). In this
pH range, OH,4 adsorption is negligible, Figure 4.10(b). Therefore, the peak potential remains
at Oucoo, = 0.2, as shown in Figure 4.12(b). 6, is shown here since 6y = Omax — 26hcoo, =
0.2 = Bucoo, - The isotherm of HCOO, adsorption given in Figure 4.13 is consistent with the
trend in experimental data in refs. [137, 158]. Since ¢ oo~ at the RP is constant in this pH
range, as seen in Figure 4.12(c), Ep she must be fixed to maintain 6ycoo, = 0.2, Figure 4.12(d).

The activity therefore remains constant according to eq. (4.39).

In addition, mass transport exerts two competing effects: decreasing the reactant concentration
Cicoo- at the RP, Figure 4.12(c), and increasing the driving force, Figure 4.12(d), by suppress-
ing OH,4 adsorption. When pH < 9, the effect of decreasing ¢y coo- dominates, leading to a
decrease in activity. When pH > 9, the effect of increasing the driving force dominates, which

promotes the activity.
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Figure 4.13: Adsorption isotherm of HCOOQy, in the pH range of 0 and 12 in the case of considering mass
transport effects.

It has been proposed that the j, — pH relation in phosphate solution is intrinsic because of the
buffering capacity of the electrolyte.[136] | calculate the surface pH and the mass transport cor-
rected j, — pH relation in 0.2 M phosphate solution without considering the specific adsorption

of phosphate anions. The results are shown in Figure 4.14.
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Figure 4.14: (a) Comparison of the surface pH at peak potentials and (b) comparison of the j, — pH re-
lations in phosphate solutions and perchlorate solutions. The specific adsorption of phos-
phate anions is not considered in this case.

Compared with the case in perchlorate solution, the mass transport effects are weakened due
to the buffer reactions (Steps R3-R5). Correspondingly, the activity in phosphate solution is
higher than that in perchlorate solution when pH < 9, contrary to the experimental observation
that the activity in phosphate solution is much lower than that in perchlorate solution.[57, 135,
155, 175] This discrepancy implies that the strong anion adsorption in phosphate solution plays

a more important role than its buffering capacity.
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Figure 4.15: Mass transport-corrected j, — pH relations in 0.5 M perchlorate, 0.2 M phosphate, and 0.5
M perchlorate + 10 mM chloride solutions.

In a further step, | include the specific adsorption of phosphate anions (Step 8) in the mi-
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crokinetics. The result in Figure 4.15 shows that the j, — pH relation in phosphate solution is
bell-shaped with the peak at pH = 6. This trend is consistent with experimental data on Pt(111)
in ref. [157]. However, on polycrystalline Pt, the peak is located at pH = 4.[57, 135] This may
be due to the fact that adsorption of phosphate anions on polycrystalline Pt is different from
that on Pt(111).[166] In addition, Figure 4.15 shows that the site-blocking effect of adsorbed
phosphate is negligible when pH < 4, and becomes significant when pH > 6, in agreement with

the concentration profile of H,PO, versus pH.

Unlike H,PO, , whose concentration is pH-dependent, added CI~ has a pH-independent con-
centration. Therefore, the site-blocking effect of CI~ is significant at any pH. The simulated
Jo — pH relation in perchlorate solution containing 10 mM CI~ captures the experimental trend

in ref. [57].

4.3.3 Surface charging effects

So far, | have explained the physical origin of the experimentally observed trapezoidal-shaped
Jo — PpH relation in perchlorate solution by combining microkinetic modeling with mass transport
effects in the previous section. However, it is noticed that the simulated current density in
the plateau region lies by about a factor of three above experimental data.[57, 150] One may
assume that this is due to the underestimation of mass transport effects. Therefore, | examine

the sensitivity of the diffusion layer thickness.
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Figure 4.16: Sensitivity of the diffusion layer thickness ép in the mass transport corrected j, — pH rela-
tions.

As shown in Figure 4.16, the simulated current density in the flat region is still about two times
higher than the experiments even §p is increased to 30 um, which corresponds to w = 350
rpm, while the experiments are usually conducted in w > 1000 rpm.[57] Analytically, it has
been found that j, increases about 4 times if pH increases by 1 when pH < 3, which means that
Jo = 16 mA/cm? at pH = 3 if j, = 1 mA/cm? at pH = 1, while experiments give j, ~ 3 mA/cm? at
pH = 1.[164, 173] Combined, there should be other factors that affect the j, — pH relation, and

| am about to show that surface charging effects are very likely responsible for this.

The surface charging effects considered in this work contain two aspects, i.e., the Frumkin
effects that the reactant concentration and potential at the reaction plane are controlled not
only by the mass transport effects, but also by the electrode surface charge density, and the
Gibbs free energies of intermediates that depend on it. The Frumkin corrections are firstly

considered. The simulated j, — pH relation is shown in Figure 4.17.
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Figure 4.17: Comparison of the j, — pH relation corrected by only mass transport effects and the j, —pH
relation corrected by Frumkin corrections in perchlorate solution.

Compared with the case that includes mass transport effects only, the inclusion of Frumkin
corrections does not significantly change the trend, but only slightly reduces the activity. This
is because the negative surface charge has two competing impacts (as shown in Figure 4.2):
it increases the driving force and decreases the surface concentration of HCOO", cyco0- (0Op-
posite for positive surface charge). The two competing effects more or less cancel each other

off in this case. This balance is not sensitive to the key parameters of the electric double layer,
erp and dgp, as shown in Figure 4.18.
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Figure 4.18: Simulated j, — pH relations when (a) erp = 6¢g and (b)drp = 0.6 nm. Other parameters
remain unchanged.

Comparison of the j, — pH relations corrected by only mass transport effects and the j, — pH



4.3 Results 89

relations corrected by Frumkin corrections in phosphate and chloride-containing solutions is
shown in Figure 4.19. In both cases, the quantitative agreement between simulations and

experiments does not show significant improvement.
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Figure 4.19: Comparison of the j, — pH relations corrected by only mass transport effects and the j, —
pH relations corrected by Frumkin corrections in (a) phosphate solution and (b) chloride-
containing solution.

Recent theoretical studies have shown that the formation energies of adsorbates depend on
the surface charge. [11, 77] Moreover, it has been proposed that a positive surface charge
is more favorable for formate adsorption. [151, 176] To incorporate surface charge effects
beyond Frumkin corrections, | assume that variations in the Gibbs free energies of adsorption

for HCOO, and HCOOy, are linearly correlated with the surface charge density,

AAGHCOO,,, = Xlafreeh(o'free) + XZUfreeh(_Ufree)x (4.48)

AAGHCOO/_-, = X3Ufreeh(0'free) + X40'freeh(—0free)x (4.49)

where h(omee) = 1 for oyee > 0 and h(owee) = 0 otherwise. The parameters are given as
X1 = X3 = Xa = —3 eV/(C/m?), and x, = —12 eV/(C/m?). Eqs. (4.48) and (4.49) indicate that
a positive surface charge density promotes formate adsorption, whereas a negative surface

charge density suppresses it. This suppression effect is more pronounced for HCOO,.
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Figure 4.20: Surface charging relations at different pHs. The nonmonotonic features are caused by the
chemisorption of HCOOp, and OHgq.

The surface charge becomes more negative with increasing pH (Figure 4.20) for two main
reasons. First, ¢p,; on the RHE scale increases 0.059 with pH increasing by 1 in the absence
of adsorption. Second, the adsorption of OH.q is enhanced at higher pH, and these adsorbed
hydroxide species carry excess electrons, further contributing to the negative surface charge.
Due to the negative shift of the surface charge density, the adsorption of HCOO,, is suppressed

and the activity is reduced correspondingly.

As shown in Figure 4.21, a quantitative agreement with experiments is achieved after taking
into account the surface charging effect on the free energies of intermediates. Experimental
data for polycrystalline Pt are taken from ref. [57], for Pt(111) in perchlorate solution from ref.

[176], and for Pt(111) in sulfate solution from ref. [136].
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Figure 4.21: Comparison of the simulated j, — pH relations and the experimental j, — pH relations in

perchlorate and sulfate solutions. The concentration of formic acid is 0.1 M. The sensitivity
of G is examined to cover the experimental fluctuations.

In addition, the j, —pH relation is sensitive to the activation barrier of the key reaction step, Gj‘i

A range of only 0.02 eV for this parameter can cover the experimental fluctuations. This implies

that kinetic factors must be taken into account in model-based analyses of electrocatalytic
activity.

The polarization curve is also affected by surface charging effects. The surface charging rela-
tion is nonmonotonic in the adsorption region (Figure 4.20) since | have considered the partially
charged adsorbates in this model. Therefore, the increase of negative surface charge induced

by the dipole moment of the adsorbates suppresses the activity by inhibiting the adsorption of
formate (egs. (4.48) and (4.49)).

As shown in Figure 4.22, the simulated j — Ey curve transforms from a bell shape to a camel
shape, with a valley in the adsorption region of HCOO,. This phenomenon is observed in
the experiments of FAOR on a polycrystalline Pt electrode.[155] However, it is not observed in
experiments on a Pt(111) electrode.[150] The reason for this discrepancy might be the over-
simplification of the surface charging effect as accounted for in the Gibbs free energies of

adsorbates. Detailed atomic calculations will be needed to describe this relation more accu-
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Figure 4.22: Comparisons of the experimental, (a) and (c), and the simulated, (b) and (d), j — Em curves
at pH = 3.8, (a) and (b), and pH = 6.3, (c) and (d). The simulated coverages of HCOO,, are

also shown in (b) and (d).

The model is furthermore examined by comparing it with experimental data for formic acid

oxidation in phosphate and chloride-containing solutions. Simulations done with the full model

closely reproduce the experimental data (data for Pt(111) in phosphate solution are taken from

ref. [157] and those for polycrystalline Pt in chloride-containing solution from ref. [57]), as

can be seen in Figure 4.23. The quantitative agreement demonstrates that the full model

reliably captures the interplay of intrinsic kinetics, mass transport and surface charging effects

in different solutions.
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Figure 4.23: Comparison of the simulated j, — pH relations and the experimental j, — pH relations in
(a) 0.2 M phosphate solution and (b) 0.5 M perchlorate + 10 mM chloride solution. The
temperature is 20°C in phosphate solution and 25°C in chloride-containing solution in ex-
periments. The concentration of formic acid is 0.05 M in phosphate solution and 0.1 M in

chloride-containing solution.

4.4 A critical review of existing explanations

There have been several explanations for the pH effects in FAOR. Joo et al. observed a bell-
shaped j, —pH relation on Pt with the peak at pK,. They explained this phenomenon as follows.
When pH < pK,, the concentration of HCOO" increases with pH, then the activity increases
since HCOO' is the main reactant. When pH > pK;, the site-blocking effect of OH,q adsorption
decreases the activity.[135] Brimaud et al. also obtained such a bell-shaped relation on Au.
However, the OH,q adsorption is negligible on Au in the potential range of interest. They then

proposed that the main reactant is not the HCOO", but the [HCOOH-HCOO'] dimer, which has
the highest concentration at pK,.[155]

However, recent experiments have shown that the j, — pH relation in perchlorate/sulfate so-
lutions presents a trapezoidal shape with a plateau between pH 5 and 10.[57, 137] Neither
of the above two mechanisms can explain this phenomenon. Perales-Rondén et al. noticed
that the bell-shaped j, — pH relation in ref. [135] is obtained in phosphate solution. Therefore,
they stressed the site-blocking effect of adsorbed phosphate anions and attributed the plateau

region to the constant concentration of reactant HCOO".[57, 155] In contrast, Zhang et al. pro-
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posed that the j, — pH relation in phosphate solution is intrinsic due to the buffering capacity of
electrolyte, while the site-blocking effect of adsorbed phosphate anions is not important. They
conjectured that the plateau region in non-buffered perchlorate solution might be caused by
the local pH shift.[136] However, because their model did not include the effects of local pH
and reactant concentration on the microkinetics, they were unable to find a consistent physical

explanation of the experimental observation.

In addition, the activity, which is proportional to kscycoo-6o, is not solely determined by the
reactant concentration or the surface pH. There are three factors, the rate constant, the reactant

concentration, and the abundance of free surface sites, that control the activity. Specifically,

e(Em—drp—E;°)

the rate constant, k; oc exp ( T

), wherein the driving force is defined as Ey gue —
0.059pH, .« — ¢re, does not explicitly depend on the surface pH, but the bulk pH of the solution.

In addition, ¢rp, Which is controlled by the surface charge density, changes with pH (Figure

4.24).
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Figure 4.24: Potential at the reaction plane, ¢grp, at different Ey and pHs.

The reactant concentration is not only dictated by the surface pH since the dissociation reaction
of a weak acid does not remain in equilibrium during the reaction process.[169] As shown in
Figure 4.25, the water dissociation deviates from the equilibrium state when pH = 12. The
coverage of free sitesfy = Omax — 20ncoo, — fon,, depends not only on OHy4 adsorption, but

also on HCOO,, adsorption.



4.5 Conclusions 95

100
= cOu-
= 105+
k=]
=
T
=
g
%’ 1010 ¢ con-Che
(8]
10—14—
1015 ‘ . ‘ . ‘
0.3 0.5 0.7 0.9 11
E,, Vs- RHE (V)
Figure 4.25: cfit, cBF_, and 7 cBF_ at pH = 12. qy-con- = 10714 if the water dissociation is in

equilibrium, as indicated by the dashed line.

By combining microkinetic modeling and LRE effects, | resolve the discrepancy on the pH
effects in FAOR: (1) the intrinsic kinetic j, — pH relation exhibits a bell shape with the peak
at a pH close to 6; (2) in perchlorate solution, the surface pH remains constant around 4
between pH 5 and 10 due to the mass transport, which inhibits the adsorption of OH,4 and
hereby leads to constant ¢ co0-, Epshe and 6y, thus resulting in the plateau region; (3) in
phosphate solution, the site-blocking effect of adsorbed phosphate is negligible when pH < 4,
and becomes significant when pH > 6, resulting in a bell-shaped j, —pH relation with the peak at
pH = 6, but this is not the intrinsic kinetic j, — pH relation; in perchlorate solution containing CI,
the site-blocking effect of Cl~ is significant at any pH, resulting in a plateau region between pH
6 and 10; (4) the increasing negative surface charge density with pH suppresses the activity.
The latter three aspects further support the crucial message that proper consideration of the

LRE is important to correctly predict pH effects in electrocatalytic reactions.

4.5 Conclusions

In this chapter, | have applied the hierarchical framework to understand the pH effects in elec-
trocatalytic reactions. Capabilities of this framework have been examined by studying the pH

effects of FAOR. It has been shown that the intrinsic kinetic activity-pH relation of FAOR exhibits
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a bell shape, but the peak locates at pH = 6, rather than at the pK, of formic acid, deviating
from previous wisdom. Mass transport effects, which keep the surface pH close to 4 for 5 <
pH < 10 and thus inhibit OH,4 adsorption, induce the activity-pH relation to transform from a
bell shape to a trapezoidal shape. The bell-shaped activity-pH relation with the peak at pH = 6
in phosphate solution is atrributed to the strong adsorption of phosphate anions. The Frumkin
corrections include two competing factors, i.e., increasing (decreasing) the driving force and
decreasing (increasing) the reactant concentration at the surface. These two factors more or
less cancel each other off in this case, and thus do not markedly affect the activity-pH relations.
By considering the surface charging effects on the free energies of intermediates, a quantita-
tive agreement with the experimental findings has been obtained. Though this work focuses
on the FAOR, the insights obtained in this work are general and readily applicable to other

electrocatalytic reactions.
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5 Summary and outlook

In this thesis, | have constructed a hierarchical framework for deciphering complex electro-
catalytic reactions. This framework encompasses microkinetic modeling, which considers the
thermodynamics and kinetics of elementary steps without relying on the critical assumptions in-
herent in RDS analysis. Concurrently, it dissects the local reaction environment, including local
reactant concentrations, pH, potential and electric field, with taking into consideration the intri-
cate EDL details and mass transport phenomena. | have successfully applied this framework
to unravel various phenomena in critical reactions such as electrochemical CO, reduction, oxy-
gen reduction/evolution reaction, and formic acid oxidation. Based on these applications, vital
insights into electrode kinetics have been proposed, which are general for other electrocatalytic

reactions and are summarized in the following section.
The chapter is based on the published account article:

* Zhu, X.; Huang, J.; Eikerling, M. Hierarchical Modeling of the Local Reaction Environment

in Electrocatalysis. Acc. Chem. Res. 2024, 57, 15, 2080—2092.

5.1 Insights into electrode kinetics

5.1.1 Potential-dependent Tafel slopes

Potential-dependent Tafel slopes are prevalent across many reactions,[23] constituting a topic
of ongoing discussion in electrocatalysis. The conventional view attributes potential-dependent

Tafel slopes to transitions of the RDS. For a sequence of consecutive elementary steps, the
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Tafel slope b is related to the “overall transfer coefficient” «,[42]

ksT 59
b=-2"1n10= "2 mV dec* (5.1)
ex o
at room temperature. Here, o = ns + f,n,, where ny is the number of electrons released before

the RDS, n, is the number of electrons involved in the RDS, and 8, is the transfer coefficient of

the RDS.

With a predefined reaction mechanism, Eq. (5.1) allows identification of the RDS from the Tafel
slope. For example, a Tafel slope of approximately 118 mV/dec is often interpreted as evidence
that the first electron transfer is the RDS, a slope of 59 mV/dec suggests that a second chemical
step following an electrochemical step is the RDS, and a slope of 39 mV/dec indicates that the
second electron transfer step is the RDS. It is important to note that this interpretation assumes
B, = 0.5, which lacks fundamental justification. Moreover, Marcus theory of electron transfer
shows that 8, = % — % with n being the overpotential and X is the solvent reorganization
energy. This expression implies that B, varies with overpotential.[177]

Additionally, this conventional view relies on two key assumptions. Firstly, it presupposes a slow
step that governs the overall reaction rate, with all other steps in quasi-equilibrium. Secondly, it
assumes that the coverage of adsorbates on the catalyst surface is negligible.[23, 24] In some
cases, the second assumption is relaxed by determining adsorbate coverages under quasi-
equilibrium conditions.[23] However, the quasi-equilibrium conditions implied by both assump-
tions contradict the fact that the reaction has a net rate and that all elementary steps proceed at
the same rate.[46] To overcome these limitations, the development of a microkinetic model that

incorporates the thermodynamics and kinetics of all elementary steps is necessary.[46, 48]

The hierarchical framework presented here effectively deciphers potential-dependent Tafel
slopes for the OER,[48] ORR,[7] and CO,RR.[51] A common trend observed is that the Tafel
slope increases with overpotential, which can be rationalized through the RDT analysis of in-

trinsic multistep kinetics.[48]

In addition to the intrinsic multistep kinetics, the LRE also impacts measured Tafel slopes.
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Moreover, the influence of the LRE is unavoidable due to the presence of the EDL. | have
depicted the LRE effects on the Tafel slopes of the CO,RR. Mass transport effects tend to in-
crease the Tafel slope with increasing current density, especially for reactions with low reactant
concentration in bulk solution (e.g., CO,RR), due to the concentration decrease at surface.
At low overpotentials, the EDL effects are usually predominant. For instance, the intrinsic
Tafel slope is 39 mV/dec for the ORR at 0.9 V and the CO,RR at -0.3 V, while the apparent
Tafel slope is close to 59 mV/dec due to the EDL effects.[7, 51] However, 39 mV/dec and 59
mV/dec imply different RDSs in the conventional analysis. Furthermore, lateral interactions
from competitive adsorbates and surface charging effects on adsorption energies are revealed

as significant influences on the Tafel slope.

Combined, | conclude that the apparent Tafel slope is a composite reaction parameter and
may be a poor activity metric as it is influenced by several interacting factors, including the
thermodynamics and kinetics of multiple elementary steps, and the LRE effects. The proposed
framework aids in revealing the mechanisms behind the apparent potential-dependent Tafel

slopes, remedying an oversimplified analysis of the RDS from the Tafel slope.

5.1.2 Cation overcrowding effect

The effects of cation type and concentration have been explored for various electrocatalytic
reactions.[52, 54, 178—-180] To elucidate the observed cation effects, several mechanisms
have been proposed. For instance, Singh et al. attributed cation effects in the CO,RR to
cation hydrolysis. Specifically, cations with a smaller hydrated size can buffer the interfacial pH
near the cathode more effectively.[54]. Using the modified Poisson-Boltzmann model, Ringe
et al. demonstrated that the electrode surface charge density is more negative for Cs™ than
for Li*™, which, in turn, enhances the stability of intermediates such as CO, o4 and COOHq4
in CO,RR.[27] Similar surface charge effects have also been used to explain cation effects in
the HER,[52] ORR,[178], and OER.[179] Huang et al. rationalized cation-dependent kinetics
of the HER/HOR by considering the influence of cations on the interfacial water structure and

H-bonding network.[64] Furthermore, Qin et al. proposed that CO,RR proceeds via an inner-
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sphere electron transfer pathway in the presence of alkali cations and, in contrast, through an

outer-sphere electron transfer pathway in systems without cations.[180]

Most of the above mechanisms assume that the binding energies of adsorbed intermediates
are affected by the electric field, which is then modulated by the cations. Following this line
of thermodynamic binding-energy approach, one would expect opposite sequences of cation
size effects for metals on the left and right legs of the volcano plot. Specifically, for metals on
the right leg of the volcano plot, the activity follows the sequence of LiT < Nat < K < Cs™.
Conversely, for metals on the left leg of the volcano plot, the activity should follow the sequence
of Lit > Na* > Kt > Cs™. Xue et al. observed opposite trends of cation size effects on the
HER at Pt or Au, which adsorb hydrogen too strongly or too weakly, respectively.[52] However,

such opposite trends are absent for CO,RR.

In particular, for CO,RR to HCOOH, Sn is located at the peak of the volcano plot.[95] Thus,
enhancing the adsorption of the key intermediate OCHO,q4 would be expected to decrease
the activity. In contrast, since Ag lies on the right leg of the volcano plot, enhancing OCHO 4
adsorption should increase its activity. However, experimental data indicate that CO,RR to
HCOOH follows the sequence Lit < Nat < K™ < Cs* at both Sn and Ag.[53] This discrepancy
has motivated me to look beyond the binding-energy approach and introduce an electrostatic
factor, i.e., the cation overcrowding effect, into consideration. This mechanism was previously
acknowledged by Frumkin et al. in the study of peroxydisulfate anion reduction when the sur-
face charge is very negative.[9] My works demonstrated that the cation overcrowding effect
offers an alternative or at least complementary explanation to previously observed cation ef-

fects.

The overcrowding effect describes how cations accumulating exceedingly near the negatively
charged surface diminish the space for reactants and influence the local electrostatic potential
and electric field.[51, 68] Specifically, the free space for species other than cations is 1 —
Nad3c., with d. being the effective diameter and c, the concentration of cations. Theory and
simulations accounting for the cation size have shown that this effect is more pronounced for
cations with a larger hydrated size,[51, 68] as depicted in Figure 5.1(a). Consequently, the

concentration of reactant, e.g., CO, for CO,RR and OH™ for OER, at the surface follows the
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order Li™ < Na™ < K™ (Figure 5.1(b)), which results in the same order of activity. Despite its

simplicity, this rationale was shown to be relevant in explaining the cation effects in the CO,RR

at Ag (Figure 5.1(c)),[51] and the OER at Ni-based catalysts.[68]
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Figure 5.1: (a) Schematic illustration of the cation overcrowding effect in electrocatalysis. Cations ac-
cumulated near the negatively charged surface diminish the space for reactants, resulting

in a decrease in the reactant concentration.
for cations with a larger hydrated size.

Moreover, this effect is more pronounced

(b-c) Cation effects on CO,RR at Ag in 0.1 M
KHCO3/NaHCO3/LiIHCO3 solutions: (b) CO, concentration at the reaction plane; (c) model-
derived CO current density. (d) Schematic illustration of the difference between the most
probable reaction zone and the accessible zone in experimental measurements. (e) Distri-
bution of CO, concentration in solutions at -1.2 V versus RHE.
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Various experimental techniques have been employed to detect the local reactant concen-
tration or the local pH, such as surface enhanced infrared absorption spectroscopy, Raman
spectroscopy, and scanning electrochemical microscopy.[33—35] However, it is essential to ac-
knowledge that in these experiments, the term “surface” typically refers to somewhere within
the diffusion layer. The distance of the probe position to the catalyst surface varies from hun-
dreds of nanometers to hundreds of micrometers, which is still far from the reaction zone within
the EDL. This discrepancy in the designation of the “surface” concentration, as depicted in
Figure 5.1(d), may lead to confusion. For instance, Malkani et al. observed that the “surface”
CO, concentration follows the sequence of LiT > Nat > K*. At first glance, this shows the op-
posite trend to my simulations in Figure 5.1(b). This superficial inconsistency can be resolved
by distinguishing the “surface” concentration in experiments and in simulations. As shown in
Figure 5.1(e), the simulations show that the CO, concentration in the diffusion layer, which
corresponds to the “surface” in experiments, follows the order of Li™ > Na* > K*. The concen-
tration in this diffusion region is determined by mass transport effects; the above concentration
sequence is a direct consequence of the fact that the current density of the CO,RR follows
the sequence Li™ < Na* < K. However, electrostatic interactions and the cation overcrowding

effect dominate within the EDL, leading to the inverse order of CO, concentration.

5.1.3 pH effects

The influence of solution pH on electrocatalytic reactions is multifaceted, including intrinsic
pH effects and local pH effects. In broad terms, changes in solution pH impact reaction ki-
netics by inducing shifts in both proton activity and absolute potential of the electrode (i.e.,
versus the SHE). Given that many electrocatalytic reactions involve proton and electron trans-
fers, variations in pH play a pivotal role. Moreover, the proton donor or oxidant involved in
the reaction may transition from proton/hydroxyl to water molecules when pH varies in a wide
range. Additionally, for reactants engaged in acid-alkaline equilibrium, such as formic acid and
formate, the concentration of the reactant is influenced by the solution pH. These influences
are termed as intrinsic pH effects as they collectively shape the overall properties of electrocat-

alytic reactions. These intrinsic effects have been widely employed to understand pH effects
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in various electrocatalytic reactions, including CO,RR,[28] electrochemical carbon monoxide

reduction,[65] HER,[50] ORR,[128] OER,[58] and FAOR.[57, 135]

In addition to these intrinsic pH effects, | have emphasized the importance of considering lo-
cal pH effects, namely, the pH effects arising in the LRE.[14, 68, 69] On one hand, the lo-
cal pH shifts with the reaction rate due to the production/consumption of protons, and this
pH shift is more pronounced in the intermediate pH range than in strongly acidic or alkaline
conditions.[136] On the other hand, the pzc on the reversible hydrogen electrode (RHE) scale
increases with pH,

Epzc,RHE = EpZC,SHE + 00592pH (52)

Here, Ep,. she is the pzc on the SHE scale. Consequently, the surface charge is more negative

at higher pH at the same potential versus RHE, resulting in the change of EDL properties.

Thermodynamic equilibrium conditions predict that the OER activity should be independent
of pH on the RHE scale since it is a proton-coupled electron transfer (PCET) reaction.[58]
However, experiments show that the activity increases with pH.[58] This discrepancy can be

understood by considering the EDL effects.

For the electrochemical oxidation of anions, such as OH~ in the OER, the negative surface
charge induces two competing effects, as per Frumkin effects: it increases the driving force
and decreases the surface concentration of anions (opposite for positive surface charge). The
outcome of these competing effects determines the promotion or inhibition of activity. Further-
more, Frumkin effects depend on the pH, as it modulates the surface charge, i.e., the surface
charge is more negative at higher pH. For the case of the OER at NiOOH, the effect of increas-
ing the driving force is more pronounced. As a result, the activity exhibits an increase as the

surface charge becomes more negative, and thus at higher pH.[68]

However, Frumkin effects have been revealed as being insignificant in the case of FAOR, as
the competing effects more or less cancel each other out. Instead, the mass transport-induced
local pH shift emerges as a crucial factor that influences observed pH effects.[14] The com-
plexity of pH effects in this model system arises from multiple interacting factors, including

pH-dependent thermodynamics and reaction kinetics of multiple steps, and pH-dependent LRE
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effects. This situation has motivated me to build a hierarchical model in an incremental manner,
which allows different factors that control the overall pH effect to be disentangled. The analysis
began with exclusive consideration of the microkinetics in perchlorate solutions, in which the
specific adsorption of electrolyte anions can be avoided. Based on the modeling at this level,
the intrinsic activity-pH relation without accounting for the LRE was obtained, which is bell-
shaped and inconsistent with the observed trapezoidal shape. The mass transport effects was
then added to the model. It has been found that the pH at the reaction plane (pHgp) is much
lower than the pH in the bulk solution (pHyuk), as the FAOR generates protons. Moreover, the
pHgrp remains almost constant at pHgrp = 4 in the range of 5 < pHpuk < 11. This local pH shift
induces a transformation of the activity-pH relation from bell shape to trapezoidal shape, yield-
ing qualitative agreement with the experimental trend. For the activity-pH relation in phosphate
solution, there are two additional electrolyte effects, i.e., the buffering effect and the specific
adsorption of phosphate anions. By incorporating both effects, the model captured the ex-
perimental trends in phosphate solution, with the activity being lower than that in perchlorate
solution and the activity-pH relation being bell-shaped. Furthermore, the site-blocking effect of

the specific adsorption of phosphate anions was revealed to be the determining factor.

Given the above analysis, the importance of considering the variation of LRE when the solution
pH changes is underscored. Fluctuations in local pH and surface charging relation induced by

pH changes could be the determining factors of apparent pH effects.

5.2 Outlook

Until now, the framework has been applied to planar electrodes with static structure and oper-
ated in the steady state. Several important extensions to the framework should be made in the

stride towards realism with realistic structure and dynamic conditions.[181]

Firstly, time-dependent methods, e.g., pulsed electrolysis, have been acknowledged to be
effective in improving the activity and selectivity of CO2RR[182] and ORR.[183] Secondly,
the catalyst has been revealed to dynamically reconstruct, instead of being static, during

reactions.[184] Thirdly, electrochemical energy conversion technologies typically employ sup-
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ported nanoparticle catalysts, requiring a proper treatment of synergistic effects due to the
overlap of the EDLs from catalytic nanoparticles and support material.[185] Fourthly, the cat-
alyst in gas diffusion electrodes is not simply embedded into an aqueous electrolyte (as usu-
ally considered in model studies) but it is surrounded by a thin ionomer film that creates a
water-filled nanogap region around the catalyst.[186] This interfacial configuration is crucial for

understanding LRE effects at catalyst-ionomer interfaces.

Future endeavours in addressing these complexities should take advantage of recent devel-
opments in theory and modelling of electrochemical phenomena. For instance, the thermody-
namics and kinetics of elementary steps involved in the microkinetic model can be calculated
with increasing accuracy using grand-canonical DFT.[187] In addition, Marcus-Hush-Chidsey
theory should be employed instead of the Butler—Volmer equation to describe the elementary
electron-transfer kinetics at high overpotentials[177] and in the case of the solvent reorgani-
zation energy changing markedly with electrode potential.[142] Furthermore, the mean field
EDL model can be refined and complemented by incorporating atomistic and molecular de-
tails obtained from first-principles calculations.[26] Finally, development of high-performance
computation infrastructure and rapidly emerging machine learning techniques pave the way to-
wards handling complexities of real-world electrocatalytic systems.[188] For instance, modern
supercomputing platforms now enable large-scale AIMD simulations for the electrochemical

interfaces that were previously computationally prohibitive.[189]
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