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Abstract

Electrified metal-electrolyte interfaces play a central role in electrochemical energy conversion and
storage technologies. Despite extensive experimental and theoretical efforts, a comprehensive
understanding of electrical double layers (EDL) remains elusive in several key aspects. In particular,
existing models struggle to describe (i) the structure and thermodynamic properties of EDL at highly
charged states, i.e., at potentials, far from the potential of zero charge (PZC), where many important
electrocatalytic reactions take place; (ii) the surface stress and mechanical response of solid-liquid
interfaces, for which classical electrocapillary concepts based on surface tension are thermodynamically
inconsistent; and (iii) the EDL structure and thermodynamic driving forces at stepped metal surfaces,
where atomic-scale heterogeneity strongly influences both catalytic activity and morphological stability.
These limitations largely stem from the reliance on classical continuum theories that neglect the quantum-
mechanical response of metal electrons and fail to consistently couple interfacial electrostatics with

mechanics under constant-potential conditions.

In response to these challenges, this thesis addresses three interrelated research directions: first, the
development of an improved theoretical description of EDLs at highly charged metal-solution interfaces
across a wide range of electrolyte compositions; second, the establishment of a thermodynamically
consistent framework for quantifying surface stress at solid-liquid interfaces under constant-potential
conditions; and third, the elucidation of the thermodynamic origins of EDL formation and morphology
evolution at stepped metal electrodes. To achieve these objectives, a semiclassical density-potential
functional theoretical (DPFT) framework is developed and applied, which unifies the quantum-mechanical
electronic response of the metal, including electron spillover, with a statistical thermodynamic description
of the electrolyte. This approach enables a computationally efficient and physically consistent

investigation of metal-solution interfaces under realistic electrochemical conditions.

In the first part of this work, the classical Gouy—Chapman-Stern (GCS) model is critically assessed against
experimental differential double-layer capacitance data for mercury electrodes over a wide potential
range and across diverse electrolyte compositions. While GCS-based descriptions perform adequately
near the potential of zero charge, they fail to capture key experimental features at highly charged states,
including electrolyte-dependent shifts in the potential of zero charge, asymmetric capacitance profiles,
and solvent-specific effects. To overcome these limitations, the DPFT framework is refined by introducing
a physically motivated description of interfacial permittivity that distinguishes free solvent molecules from

those bound in ionic solvation shells, as well as by incorporating potential-dependent metal-solvent short-



range interactions and partial ion desolvation at highly charged surfaces. The resulting model
quantitatively reproduces experimental capacitance profiles across different cations, anions, solvents,
and concentrations, providing a robust description of EDL structure under far-from-zero-charge

conditions.

In the second part, the DPFT framework is extended to investigate the thermodynamics and mechanics of
solid metal-solution interfaces. By identifying surface stress, rather than surface tension, as the
fundamental thermodynamic quantity for solid-liquid interfaces and by explicitly applying the
Shuttleworth equation, a thermodynamically consistent methodology is established to compute
potential-dependent surface stress. Within this framework, a new interfacial descriptor—the potential of
zero stress (PZS)—is defined to characterize the stress-neutral state and discuss its relationship with the
potential of zero free charge (PZFC). The results show that the potential dependence of surface stress is
governed by the strain sensitivity of the potential of zero charge, leading to either monotonic or
nonmonotonic behavior with electrode potential. By further incorporating strain-dependent metal—
solvent interactions, the model reveals the key role of interfacial water in controlling the sign, magnitude,

and tunability of surface stress.

In the final part of this thesis, the DPFT framework is applied to stepped metal surfaces to elucidate the
thermodynamic origins of structural evolution at electrified interfaces. Using vicinal Au and Ag electrodes
as model systems, the theory successfully reproduces experimentally observed trends in the PZFC,
including its systematic decrease with increasing step density. Beyond global quantities such as PZFC, local
potentials of zero charge are introduced to capture the intrinsic heterogeneity of the EDL at stepped
surfaces. By connecting these step-induced shifts to variations in interfacial free energy, the model
demonstrates that step bunching at elevated electrode potentials is thermodynamically driven at more

positive potentials and strongly modulated by electrolyte composition.

Overall, this thesis provides a unified and computationally efficient theoretical framework for describing
interfacial thermodynamics at electrified metal-solution interfaces under constant-potential conditions.
Key advances include the identification of partial ion desolvation as a governing mechanism at highly
charged surfaces, the introduction of the PZS as a fundamental mechanical descriptor for solid-liquid
interfaces, and the establishment of a thermodynamic mechanism for step bunching driven by interfacial
free-energy minimization. The insights gained bridge microscopic electronic structure with macroscopic

electro-mechano-chemical behavior and provide a foundation for the rational design and control of stable



and efficient electrocatalytic interfaces through electrolyte selection, potential control, and surface

morphology engineering.
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Zusammenfassung

Elektrifizierte Metall-Elektrolyt-Grenzflaichen spielen eine zentrale Rolle in elektrochemischen
Energieumwandlungs- und Speichertechnologien. Trotz umfangreicher experimenteller und theoretischer
Bemihungen bleibt ein umfassendes Verstandnis der elektrischen Doppelschichten (Electrical Double
Layers, EDL) in mehreren Schlisselaspekten schwer fassbar. Insbesondere haben bestehende Modelle
Schwierigkeiten mit der Beschreibung (i) der Struktur und der thermodynamischen Eigenschaften von EDL
in stark geladenen Zustanden, d. h. bei Potenzialen weit entfernt vom Ladungsnullpunkt (Potential of Zero
Charge, PZC), wo viele wichtige elektrokatalytische Reaktionen stattfinden; (ii) des Oberflachenstresses
und der mechanischen Reaktion von Fest-Flussig-Grenzflachen, fir die klassische elektrokapillare
Konzepte, die auf der Oberflachenspannung basieren, thermodynamisch inkonsistent sind; und (iii) der
EDL-Struktur und der thermodynamischen Antriebskrafte an gestuften Metalloberflichen, wo die
Heterogenitdt auf atomarer Ebene sowohl die katalytische Aktivitat als auch die morphologische Stabilitat
stark beeinflusst. Diese Einschréankungen resultieren groRtenteils aus der Abhangigkeit von klassischen
Kontinuumstheorien, die die quantenmechanische Reaktion der Metallelektronen vernachlassigen und es
versaumen, die Grenzflachenelektrostatik unter Bedingungen konstanten Potenzials konsistent mit der

Mechanik zu koppeln.

Als Reaktion auf diese Herausforderungen befasst sich diese Arbeit mit drei zusammenhadngenden
Forschungsrichtungen: erstens der Entwicklung einer verbesserten theoretischen Beschreibung von EDLs
an stark geladenen  Metall-Losungs-Grenzflichen  Uber einen  weiten Bereich  von
Elektrolytzusammensetzungen; zweitens der Etablierung eines thermodynamisch konsistenten Rahmens
zur Quantifizierung des Oberflachenstresses an Fest-FlUssig-Grenzflachen unter Bedingungen konstanten
Potenzials; und drittens der Aufklarung der thermodynamischen Urspriinge der EDL-Bildung und der
Morphologieentwicklung an gestuften Metallelektroden. Um diese Ziele zu erreichen, wird ein
semiklassischer dichte-potenzial-funktional-theoretischer (DPFT) Rahmen entwickelt und angewendet,
der die quantenmechanische elektronische Reaktion des Metalls, einschlieflich des Elektronen-Spillovers,
mit einer statistisch-thermodynamischen Beschreibung des Elektrolyten vereint. Dieser Ansatz ermoglicht
eine recheneffiziente und physikalisch konsistente Untersuchung von Metall-Losungs-Grenzflachen unter

realistischen elektrochemischen Bedingungen.

Im ersten Teil dieser Arbeit wird das klassische Gouy-Chapman-Stern (GCS)-Modell kritisch anhand
experimenteller Daten zur differenziellen Doppelschichtkapazitat flir Quecksilberelektroden tber einen

weiten Potenzialbereich und Uber verschiedene Elektrolytzusammensetzungen hinweg bewertet.
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Wahrend GCS-basierte Beschreibungen in der Ndhe des Ladungsnullpunkts angemessene Ergebnisse
liefern, gelingt es ihnen nicht, wichtige experimentelle Merkmale in stark geladenen Zustdnden zu
erfassen, einschlieflich elektrolytabhangiger Verschiebungen des Ladungsnullpunkts, asymmetrischer
Kapazitatsprofile und I6sungsmittelspezifischer Effekte. Um diese Einschrankungen zu iberwinden, wird
der DPFT-Rahmen durch die Einfihrung einer physikalisch motivierten Beschreibung der
Grenzflachenpermittivitat verfeinert, die zwischen freien Lésungsmittelmolekilen und solchen, die in
ionischen Solvatationshilllen gebunden sind, unterscheidet, sowie durch die Einbeziehung
potenzialabhdngiger Metall-Losungsmittel-kurzreichweitiger Wechselwirkungen und der partiellen
lonendesolvatation an stark geladenen Oberflachen. Das resultierende Modell reproduziert quantitativ
experimentelle Kapazitdtsprofile (iber verschiedene Kationen, Anionen, LOsungsmittel und
Konzentrationen hinweg und liefert eine robuste Beschreibung der EDL-Struktur unter Bedingungen weit

entfernt vom Ladungsnullpunkt.

Im zweiten Teil wird der DPFT-Rahmen erweitert, um die Thermodynamik und Mechanik von festen
Metall-Losungs-Grenzflachen zu untersuchen. Indem der Oberflachenstress (surface stress) und nicht die
Oberflachenspannung (surface tension) als grundlegende thermodynamische GroRe fiir Fest-Fllssig-
Grenzflachen identifiziert wird und durch die explizite Anwendung der Shuttleworth-Gleichung, wird eine
thermodynamisch konsistente Methodik zur Berechnung des potenzialabhidngigen Oberflachenstresses
etabliert. Innerhalb dieses Rahmens wird ein neuer Grenzflachendeskriptor — das Potenzial des
Nullstresses (potential of zero stress, PZS) — definiert, um den spannungsneutralen Zustand zu
charakterisieren und seine Beziehung zum Potenzial der freien Nullladung (potential of zero free charge,
PZFC) zu diskutieren. Die Ergebnisse zeigen, dass die Potenzialabhéngigkeit des Oberflachenstresses von
der Dehnungsempfindlichkeit (strain sensitivity) des Ladungsnullpunkts bestimmt wird, was zu einem
entweder monotonen oder nicht-monotonen Verhalten mit dem Elektrodenpotenzial fiihrt. Durch die
weitere Einbeziehung dehnungsabhangiger Metall-Losungsmittel-Wechselwirkungen offenbart das
Modell die Schlisselrolle von Grenzflichenwasser bei der Steuerung von Vorzeichen, GroRe und

Abstimmbarkeit des Oberflachenstresses.

Im letzten Teil dieser Arbeit wird der DPFT-Rahmen auf gestufte Metalloberflaichen angewendet, um die
thermodynamischen Urspriinge der Strukturentwicklung an elektrifizierten Grenzflaichen aufzuklaren.
Unter Verwendung von vizinalen Au- und Ag-Elektroden als Modellsysteme reproduziert die Theorie
erfolgreich die experimentell beobachteten Trends im PZFC, einschlieflich seiner systematischen

Abnahme mit zunehmender Stufendichte. Uber globale GréRen wie das PZFC hinaus werden lokale
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Ladungsnullpunkte eingefiihrt, um die intrinsische Heterogenitat der EDL an gestuften Oberflachen zu
erfassen. Durch die VerknUlpfung dieser stufeninduzierten Verschiebungen mit Schwankungen der freien
Grenzflachenenergie zeigt das Modell, dass Step-Bunching (Stufenbiindelung) bei erhohten
Elektrodenpotenzialen thermodynamisch angetrieben und stark durch die Elektrolytzusammensetzung

moduliert wird.

Insgesamt bietet diese Arbeit einen einheitlichen und recheneffizienten theoretischen Rahmen zur
Beschreibung der Grenzflachenthermodynamik an elektrifizierten Metall-Losungs-Grenzflachen unter
Bedingungen konstanten Potenzials. Zu den wichtigsten Fortschritten gehoren die Identifizierung der
partiellen lonendesolvatation als malgeblichen Mechanismus an stark geladenen Oberflachen, die
Einflihrung des PZS als grundlegenden mechanischen Deskriptor fiir Fest-Flussig-Grenzflachen und die
Etablierung eines thermodynamischen Mechanismus fir Step-Bunching, angetrieben durch die
Minimierung der freien Grenzflaichenenergie. Die gewonnenen Erkenntnisse schlagen eine Briicke
zwischen mikroskopischer elektronischer Struktur und makroskopischem elektro-mechano-chemischen
Verhalten und bilden eine Grundlage fiir das rationale Design und die Kontrolle stabiler und effizienter
elektrokatalytischer Grenzflachen durch Elektrolytauswahl, Potenzialsteuerung und

Oberflachenmorphologie-Engineering.
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Chapter 1. Introduction
1.1. Motivation

The electrical double layer (EDL) is an interfacial region formed between an electronic conductor, typically
a metal, and an adjacent ionic conductor, mostly an electrolyte solution, playing a fundamental role in
electrochemical energy conversion and storage systems™®. Its thermodynamic properties, such as double-
layer capacitance, Cq;, and mechanical properties, such as surface stress, gss, arise from mixed quantum-
and classical mechanical interactions between metal electrons and the surrounding ions and solvent.
These hybrid quantum and classical interactions lead to pronounced spatial variations in ion concentration,
electrostatic potential, and dielectric permittivity in the vicinity of the interface. These distributions
regulate physicochemical processes and electro-mechano-chemical properties of solid-liquid interfaces.
For instance, the resulting local reaction environment critically influences the kinetics and selectivity of

electrocatalytic reactions, thereby directly impacting the performance of electrochemical devices*°.
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Figure 1. (a, b) Experimental observations of inversions in cation-dependent HER activity under alkaline
conditions. (c, d) Comparison between surface stress and surface tension from experimental
observations and model calculations. (e) Correlations between step density and reactivity of stepped
Pt electrodes and (f) STM image of stepped Ag electrode with the letters “M”, “D”, “T”, and “F”
indicating mono-, double-, triple- and four-layer steps. Subplot (a) and (b) are reproduced with
permission from ref'®; Subplot (c) and (d) are reproduced with permission from ref!’ and ref!?,

respectively. Subplot (e) and (f) are reproduced with permission from ref'>* and ref'®, respectively.
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1.1.1. Highly charged states

Notable EDL effects are seen even for the simplest electrocatalytic reaction, the hydrogen evolution
reaction (HER), on the simplest electrode (Au) and the simplest electrolytes (alkali metals).For example,
Goyal et al.’® and Monteiro et al.’° demonstrated that Kt promotes the HER under alkaline conditions on
gold electrode at low overpotentials, but inhibits the reaction at more cathodic potentials, as shown in
Figure 1(a, b). However, the mechanisms behind cation effects remain a topic of debate!”*® and the
proposed mechanisms for cation effects include the blocking of catalytic sites by cations, chemical
interactions between cations and reaction intermediates, and alterations in the interfacial water
structure®®. Yet, the large consensus is that it is crucial to understand the structure and properties of EDL

under realistic reaction conditions.

Despite the large body of recent experimental and computational research on unraveling the electrolyte
effects in electrocatalysis, the contemporary understanding of EDL formation is rooted in the classical EDL
theory developed from the 1850s to the 1950s°. The classical Gouy-Chapman-Stern (GCS) model is the
primary framework of understanding EDLs. The GCS model describes the EDL as a dielectric continuum
with point-like ions. The EDL comprises an inner layer between the metal surface edge and the central
plane of rigidly aligned counter ions (Helmholtz plane, HP), and an outer diffuse layer in which the ion
distribution is determined by the competition between electrostatic force and thermal motion. The
differential double-layer capacitance, Cq, is a fundamental lumped parameter reflecting the EDL structure
and all its properties.?’ The equivalent thickness of the EDL decreases due to counterion accumulation
and then increases due to counterion overcrowding when the electrode potential, Ey;, deviates from the
potential of zero charge (PZC, Ep,c). A camel-shaped Cq; profile is very commonly observed in dilute
solutions. The minimum point of the Cq; versus potential profile is very close to the Ep,,.***. The cathodic
peak of the Cy; profile is attributed to cation overcrowding, while the anodic peak anion overcrowding.
Larger ion sizes lower the peak height. In highly concentrated solutions, the Cq4; profile becomes bell-
shaped, indicating a continuous increase in the EDL thickness as Ey; moves away from Ep,, as elucidated
by Kornyshev?®. We note more recent works reveal that the two peaks are ascribed mainly to orientational

polarization of interfacial water molecules?#?°,

Recent attention has largely focused on the EDL in the potential range near the PZC?. For instance, the
studies by Ojha et. al. found that the Gouy-Chapman minimum is not observed in Pt(111)-HCIO4 aqueous
interfaces until the electrolyte concentration is decreased to 0.1 mM?’. However, the EDL properties at

potentials far away from the vicinity of the PZC is rarely studied, partly due to the difficulty in accurately
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measuring Cq; in a wide potential range; this is a severe oversight as important electrocatalytic reduction
reactions occur at significantly more negative potentials than the PZC. For example, the onset potentials
of HER on Pd(111), Pt(111), Ag(111) and Au(111) in 0.1M aqueous solution with pH = 13 are about
—0.87,—0.74,—1.37, and —1.32V vs. SHE scales, respectively?®, while the corresponding PZCs are
0.1,0.3,—0.5, and 0.5 Vsue2. Similarly, the onset potential of CO; reduction reaction on Cu(111) in 0.05M
H,S04 solution (pH = 1) is around —0.86 Vsue®, while the PZC of Cu(111) is around 0.7 Vsue*t. The onset
potential of CO; reduction reaction (CO,RR) on Au(111) in 0.1M H,SO, solution (pH = 3) is about —0.5

Vsue®?, around 1V negative of its PZC.
1.1.2. Surface stress

The GCS model was originally developed for the EDL at liquid-liquid interfaces***’. However, it is widely
applied to solid-liquid interfaces in practical electrochemical applications?*3%373%40 This widespread use
masks a critical issue: the thermodynamic assumptions underlying the GCS model are not directly
transferable to solid-liquid interfaces**™#4122, Specifically, surface tension or interfacial free energy, which
governs liquid-liquid systemes, is not directly measurable on solid surfaces and lacks a consistent definition,

[45414246 35 shown in

due to the fact that surface atoms cannot move smoothly like in the liquid meta
Figure 1(c). This discrepancy has led to significant and ongoing debate in the literature®>**%¢, A growing
consensus now recognizes that surface stress, rather than interfacial tension, should serve as the

fundamental thermodynamic quantity for solid-liquid interfaces*1%478,

48-50,43,11,51

Surface stress of solid-liquid interfaces remains challenging to quantify both experimentally and

52-55,12,8 49,48,50

theoretically Microcantilever-based methods provide an experimental access. In this
method, a free-standing single-crystal cantilever was clamped within an electrochemical cell, and its
bending was detected using the servo voltage of a scanning tunneling microscope (STM) tip. By
maintaining constant tunneling current and bias, deflections were directly linked to variations in
interfacial stress, with sensitivity sufficient to resolve changes as small as 0.1 N m™.. The dependence of
surface stress on electrode potential for Au(111) and Au(100) has been experimentally investigated'>®.
These studies show that the potential-dependent variation is substantial and highly sensitive to the
surface structure. Specifically, the surface stress is lower on an initially reconstructed surface than on an
unreconstructed one. Moreover, the surface stress differs markedly from the surface tension, indicating

that the surface tension itself varies with the elastic strain.

On the theoretical side, Needs®* performed the first ab initio calculations of the surface stress tensor for

Al(111) and (110) surfaces. The calculations, based on density functional theory (DFT) and the Nielsen-
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Martin stress theorem, revealed that both surfaces exhibit significant tensile surface stress. This tensile
stress was found to originate primarily from the reduction in electron kinetic energy at the surface due to
the smoothing of electron spillover, highlighting the crucial role of the electronic response in determining

surface mechanical properties.

While surface stress of metal-vacuum interfaces can be readily calculated, quantitative evaluation for
metal-solution interfaces under constant-potential conditions remain scarce. Schmickler and Leival?
investigated the surface stress and surface tension of solid metal electrodes in contact with an electrolyte
under constant-charge conditions by combining a jellium description of the metal with the GCS model for
the solution. Their analysis revealed a parabolic-like dependence of surface stress with surface charge
density near the PZC (see Figure 1(d)), dominated by the metal’s electronic properties. However, the
potential dependence of surface stress cannot be obtained by the Schmickler-Levia model. In addition,
many fundamental questions related to surface stress remain elusive. For example, how do electrolyte
properties, such as ionic concentration and ion identity, affect surface stress? How do metal-specific
factors, including crystal facet and electron spillover, contribute to surface stress variations? Furthermore,
how do mesoscale geometrical characteristics of electrodes, such as atomic steps, terraces, and other
morphological heterogeneities, influence the interfacial mechanical response? Collectively, these
unresolved issues highlight the need for more comprehensive modeling approaches capable of describing

surface stress under realistic electrochemical conditions.
1.1.3. EDL at stepped surfaces

The EDL at stepped metal-solution interfaces plays a dual role in controlling electrocatalytic activity and

57-59,46,60,61

surface stability under operating conditions , yet the thermodynamic origins of their structural

evolution remain insufficiently understood. Atomic step sites on metal surfaces such as Pt®27>, Au®®58
and Ag®7° are widely recognized as highly active centers for adsorption, charge transfer, and bond
activation due to their low coordination and distinct electronic structure. Stepped surfaces therefore
serve as important model systems bridging ideal single-crystal electrodes and realistic, defect-rich

catalysts.

Experimental studies on stepped platinum electrodes have revealed strong correlations between step
density and catalytic activity, but also pronounced deviations from linear scaling relations. In particular,
both the potential of zero charge and oxygen reduction reaction activity cease to scale linearly with step

13,14

density once terraces become sufficiently narrow®'%, as shown in Figure 1(e). Similar non-additive

behavior has been observed for other reactions and metal surfaces’*’?, indicating that the influence of
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steps extends beyond their immediate atomic vicinity. These anomalies have been attributed to strain
relaxation and electronic perturbations near step edges, resulting in step bunching, as shown in Figure
1(f), which modifies the electrostatic environment and reactivity of terrace atoms and invalidates simple

terrace-step additivity assumptions.

Despite these insights, a fundamental understanding of how atomic-scale surface heterogeneity modifies
EDL structure and interfacial thermodynamics under constant-potential conditions remains lacking.
Classical EDL models implicitly assume laterally homogeneous, planar electrodes and therefore cannot
capture step-induced dipoles, long-range electrostatic interactions between steps, or their coupling to
electrolyte structure. Consequently, key interfacial quantities such as the potential of zero charge,
interfacial free energy, and surface stress cannot be consistently defined for stepped electrodes.
Moreover, experimental observations of potential-dependent step motion, step bunching, and
electrochemically induced surface reconstruction suggest that stepped surfaces evolve dynamically to

minimize interfacial free energy, yet the underlying thermodynamic driving forces remain unresolved.
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1.2. Objective

The primary objective of this doctoral project is to extent our understanding of metal-solution interfaces
from near-zero-charge to far-from-zero-charge conditions, from electrical properties to mechanical
properties, from smooth surfaces to stepped surfaces, using double-layer capacitance, Cyq;, surface
tension, y, and surface stress, g, as key descriptors. The focus is on realistic electrochemical conditions,
particularly under highly charged states and potential-dependent morphological changes in the electrode
surface due to reconstruction. This enhanced understanding will provide critical insights into designing

efficient electrocatalytic systems. The overall goal leads to three specific objectives.

The first objective is to develop a semiclassical, mesoscopic model for EDL across a wide range of
electrolyte compositions and potential conditions. While the classical GCS model can well describe the
differential near the PZC with several empirical parameters, it fails to capture the Cq; profile in a wide
potential range and it is insufficient to capture the variations in the Cy4; profiles with varying electrolyte
cations, anions, and solvent. Currently, DFT is the working horse of atomistic modeling of EDLs, offering
unbiased insights into the electronic and geometric structures of the EDL. However, the description of the
electrolyte solution is often oversimplified and the treatment of the electrode potential is inaccurate and
computationally expensive. In short, the DFT-based approach is not mature to study the EDL
microstructure in large parametric space.”® Therefore, there is a need to develop a computationally-
efficient, constant-potential theoretical methodology to understand the microstructure of the EDL near

highly-charged electrodes and varying electrolyte parameters.

The second objective of this thesis is to advance the fundamental understanding of surface stress at solid
metal-solution interfaces under constant-potential conditions. In contrast to liquid metal interfaces,
classical electrocapillary concepts based on surface tension are not thermodynamically adequate for
solids, as elastic strain and electronic redistribution contribute directly to the interfacial free energy. As a
result, both experimental quantification and theoretical prediction of surface stress in electrochemical
environments remain challenging, particularly under realistic constant-potential conditions. To address
these challenges, this work employs the DPFT framework, which combines an orbital-free quantum
mechanical description of metallic electrons with a classical statistical field treatment of the
electrolyte’*’>, The DPFT approach has been shown to accurately capture the trends of the Cq; profiles of
Hg’®, Ag’* and Au’’ single crystals across a wide range of electrolyte compositions and electrode potentials,
while remaining computationally efficient. By extending this framework to include elastic strain and

applying the Shuttleworth relation, this thesis establishes a thermodynamically consistent methodology
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to compute potential-dependent surface stress and to elucidate the coupling between electronic

structure, electrolyte composition, and mechanical stability at electrified solid-liquid interfaces.

The third objective is to advance our understanding in origin of step bunching at metal-solution interfaces
under realistic electrochemical conditions. In contrast to well-established descriptions of step bunching
for vicinal surfaces in vacuum, the thermodynamic driving forces governing morphological stability at
electrified solid-liquid interfaces remain poorly understood. In this part, interfacial free energy is identified
as a central thermodynamic descriptor linking EDL structure, step-induced dipoles, and surface
morphology at constant potential. Using the DPFT framework, this study systematically investigates how
step density, electrode potential, and electrolyte composition influence the PZFC and the relative stability
of single- and multi-step configurations. By quantitatively connecting step dipole moments and interfacial
free-energy differences to step bunching behavior, this objective aims to establish a thermodynamic
foundation for understanding morphology evolution at stepped electrodes and to provide predictive
insight into how electrochemical conditions can be used to control surface stability in electrocatalytic

systems.
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1.3. Methodology

Research task 1: Research task 2:
Microstructure of EDL at Surface Stress of Solid-Liguid
Highly Charged States Interfaces
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Figure 2. Research frameworks of this PhD project. This PhD project is divided into three research tasks.
Research task1: Microstructure of EDL at highly charged states; Research task 2: Surface stress of solid-

liquid interfaces; Research task 3: Semiclassical theory of stepped electrodes and step bunching.

In the research task 1, we choose mercury as the model electrode because the Cy; profiles in an extended
potential range exist have been measured for this electrode®’8, In addition, the Cyq; profiles have been
measured in a wide parametric space of the electrolyte solution, including different cations like Na* and
K*, different weakly adsorbing anions like F~ and PFg, and different solvent molecules like water and
dimethyl sulfoxide (DMSO), as shown in the left-hand-side of the Figure 2. We start our analysis by
addressing an obvious question: how good is the classical GCS model for the mercury EDL in a wide

potential range in various electrolyte solutions? Then, to further improve over the GCS model, we employ
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the recent semiclassical DPFT approach’*”*, which has been employed to understand the Cq4 profiles of
Ag single crystals in aqueous solutions™ and Au single crystals in nonaqueous solutions””. The DPFT
approach integrates an orbital-free quantum mechanical description of the metal electrons and a classical
statistical field description of the electrolyte solution, providing a computationally efficient description of
the EDL™*7>77, In achieving a quantitative agreement between the DPFT model and experimental Cg
profiles, the DPFT model is improved by introducing two key physical phenomena that are missing in
classical EDL models, namely, the dependency of metal-solvent short-range interactions on the electrode
potential and the ion partial desolvation at highly charged surfaces. Leveraging a refined DPFT model that
incorporates these two critical physical effects, we proceed to evaluate experimental Cyq; profiles across a
spectrum of ion concentrations within various electrolyte solutions. This analysis encompasses diverse
types of cations, anions, and solvent molecules. By systematically considering these effects, the improved
DPFT model offers an efficacious tool to understand the EDL structure under more realistic reaction

conditions.

In research task 2, we study the potential-dependent surface stress of solid metal-solutions interfaces, as
illustrated in the right-hand-side of the Figure 2. In contrast to liquid metal electrodes, where surface
tension provides a well-defined thermodynamic quantity, solid electrodes exhibit elastic resistance to
deformation, requiring a more careful thermodynamic treatment. We therefore begin by establishing a
consistent thermodynamic framework within the DPFT model, in which key interfacial quantities—
including surface tension y, interfacial free energy Fj,, elastic strain €, and surface stress g —are
rigorously defined under constant-potential conditions. To validate the applicability of the DPFT
framework for solid electrodes, we benchmark the model against experimental Cy; data for
Au(110,111,100)/KPF,, HCIO,7*® and Ag(111,100,110)/KPF¢® aqueous solution systems with
weak ionic adsorption, where specific ionic adsorption is weak. This benchmarking ensures that the
electrostatic structure of the EDL is accurately captured before addressing interfacial mechanical
properties. We then compare alternative computational routes for evaluating surface tension and
interfacial free energy to verify thermodynamic consistency and numerical robustness within the DPFT
framework. Building on this validated methodology, we perform a comprehensive parametric analysis to
elucidate the physical origins of surface stress at electrified solid-liquid interfaces. Specifically, we
systematically examine the effects of electrolyte composition and ion concentration, electrode
crystallography, kinetic energy functionals of the electron density, and surface geometry. This approach
allows us to disentangle the relative contributions of electronic spillover, electrostatic forces, and elastic

strain, and to identify the key factors governing potential-dependent surface stress.
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Building on the insights gained from research task 2, research task 3 extends the DPFT framework to
stepped metal electrodes, as shown at the bottom of Figure 2, with the goal of elucidating how atomic-
scale surface heterogeneity modifies interfacial electrostatics and thermodynamics under constant-
potential conditions. We first validate the model by reproducing the experimentally observed trend that
the potential of zero free charge (PZFC) decreases systematically with increasing step density for vicinal
metal surfaces®®®. This validation establishes the capability of the DPFT framework to capture step-

induced electrostatic effects beyond planar electrode models.

We then quantitatively analyze how step density and electrode potential influence interfacial free energy,
explicitly accounting for step-induced dipole moments and their interactions. By comparing single-step
and multi-step surface configurations, we assess the thermodynamic stability of different step
arrangements and identify the conditions under which step bunching becomes energetically favorable.
Through this analysis, interfacial free energy is established as a key thermodynamic descriptor linking EDL
structure, step-induced electrostatics, and morphology evolution at electrified interfaces under realistic

electrochemical conditions.
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1.4. Structure of this thesis

The remainder of this thesis is organized to progressively develop the theoretical foundations,
methodological framework, and application-focused studies required to address the research objectives

outlined in Chapter 1.

Chapter 2 introduces the thermodynamic framework for electrified interfaces. A clear distinction is made
between liquid-liquid and solid-liquid interfaces, highlighting the different thermodynamic variables and
constraints governing each system. Particular emphasis is placed on the role of surface tension, surface
stress, interfacial free energy, and elastic strain, thereby establishing the conceptual basis required for

the subsequent analysis of EDLs and interfacial mechanics under electrochemical conditions.

Chapter 3 presents the theoretical models employed in this work. The classical GCS model is first
introduced as the conventional framework for describing EDL, together with its underlying assumptions
and known limitations. This is followed by a detailed presentation of the semiclassical DPFT framework
developed and applied in this thesis. The variational formulation, numerical implementation, and
procedures for calculating thermodynamic quantities within DPFT are described in detail, providing the

methodological foundation for all subsequent chapters.

Chapters 4-6 constitute the core of the thesis and correspond directly to the three main research tasks.
In Chapter 4, the microstructure of EDL at highly charged states is investigated. By systematically
comparing classical GCS predictions with refined DPFT-based models, this chapter demonstrates how
potential-dependent metal-solvent interactions and partial ion desolvation give rise to experimentally

observed capacitance behavior and electrolyte-specific effects under far-from-zero-charge conditions.

Chapter 5 focuses on the surface stress of electrified solid-liquid interfaces. After calibrating the DPFT
framework against experimental differential capacitance data, this chapter establishes a
thermodynamically consistent methodology for computing surface stress under constant-potential
conditions. Distinct potential-dependent surface stress behaviors, including monotonically increasing,
monotonically decreasing, and nonmonotonic behaviors, can be rationalized with different dependencies

of water adsorption on the elastic strain.

In Chapter 6, the DPFT framework is extended to stepped metal-solution interfaces to investigate the
thermodynamic origins of surface morphology evolution. This chapter examines the microstructure of the
EDL at stepped surfaces, validates the model by reproducing experimentally observed trends in the

potential of zero free charge, and quantifies the dependence of interfacial free energy on step density
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and electrode potential. These results provide a thermodynamic explanation for step bunching and other

electrochemically induced morphological changes.

Finally, Chapter 7 summarizes the overall conclusions of the thesis and discusses the broader implications
of the results for electrocatalysis and interface design. The limitations of the present work are critically

assessed, and promising directions for future research are outlined.
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Chapter 2. Thermodynamic framework

Reproduced with minor changes from ‘Zhang Z., Bandarenka A.*, Schwarz K.*, Huang J.*, et al. Getting

the basics right: capacitance, entropy and stress of electrified solid/liquid interfaces. (in preparation)’.

2.1. Fundamental thermodynamic equations for a system
2.1.1. System specifications

An EDL is an grand-canonical interfacial system®8, As schematically illustrated in Figure 3, the metal
phase is in contact with an electron reservoir, and the electrochemical potential of electrons in the metal
phase and equivalently the metal’s inner electric potential, ¢, can be controlled in experiments. The
liquid region is in contact with a reservoir of electrolyte solution containing cations, anions, and solvent
molecules at constant concentrations. The electric potential in the solution, ¢s, is typically referenced to
the value in the bulk solution. The electrochemical potential of ionic and solvent species, denoted fi;, are

regulated through the bulk concentration, n}’, where the superscript b indicates the reservoir (bulk) phase.

Within a molecular picture of the interface, the outer Helmholtz plane (OHP) defines the middle plane of
solvated ions that are closest the electrode surface. Under certain conditions, ions located at the OHP
may partially shed their hydration shells and displace interfacial water molecules to establish direct
contact with the electrode. This process is ion specific, referred to as specific adsorption. Chemisorption
is a subcategory of specific adsorption with chemical bonds formed between the electrode and the
specifically adsorbed species®®?. In chemisorption, the adsorbate can share electrons with the electrode
to carry out the so-called partial charge transfer, resulting in the partially charged chemisorbate®. The

centers of these specifically adsorbed ions define the inner Helmholtz plane (IHP).

The interfacial region itself has a fixed volume, V, which is negligible compared to that of the adjacent
reservoirs. Its temperature, T, remains constant due to thermal equilibration with the surrounding bulk
phases. Particle densities within the EDL are therefore determined by the electrochemical potentials
imposed by the metal and solution reservoirs, reflecting continuous exchange of electrons, ions, and

solvent molecules under grand-canonical conditions.
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Figure 3. Schematic illustration of EDLs with partially charged chemisorbed ions (A~¢). The metal side
is connected to an electron reservoir to hold the electrochemical potential of electrons constant. The
solution side is connected to an electrolyte reservoir to hold the electrochemical potentials of ions and
solvent constant. The solvation shells of cations and anions are explicitly shown. Bounded and free
solvent molecules are treated separately. OHP is the outer Helmholtz plane, which represents the
middle plane of solvated ions that are closest the electrode surface. IHP is the inner Helmholtz plane,
which represents the locus of centers of these specifically adsorbed species. Reproduced with

permission from ref 8

In the following section, we begin with reviewing the basic thermodynamics of EDLs. In the reviewing
process we emphasize the different variants of surface charges, capacitances and their characteristic
potentials. In addition, we discuss the difference between liquid-liquid and solid-liquid interfaces from a
thermodynamic perspective, highlighting the key role of surface stress in understanding the solid-liquid

interfaces.
2.1.2. Fundamental thermodynamic equations

Here we limit ourselves to ideally reversible paths of changing the EDL states. The first thermodynamic

law can be expressed as,

dU = 8Q — sW, (1)

where U is the internal energy, Q, heat, and W, work. According to the second thermodynamic law, the

change in entropy dS is equal to the heat transfer §Q divided by the temperature T,

ds = 8Q/T. )

Thus, we rewrite the Eq.(1) as,
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dU —TdS = dF = —6W, (3)

which serves as the definition of the Helmholtz free energy, F. The work term, —6W, can be decomposed
into expansion work, —PdV, where P denotes the pressure, and non-expansion work. Assuming chemical

work is the sole non-expansion contribution in this system, the latter is given by Y; fi;dn;. It follows that,
dF = Z fidn; — PAV, @)
i
which can be rearranged as,
dF + PdV = Z gidn;. 5)
i
Combining the first and second thermodynamic laws gives,

dU =Tds+ )" fdn; — Pav. 6)
i

By invoking Euler’s theorem for homogeneous functions, which applies because U is an extensive

property, we obtain the Euler relation,
U=TS+ Z iy — PV. )
i
Total differentiation of Eq.(7) gives,

dU = TdS + SdT + Z fidn; + Z ndfi; — PV — VdP, @)
i i

and combining Eq.(6) and Eq.(8) leads to,

0 = SdT + Z ndji; — VdP, ©)

1

which is the standard form of the Gibbs-Duhem equation.

For systems containing interfaces, the principal challenge lies in defining the appropriate surface

contributions to Eqgs.(6) and (7). As originally formulated by Gibbs®3, the reversible work required to create
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new surface area introduces an additional term, yA, where y is the surface free energy and A is the

surface area. Introducing this term yields the fundamental equation for the surface,
US=TSS+ZﬂiniS—PVS+yA, (10)
i

where the superscript s represents the surface phase. It is important to note the physical meaning of y
across different interfaces. While y represents the isotropic surface tension for fluid interfaces, its
application to solid interfaces requires careful distinction. As demonstrated by Couchman et al.®*%, solid
surfaces can undergo elastic strain. Thus, y in this formalism strictly represents the surface free energy
(the work to create new surface), which is distinct from the mechanical surface stress involved in
elastically stretching a sold. The strain is defined as,

_ 6ijAg

€j = (11)

where A, is the elastically deformed area and &;; is the Kronecker symbol reflecting the surface strain is
tensor. The change in energy associated with an elastic deformation is gl-jd(é‘ijAel), with g;; being the

surface stress, while a plastic deformation is ydAy. Therefore, Eq.(6) is transformed to,

dUS =TdSS — PdVS + Z ﬂidﬂ.is + ]/dAp + Agijdeij- (12)
i

Combining with Eq.(12) and dA = dA, + dA,,, differentiation of Eq.(10) lead to a general surface Gibbs-

Duhem equation,

i
This form provides the thermodynamic foundation for deriving three key interfacial relations: the Gibbs

adsorption equation, the Lippman equation, and the Shuttleworth equation. Under conditions of constant

temperature and pressure, Eq.(13) reduces to the generalized Gibbs adsorption equation®®,

—dy = (Z I"idm) — (91 — v68ij)deyj, (14)
i T,

P
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where I} = n;5/A is the surface excess concentration of species i. For a liquid electrode, the surface strain

is disappeared, namely, de;; = 0, and Eq.(14) can be written as,

—dy = (Z Fidﬁi) : (15)
i T,

P

2.2, Liquid-liquid interfaces
2.2.1. Surface tension and Lippmann equation

We first consider the interface between a liquid metal electrode and an electrolyte solution. The interface
is in contact with two bulk phases (see Figure 3): the metal (subscript M) and the electrolyte solution
(subscript S). For generality, partially charged chemisorbed species, denoted by subscript ad, are
considered. The metal phase consists of metal atoms M, metal ions M%*, and electrons e™. These species
are present in both the metal bulk and the interfacial region, but not in the liquid solution. Electrolyte

cations and anions and solvent molecules are present in the solution bulk and interfacial region.

Under these conditions, the Gibbs adsorption equation (Eq.(15)) becomes,

M ad S
~dy = > [diy + ) L+ ) Rd (16)
i j i

At the interface, metal atoms, metal ions, and electrons are in equilibrium with their counterparts in the
metal bulk. Their chemical potentials therefore equal the corresponding bulk values and satisfy py =
Upmz+ + Zpe. For a metallic electrode, the chemical potentials of metal atoms and electrons are fixed by
the bulk phase, hence du, = duy = 0. Decomposing the electrochemical potential into chemical and the

electrostatic parts, the metal contribution in Eq.(16) becomes,

M
D Ldfi = yssdfies + Lade + Tadian
i

= Dyz+dpyer + ledpe + (zeglyz+ — eole)d gy + Tvdum (17)
= Lyz+d(um — zle) + ledpte + Tuduy + omd oy
= omdPwm,

where oy = zeglyz+ — el is the metal surface charge density.
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We take the chemisorption of a monovalent anion, A=, as an example,
A +xoAj+(1—-9e, (18)

where * denotes the adsorption site, ¢ the fraction of the electron remaining on the chemisorbate, and
(1 — ¢) the fraction of the electron transferred in the chemisorption reaction. Because the vacant site
acts as a reactant, its chemical potential (1.) must be included in the equilibrium conditions, yielding,
fia- + ph = fia,, + (1 = ¢)ile. Assuming the total number of surface sites is conserved, the surface Gibbs-
Duhem relation dictates that the chemical potential of occupied and vacant sites is coupled. Consequently,
by defining the effective adsorbate chemical potential relative to the vacant site, the adsorbate

contribution in Eq.(16) simplifies to,
ad
D iy = Ladiiaa = Tad(Ea- = (1= i)
] (19)

= Ladua- — eolagdds + (1 — ¢)eglad du.

For species in the solution, it follows that

s s s
Zridﬁi = Zridlii +Zzzeoﬂ dgs. (20)
T T T

Electroneutrality of the overall system requires,
S
oM — Seolag = —Zzieori- (21)

1
Substituting Eqs.(17), (19)-(20) into Eq.(16) and using Eq.(21) yields the Lippmann equation,

—dy = omddym + Ladpa- — eolhadds + (1 — ¢)egladdu

s s
+ Z Ldp; + Z ziegl; dos
T I
s

= o + (1 = eohaald (b = bs) + Fradiua- + ) g
i

(22)
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S
= God® + Faadua- + ) T,
i

where ¢§" = ¢ — ¢s istheinner potential difference between metal bulk and solution bulk, and gy =

om + (1 — ¢)eglLq is the total surface charge density.

When the solution composition is fixed, differentiating the surface tension with respect to ¢§4 gives,

_ ay _ ( ay )
Otot = 64)15“ - = OEm T,P,‘ui' (23)

where Ey; is the electrode potential, differing from d)g" only by a constant reference offset®°. Eq.(23)
shows that, in the presence of specific adsorption, the surface tension y exhibits a maximum at the
electrode potential where the total surface charge density vanishes. This potential is referred to as the

potential of zero total charge (PZTC).

Electrocapillary measurements by Grahame and co-workers®””® provide experimental validation of the
electrocapillary curve, y(Ey). Figure 4(a) shows the effect of electrolyte composition on the surface
tension of a mercury electrode. The cathodic branch of the electrocapillary profiles remains nearly
unchanged, whereas pronounced differences are observed on the anodic side. This asymmetry reflects

preferential specific adsorption of anions relative to cations. The corresponding total surface charge

density curves are shown in Figure 4(b).
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Figure 4. Electrolyte effect on the (a) surface tension and (b) total surface charge density of a mercury

electrode as a function of the electrode potential for 100 mM aqueous solutions. Subplot (a) and (b)

are reproduced with permission from Grahame®”7%,

In the absence of specifically adsorbed ions, Eq.(22) reduces to,

s
—dy = oydpM + Z Ldy;, (24)
T

where gy = Otot = Ofree With Ofee being the free surface charge density.
2.2.2. Various capacitances

The partially charged chemisorbed ions A~¢, complicates the definition and calculation of surface charge
densities. Six different types of surface charge densities can be defined in this case®’, as depicted in Figure
5, including the total surface charge density (o), the free surface charge density (0fec), the metal
surface charge density (oy), the total and net charge density of chemisorbates (044 tot) Oad net), and the

charge density involved in the partial charge transfer process (0;,ct).

Ofree

oM Tad,net ~Ofree

Orot

;
/

Metal Inner layer Outer layer

Figure 5. Surface charge densities of EDLs. The total charge density oy, measures the total amount of
electrons flowing through the external circuit when the electrode is subject to a given potential. The
metal charge density gy is a modelistic concept, describing the surface charge density within the metal
region, of which the outer boundary is indefinite in the presence of chemisorbates. The total and net
charge density of partially charged chemisorbates are gaqtor and Oagnet, respectively, and their

difference is the amount of charge transferred between the metal and the chemisorbed ion, namely,
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the charge involved in the partial charge transfer process, denoted oy The total charge density oo
is divided into gy, charging the chemisorbates and gy charging the metal. The amount of charge
stored in the diffuse layer stretching from the OHP to the bulk solution is the negative of the free charge
density e . Since the overall EDL is electroneutral, ofree is the sum of oy and Gaqpet, Which

establishes a rigid dichotomy between the metal and the chemisorbates. Reproduced from Ref.”’.

Otot 1S the total amount of electrons per unit area of the electrode flowing through the external circuit
upon changing the electrode potential. At EDLs with chemisorption, gy, contains contributions from
charging/discharging the EDL, chemisorbate adsorption/desorption, and the nontrivial coupling of these
processes. The last aspect is illustrated using a thought experiment on chemisorption of a single anion at

constant potential, as shown in Figure 6,

First, we freeze all other components of the EDL and move a monovalent anion from the bulk solution to
the EDL. The moment the anion enters the EDL, an electron must flow out of the electrode to ensure
overall electroneutrality of the EDL. Second, the anion comes closer to the electrode surface and
experiences stronger electronic interactions with the metal, resulting in partial charge transfer between
the anion and the metal. In this imaginary scenario, the partial charge transfer process only involves
redistribution of electrons at the interface but no external flow of electrons. Third, the presence of this
partially charged, chemisorbed anion induces an extra potential drop, changing the overall potential
difference between the metal and the solution. To preserve the constant potential condition, a fraction
of electron per anion flows back into the electrode, accompanied by an additional fraction of cation
accumulates in the diffuse layer. Summing up the charge flow through the external circuit in the first and

third step, the change in gy is less than one electron upon chemisorption of a monovalent anion.

(a) initial state (b) specific adsorp. (c) chemisorption (d) restore Ey
45 ar ar +
4L F"' —+ =F
e } ¢le| clel
+ + a + ATF(0<¢<] = A
+ + + +

Figure 6. A thought experiment of an anion chemisorption. In step (a), the initial EDL has a positively

charged metal and negatively charged diffuse layer, with the potential distribution sketched below. In
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step (b), an anion comes into the inner layer of the EDL, accompanied by an electron flowing out of the
electrode to ensure overall electroneutrality of the EDL and an enlarged potential difference at the
interface. In step (c), partial charge transfer occurs between the metal and the anion, resulting in a
partially charged anion and reducing the interfacial potential drop. In step (d), a fraction of electron per
anion flows back into the electrode, accompanied by an additional fraction of cation accumulates in

the diffuse layer. The initial potential difference between the metal and the solution is retained.

Generalizing this example, we consider chemisorption of multiple types of species including ions and
solvent molecules with surface coverages 6; = ﬁ with N being the areal density of adsorption sites
on the adsorbent, and N; that of chemisorbates i. The charge of these species in the bulk solution is
denoted q}’, which is nonzero for ions and zero for solvent. The total charge density of chemisorbates

Oad,tot, COrresponding to the charge flow in the first step of the thought experiment, is,
25
Oad,tot = Z 0;Nsite Chbﬂ (25)
i

accompanied by an equal amount of electron flow in the metal electrode.

Partial charges of these chemisorbed ions are denoted as q; which are different from q}’. For instance,
chemisorbed water molecules in the first layer above Pt(111) are reported to be positively charged. We

denote the net charge density of chemisorbates 0,4 net,
26
Oadnet = Z 0;Nsite qi- (26)
i

The amount of charge transferred from chemisorbates to the electrode is,
Opct = Oad,tot — Oad,net- (27)

The ionic charge stored in the diffuse layer are free charge according to Frumkin,® because
addition/removal of these ions involves no formation/cleavage of chemical bonds. Therefore, g ee, in
terms of the electrode charge therefore being negative of the ionic charge stored in the diffuse layer,

reads,’

38



Zeo . (28)
Ofree = — f Z n;q; |dz,
z

onp \3

where zgyp denotes the OHP, z,, the bulk solution, and n; the number density of ions.

Following the same reasoning in the thought experiment, the total surface charge density is,

Otot = —Oadtot T Ofrees (29)

where —0,4 tot cOrresponds to charge flow through the external circuit in the first step, and of.ee that in
the third step. The negative sign exists before 0,4 ot because 0,4 ot is defined for adsorbates and the
corresponding charge on the electrode surface has the same magnitude but opposite signs. We note that
Ofree aNd Oaqror are coupled. As an immediate consequence of this coupling, chemisorption of a

monovalent anion results in a fraction of an elementary charge flowing in the external circuit.

We can also define the amount of charge on the metal surface gy. In absence of chemisorption, we have
OM = Ofree- However, this relation usually does not hold for the EDLs at transition metals due to the
presence of partially charged chemisorbates with a net charge density of g,q net. Instead, we can calculate

oy from the following requirement of electroneutrality,

OM = Ofree — Oad,net (30)

which is not measurable.

Differentiating the Lippmann equation again, from Eq.(23), gives,

_< 62]’ > - (6_0) (31)
OEM” TP OE)rpu

The charge density variants lead to corresponding differential capacitance variants defined as,

do

CE) = (ﬁ)ﬂ; >

where we have highlighted that the capacitance depends on the electrode potential E and that the

electrochemical potentials fi; are kept constant.

Therefore, we obtain the total differential capacitance,
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Cot(E) = (%‘gn)ﬁ} 33)

which, according to Eq. (29), is decomposed as,
Ciot(E) = Caq(E) + Cqi(E) (34)

where the pseudo-capacitance of adsorption is,

Cual®) = - (52) | e

i

and the differential free double-layer capacitance is,

cae) = (). 56)

oE /g’

i

C,q usually dominate over Cg; in the presence of chemisorbates as shown in Refs.** 28, |n addition, it is
important to note that since the EDL structure is influenced by chemisorbates, C,4 and Cq; are not

independent.
2.3. Solid-liquid interfaces
2.3.1. Revised thermodynamic framework

At solid-liquid interfaces, the surface tension depends on the surface strain, a generalized Gibbs

adsorption Eq.(14) at constant temperature and pressure is given,

—dy = (Z ridﬂi> — (9ij — v6ij)deyj, (37)
i T,

P

Electrochemical potentials in Eq.(37) can be further decomposed into chemical and electrostatic

components in the similar way for the liquid-liquid interfaces,

s
—dy = 0yotdEm + laadpa- + Z Ldp; — (gi — v6y;)dey;. (38)
T

2.3.2. Surface stress and its characteristic potential(s)
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From Eq.(38), we obtain the relationship between surface tension and surface stress under constant
potential conditions,

ay
9ij = (V5ij + g) ) (39)
YU T,PuiEm

L . - ]
which is known as the Shuttleworth equation®443124¢ For liquid metal surfaces, the second term, %,

ij
vanishes, which means that surface stress equals to surface tension, g = y. In contrast, for solid surfaces,
elastic resistance to deformation renders the surface tension strain-dependent, leading to a fundamental

distinction between surface tension and surface stress.
Conceptual analysis of surface stress

This distinction is particularly important for electrified solid-liquid interfaces, even in the absence of
specific adsorption. According to the Lippmann equation, the surface tension follows an approximately

parabolic dependence on electrode potential,

1 2
Y =Yo— ECdl(E - Epzc) ’ (40)

where, Ep, is the potential of zero charge, Cq; is assumed to be a constant. The potential dependence of

g is described by the Gokhshtein equation, which can be derived from Eq.(39), c.f., Valincius®,

() -+~
0E € de T'p'ui'E,

at constant T, P and y;, where the second term on the right-hand side is given by,

E
0k,

do _ ad JC d - pzc
(ae>T,P,ui,E_ ge ) Cadd| =—Ca—p = (42)

Epzc E

Consequently, the potential dependence of the surface stress is approximated as,

ag (?EpZc
—| = - 43
(azs)e ot Ca— (43)
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which makes explicit the two competing contributions that govern the potential dependence of surface
stress: the capacitive charging of the metal surface and the strain dependence of the PZC. Eq.(43) parallels
the modified electrocapillary relation given by Kramer®®, which indicates that deviations from classical

Lippmann behavior arise from the additional strain-dependent term.

Several special cases of Eq.(43) are illustrated in Figure 7. If the strain dependence of the PZC is negligible,

9Epzc
de

29
0E

. a .
~ 0, we obtain (—g) ~ —@, meaning that (
9E/ ¢

Cal ) decreases monotonically with electrode
€

potential for o increases monotonically with electrode potential. For this case, the surface stress exhibits
a parabolic dependence on electrode potential, with an extremum close to Egzc, consistent with the

classical electrocapillary picture and with the scenario discussed by Kramer for weak elastic coupling®. In

0,
> |al, (ﬁ)e shall

oF ) .
6‘;“, over the relevant potential range. For this

0Epzc
de

general, when the strain dependence of the PZC becomes so important that |Cd1

remain positive or negative, depending on the sign of

general case, the surface stress increases or decreases monotonically with electrode potential and crosses

zero at a finite value of electrode potential.

Following the convention, a positive value of g indicates tensile surface stress (surface intends to
contract), while a negative value indicates compressive surface stress (surface intends to expand) 544346,
A characteristic electrode potential at which the surface stress itself vanishes, referred to the potential of
zero surface stress (PZS), Ep,s, is observed in Figure 7(b). Previous studies, notably the estance

measurements of Valincius et al.'® and the theoretical analysis of Kramer®, primarily focused on

potentials at which the derivative of the surface stress with respect to potential vanishes, Z—‘Z =0,
corresponding to the extrema of electrocapillary or estance curves. Such “zero-estance” potentials
characterize changes in the slope of g(E) and may occur at multiple values depending on the electrolyte
composition, adsorption, and elastic contributions, but they do not imply mechanical neutrality of the
interface. By contrast, the PZS, which is, to the best of our knowledge, defined here for the first time,
identifies the potential at which the g(E) changes sign, marking the transition between compressive and

tensile regimes. Interestingly, the PZS and the PZC are different. Within this framework, the relation

between the PZS and the unstrained PZC can be approximated as,

0 -1
Ymax aEpzc
Epzs = Egzc - Cal (7 , (44)
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where ¥, is the maximum surface tension at € = 0. Eq.(44) indicates that the PZS is distinct from the
PZC, with the deviation determined by the strain dependence of the PZC. Eq.(44) can be used as an
analytical framework to understand how metal charging and strain-induced shifts of the PZC jointly

determine the emergence and location of the PZS.

(a) Potential dependence of surface stress {b}  Surface stress
(511) Nmtoy g/N-m™

\@\ Eipzs Ep:}

0 E =S/ ¢ E =BV
@

\———\
—5—— @

@

E, BE, BE,
@ o "“ ~0 (3 Ca=m g or g~ < o

Figure 7. Conceptual analysis of (a) the potential dependence of the surface stress and (b) surface stress

=~ 0, which means that ( E) ~ —¢g decreases monotonically
€

with electrode potential with a zero value nearly the PZC. The surface stress profile shows a parabolic

Epzc

shape with a maximum value at nearly the PZC. When |Cd1 > |o|, which means that (Z—i) is
€

monotonically with the electrode potential and the surface stress has zero value. The relation between

-1
Ythax (aEPZC)

PZS and PZC, can be expressed as, Ep;s = EI(,’Zc - e
dl

When there is specific adsorption of ions, Eq.(41) should be written as,

ag\ 0001
(GE)E_ Itot (ae )T,p,ui,E’ 4

at constant T, P and y;, where the second term on the right-hand side is given by,

aatot f
( aE T,P,u;,E |:aE CtOtdd) ' (46)

Epztc E

Consequently, the potential dependence of the surface stress is written as,
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a a ‘
g
(6_E)e = —Otot — [& f Ciotd®| (47)

E
pztc E

where oo and Cior denote the total surface charge density and the total differential capacitance,
respectively, as descripted in the section 2.2.2. Both quantities are influenced by the specific adsorption
of ions. Therefore, the potential dependence of the surface stress is intrinsically coupled to ion-specific

adsorption.

44



Chapter 3. Theoretical models

Reproduced with minor changes from ‘Zhang Z, Huang J*, Microstructure of Electrical Double Layers at

Highly Charged States[J]. JACS Au, 2025, 5 (7), 3453-3467".

3.1. Introduction

This chapter presents the theoretical frameworks employed in this thesis to describe the structure and
thermodynamic properties of EDL at metal-electrolyte interfaces. The chapter pursues two main goals.
First, the classical GCS model is introduced as the conventional baseline framework for EDL theory. Its
underlying assumptions, governing equations, and extensions accounting for finite ion size effects are
discussed in detail. Second, the predictive capabilities and intrinsic limitations of the GCS model are
critically assessed through direct comparison with experimental Cq4 data. This analysis highlights the
regimes in which classical continuum models provide a reasonable description of interfacial electrostatics,
as well as the conditions under which they fail to capture key experimental trends. By systematically
examining these limitations, this chapter provides the motivation for adopting more advanced theoretical
approaches that explicitly account for electronic structure effects and electrolyte thermodynamics. In
particular, it establishes the conceptual and methodological basis for the semiclassical DPFT framework

introduced later in the chapter and employed extensively in the subsequent chapters of this thesis.
3.2. Gouy-Chapman-Stern (GCS) model
3.2.1. Model formulation

Within the classical GCS model, the differential double-layer capacitance can be considered as a series
connection between the Helmholtz layer capacitance and the diffuse layer capacitance,
LI + ! (48)
Ca Cec Cd
where the diffuse layer capacitance, Cgc, can be obtained from solving the modified Poisson-Boltzmann
equation considering the ion size effect?®!°!, The PB equation describes the distributions of the electric

potential and the ion concentrations in the electrolyte solution. Poisson equation reads,
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V- (ebvg) = —Zztii, (49)

L

where €D is the bulk dielectric permittivity of the electrolyte solution, ¢ the electric potential, z; the
charge number of ion i, F the Faraday’s constant, c; the concentration of ion i. Boltzmann equation

further connects c¢; and ¢,

¢; = ¢ exp (—Z— ), (50)

where R is the gas constant, T the temperature. For a binary monovalent electrolyte solution in a one-

dimensional space, the PB equation is rewritten as,

V- (ebve) = —FcP [exp (— %) — exp (%)], (51)

where cP is the concentration of total anions (cations) in the solution bulk. The dimensionless form of the

PB equation is shown as,

2y
W = sinh(U), (52)
b
with the dimensionless quantities, U = F¢/RT, X = x/Ap, and the Debye length Ap = ,%.
i

The boundary conditions to close Eq.(52), a second-order differential equation, are,
U(X =0) = Unp, (53)
U(X =) =0, (54)

where X = 0 represents the left boundary, at the HP, and X = oo is the right boundary, in the solution

bulk. Uyp can be calculated from the electrode side,

filo} eb
¢up = Em — Epgec + (a)hw i&-ﬂ» (55)
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where egp and Syp are the dielectric permittivity and the thickness of the space between the electrode
and the HP, respectively. The coefficient 6E/EHP is resulted from the following equality in terms of surface

free charge density on the electrode surface,

a¢ ¢
— _ b — -
Ofree = —€s (aX)x=o+ €Hp (ax)x=0_- (56)

Solving Eq. (52) in the following steps,

20 AU 25inh(U) au (57)

axzox S Woy

aUN?

2N - (58)
d(6X> d(2 cosh U),

U 2 Ugp\\2
i = (2 sinh (2HP 59
(5%) 0 = (25nn(5)). ()

we obtain the relationship between the excess free surface charge density and the electric potential at

the HP,

¢ 2esRT  (Fobup
= - - =—ed (= =—— —). 60
Ofree f (4 —c-)Fdx = —¢ (ax)xzo+ Fip Smh(ZRT) (60)

While the classical PB formulation captures the essential electrostatic screening behavior in dilute
solutions, it neglects the finite size of ions and solvent molecules. At higher electrolyte concentrations or
under strong interfacial electric fields, this approximation breaks down due to ion crowding near the
electrode surface. To address this limitation, steric effects can be incorporated by adopting a lattice-gas
description of the electrolyte, leading to the Bikerman—Poisson—Boltzmann (BPB) model'*%, |n the BPB
model, each ion occupies a volume of a3, where a, is the lattice size. The maximum particle number
density is n; = a; 3. The electrochemical potential for ion i reads,

asn;

ﬁi = [,l? + Zieod) + kBTln 1 (61)

— a3 ’
ad Yy
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where ,u? is the chemical potential under standard conditions, e, the elementary charge, kg the
\3

Boltzmann constant, n; the number density of ion i, y; = (%) is the relative size of ions referenced to
s

solvent with 7; being the radius of solvated ion and R, the diameter of solvent. (1 — a3 Y, y;n;)/a is
the number density of solvent molecules. For a binary monovalent electrolyte solution, we have n® =
nl = ng, with nB the number density of total anions (cations) in the solution bulk. Under equilibrium

conditions, the electrochemical potential for ion i is uniform in the whole EDL,

1 = 10 + zieotp + kg Tln— T 0 4 jgTln— 278 (62)
i =W +ze n———o——=U; n—m-———:-.
125 Hi ico B 1— at3 Zi Vil i B 1— at3 Zi]’ing
The number density of ion i is obtained as,
Fe
ngexp( T 07(]))
— B
= v —e e ’ (63)
L3 (rvexe () + e (25) = v —7-)
where the bulk volume fraction of solvated ions is v = 2a.3nb. The GCS model assumes v = 0.
Combining Eq. (49) and Eq. (63), the BPB model is described as,
2nbe, sinh (4;{%;/))
(&b - B
J A URY B SCT) — o
7 \V+€xp kgT Y-€xp kgT Y+ — V-
The dimensionless form is,
02U sinhU
= (65)

- = 7 3
ox? 1 +§(Vce_u +)/an — Y _Va)

The diffuse layer capacitance, Cg¢, can be obtained from solving the modified PB equation considering

the ion size effect,

(66)

Coc = 00free d (GU

OUup  OUnp a_X)X:HP*'.

However, the total Cy; also depends critically on the compact region between the electrode surface and

the Helmholtz plane, Cy in the Eq.(48) is the Helmholtz layer capacitance. As a historical note,
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Grahame®”% determined the Cy versus electrode potential curve from the measured Cq) curve at~1 M
NaF after correcting for the diffuse layer capacitance described by the Gouy-Chapman theory. He then
used the obtained Cy in Eq.(48) to analyze the Cyq; curves for other concentrations. Therefore, Grahame
himself did not model the Cy curve. For this reason, Kornyshev, Spohr, and Vorotyntsev described the

Grahame approach as semi-empirical®®, named GCS_se. Different from this semiempirical approach, a

primitive approach involves calculating Cy from Egeo with €y and €, being the dielectric permittivity of
H

the space between the HP and the metal surface and vacuum, respectively, and &y the distance between
the HP and the metal surface. This model is referred to as GCS_pm. We implement both approaches and

a comparison in terms of Cq between the GCS models and experiments in Hg-100mM NaF aqueous

solution!®, as shown in Figure 8.

3.2.2. Comparison between experiment and the GCS models

35

@) Experiment
L GCS_se
30 GCS models /o0°

25+

20

Ca/nF - cm™2

-0.8 -0.5 -0.2 0.1 0.4
E /V vs SHE

Figure 8. Comparison of C4, between experiment (circle) and the GCS models (solid line) in
Hg-100mM NaF aqueous solution. The GCS_se is compared with the primitive GCS model
(GCS_pm). Fitted parameters are ey = 6, 8y = 0914, = =34, r, = 7.5 A. Experimental

data were reported by Grahame et al’®. The electrode potential is at the SHE scale.

The fitting process of the GCS models are shown in Figure 9 and Figure 10. Additionally, we performed a
sensitivity analysis of the GCS model. The resulting analysis, presented in Figure 9(e), shows that while the
capacitance curve is slightly adjusted, the impact on the fitted parameters remains minimal across the
studied concentration range. The GCS model results are calculated using the following model parameters:

€g =6,045 =0914, . =34, r, =7.5A. The fitted value of permittivity ey is within the usual value
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between the 3 and 6 for the description of HP.1% The fitted &y is an effective value reflecting the closest
distance that ions can approach the electrode surface. The solvated ion radius . takes into account the
ion-solvation interactions. Notably, the fitted radius of solvated Na* is larger than the value of 34

estimated by AIMD simulations!®’ for Na* with one layer of water. This suggests that the GCS model

effectively considers more-than-one water layers in the solvation shell of Na*.

(a) Different &y (b) Different r,.
50 30 S
O Experiment — GCS_pm 0
. =3A of
40 sy =054 25 s
TE 40054 TE
S G
5 /—\/\ .
3 3
< S 5
20 124 15
0000000°° 0.5A
9A
10 10
-0.8 -0.5 -0.2 0.1 0.4 -0.8 -0.5 -0.2 0.1 0.4
E/Vvs SHE E [V vs SHE
d
© , , S @ '
o Experiment o Experiment
GCS_pm model 30 - == GCS_pm model o
25 N 0 0 o
5 E AT
é 20 3 20 1
3 3 g |
O %
15 00 10 o
r, =754, Hg/100mM NaF 0 ¢ JD
10 r.=3A (aqueous solution) 5 [S3%9)
-0.8 -0.5 -0.2 0.1 0.4 -0.8 -0.5 -0.2 0.1 0.4
E/VvsSHE E/Vvs SHE
Diefectric decrement effect
(e}
35 o) Experiment
30 GCS_pm ooooo
= = = GCS_pm +dielectric 0000080‘70 q
5 o5 decrement effect 0020y 07
E 00
v
o 20
=
F 58 A J
o
10 x 0 J
5 i
-0.8 -0.5 -0.2 0.1 0.4
E/Vvs SHE

50



Figure 9. The GCS_pm model®, (a, b) the GCS_pm model with different 8 and r,, respectively.
Comparison of Cq between the GCS_pm model and experimental results at (c) 100mM concentration
(d) varying ion concentration. (e) Comparison between the GCS_pm model, with and without
accounting the dielectric decrement effect, and experimental results at varying ion concentrations. The
permittivity values for ImM, 10mM and 100mM are 78.48, 78.35 and 77.07, respectively, estimated
using the empirical equation (16) in ref.1%. Experimental data were reported by Grahame et al*®, Fitted

parameters are eg = 6, 6y = 0.91 A, r=3 A, r,. =75 A. The electric potential is on the SHE scale.

(a) (b)
50 " 40
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Figure 10. Comparison of Cq; between the GCS_se model and experimental results in Hg-100mM NaF
aqueous solution. (a) Numerical (dashed line) and analytical GCS_se (solid line) model, (b)The
numerical GCS_se model considering the ion size effect. Experimental data were reported by Grahame

et al'®, The electric potential is on the SHE scale.

In general, GCS_se and GCS_pm models can well reproduce the Cq; curves of the Hg-NaF aqueous
interface near Ep,c = —0.22VvsSHE . The discrepancy between the GCS_pm model and the
experimental data is observed at more positive potentials E > 0.1 Vsyg, and more negative potentials
E < —0.3 Vgyg. The GCS_se model improves over GCS_pm in matching experimental data, but still
overpredicts capacitance values at potentials beyond 0.2 V from the PZC. The divergence at more positive
potentials is explained in the literature usually as the consequence of specifically adsorbed anions3196:109-
114 For example, in the study of Wang et. al.,*® a modified GCS model considering anion specific adsorption

can neatly capture the whole Cq profile in Ag(111)-NaF aqueous solution®. Since the specific adsorption
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of F~ in the given potential range is rather weak and thus unlikely responsible for the observed

divergence®, we argue that there could be other causes.
3.2.3. Assessment of limitations of GCS models

Afterwards, we systematically compare the Cyq; curves between experiments and the GCS_pm model for

different cations, anions and solvent molecules!>!12115116

, as shown in Figure 11. We exhibit the
comparison at a high concentration, 100mM, because the Cy; curves in more dilute solutions can be
readily grasped once the more concentrated case is well understood. The solid points in Figure 11
represent the PZC, corresponding to the Gouy-Chapman minimum in dilute solutions. In Figure 11(a), the
experimental Cg; profiles in the cathodic region are nearly identical for Na* and K* which have different
solvation ion sizes. However, the GCS_pm model results in Figure 11(b) show significant differences. In
the GCS_pm model, the cathodic peak of Cg; is smaller for Na* than K*, as Na* has a larger hydrated
radius''’. In the anodic region, the two pieces of results calculated by the GCS_pm model are identical
since the same anion, F~, is considered. We note that experimental results are taken from two separate

studies?0>11>

, so we cannot exclude the possibility that the differences between the two experiments are
just experimental errors, though the magnitude of differences exceeds the experimental error estimated

by Grahame!'®,

The anion effects are examined in Figure 11(c). The experimental Cg; profiles in the cathodic region are
nearly the same, as expected, since the same cation, K¥, is used in both measurements. Consistent with
the GCS_pm model, experimental data exhibit a smaller anodic Cq; peak for PFg than for F~, as PF¢ has
a larger hydrated radius. However, the GCS models cannot account for the difference in the PZC. PFg has
a more negative PZC compared to F~!!2, Moreover, the rising trend at more anodic potentials for F~ is

not captured by the GCS_pm model.

In Figure 11(e), we examine the effects of solvent molecules on the experimental Cyq; profiles. Experiments
show that the PZC is more positive in DMSO than H,0, which cannot be explained by the GCS_pm model.
Moreover, it is interesting to note that the Cy; profiles intersect at around 0.05 V vs SHE. At potentials
negative of 0.05 V vs SHE, the experimental Cq is smaller for DMSO than H,0, while the opposite trend
is observed at potentials positive of 0.05 V vs SHE. On the contrary, the GCS_pm model gives a Cq; profile
constantly smaller for DMSO than H,0. The reasons for the magnitude difference are, at least, twofold.
On the one hand, DMSO has a lower permittivity (€? = 46.8) compared to H,0 (e? = 78.5). On the other
hand, both K* and PFg ions have larger solvated radius in DMSO than H.0, as shown in Figure 11(f).
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In a word, the GCS_se and GCS_pm model efficaciously describes the Cy; in the potential region near the
PZC. However, it is deficient to describe the Cq profile far away from the PZC. The deficiency is more
apparent when the electrolyte effects on the PZC and the Cy; are considered. Therefore, there is a clear
need for an improved model for mercury’s EDL. As mentioned in the introduction, the DPFT will be
employed as the model framework to analyze all above Cy; curves. Our proposed DPFT framework can be
seen as an improved description of the complex behavior of Cy within a more detailed and physically
motivated structure. It also goes beyond the GCS framework by incorporating a microscopic treatment of
free and bound solvent molecules, potential-dependent metal-solvent short-range interactions, and
partial desolvation of ions. In the next section, we will introduce three improvements to the DPFT model

compared to our previous works’#77/88,
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Figure 11. Comparison of C4; between experimental results'>12115116 (3 ¢, e) and the GCS_pm
model (b, d, f) for the EDL at the Hg-electrolyte solution interface with a concentration of 100
mM. (a, b) Effects of cations, Na* and K*, on Cy,, (c, d) Effects of anions, PFz and F~, on Cy,
and (e, f) Effects of solvent molecules, water and DMSO, on Cy;. Other parameters used in the
GCS model are provided in the Table 1 and Table 2. The solid points denote the potentials of

zero charge.

3.3. Density-potential functional theoretical models

The framework and new modifications of the DPFT are introduced in this section. We realize that our
previous DPFT model, denoted DPFT_pre, is deficient in describing the interfacial permittivity as it may go
unrealistically higher than the permittivity of bulk water, see Figure 3 (h) in ref’%. Herein, we refine the
description of interfacial permittivity, following Dreyer et al.'*°, by distinguishing free solvent molecules
from those trapped in the solvation shell of ions, and further accounting for the dielectric screening
capabilities of the trapped solvent molecules. This updated DPFT model is denoted DPFT. As to be
rationalized in the subsequent analysis of experimental data, the DPFT model is further modified by
introducing the potential dependence of short-range metal-solvent interactions, denoted the DPFT_sol
model, and the partial desolvation of ions at highly charged surfaces, denoted the DPFT_desol model. A

summary of features of the three DPFT models is given in Figure 12.
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(a) DPFT_pre

gt = nf*e + (yc - y&)nc

(c) DPFT_sol: DPFT + Potential dependence of (d)  DPFT_desol: DPFT_sol + Partial desolvation of
short-range metal-solvent interactions ions at highly charged surface

Figure 12. Schematic diagram of four versions of the DPFT. (a) DPFT_pre: the previous DPFT
model”®. (b) DPFT: the solvent molecules are divided into free ones with a number density of
niree and trapped ones with a number density of nS°!V. (c) DPFT_sol: DPFT + the potential
dependence of short-range metal-solvent interactions. (d) DPFT_desol: DPFT_sol + the partial

desolvation of ions at highly charged surfaces.

74,75
’

In the DPFT, the volumetric density of the grand potential of the EDL is given by

g = fqm [ne, Vne] + feld, Vo, {ni}] + finel, Vo, {(ni3] — [neﬁe + z niﬂi]v (67)

i=a,c,s
where fqm, fc and fin represent the three contributions to the Helmholtz free energy, namely, the
guantum part for the electron gas, the classical part for the electrolyte solution, and the short-range
interactions between the electron gas and the electrolyte solution, respectively. The last term ensures

modelling the EDL as an open system in contact with both an electron reservoir and an electrolyte solution
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reservoir. fi, and fi;(i = ¢, a, s) represent the electrochemical potentials of electrons and solution species,
respectively. fqm consists of kinetic energy of non-interacting electrons (ty;), exchange (ux) and
correlation (uc) energies, and pseudopotential energy (pcc), written as,

fqm = tni[ne' VTle, ] + uX[ne: Vner ] + uC[ne' Vne' ] + pcc[ne]

(68)

= ey [trr(Fs(s) + Ors?) + uR(1 + Oxs?) + (ud + Ocneadt?) + veene),
where e,, = e2/(4meya,) is the atomic energy with a, being the Bohr radius, e, the unit of electron
charge, and €, the vacuum permittivity. The kinetic energy of electrons is described by the semilocal

120-122 —
. tTF -

N . 3 2 £ . T
approximation functionals o (3n2)3(neag)3 is the Thomas-Fermi volumetric kinetic energy

density, and (F;(s) + 81s?) is the correction for the inhomogeneity'2°'22, F,(s) is the so-called Pauli
1 4
enhancement factor, s = IVnel/(2(3rr2)§(ne)§) is the reduced gradient term and 61 is a gradient

coefficient tuning the contribution of the gradient term. Here we take 61 = S, a value commonly used in
describing the metal'?22, For the approximation, some functionals are widely used for modeling
transition metals, e.g. Thomas-Fermi-von Weiszacker (TFvW), Pauli-Gaussian (PG) and Luo, Karasiev and
Trickey (LKT) functionals'?2. These modify the enhancement term in Eq.(68), replaced F;(s) with 1 for the
TFVW, with e #s* for the PG, and with sech(as) for the LKT. The newly added parameters are, 4 = 1 for

PG, a = 1.3 for LKT*?2, The exchange-correlation energy is described by the PBE functional with the

1
= 4
exchange energy of a uniform electron gas, ug = - % (%)3 (nea8)§, 6x = 0.1235 is the variable tuning the

contribution of the gradient term in the exchange energy. Similarly, u‘c) is the correlation energy of a

uniform electron gas, for which we use the interpolation relation of Perdew et al.,*?°

1
ud = —2a;n.a3(1 + ayry) In (1 + E),

3 3
() -
TNeay

1 3
§=2m (0(31"52 + aurs + asr? + a6r52>,
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where a; = 0.0310907, ar, = 0.21370, a3 = 7.5957, a, = 3.5876, a5 = 1.6382, a5 = 0.49294 . O =

1 7
0.0667 is a gradient coefficient in the correlation energy and t = aéane|/<4 (%)6 (nea8)3> is another

reduced density gradient in terms of dimensional n, and coordinates. v, is the pseudopotential of metal
cationic cores effectively describing the influence of metal cationic cores on valence electrons in addition
to the mean-field electrostatic force that is included elsewhere. The decay of v from its bulk value v2.

within the metal to zero outside the metal surface is modeled using an error function,

0
Vee = % [1 = erf(x)]. (70)

It should be noted that in this work v%. is calibrated to reproduce the experimentally measured potential

of zero charge.

fc describes the classical interactions between charged particles, which is a functional of the density of

charged particles n; and electric potential ¢ and its gradient V¢, written as,

fo =0 = medeo — 5 cop (097

sinh(Bps|V¢|)

BpsIV] (71)

+ [(nc —ny)egd — nsﬁ_l In

+ Z By (In(miA?) — 1) + D (i),

i=a,cs

where n is the number density of metal atomic-core charges, as only the valence electrons are explicitly
idered i w btain the dimensionless Ametal = 4NYe (22’ with N ting th
considered in n,. We can obtain the dimensionless gt = 4Ny ™ wi metalfepresenting the

number of valence electrons of metal atom, and ayeta is the lattice constant of the cubic closed-packed
cell of metal. The first term on the right-hand side of Eq.(71) represents the Hartree energy of electrons
and cationic cores of the electrode, and the self-energy of the electric field with €, being the optical
permittivity, for example, 9.8¢, for Au and 3¢, for Ag'**!%, The second term is the potential energies of
charged particles in solution, with n;(i = a, ¢, s) the number density of anion, cation and solvent, 8 =
(kgT)~! the inverse thermal energy, and p the solvent dipole moment. The third term represents the
Gibbs free energy of an ideal-gas reference system, with A; denoting the thermal wavelength of species i.

The fourth term, ®.,({n;}), accounts for excess Gibbs free energy due to finite-size effects. In this work,
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we adopt the Bikerman theory, a lattice gas approach that incorporates entropy of mixing in electrolyte
solution?%21% The Bikerman theory assumes all charged particles occupy the same volume Ag, giving a

maximum number density of N,y = (Ag) 3.

It is noted that, on the electrolyte solution side, the radius of the solvated cations is inherited from the
analysis based on the GCS_pm model in Figure 11. The large value suggests that solvated cations contain
multiple solvent layers. In our previous work’78 3| trapped solvent molecules were frozen and a small
optical dielectric permittivity was used for them. In this work, we make a more reasonable assumption
that the solvent molecules beyond the first layer of the solvent cations can also shield the electric field via
orientational polarization. In this refined description, the solvent molecules are divided into free ones

with a number density of nfr® and trapped ones with a number density of n$°Y, as shown in Figure 12(b).

Therefore, the total number density of solvent molecules n§°ta' is expressed as,

n;otal — ngree + ngolv‘ ngolv — (VC + Va)ni: (72)

where nt°! is the total number density of solvent molecules.

The number density of solvent molecules that can effectively shield the electric field is the sum of that of
free solvent molecules and those trapped in the solvation shell beyond the first layer,

ngff — ngree + (Vc _ ycin)nc‘ (73)

ins 3

2rin\” . - . . ' . . . i

where y¢" = ( ;C ) is the relative size of cations only with the first solvation layer with a radius of 72",
S

which is estimated based on a combination of literature data?”!%,

fint accounts for the specific short-range interactions between solution particles and metal electrons,

written as,
fint = Z nw;. (74)
i=a,c,s

Following our recent work’®, we employ the repulsive part of the Morse potential to prevent ions and

solvent molecules from penetrating into the metal phase. This interaction is written as,

Wi (7) = Dpni - exp(—2B:(d (@) — dmi)), (75)
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where Dyy; is the well depth, B; is the coefficient controlling the well width, d(7) is the distance from 7 to
the metal surface edge, and d,,; denotes the equilibrium distance between the particle 1 and the metal
surface. When # is within the metal, d(7#) is negative and w;(#) becomes very positive, meaning that
solution particles have a negligible probability there. The parameters in Eq.(75) can be determined from
the Kohn-Sham DFT calculations'?®. For example, the DFT-calculated binding energy of water molecule on
metal surface is approximately 0.25 eV, namely, Dy, = 0.25 eV, and the typical equilibrium distance
between the water molecules and the metal surface is about 1.0 A, corresponding to dy,s = 1.89a,. This
value appears smaller than the DFT-calculated bond length of 1.25 A because the jellium edge is located

approximately half a lattice constant beyond the outer surface of metal atoms?’1%,

The DPFT_sol model further considers the potential-dependent adsorption energy of solvent molecules.
In the current framework, we allow the parameters of short-range metal-solvent interactions to vary with

electrode potential. In a linear approximation, we assume,
Dps = Dihs + ams(E - Epzc)eOr (76)

dms = drons - Bms(E - Epzc)eOI (77)

where D3¢ and d3,s are the well depth and the equilibrium distance between the solvent molecule and
the metal surface at the PZC, respectively. The adsorption energy of solvent becomes larger with
increasing electrode potential™*™%, which means that the solvent molecules can approach the metal
surface to a closer distance, as shown in Figure 12(c). The dimensionless slopes a,s and S, are to be

determined from fitting the experimental Cy;.

The DPFT_desol model improves over the DPFT_sol model by considering the partial desolvation of ion at
highly charged surface, or in the GCS picture, the compression of the Stern layer'**. In the current model
framework, this means that y; depends on the local electric field and becomes spatially varying.
Specifically, y; will decrease near the metal surface with a strong electric field that can ‘liberate’ trapped
solvent molecules from the solvation shell, as shown in Figure 12(d). Without losing generality, we assume

a linear relationship,

% =1-5e), (78)
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where y is the relative size of solvated ion in solution bulk, j is a relatively dimensionless coefficient
indicating the degree of partial desolvation of ions. This parameter is to be estimated by fitting the

DPFT_desol model with experimental Cy;.
3.3.1. Variational analysis

Variational analysis of g in terms of ¢ gives,

dg g\

%—V-<m)—0, (79)
leading to,

_V[Geffvd)] = eO(ncc - ne) + (nc - na)eor (80)

which is the Poisson equation with an effective dielectric function as in ref,13>137

€off = €op T %L(ﬂpﬂV(ﬂ), (81)

with £(x) = coth(x) — (x)~! being the Langevin function.

Variational analysis of g in terms of particle number densities n; should be divided into two cases. For the

case of electrons, we obtain,

_ [a(tni +ug + uc)] _ Oty +ux +uc+pec) eod — i (82)

aVn, one
The electrochemical potential of electrons can be tuned by the electrode potential, Ey,

fe = e — €oEN, (83)

AtTp aug’(_l_aug

with e = —+ — + v being the chemical potential of a homogenous electron gas. Eq.(80) and
0fe 0fe Mg

(82) constitute the basic set of differential equations controlling the EDL. Next, we need to derive
expressions of n; as functions of ¢. Variational analysis of g in terms of charged particles in solution gives

the electrochemical potential of ions and solvent,

fla=B"" ln(naAg) —egp +w, + ugs,
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fe = B_l ln(ncA?:) +egp + we + ult,

inh(p, |79 (&4
B _ _ . sinh(Bps
=B In(nsA3) — g1 +ws + ¥,
MS ﬁ n(nS S) ﬁ n ﬁpslv(pl WS .u'S
where p is the excess chemical potential given by,
X
e = ﬁ' (85)
1

The Bikerman theory gives,

1
u=p1In (—) (86)
! 1- Zi:a,c,s niA%

A more advanced description is the fundamental measure theory (FMT)02138103,104139 "\yhich has been

compared with the Bikerman theory in a previous work*,

From Eq.(84), n; is given by,

niA?

———— = 0; exp(BiL), (87)
1- Zi:a,c,s niAsB ' '

where thermodynamic factors are given by,

0, = eXp(ﬁeofﬁ - ﬁwa).

O, = exp(_ﬁeo¢ - ﬁWc)' (88)
_ sinh(Bps|VoD)
05 = exp (ln Boolvo] ﬁws).

Eq.(88) shall be valid also in the solution bulk where ©; = 1, and f; is uniform in the electrolyte solution.

Combining these two conditions, we have the following equality,

;A A n}’A? (89)
1—nlA3 — ndA3 — nbAS,

=0 .
"1 —nbA% — nPAY — nbA3

We have,
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Xi0;

n=n . (90)
' max 1+ Xa(ea - 1) + XC(GC - 1) + Xs(es - 1)
with dimensionless bulk number densities y; = n}’/nmax.
Eqg.(90) can be extended, in a phenomenological manner, to scenarios of unequal sizes,
Xi9i
n=n _ 91
1 max Q ( )

where Q =1+ y,x2(0; — 1) + yexc (0 — 1) + ysxs(@5 — 1) is the normalization factor, and y; is the

relative size of particles of the type i referenced to Ag.
3.3.2. Numerical implementation

In this section, we further process the governing equations in Eq.(80) and (82) to facilitate numerical

computations. We define dimensionless variables, marked with overlines, as follows:

X - €¢) P, qi €
— 3 = 0 s i - op
n; =ni(ay)’, x =—,p =——=,0s =—,qi = —, €op =
i 1( 0) ’ o T e i eO, op €o

where € is the dielectric permittivity of vacuum. Then we rewrite Eq.(80) in a nondimensional form,

-V (Eopv¢ + ngffPsKL) = K((ﬁcc — 1) + (A — ﬁa))' (92)

where k = is a number derived from fundamental constants.

kpTegag

We can rewrite Eq.(82) in terms of the dimensionless electron density, i, = n.ag,

— [0ty +ux + A(tn; +ux +uc +
V'[ (m ux uc)]z (m Ux T Uc pCC)_aa3(90¢+ﬁe)' (93)

aﬁﬁe on,
where the terms are obtained as,

a(tm + Uy + uC) _ a(tm + Uy + uC) asz
Vi, B ds2 Vi,

JdF; (s (94)
€auly (( D52 ( ) + 9T) trr + QXCuX>
= Vite,

23123 (7,)5
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n.Z
with GXC = Hx - ?ec, and

0(tyi + ux + uc + Pec)

ane
ot ouy  oul
= =3 2 TF 2y X ¢ 95
eauao” [(Fs(s) + Ors?) P + (1 + Oxcs )6T_le + Fr (95)
dF,(s) , 0s?
+ (((;T + 9T> trr + Gxu?() a_T_le + Vel
with,
dtygp 1,2 2
— = 3(71.)3 96
on, 2 (Br?)3(7e) (96)
0s? 8  (Vn,)? -8
— =3 2 -3 (97)
Me  34n2ys(ays Sl
ou 3\3
ug 3 _ 1 (98)
= —|— 3
O, (n) (7e)
ou 1 1,3 3
U _ 3 _ .t
67‘1: = —-2a;(1+ ayry) In (1 + E) — 247, _5(5) ()73
1 1+ a,r, -1 1
a;In (1 + —) - Mal <a3rs 24+ 2a4 + 3asr2 + 4a6rs>
3 §a+9) (99)

= —2a,;(1+ a,1;)In (1 + %)

2a4T, 1 a;(1+ a,r, -1 3
)

We expand the term on the right most side of Eq.(94),
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_ ((ag (S) + 9T> treg + gxcux> ((ag;( ) + 9'1') trrg + gxcux>
V- n

Vne = Vzﬁe
(ﬁe)§ (ﬁe)§
JdF,(s
(( a ( ) + HT) tTF + chux>
-V- Vile
(ﬁe)§
JdF(s
(( a ( ) + 9T> tTF + excux>
= V2,
(ﬁe)§
0F,(s) 0F,(s) Oty oug
( > —tTF+( > +9T)a——+9XC6——)_
ds20 0s . N Mg (F7)?
()3
dF,(s
8 (( 655(2) + 9T) trr + 9xcu§> 3
_§ e (Vﬁe)z'
()3
Combining Eq.(93), (94) and (95), we get,
2(3 2);( )g oud  oul
_ m°)3(Nn,.)3 u u
V27, = o (S) e [(F(s) + eTSZ) + 1+ excs2)afx+ a_c
( a + GT) tTF + chux e e
0F,(s) ds? (egd + )
+ (( 52 T 9T> trr + 9xcux> . + Ve — %]
0
9F;(s) trp + (an(S) n 9T) Otre Oxc Juy
8 = ., 0s?07, 952 on, e —_
+3 )7 (Vi) — A6 (V7)™
( a + 9'1‘) tTF + Bxcux
_ 1 4
Substituting Eq.(97) into Eq.(101), and using s = IVﬁeI/(2(3n2)§(ﬁe)§), we get,
2(3m? ; 3 a ouy  oud
_ 3(n.)3 t. + i
vz_ — ( us ) (ne) F( ) TF 1fx+$+vcc_(eo¢’ .ue)
ane one €au

(ag (S) + HT) trg + gxcux
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6175(5) aF (S) 6tTF 61&
2 5s20m, e t (2 szt 9T) an, T Oxc o,

2 <(ag (S) + OT) tTF + chux>

(Ve)?.

4
+ g(ﬁe)_l -

at 5t ou$ 4uf
Since, —E = =TE ——X — —X \ve obtain,
0fe 3flg 0l 37"

aF (S) OF, (S) 0tTF aux
4o 25520m, tre + (2 357 +9T>_6ﬁe +Oxcam,
—(n —
3°° 9F,(s) 0
2 652 + HT tTF + excux
4 0F,(s) 2 0F,(s) (103)
s s
(9TtTF + §9xcu§) — 27, ds2om, brr =3 542 CTF
_ dF;(s
Zne (( 635(2 ) + HT) tTF + gxcu§>
In the end, we reformulate Eq.(102) as,
Tr = 20 1) Fi(s )atTF oud  oul B (e + fic)
e (OF (s) n BT) — Oyc on, 0ne cc e
ds?
4 _ 0F(s) 2 0F, (s) (104)
9Tw——6xc—2n S w —
3 € ds? 3
ds%0n, ds? (Vﬁe)Z.

27, ((6555(25) + BT) w— ch>

5 1 1
with w = §n53§(ﬁe)5, which is the general form of the controlling equation for the electron density.

Specifically, the Eq.(104) can be reduced to,

Vi, =

20 w Otrg  oud  oud (eqd + fie)
3 Grw — Oy \ O, | 07, | 0m, TV e

105

A (105)

gT(l) 3 9)(

2
2ne (Brw — Oxc) Ve’

for the TFVW functional,
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_ 20 w ot o  ou
Vzﬁe =37 2 2 s _TF _X + TC + Vee
3 (HT — ue~Hs® 4 3pu?s2e=Hs )w — Oxc one 0n, O0ne
_ (o + fi)
€au (106)

(HT +%ue‘”sz +23—0ﬂ252€_”52)(l) _%GXC _
(T7e)2.

27, ((eT — pe=Hs? 4 3u2s2e=ks?) o — ch)

3.3.3. Calculation of thermodynamic properties

Cqi is calculated by differentiating the surface free charge density o¢.ce With respect to electrode potential

Ewy,
aO-free
Cq = . 107
T (207)
[ is related to the Ey, referenced to the standard hydrogen electrode (SHE) scale*'%?, as follows,
—jie = eg(Ey + 4.44 V) — eoxy, (108)

where Y is the surface potential at the solution-vacuum interface'*®. By applying this relationship, we can

rewrite Eq.(107),

2
_ aa-free _ €0 d
Ca

- =20 % |4z, —7), 109
© o5, aiop.) e M) (109)

. e — = — — — . . e
With Ofree = —a—‘;fdx(nc —1,), where 7. and 71, represent the dimensionless number densities of
0
cation and anion, respectively.

The surface tension y can be obtained using the Lippmann equation, which is, up to a constant, the
integral of os.ee Over the electrode potential®. In this work, we examine the relative surface tension, Ay,

referenced to their values at the PZFC,

Ay =

Em
- f GfreedE] . (110)
E

pzfc T,

The excess grand-canonical potential density, Geye, is derived from the integration of the volumetric

grand-canonical potential of interfaces over space as defined in Eq.(67), written as,
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AGeye = Gexe(EM) - Gexe(Epzfc):
(111)
L L L
Gexe(EM) = fO Q(EM)dx - (fo M g‘mdx + fLM g’soldx)/

where the last two terms in the bracket are the grand-canonical potential of the bulk metal and the bulk
solution, respectively.

The surface stress g of the solid metal-solution interfaces in one-dimension is calculated using the

Shuttleworth equation®241:431246

Y+ (61/) (112)
g= 9 ’
de T E

. . ) dA . . . . .
where € denotes the elastic strain, defined as de = v indicating the relative change in surface area. In
0

the one-dimensional case, £ is changed by tuning the metal lattice constant a{:‘éetal, written as,

de = daetal, (113)

2
— a a . .
And then, Ametal = 4N¥e (—me"tal) " —sa—— is changed correspondingly.
ace Ace U +de

Following numerical implementation, we evaluate the surface tension y and surface stress g of metal-
solution interfaces under constant potential conditions. The workflow begins with calibration of the
pseudopotential coefficient v using experimental Cg; data for Au and Ag electrodes in aqueous solution.
Thermodynamic consistency is then verified by comparing Ay and AGey.. After validation, an elastic strain

is introduced to the model to calculate the potential-dependent surface stress, g.
3.4. Summary

In this chapter, the theoretical models used to describe electrical double layers at metal-solution
interfaces were introduced and critically examined. The classical GCS framework, together with its finite-
ion-size extensions such as the BPB formulation, was presented in detail, including the derivation of
governing equations, boundary conditions, and expressions for the differential double-layer capacitance.
Through systematic comparison with experimental Cq; data for mercury electrodes across a wide range
of electrolyte compositions and electrode potentials, the strengths and limitations of the classical GCS-

based models were clearly identified.
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While the GCS framework captures essential electrostatic features near the potential of zero charge, it
fails to reproduce key experimental observations at highly charged states, including asymmetric
capacitance profiles, electrolyte-specific effects, and deviations arising under far-from-zero-charge
conditions. These deficiencies stem from the inherent assumptions of classical EDL theory, such as point-

like ions, fixed dielectric properties, and the neglect of the electron spillover.

To overcome these limitations, the semiclassical DPFT framework was introduced as a more physically
grounded and thermodynamically consistent alternative. By coupling an orbital-free quantum mechanical
description of the metal with a statistical field representation of the electrolyte under constant-potential
conditions, DPFT provides the foundation for the advanced modeling of EDL structure, interfacial
thermodynamics, and mechanical response developed in the following chapters. Chapters 4-6 build
directly on this framework to address highly charged interfaces, surface stress at solid-liquid interfaces,

and morphology evolution at stepped electrodes.
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Chapter 4. Microstructure of EDL at highly charged states

Reproduced with minor changes from ‘Zhang Z, Huang J*, Microstructure of Electrical Double Layers at

Highly Charged States[J]. JACS Au, 2025, 5 (7), 3453-3467".

4.1. Introduction

Electrochemical reactions of technological relevance often occur at electrode potentials far from the PZC,
where the EDL is highly charged and strongly perturbed. In this regime, classical descriptions of the EDL
become increasingly unreliable, yet a quantitative understanding of interfacial structure and
thermodynamics is essential for interpreting electrolyte effects in electrocatalysis. Mercury electrodes
provide an ideal model system for investigating EDL behavior under such conditions, as they exhibit
negligible specific adsorption and possess exceptionally well-characterized Cg4, data over a wide potential

range and across diverse electrolyte compositions.

Building on the theoretical foundations established in Chapter 3, the central aim of this chapter is to
identify the key physical mechanisms governing EDL behavior at highly charged interfaces. Particular
emphasis is placed on the role of interfacial permittivity, short-range metal-solvent interactions, and ion
solvation structure. By systematically refining the DPFT framework and validating it against experimental
capacitance data, this chapter establishes a physically grounded description of EDL structure under far-

from-zero-charge conditions.
4.2. Improved agreement with experiments from DPFT to DPFT_desol

The improvement of the DPFT_desol model over the DPFT model is examined using the experimental Cy;
in Hg-NaF aqueous solution!®. Figure 13 shows the comparison between experiments and the DPFT model.
On the solution side, the ion radius 7;, solvent diameter R, and the bulk permittivity EE, are the same as
those determined using the GCS model, as shown in Table 1. The fitting parameters are 6 = 1.53, &,, =
3.70, Bi = 1, Dma(cy = Dms/6, and dmac) = 7.56a, = 4 A. Herein, the fitted 67 has a large influence on
the PZC and reflects the overall quantum mechanical interactions of all mercury electrons, so it is different
from the commonly used value of 5/3 for single-electron systems!?2. The fitted optical permittivity €op IS
within the common range between 3 and 6'%. The value of 8}, which corresponds to 0.53 i\‘l, is close to

144

the typical range of 0.4 and 1.1 A1 for this kind of system?%. Dra(c) is smaller than Dy, because ions are
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nonspecifically adsorbed here. diy5(c) is larger than dy,s, meaning that the solvent can approach the metal

surface to a closer distance than the ions™Z.

Hg-NaF (aqueous solution)

O Experiment

Cq/uF - cm™2

-0.8 -0.5 -0.2 0.1 0.4
E/V vs SHE

Figure 13. Comparison of Cq; between experimental results (circle) and DPFT model results
(solid line) in Hg-NaF aqueous solution at varying ion concentrations. Calibrated parameters
are O =153, €, =370, fi=1, Dna) = Dms/6, and dya) = 7.56a, . Other
parameters are given in Sl. Experimental data are obtained from Grahame et al'®. The

electrode potential is transformed to the SHE scale.

Focusing on Cq in this section, we defer a discussion on detailed distributions of interfacial properties
calculated by the DPFT model to the following section. The DPFT model can well reproduce the
experimental Cyq; profiles in the vicinity of the PZC at the three ion concentrations. However, beyond the
vicinity of the PZC, the model results deviate noticeably from the experimental data. We show the

deviation between the DPFT model and experimental data of 100 mM NaF in Figure 14.
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Figure 14. Comparison of (a) og.ce and (b) Cq; profiles between experimental results (circle) and the

DPFT model results (solid line) for the Hg-NaF aqueous solution interface at 100mM.

The improvement of DPFT_sol and DPFT_desol models over the DPFT model is shown in terms of the
surface charging relationship, namely, og.ce Versus E relationship, in Figure 15(a, b). The corresponding
Cq profiles are shown in Figure 15(c) and Figure 17(a). As shown in Figure 15(a, c), the DPFT_sol model,
introducing the potential-dependent short-range metal-solvent interactions, improves the agreement
with the experimental data in the positively charged potential range of —0.2 < E < 0.1 V vs. SHE. While
the variation of Dy, and d, is small within the given electrode potential regions, as shown in Figure 17(c),
but the improvement of Cy; in Figure 15(c) is significant. The potential-dependent short-range metal-
solvent interactions influence the free solvent density and the effective permittivity in the diffuse layer
(4 — 10 A), as depicted in Figure 22(a) and (b), leading to the observed improvement. These changes alter
the electrostatic potential and ion density. A more detailed analysis will be provided in the following

section.

However, the divergence between experimental data and the DPFT_sol model is still significant in highly
positive and negative potential ranges. The DPFT_desol model, further introducing the partial desolvation
of ions at highly charged surfaces, well reproduces the experimental gf.ce and Cq profiles in whole
potential range, as shown in Figure 15(b), (c) and Figure 17(a). Figure 17(b) shows an improved agreement
between the DPFT_desol model and experimental results at varying ion concentrations, c.f. Figure 13 for
the DPFT model. The fitted coefficients are a5 = 0.05, fiys = 0.40, {na+ = 0.71, {g- = 1.11. The key
element of the improvement of the DPFT_desol model over the DPFT_sol model is the partial desolvation

of electrolyte ions, leading to changes in the effective ion size with the electrode potential.
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Figure 15. Comparison of .ee (a, b) between experiment and DPFT models for the Hg-NaF aqueous
solution interface at 100mM. Comparison of Cy; between the DPFT models and experimental results
for (c) Hg-KF aqueous solution reported by Grahame et al'®, (d) Hg-KF aqueous solution reported

by Schiffrin'?®, (e) for Hg-KPFs aqueous solution reported by Parsons et al.!*2, and (f) for Hg-KPFs
DMSO solution reported by Payne et al.1,
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A two-dimensional diagram of the radius of the solvated ions, Na* and F~ at different locations in the

EDL under different electrode potentials is provided in Figure 16.
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Figure 16. lon desolvation as function of electrode potential in the DPFT_desol model. The

distribution of the radii of solvated ion (a) Na*(H,0), (b) F~(H,0), (c) K*(H,0), (d) PF5 (H,0), (e)

74



K*(DMSO0), and (f) PF; (DMSO) from the metal surface to the solution bulk are as function of

electrode potential. The electrode potential is referenced to the SHE scale.

Figure 17(d) plots the radii of solvated ions closest to the metal surface, namely, rl\llzfr and st as a
function of electrode potential. r&jﬁ decreases at more negative electrode potentials relative to the PZC

because of partial desolvation, as described in Eq.(78), while rbﬁﬁ is equal to its value in the bulk solution

above the PZC. We note that the change in rﬁ;ﬁ above the PZC has little influence on Cy) because cations
are repelled from the positively charged surface. Similarly, rpl—St decreases at more positive electrode
potentials relative to the PZC and equals its bulk value at potentials negative of the PZC. Partial desolvation
effects increase the density of counterions in the EDL, as shown in Figure 22(e, f), leading to an increase
in Cq). These insights are important to our understanding of the physical origins of the electrolyte effects
on electrocatalytic reactions'*#14>14¢_ For example, Li et al. employed in situ surface-enhanced infrared
adsorption spectroscopy to probe the local electric field, revealing that cation dehydration amplifies the

local electric field and facilitates the HER at Pt electrodes®®*. A detailed analysis of electrolyte effects on

the Cy4 and their correlation with electrocatalytic reactions will be discussed in the final subsection.
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Figure 17. Improvement of the DPFT model by considering the potential-dependent short-
range metal-solvent correlations in the DPFT_sol model and further considering the partial
desolvation of ions in the DPFT_desol model. (a) Comparison of Cy; between experiment and
the DPFT models at 100mM. (b) Comparison of Cq; between experiment and the DPFT_desol
model at varying ion concentrations . The electrode potential is referenced to the SHE. (c)
Dins, dms change linearly with the electrode potentials with the fitting parameters a,s =
0.05, Bms = 0.40. The electrode potentials are referenced to the PZC. (d) Radii of solvated ion
Na* and F~, near the metal surface are as a function of the electrode potentials with fitting

parameters {y,+ = 0.71,(p- = 1.11.

Moreover, we conducted an additional analysis by testing an alternative model, DPFT_desol_only, where
the potential-dependent solvent-metal interactions were omitted while retaining the potential-
dependent partial desolvation of ions effect, with parameters refitted accordingly. The comparison of the

DPFT_desol_only model with experimental data across varying ion concentrations is shown in Figure 18.
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Figure 18. Comparison of Cy; between experimental results (circle) and DPFT_desol_only model results
(solid line) in Hg-NaF aqueous solution at varying ion concentrations. The accordingly fitting parameter
are ops = 0, Bps = 0 and {y,+ = 0.71, (- = 11.1. Other model parameters are the same with the

DPFT_desol model.

The results indicate that while the DPFT_desol_only model captures the general trends, it exhibits a
notably worse agreement in the positive potential region compared to the full DPFT_desol model.

Therefore, we conclude that including the potential dependence of short-range metal-solvent interactions
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is important for achieving quantitative agreement with experimental data, particularly at the positive

potential region.
4.3. Refined microscopic pictures of the EDL from DPFT to DPFT_desol

The whole point of improving the fitting of Cy; lies in the rationale that a greater agreement with
experimental Cq; —a lumped parameter —would lead us to a more accurate spatially resolved, microscopic
picture of the EDL. Like all inverse interference of higher-dimensional unknowns from lower-dimensional
knowns, errors may slip into the process. The so-inferred higher-dimensional unknowns require
independent validations; in the present case, the deduced EDL structure needs to be ultimately validated
by operando measurements of the spatially resolved properties of the EDL, like the electrostatic potential

distribution!3*147:148 which is beyond the scope of this work.

To set a baseline, we first look at the spatial distribution of interfacial properties calculated by the DPFT
model at different electrode potentials. As the key improvement in the DPFT model compared to the
DPFT_pre lies in the description of solvent molecules, we first examine the densities of various types of
solvent and permittivity distribution in Figure 20. When the electrode potential deviates from the PZC,
the density of free solvent decays from the bulk to the metal surface due to the steric repulsion of
counterions. In contrast, the change in the effective solvent density is smaller due to the compensation
of solvent molecules in the solvation shell of cations as expressed in Eq.(73). The effective permittivity,

Eseff, changes almost accordingly with the effective solvent density, as shown in Figure 20(c).
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Figure 19. DPFT model results for the Hg-NaF aqueous interface at PZC. Concentration effect on the
distribution of (a) free solvent density cfre¢, (b) effective solvent density c&ff, and (c) effective interfacial
permittivity €§ff and experimental results are plotted in dashed line as the reference value!®, the value

for ImM and 100mM are 78.48 and 77.07, respectively. The position x = 0 denotes the metal edge.

A high ion concentration decreases ngff and, accordingly, the permittivity. The effect of ion concentration

on the solvent density and permittivity at the PZC is shown in Figure 19 and compared with the
experimental results'®. Additionally, n¢ff near the metal electrode is significantly higher than the bulk

value, which agrees with AIMD simulations reported in the literature®®.
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Figure 20. DPFT model results for Hg-NaF aqueous interface at 100mM at five electrode

potentials. Distribution of (a) free solvent density and (b) effective solvent density. (c)
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Distribution of the effective permittivity from the metal bulk to the solution bulk. The position

x = 0 represents the metal edge and electrode potential is referenced to the PZC.

Other interfacial properties, including distribution of cation and anion density n,(), electron density n,,
and electrostatic potential ¢ are shown in Figure 21. As expected, when the metal electrode is negatively
charged, cations are attracted to and anions repealed from the metal surface due to the long-range
electrostatic interactions. The opposite occurs at a positively charged surface, as shown in Figure 21(a, b).
These phenomena are already known from the classical GCS model*®¥50151, The electron tail stretches
out more at more negative electrode potentials, as shown in the inset of Figure 21(c, d), which are
consistent with the calculation from the jellium model®%!3, The electron density distribution, which is
potential dependent and mediated by solvent properties, is important for understanding the electrolyte

effects on PZC*>**%%, as discussed in reference””.
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Figure 21. DPFT model results at 100mM at five electrode potentials. The distribution of (a)

anion and (b) cation density normalized to their values in the solution bulk. The distribution
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of (c) electron density n, (d) electrostatic potential ¢. The position x = 0 represents the

metal edge and the electrode potential is referenced to the PZC.

Figure 22(a) and (b) illustrate that the potential-dependent short-range metal-solvent interactions
introduced in the DPFT_sol model make the free solvent density and effective permittivity in the diffuse
layer (4-10 A) smaller at the positive potentials. These interactions have a minimal effect in the negative
potential region. As a result, the electrostatic potential curve on the solution side rises, as shown in the
insert of Figure 22(c), attracting more anions toward the metal surface, as depicted in Figure 22(d). This
increased anion density leads to an increase in gg.ee and Cq; in the positive potential region. Further
improvements are seen in the DPFT_desol model, which incorporates the partial desolvation of ions at a
highly charged surface. This model accounts for the increased density of interfacial cations and anions due

to the reducing size effects, as shown in Figure 22(e, f), leading to a pronounced increase of of.qe and Cq;.
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Figure 22. Interfacial structure of Mercury’s EDL at a concentration of 100mM at five
electrode potentials referenced to the PZC. Comparison of distribution of (a) free solvent
density, (b) the effective permittivity, (c) electric potential ¢ and (d) anion density between
the DPFT (dashed lines) and the DPFT_sol (solid lines) models. Comparison of distribution of
(e) cation density and (f) anion density between the DPFT_sol (solid lines) and the DPFT_desol

(solid-dot lines) model. The position x = 0 represents the metal edge.
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4.4. Electrolyte effects on the EDL

In this section, we extend the modified DPFT model to various electrolyte compositions. Specifically, we
compare the DPFT, DPFT_sol and DPFT_desol models with experimental Cq4 curves for different
electrolyte solutions containing various cations, anions, and solvent molecules. The model parameters are
listed in Table 3 and Table 4. When changing from one electrolyte to another, only a small set of
parameters related to the electrolyte are varied, while other parameters remain unchanged. For instance,

parameters describing the partial desolvation of ions are the same for the same ion in the same solvent.
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Figure 23. Extension of the improved DPFT model to different electrolyte compositions.

Comparison of Cq; between the refined DPFT_desol model and experimental results for (a)

Hg-KF aqueous solution reported by Schiffrin®®, (b) for Hg-KPFs aqueous solution reported by
Parsons et al.!*2, and (c) for Hg-KPFs DMSO solution reported by Payne et al.}® at different ion
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concentrations, respectively. Model parameters are provided in Table 4. The electrode

potential is on the SHE scale.

As shown in Figure 15(d, e, f), the DPFT_desol model significantly improves the agreement with
experimental data of Cy for KF aqueous solution, KPFs aqueous solution, and KPFg in DMSO, respectively.
For each of the three electrolyte solutions, a comparison between the DPFT_desol model and
experimental data at different ion concentration effects is shown in Figure 23(a), (b), and (c), respectively.
The decent agreement between the DPFT_desol model and experimental Cq; profiles across different
electrolyte compositions lend credence to its effectiveness in describing the influence of electrolyte

composition on the EDL of Mercury, which are detailed in the following.

Potential-dependent radii of cation
near the metal surface

757

Na*(H,0)
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Figure 24. Effects of cations, Na* and K, on Cg;. Radii of solvated ions, Na*(H,0) and
K*(H,0), near the metal surface as a function of electrode potentials. The calibrated
parameters are {y,+ = 0.71 and {x+ = 0.34. Other parameters are provided in the SI. The

solid point represents the PZC. The electrode potential is on the SHE scale.

The experimental Cq; curves for different cations, Na* and K*, are compared with the DPFT_desol model
at a concentration of 100mM in Figure 25(a). Though Na™ has a larger solvated size than K%, the Cy
curves in the negative potential region nearly overlap. This anomalous cation effect is captured by the
DPFT_desol model, which accounts for cations undergoing different degrees of partial desolvation. Figure
24 shows the radii of solvated cations, Na™ and K*, near the metal surface as a function of the electrode

potential, described by Eq. (78) with fitting parameters {y,+ = 0.71 and {g+ = 0.34. In comparison,
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solvated Na* undergoes a greater degree of desolvation than K* near the metal surface which could be
attributed to the stronger polarization effect of Na* towards water molecules of the solvation shell of a
neighboring Na™. This phenomenon can be validated using in-situ surface-enhanced infrared adsorption

spectroscopy®3.
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Figure 25. Comparison of Cy; between experimental results and the DPFT_desol model at a
concentration of 100mM. (a) Effects of cations, Na* and K*, on Cy,, (b) Effects of anions, PFg

and F~, on Cy, (c) Effects of solvent molecules, water and DMSO, on Cg;.
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Next, we analyze the experimental Cq curves for different anions, F~ and PFg, which are fitted with the
DPFT_desol model in Figure 25(b). The effect of anions on the PZC is already captured in the DPFT model,
as shown in Figure 26(a), with fitting parameters d,z- = 4 A and dmpr; = 3.2 A, respectively. These
parameters suggest that the short-range metal-anion interactions may be stronger for PFg than F~,
potentially causing the PZC to shift to a more negative value’”’(E},,. = —0.30 Vgyg). Sundararaman et
al.* have calculated the metal-anion interactions for F~ on Ag (111), while a comparative calculation of

PFg and F~ on mercury electrodes is missing.

The influence of anions on the shape of Cy; can be understood through the variable radii of solvated
anions. As depicted in Figure 26(b), the radii of solvated anions, F~ and PFg, near the metal surface
change with the electrode potential, described by Eq. (78) with fitting parameters {g- = 1.11 and {pg; =
0.05, respectively. The DPFT_desol model analysis suggests that F~ undergoes a greater degree of
desolvation than PFg at positive potentials. Nevertheless, rz- remains smaller than rpg, resulting in an

earlier capacitance peak for PFg.
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Figure 26. Effects of anions, PFg and F~, on Cq;. (a) Cq; results obtained from the DPFT
model. (b) Radii of solvated ions, F~(H,0) and PF; (H,0), near the metal surface as a
function of electrode potentials. The calibration parameters are dy,p- = 4 A, dmpr; = 3.2 A,
{p- = 1.11 and {pp; = 0.05. Other parameters are provided in the SI. The solid point

represents the PZC. The electrode potential is on the SHE scale.

Finally, we study the solvent effects on the experimental Cq; curves, specifically, by comparing water and
DMSO. In both solvents, KPFs is used as the salt. The results calculated with the DPFT_desol model are

presented in Figure 25(c). As regards DMSO, its lower bulk and optical permittivity, along with a smaller
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metal-solvent equilibrium distance, shift the PZC positively (E},;c = —0.05 Vsyg), as shown in the DPFT

model in Figure 27(a). The fitting parameters are e'?pzo =370, dpy,0 = 33 A and €5)'5° = 274,
d% pmso = 2.8 A, respectively. The solvent effects on the PZC have been discussed in detail in a previous

study”’.

The effects of solvent molecules on the shape of Cq) are analyzed by examining the intefacial radii of
solvated ions, as shown in Figure 27(b) and (c). Figure 27(b) presents the interfacial radii of solvated K*

in water and DMSO as a function of electrode potential. These radii are described by Eq. (78) with fitting

parameters (llzfo = 0.34 and {I]()NSO = 0.35, respectively, indicating that solvated K* undergoes a
greater degree of desolvation in DMSO at negative potentials compared to water. Furthermore, TKHEO

remains smaller than r,?+MSO, resulting in a higher Cq, profile for water compared to DMSO at negative

potentials. Similarly, Figure 27 (c) shows the interfacail radii of solvated PFg in water and DMSO as a

function of electrode potential. These radii are described by Eq. (78) with (;IFng = 0.05and {]QF%SO = 2.35,

respectively, showing that solvated PFg undergoes greater desolvation in DMSO at positive potentials
DMSO

. H,0 . . .
compared to water. Initially, rPFzg is smaller than rpg=>"; however, as the potential increases, this trend

reverses, causing Cq; profile in water to be higher initially but lower than that in DMSO at higher potentials.
These desolvation behaviors may be attributed to the higher solvation energy of ions in aqueous solution

compared to organic solvent, as discussed in prior studies®>*1%°,
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Figure 27. Effects of solvent molecules, water and DMSO, on Cg;. (a) Cq; results obtained from
the DPFT model. (b) Radii of solvated cations, K*(H,0)and K*(DMS0), near the metal
surface as a function of electrode potentials. (c) Radii of solvated anions, PFg (H,0) and

PF, (DMSO0), near the metal surface as a function of electrode potentials. The calibration
parameters are EDMSO = 2.74, d%puso = 2.8 A, ampmso = 0.05, Bmpmso = 0.15, {° =
0.34, (ll()yso = 0.35, {]I,{l?go = 0.05 and Z}Pl.-l\gso = 2.35. Other parameters are provided in the

SlI. The solid point represents the PZC. The electrode potential is on the SHE scale.

4.5. Summary

In this chapter, the EDL at mercury-solution interfaces is systematically investigated under highly charged

conditions, with a focus on identifying the physical mechanisms required to reproduce experimentally

observed Cgy profiles.
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Comparisons between the DPFT_desol model and experimental Cy; profiles reveal the importance of
potential-dependent short-range metal-water interactions in accurately predicting the upward-tilted Cg;
profiles observed experimentally. Additionally, accounting for the partial desolvation of ions significantly

improves the model's alignment with experimental data, particularly at highly charged states.

The DPFT_desol model is further extended to various electrolyte compositions, successfully reproducing
experimental Cq profiles for different cations, anions, and solvent molecules. This highlights the
robustness and generality of the DPFT approach. Detailed analysis of electrolyte effects on Cq; provides
valuable insights that could be informative to understand the EDL at copper and other highly charged

electrodes used in critical electrocatalytic reactions, such as CO, reduction reactions.

91



Chapter 5. Potential of zero stress of solid-liquid interfaces

Reproduced with minor changes from ‘Zhang Z, Chen H*, Huang J*, Potential of Zero Stress of Solid-Liquid

Interfaces. In preparation’.

5.1. Introduction

The mechanical response of electrified solid-liquid interfaces plays a critical role in surface stability,
reconstruction, and long-term durability of electrochemical systems. Unlike liquid metal electrodes,
whose interfacial behavior is governed by surface tension®*%’, solid electrodes exhibit elastic resistance
to deformation, making surface stress the fundamental thermodynamic quantity. Under electrochemical
conditions, surface stress is strongly coupled to electronic structure and EDL formation, yet its potential
dependence and sensitivity to electrolyte composition remain poorly understood due to the lack of

thermodynamically consistent constant-potential models*=44128,

Building on the theoretical framework established in Chapter 3, this chapter investigates surface stress at
electrified solid metal-solution interfaces using a semiclassical DPFT approach. Key interfacial
thermodynamic quantities—including the Cy, surface tension yg;, interfacial free energy, Fi,, elastic
strain € and surface stress gss —have been defined previously and are applied here to establish a

consistent description of electro-mechanical coupling under constant-potential conditions.

The surface stress g has been measured under electrochemical conditions using the Gokhshtein method
by Valincius'®, the cantilever bending method by lbach et al.!}, and the dilatometry method by
Weissmuller et al.’®® Kramer summarized the potential dependence of g reported on various
polycrystalline electrodes, most of them gold and platinum®. Both parabolic and monotonic g(E) curves
have been reported, even at the same electrode. The discrepancy in literature signals a limited
understanding of interfacial parameters determining g(E). Kramer presented a conceptual analysis of
g(E), considering both specific adsorption of ions described with a parameter k and strain dependence
of the potential of zero charge (PZC) described with a parameter 1. The parabolic and monotonic g(E)
curves then can be rationalized with varying k and . However, fundamental microscopic origins of these
parameters are unknown. Specifically, it remains largely elusive how the spillout of metal electrons and
short-range interactions between metal, ions and water influence Kramer’s parameters, as depicted in

Figure 32(a). Schmickler and Levia®? investigated the influence of electron spillout using the jellium model.
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Their analysis highlighted the importance of electronic structure effects at the metal surface but did not
explicitly address the constant potential conditions required to evaluate g from the strain dependence of

y, using Eq.(39).

In this Chapter, we employ a constant-potential, density-potential functional theory (DPFT) approach to
calculate the potential dependence of the surface stress on ideally polarizable electrodes, namely without
specific adsorption of ions. The DPFT approach is suitable for correlating the g(E) behavior with electron
spillout phenomenon and short-range interactions at the interface, for it integrates an orbital-free density
functional theory (DFT) of metal electrons and a statistical field theory of the electrolyte solution into a
grand-canonical framework’>’, Water adsorption at metal surface is revealed to determine the g(E)
behavior; monotonically increasing, monotonically decreasing, and nonmonotonic behaviors can be
obtained with different dependencies of water adsorption on the electrostatic strain. Potential of zero
stress (PZS), if exists, is defined as a characteristic potential of the g (E) relation. The relationship between

PZS and PZC is discussed.
5.2. Surface tension, surface stress and potential of zero stress

5.2.1. Calibrating the models using experimental Cy,
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Figure 28. Calibration of the DPFT model (solid lines) with experimental Cy; data (circles). Comparison
of Cq; between the model and experiment in (a) Au(110)/KPFg measured by Hamelin et. al.,2 (b, c)
Au(110)/HCIO, measured by Samec, et. al.’' and Hamelin et. al.*® respectively, and (d)
Ag(111) /KPF4 measured by Valette, et. al.,®>. (e) Au(111, 100, 110)/KPF4 measured by Hamelin et.
al.,®® and (f) (e) Ag(111,100, 110)/KPF, measured by Valette, et. al.®°. Calibrated parameters are

v = —0.549 eV, dis ppo) = 18 A, ds o) = 284 and pQABLD)
—0.394 eV, d 8, =484 d =184 . vV = —0572ev, v MY = —0.564 eV and
p2A8100) — 0363 eV, v2A8119) = 0343 eV. The electrode potential is on the SHE scales.
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We begin by calibrating the DPFT model using experimental Cq; data. A comparison of Cy; between model
and experiment is plotted in Figure 28. Experimental data of Au/KPF4 are measured by Hamelin et. al.,®

Au(110)/HCIO, by Samec, et. al.,® and Hamelin et. al.,*® and Ag/KPFg by Valette, et. al.,%3%. The

calibrated parameters for Au(110) include UCOC‘AU(HO) = —0.549 eV, dﬁ(‘r(PFg) =184, dﬁ‘,’_ﬁ(cmz) =

2.8 A. For Ag(111)/KPF¢ system, the calibrated parameters are vCOC’Ag(nl) = —0.394 ¢V, dﬁﬁ(’r =484,

dgﬁn:g = 1.8 A. Afull list of model parameters is provided in Table 1-3.

The model-based Cqy; agrees reasonably well with experiments across different electrolyte compositions
and electrodes. For the Au(110) electrode, the use of HCIO, solution, which exhibits weaker metal-ion
short-range interactions than KPFg, reduces the peak of Cq; on both the cathodic and anodic sides,
consistent with trends reported in our recent works’®”’. Furthermore, for the same electrolyte solution,
KPFg, the metal-cation short-range interactions are weaker on Ag(111) than on Au(110). This may be
attributed to the fact that Ag(111) exhibits stronger hydrophilicity*>%°, attracting more water molecules
to the metal surface and weakening metal-cation interactions. In addition, different crystal facets of the
metal electrode exhibit different potential of zero free charges (PZFCs), as shown in Figure 28(e) for Au
and Figure 28(f) for Ag electrodes. According to experimental data by Hamelin et. al.®, the measured Epate
for Au(111), Au(100) and Au(110) in 10.87mM KPF¢ aqueous solution are 0.55 Vsyg, 0.46 Vgyg, 0.30
Vsug, respectively. In experiments by Valette, et. al.®*®, the measured Ep,¢. for Ag(111), Ag(100) and
Ag(110) in 10mM KPF¢ aqueous solution are -0.43 Vgyg, -0.60 Vg, -0.71 Vsyg, respectively. To align our

model with these observations, we adjust the pseudopotential parameter, v%, while keeping other

parameters the same. The calibrated parameters for another two crystal Au and Ag facets are vCOC’Au(ln) =
—0.572 eV, v = _0 564 eV and v 810 = —0.363 eV, v 81O = _0.343 eV, respectively.

The more positive PZFC for the (111) facet correlates with its higher work function, which is captured in
this model using a more negative v3. . The observed discrepancies between model-based and
experimental C4; may arise from the orientation-dependent adsorption free energy of water?* or ion
partial desolvation at highly charged surfaces’®, which are not explicitly accounted for in the current model.
To the best of our knowledge, these experimental Cy, data are systematically analyzed within a single
modeling framework for the first time. While the present DPFT framework successfully captures the Cy;
behavior of noble metal electrodes, its current formulation is developed for metallic electrodes, where
the electronic density of states (DOS) near the Fermi level is relatively smooth and leads to a monotonic
dependence of electronic charge on electrode potential. In contrast, many carbon-based materials, such

as graphene, exhibit a V-shaped DOS with a Dirac point, which can produce a non-monotonic charge
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response and a qualitatively different quantum capacitance behavior'®*-2%3, Capturing such effects would
require incorporating an explicit description of the material-specific DOS into the electronic free-energy
functional. While this aspect is not included in the current model, the DPFT framework could be extended

in this direction, which may enable its application to carbonaceous and other non-metallic electrodes.
5.2.2. Equivalence of surface tension and interfacial free energy

Secondly, the excess surface charge is the free surface charge, denoted 0f.ee, Which is obtained from
integrating the differential double-layer capacitance Cg4 with respect to E. Figure 32(b) compares
experimental and calculated of.¢e for the case of Au(110) in contact with aqueous KPFs solution at
different concentrations. The surface tension, ys, is then obtained by the integral of of.ec Over the
electrode potential up to a constant at the PZC, see Eq.(110). The excess volumetric grand-canonical
potential density, Geyxe, is independently calculated by spatial integration of grand-canonical potential in
one dimension, as described in Eq.(111). Figure 29 shows excellent agreement is obtained between Ay,
and AGeye for both Au(110) and Ag(111) electrodes, confirming the thermodynamic consistency and
numerical accuracy of the DPFT model. The small discrepancies are attributed to numerical processing
techniques employed in the DPFT implementation to ensure stability and convergence, as discussed in
the Supporting Information of ref.”®. The surface tension profiles exhibit a parabolic shape with a
maximum value at the PZC in the absence of specific adsorption. This behavior aligns well with classical

electrocapillary experimental results®”.
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Figure 29. Comparison of two methods for calculating surface tension. Relative surface tension (solid

line) and relative excess grand-canonical potential density (circle) of solid metal-solution interfaces
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referred to the values at the PZC for (a) Au(110)@10.87 mM KPF¢ and (b) Ag(111)@10 mM KPFq

aqueous solution. The electrode potential is referenced to the Egzc.

5.2.3. Surface stress

Taking the Au(110)@10.87 mM KPF¢ as a representative example, we examine the effect of elastic
strain on the surface tension y(E) [see Figure 32(c)]. The applied strain, Ae = +£0.01, lies within the
experimentally observed range'®®'%4, The negative value of y indicates that formation of the solid-liquid
interface lowers the total free energy of the system. At Ae = 0.01, the parabolic y(E) profile shifts
downward and toward more positive potentials. This shift originates from the strain-induced reduction of
the charge density of metallic cores, which lowers the electronic chemical potential and consequently

shifts the PZC to more positive values’. The corresponding shifts of the gf.ce and Cyq; curves are shown in

Figure 30.
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Figure 30. Strain effect on the (a) ggee and (b) Cq; for Au(110)@10.87 mM KPFg.

The surface stress gc,(E) is evaluated via the Eq.(39) where the subscript ‘cp’ represents the constant
potential condition and the argument E refers to the potential dependence. As shown in Figure 32(d), the
gcp(E) monotonically increases with electrode potential, in contrasts to the parabolic electrocapillary
behavior of the surface tension®. To emphasize the importance of constant potential condition in Eq.(39),

we also calculate the surface stress under constant charge conditions, following the work of Schmickler

and Levia®?, according to,
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gec(E) =y + <{;—]E/)T.ui.a. (114)

with y(€) at given o provided in Figure 33. In sharp contrast, g.. exhibits parabolic-like potential
dependence, as shown in Figure 32(d). It should be noted that Eq.(114) does not reconcile with the
electrocapillarity of solid-liquid interfaces®, while Eq.(39) does. This comparison highlights the
importance of using the correct electrochemical ensemble in calculating the surface stress, which may
explain the various behaviors of surface stress reported in the literature. Unless otherwise noted, g refers

to gp in the remainder of this paper.
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Figure 31. Strain effect on the y (o) under constant charge conditions for Au(110)@10.87 mM KPF.

Following the convention, a positive value of g indicates tensile surface stress (surface intends to
contract), while a negative value indicates compressive surface stress (surface intends to expand) 544346,
A characteristic electrode potential at which the surface stress itself vanishes, referred to the potential of
zero surface stress (PZS), Ep,s, is observed in Figure 32(d). Previous studies, notably the estance

measurements of Valincius et al.)® and the theoretical analysis of Kramer®®, primarily focused on

. . s . . . a
potentials at which the derivative of the surface stress with respect to potential vanishes, a—i =0,

corresponding to the extrema of electrocapillary or estance curves. Such “zero-estance” potentials
characterize changes in the slope of g(E) and may occur at multiple values depending on the electrolyte
composition, adsorption, and elastic contributions, but they do not imply mechanical neutrality of the
interface. By contrast, the PZS, which is, to the best of our knowledge, defined here for the first time,

identifies the potential at which the g(E) changes sign, marking the transition between compressive and
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tensile regimes. Interestingly, the PZS and the PZC are different. For the present case, we find Ep;s =
0.45 Vsyg, which is more positive than the unstrained PZC (EgZc = 0.3 Vsug), a point we shall return back

to later.
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Figure 32. Surface stress of electrified solid metal-solution interfaces. (a) Schematic diagram of solid-
liquid interfaces where the spillout of metal electrons and short-range interactions between metal and
water are highlighted. (b) Comparison of g¢.ee between the DPFT model and experiment at different
concentrations reported by Hamelin et. al.®. (c) Elastic strain effect on the surface tension y(E). (d)
Comparison between gc,(E) and g.(E). Results of (c-d) are shown for Au(110)@10.87mM KPFg

aqueous solution. The unstrained PZC is Egzc = 0.3 Vgyg-

5.5.4. Influence of water adsorption

As discussion in Chapter 2, the potential dependence of surface stress arises from two competing
contributions: capacitive charging of the metal surface and the strain dependence of the PZC. Within this

0Epzc

framework, the key quantity governing stress trends is therefore the strain derivative of the PZC, P

which determines whether surface stress varies monotonically with potential or exhibits extrema (see

Figure 7).

Previous studies have revealed that the PZC is highly sensitive to water adsorption on the metal surface

165,142,166-168 |n absence of chemisorption of water molecules which is largely the case for Au and Ag
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electrodes considered here, the key parameter is the metal-water separation. In the DPFT model, the
metal-water short-range interactions are described using a Morse potential. As a first approximation, we

assume a linear relation between the equilibrium metal-water distance and surface strain,
dms = dihs — Bsle. (115)

where d{,; denotes the equilibrium metal-water distance in the absence of strain, and s is a coefficient
(in units of Bohr radius ay) characterizing the strength of strain-dependence of d;,s. A more positive B

means that interfacial water molecules approach closer to the metal surface under tensile strain.

Figure 33(a) shows that the differential capacitance Cq profile shifts, almost horizontally, toward more
negative potentials at more positive 55, while the overall magnitude and shape of the C4 remain largely
unchanged. The corresponding strain-induced shifts of the PZC are presented in Figure 33(b). In the

absence of strain-dependent MWSRI (85 = 0), the PZC exhibits the largest positive shift under tensile

0Epzc

strain, with the derivative ~ 4.30V, as discussed in Figure 32. As 55 becomes more positive, the

0Epzc
de

strain-induced PZC shifts is progressively reduced: decreases to 1.85V at B = 5a,, and turns

negative (—0.96V) at S5 = 10a,, and further decreases to —3.38V at 55 = 15a,. This trend is
rationalized with the enhanced dielectric response of interfacial water at shorter equilibrium metal-water

distance, which drives the PZC toward more negative potentials’’.

The resulting changes of surfaces stress are shown in Figure 33(c). For the case of fs = 0 and 5a,, the
surface stress increases monotonically with electrode potential, leading to a positive PZS relative to PZC.
At intermediate strain-dependence of dy,s (Bs = 10ay), the surface stress exhibits a nonmonotonic,
parabolic-like dependence on electrode potential. In contrast, for strong strain-dependence of d s (Bs =
15a,), the surface stress decreases monotonically with electrode potential and the PZS shifts to negative
values. The model-based results point out that the strain-dependent metal-water interactions provide a
microscopic mechanism for controlling both the sign and potential dependence of surface stress, thereby
governing the emergence and location of the PZS. Based on this understanding, we set out to interpret
the experimental measurements by lbach et.al.? for Au electrodes in 100mM HClO, aqueous solution,
as shown in Figure 33(d). The monotonic decrease in relative surface stress [g — g(Egzc)] is at odds with
the Parabolic shape of g, calculated by Schmickler and Levia®?. Instead, Jep calculated under constant

potential conditions using the DPFT model reproduces both the magnitude and potential dependence of

100



the experimental data. The fitted parameters, 85 = 15a, for Au(111) and 13.5a, Au(100), indicates
that the MWSRI exhibits greater strain sensitivity on Au(111).
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Figure 33. Effect of water adsorption on (a) the Cqj, (b) the strain-induced PZC relative to unstrained
PZC, and (c) the surface tress g¢, and PZS. (d) Comparison of the relative surface stress [g — g(ESZC)]
between experiment and model for Au(111) and Au(100) electrodes in 100mM HCIO, aqueous
solution. The water adsorption is modeled by a linear relation between the equilibrium metal-water
distance and surface strain, dpns = d%s — BsA€, where d,¢ denotes the equilibrium distance at zero
strain. The parameter s (in units of ay) characterizing the strength of strain-dependence of d,, with
smaller values corresponding to weaker water adsorption and larger values to stronger water
adsorption. Results of (a-c) are shown for Au(110)@10.87mM KPFg4 aqueous solution. Experimental

surface stress data are measured by Ibach et.al.™. Calibrated parameter f; in (d) are 15a, for Au(111)

and 13.5a, for Au(100) electrodes.

5.3. Summary
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In summary, we have revisited surface stress of solid-liquid interfaces under constant potential conditions
using the semiclassical density-potential functional theory. Depending on the strain sensitivity of the
potential of zero charge, the surface stress may vary monotonically or nonmonotonically with electrode
potential. A potential of zero surface stress (PZS) that is generally distinct from the potential of zero charge
is defined to characterize the strain-neutral state. By incorporating strain-dependent metal-water short-
range interactions, we clarify how interfacial water controls the sign, magnitude, and tunability of surface
stress. These findings establish surface stress as a fundamental thermodynamic descriptor of mechanical

equilibrium at electrified solid surfaces.

102



Chapter 6. Semiclassical theory of stepped electrode and step bunching

Reproduced with minor changes from ‘Zhang Z, Huang J*, Semiclassical Theory of Stepped Electrodes and

Step Bunching, In preparation’.

6.1. Introduction

Atomic steps are among the most catalytically active motifs on metal electrodes and play a decisive role
in determining activity, selectivity, and stability in electrocatalysis reactions®’-%46:169.170.6061 Eypnerimental

studies on stepped single-crystal electrodes (SSCEs) have shown that reaction rates for key processes,

169,171-173 174,13,175 176-178
’

such as hydrogen evolution , oxygen reduction , and small-molecule oxidation can
vary by orders of magnitude with step density and step geometry. These observations establish step sites

as dominant contributors to electrocatalytic performance.

SSCEs provide a controlled model system in which the step density, step orientation, and terrace width

can be tuned independently while maintaining atomic precision. SSCE studies have revealed that step sites

179-183 180,170

exhibit distinct adsorption energetics , altered local electronic structure , and characteristic
work-function shifts relative to terrace atoms!®418670187 |eading to measurable changes in voltammetric
features and differential double-layer capacitance, Cq;. Theoretical studies®® %, including density
functional theory and ab initio molecular dynamics simulations, have revealed step-induced charge

redistribution, modified water structure, and dipole formation at step edges.

The structural stability of stepped electrodes under electrochemical conditions remains much less
explored. Recent experiments have shown that the potential of zero free charge (PZFC) and the catalytic
activity deviate from simple linear scaling relationships with the step density when terraces become
sufficiently narrow, signaling the emergence of collective electrostatic and mechanical effects at high step
densities[13,33]. These deviations have been associated with surface reconstruction and step bunching
193,46:86,87.71 \While step bunching is well understood for vicinal surfaces in vacuum as a consequence of

15193195 it remains unresolved whether analogous

surface free-energy minimization and facet formation
energetically driven processes operate at electrified metal-solution interfaces, where electrostatics,

solvation, and ionic screening play central roles.

Herein, we study the EDLs at stepped electrodes and their structural stability by developing a

thermodynamic description of stepped metal-solution interfaces under constant-potential conditions
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using a semiclassical density-potential functional theoretical (DPFT) model. Following Refs.”**’, the DPFT
model is detailed in the Supplemental Material'*®. Coupling an orbital-free description of metal valence
electrons with a statistical filed treatment of the electrolyte, the DPFT constitutes a viable approach to

investigate EDLs at more realistic structures, like the EDL at supported nanoparticles!®’

and rough
surfaces!®®. Applying this approach to SSCEs of Au and Ag in weakly adsorbing electrolytes, we quantify
how the step density modifies the EDL, the PZFC, and the surface tension. The surface tension decreases
at high step densities and elevated electrode potentials, constituting the thermodynamic driving force for

step bunching.
6.2. Parameterization of the DPFT model

We have calibrated the DPFT model against experimental C4, data for flat single-crystal Au and Ag
electrodes in weakly adsorbing electrolytes. An extended comparison between model and experiment is
shown in Figure 28. The model captures experimental Cgq; curves across different electrolyte compositions

and concentrations for both electrodes, with reasonable parameterization as discussed in the Chapter 5.

The model parameterized at flat single-crystal electrodes is then extended to study the influence of steps.
Figure 1(a) shows a schematic diagram of the SSCE, characterized by a terrace width [; and a step height
hg. The step density is defined as d; = lt_l. Periodic boundary conditions are used for the rotated
geometry, as shown in the upper-middle panel of Figure 1(a). The flat electrode corresponds to the

limiting case of an infinite terrace width (I, — ), as illustrated in Figure 1(b).

Without changing model parameters other than the electrode geometry, the model captures the step-
induced negative shift of the PZFCs as observed experimentally on Au®®, Ag® and Pt electrodes'®, as
shown in Figure 1(c) and (d) for the example of an Au SSCE. Originating from a physical description of
metal electrons under constant potential conditions, the capability to capture PZFC changes constitutes

127,128 and more recent

an advantage of the DPFT model compared to classical EDL models, jellium models
constant-potential molecular dynamics simulations**2°°-2%%_ Discrepancies are observed in the magnitude
of anodic Cq4; peaks, which are primarily attributed to specific adsorption of fluoride ions. Previous
experimental and theoretical studies have shown that weak but non-negligible specific adsorption of F~
ions even on Au surfaces?®2%, which are not considered in this model. Specific adsorption of ions

contributes a pesudocapacitance to the measured “Cy,”, elevating the anodic capacitance peaks??72%>3°,
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Figure 34. Electrical double layers at stepped single-crystal electrode (SSCE)-solution interfaces. (a)
Schematic of a SSCE with terrace width I, and step height hg; the step density is defined as d; = I, *.
The upper-middle panel shows the periodic modeling geometry used in this work. (b) Schematic of a
flat single-crystal electrode, corresponding to the limiting case of [, = co. Comparison of Cy; between
flat and stepped electrodes obtained from (c) the DPFT model and (d) experiment. Model results are
shown for hy = 15a, and I, = 20a, with Bohr radius a, = 0.529 A. Experimental data are taken from

Beltramo et al.®. Electrode potentials are referenced to the PZFC of the flat electrode.

6.3. Step-density dependence of PZFC

Extending beyond the specific example shown in Figure 34, we systematically analyze the dependence of
the PZFC on step density for stepped Au and Ag electrodes in different electrolytes. In literature,
experimental E,¢. was chosen usually as the potential of minimum capacitance (PMC), Eppy,, in dilute
electrolyte solutions. The model reveals that Ep,¢ differs from Ep . at stepped electrodes by an amount
of ~8 mV. This deviation is intrinsic to the heterogeneous microstructure of the EDL at stepped electrodes,

as to be discussed in the next section. Therefore, model-based Ep,y is taken, per definition, as the
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potential at which the surface free charge density is zero. The step-density dependent shift in PZFC,
relative to the corresponding flat single-crystal electrodes, is denoted as AEp¢c(dy). AEp,¢c(d,) for

various values of the step height hy are presented in Figure 35.
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Figure 35. Step density and step height effects on the AEpic(l/lt). (a) Stepped Ag-solution interfaces.

(b) Stepped Au-solution interfaces.

In general, increasing the step density and the step height enhances the electron redistribution between

the top and bottom of the step site, leading to larger shifts in AEp,¢, as shown in Figure 36.
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Figure 36. Stepped Ag-solution interface in 5.32mM KPF4 aqueous solution. The difference of electron
density between the position A and B (shown in the left figure) An4E = n2 — nB at different terrace

width [, and step height hy at the pzfc.
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In Figure 37, we compare model predications, inheriting model parameters obtained at flat electrodes
without any change, with experimental data using a fixed height of hy = 15a, = 7.9 A. Linear fits are

used to quantify the trends.

The model neatly reproduces the experimental observed linear decreases of AEp,¢.(d;) with increasing
step density for both stepped Au and Ag electrodes across different electrolytes®®®”. From the fitted slopes,
k28 = _—02V-Aand k28 =—-044V- A, the step-edge dipole moment Pstep €an be extracted using

step — step —

the linear relation®,

Dstep

AEp e = — ) (116)

eopdatomlt
where €, is the optical permittivity taken 6€, [70] and datom = 2.89 Ais the spacing between densely
packed atomic rows along [110]%. The resulting step dipole moments are p_ftip ~1.92x107%¢,-Aand
p;‘\t‘ép ~ 4.22 x 1072 ¢, - A. These values are larger than with previous estimations, p?tgep ~ (3.5 0.5) x
1073 e, - A for Ag in perchlorate electrolytes®” and pﬁgp ~ (5—7) % 1073 ¢, - A for Au depending on
electrolyte composition®® because they used vacuum dielectric permittivity in Eq.(116) while we use a
more realistic higher value. The results indicate that the step-induced PZFC shifts at Ag and Au SSCEs is
mainly caused by the intrinsic redistribution of valence electrons at step edges, which can adequately be
captured by the DPFT model. When Au(110) is treated as the limiting high-step-density member of a
stepped (111) X (111)-type series, its geometric step density is d; = 0.30 A~1.The linear trend between
AEp,¢c and d; yields Epatc & 0.42 Vgyg, whereas the measured value is 0.30 Vsyg, indicating that Au(110)
is beyond the dilute-vicinal regime and that reconstruction or strong step-step interactions contribute to

the additional PZFC shift.
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Figure 37. Step-density dependence of the PZFC at stepped electrodes relative to that at flat single-
crystal electrodes, AEpiC(dt), in aqueous electrolytes. The model predictions obtained with model
parameters calibrated at flat electrodes (solid lines) are compared with experimental data (symbols)
taken from ref.8%#”. The experimental data were obtained on vicinal Au(001) and Ag(001) single-crystal
electrodes with controlled step densities, where capacitance-potential curves were measured by
impedance spectroscopy and the PZFC values were extracted from the capacitance minima. Model

results are shown for a step height hy = 7.9 A for stepped Ag and ks = 5.29 A for stepped Au.

We further examined stepped Pt electrodes in Figure 38. In the initial DPFT formulation, the model
qualitatively reproduces the decrease of the potential of zero total charge (PZTC) with step density but
significantly underestimates its magnitude. Experiments show larger negative shifts that emerge in the
hydrogen adsorption region, where faradaic charge and adsorption pseudocapacitance dominate the
interfacial response!’®8118  As demonstrated by Gémez et al., the measured PZTC of stepped Pt
electrodes reflects a convolution of intrinsic step dipoles and step-specific chemisorption, rather than
purely electrostatic effects!®. To account for this contribution, we extended the DPFT framework by
incorporating chemisorption effects®2%, With this extension, the model reproduces the experimentally
observed step-density dependence of the PZTC more accurately, yielding significantly improved
agreement with measurements (see Figure 38). These results highlight the important role of adsorption
processes in determining the electrochemical response of Pt step edges and demonstrate that their

inclusion is essential for quantitatively describing Pt electrodes within the DPFT framework.
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Figure 38. (a) Step-density dependence of the PZTC referenced to the PZTC of flat single crystal
electrodes for stepped Pt (I, = hy = 15a, = 7.9 A) electrodes in 100mM HCIO, solution for the case
of without and with chemisorption. (b) the chemisorbed anion distribution at the PZTC. The model
predictions obtained with model parameters listed in Table 1-Table 5(solid line) are compared with
experimental data (symbols) taken from ref.18619920° Model results are shown for a step height hy =

794A.

6.4. Heterogeneous EDL and its characteristic potentials

The deviation between the PZFC and the PMC points to the heterogeneities of the EDL at stepped metal-
solution interfaces which require local PZFCs to properly characterize the heterogenous surface charging

conditions.

Figure 39(a-d) shows the EDL microstructure at the PZFC for a representative symmetric stepped Au
electrode with I, = hy = 10a, = 5.29 A in KPF aqueous solution. Electron spills preferentially into the
step valleys from the step peaks, known as the Smoluchowski effect?'%2!!, Therefore, the electric potential
is more positive near the step peaks [Figure 39(a, b)]. This electronic redistribution produces a
heterogeneous ionic environment in the EDL at the PZFC, with excess cations in step valleys and excess

anions near step peaks [Figure 39(c, d)].

109



(@)

Electron density N [/ Nec {c)
> 0.8
0.6

0.4

Cation density Ne / Nion_b (e}

valley —=-PZLC (valley)
,,,,,,,,,,,,, 1 —=-PZLC (peak)

Electric potential

£ — Efdi/mV

Au/100mM KPF,
h,=529 A
1

60 | 1

o 0P g e

Step density d, /A~

Figure 39. Heterogeneities of the EDL at stepped Au (I, = hy = 10a, = 5.29 A) in aqueous KPFy
solution at the PZFC. Spatial distribution of (a) dimensionless electron density 71, relative to the metal
atomic-core charges n¢., (b) electric potential ¢, (c) dimensionless cation density n., and (d)
dimensionless anion density 71,, normalized by the bulk ion concentration njo, 1,. (e) Step-density
dependence of the global PZFC, the potential of minimum capacitance (PMC), and the local potential
of zero charge at step valley [PZLC(valley)] and peak [PZLC(peak)], all referenced to the PZFC of the flat

single-crystal electrode. Black lines indicate the metallic surface profile in (a)-(d).

The heterogeneous EDL implies that different surface regions reach local charge neutrality at different
electrode potentials, similar to the EDL at supported nanoparticles as studied by Zhang et al*®’. Figure
39(e) compares the step-density dependence of the global PZFC, the PMC, and the local PZFCs (PZLC) at
the step valley and peak, defined as the potentials at which the net ionic charge integrated along the
horizontal direction across the respective valley or peak region vanishes [see dashed lines in Figure 39(c)].
All characteristic potentials decrease monotonically with the step density d;. However, the PMC is
approximately 8 mV more positive than the global PZFC. The PZLC at the step valley is relatively more
positive to repel excess cations, whereas the PZLC at the step peak is relatively more negative to repel
excess anions. The global PZFC corresponds to a vanishing net surface free charge, whereas the PMC
reflects the minimum of the differential electrostatic response. Because the stepped interface exhibits
spatially varying electric fields and screening environments, the capacitance minimum is governed by the

balance of local valley and peak responses rather than by global charge neutrality. Hence, the PZFC differs
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from the PMC, which has been also observed for rough electrodes®®, polycrystalline electrodes?'? and
EDLs at supported nanoparticles’. This separation is relevant for interpreting structure-sensitive
electrochemical behavior because the PMC cannot generally be used as a direct proxy for zero surface
charge on stepped electrodes. Even at the global PZFC, valley and peak regions can remain locally
polarized, creating distinct local electric fields experienced by adsorbates and reacting species. Thus, the
step-density-dependent shifts of PZFC, PMC, and PZLC connect microscopic EDL heterogeneity with

capacitance, surface free energy, adsorption energetics, and structural stability.
6.5. Conceptual analysis of step bunching

Inspired by the specific model calculations, we present a conceptual analysis of step density dependence
of the surface tension, which is thermodynamically equivalent to excess grand-canonical potential density
(see Figure 29). According to electrocapillarity, the surface tension can be expressed, up to a constant, as
the integral of surface charge density gf.¢e Over the electrode potential, as described by the Lippmann
equation®%>41, |n this letter, we consider the relative surface tension, Ay, referenced to the PZFC,
written as,

Em

Ayse = Vst — ¥ = _f OfreedE, (117)
Epzfc

where Y& denotes the surface tension at the PZFC. Differentiation of Ay, with respect to the step density

d; at fixed electrode potential yields,

0l o [P
= E
( ad, )E 6dt,L Ftreed

pzfc
(118)
OE, Em gg,
pzfc free
= - dE.
Ofree 6dt Lpzfc 6dt

As shown in Figure 40, the explicit dependence of the surface charge density on the step density is weak
over the range considered here, consistent with experimental observations for weakly adsorbing

electrolytes®#’.
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Figure 40. Effect of step density on surface charge density for stepped Ag in 5.32mM KPF solution.

aEpzfc
ad;

A quantitative evaluation of Eqg.(118) using the model vyields Ofree ~1071' , whereas

f;“f %dE~10‘3. The latter is therefore negligible to leading order, and Eq.(118) is well
pzfc t

approximated by,

(aAyst aEpzfc

6dt )E = Ofree adt - (119)

Eqg.(119) reveals that the step density dependence of the surface tension is governed by two physically
distinct contributions: the surface charge density gf.ce, Which is controlled by the electrode potential and

electrolyte properties (e.g., ionic concentration and composition), and the step density dependence of

JE
the PZFC, #Z:C, which is an electrode-specific property. As demonstrated in Figure 37, E},¢. decreases
dE
approximately linearly with increasing step density, such that %ch is negative and nearly constant for a
t

given metal surface. As a result, the relative surface tension Ay, varies approximately linearly with step
density, as illustrated schematically in Figure 41(a). Stepped Au electrodes exhibit a larger magnitude of
this slope due to their greater sensitivity of the PZFC to step density. A change of Ay, with varying step
density implies that configurations with redistributed step density can lower the total interfacial free

energy, which constitutes the thermodynamic driving force of step bunching.
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As a concrete example, we consider stepped Au electrodes in 10.87 mM KPF4 aqueous solution. Figure

41(b) presents a phase diagram of the change in relative surface tension,
Ay = Ay — Av, (120)

between double-step (B) and single-step (A) configurations, as schematically shown in the inset. A
pronounced region with AAyg < 0 emerges at high step density and positive electrode potential,
indicating that step bunching is thermodynamically favorable under these conditions.

Ibach and Schmickler developed a phenomenological theory of step instability'*®

, revealing that the
variation of PZFC with step density can drive phase separation of stepped electrodes into step-rich and
flat regions. More recently, EC-STM measurements by Koper and co-workers’* demonstrated that Pt
vicinals with high step density spontaneously form bunched structures. Our analysis provides a self-
consistent microscopic description of the EDL at stepped electrodes under constant-potential conditions,
enabling direct computation of the surface tension as a function of electrode potential and step density.
Improving over the phenomenological theory of Ibach and Schmickler'®?, the present framework captures
spatially resolved charge redistribution and capacitance variations, thereby quantifying the
thermodynamic competition between electrostatic driving forces and step-step interactions. The resulting

phase diagram identifies the potential window and electrolyte conditions under which step bunching

becomes favorable, establishing a direct link between EDL microstructure and morphological instability.
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(a)  Conceptual analysis of step-density dependence of surface tension
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Figure 41. (a) Conceptual illustration of the step density dependence of the relative surface tension

Ays(dy), highlighting its separation into a potential- and electrolyte-dependent surface charge

a
contribution ofee and an electrode-dependent PZFC shift, %. (b) Phase map of the change in
t

relative surface tension, AAyg = AySBt - Ay;‘} , between double step (B) and single-step (A)
configurations for stepped Au in 10.87mM KPF4 solution, as a function of step density d; and electrode
potential relative to the PZFC of the flat surface. Negative values indicate a thermodynamic driving force

for step bunching. Insets schematically illustrate the single- and double-step geometries.

6.4. Summary
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In summary, we employ a semiclassical, hybrid density-potential functional theory (DPFT) to model the
EDL at stepped metal-solution interfaces under constant-potential conditions. The theory reproduces and
provides microscopic insights into experimental trends in differential capacitance and the nearly linear
decrease of the potential of zero free charge (PZFC) with step density for Au and Ag electrodes. Beyond
global quantities like PZFC, local potentials of zero charge are defined to describe the essential
heterogeneities of the EDL at stepped electrodes. Furthermore, by connecting step-induced shifts in the
PZFC to changes in surface tension, we demonstrate that step bunching at high step densities is
thermodynamically driven at more positive electrode potentials and modulated by electrolyte
composition. In future, chemisorption effects need to be augmented into the DPFT model to provide an

adequate description of stepped Platinum electrodes.

115



Chapter 7. Conclusion and outlook
7.1 Overall conclusions

This PhD project set out to advance the fundamental understanding of electrified metal-electrolyte
interfaces by focusing on two closely connected descriptors: the microstructure of electrical double layer
(EDL), quantified through the differential double-layer capacitance, Cy4;, and the mechanical response of
the interface, quantified through surface stress, gss, and interfacial free energy, fint. Motivated by the
limitations of classical EDL theories and by the lack of a consistent thermodynamic framework for solid-
liquid interfaces under constant-potential conditions, this work developed and applied a semiclassical
density-potential functional theory (DPFT) to study interfacial structure, thermodynamics, and

morphology over a wide range of electrode potentials and electrolyte compositions.

A central conclusion of this thesis is that classical continuum descriptions, exemplified by the Gouy—
Chapman-Stern (GCS) model, are intrinsically limited to a narrow potential window around the potential
of zero charge (PZC). While GCS-type models can reproduce experimental capacitance data close to the
PZC with suitable fitting parameters, they fail to capture key features observed at highly charged states,
including the electrolyte-dependent shifts in PZC, the asymmetric evolution of capacitance at anodic and
cathodic potentials, and the pronounced influence of solvent identity. These deficiencies become

particularly critical in the potential regimes where technologically relevant electrocatalytic reactions occur.

By contrast, the DPFT framework developed and refined in this work provides a physically grounded and
computationally efficient description of electrified interfaces that bridges electronic structure and
electrolyte thermodynamics. Through systematic comparison with experimental data, this thesis
demonstrates that an accurate description of EDL properties over an extended potential range requires
explicit consideration of (i) the metal electrons spillover, (ii) a refined treatment of interfacial permittivity
distinguishing free and ion-bound solvent molecules, (iii) potential-dependent short-range metal-solvent
interactions, and (iv) partial desolvation of ions at highly charged surfaces. Incorporating these effects
enables the DPFT model to reproduce experimental Cy; profiles across different cations, anions, solvents,

and concentrations with a level of consistency unattainable by classical models.

Beyond EDL structure, this thesis establishes a consistent thermodynamic framework for solid-liquid
interfaces based on surface stress rather than surface tension. By explicitly accounting for elastic strain
and applying the Shuttleworth equation within the DPFT framework, surface stress can be evaluated
under constant-potential conditions in a thermodynamically consistent manner. The results reveal that

the potential dependence of surface stress is governed by the strain sensitivity of the potential of zero
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charge, leading to either monotonic or nonmonotonic behavior with electrode potential. A new descriptor,
the potential of zero surface stress (PZS), is introduced to characterize the strain-neutral state of the
interface, and is shown to be generally distinct from the PZC. Furthermore, by incorporating strain-
dependent metal-water short-range interactions, this work clarifies the central role of interfacial water in
controlling the sign, magnitude, and tunability of surface stress. These findings establish surface stress as

a fundamental thermodynamic descriptor of mechanical equilibrium at electrified solid surfaces.

Finally, the DPFT framework is extended to stepped metal-solution interfaces to address the
thermodynamic origins of morphology evolution at electrified surfaces. The model successfully
reproduces experimental trends in differential capacitance and the nearly linear decrease of the potential
of zero free charge (PZFC) with increasing step density for Au and Ag electrodes. Beyond global descriptors,
local potentials of zero charge are introduced to capture the intrinsic heterogeneity of the EDL at stepped
surfaces. By quantitatively linking step-induced shifts in PZFC to changes in interfacial free energy, this
work demonstrates that step bunching at high step densities is thermodynamically driven at more positive
electrode potentials and strongly modulated by electrolyte composition. These results highlight the
interplay between electronic structure, interfacial thermodynamics, and surface morphology, and
establish interfacial free energy as a key descriptor governing stability and structural evolution at stepped

electrodes.

Collectively, the results of this thesis provide a coherent picture of electrified metal-solution interfaces in
which electrostatic, mechanical, and structural effects are intrinsically coupled. The DPFT framework
developed here offers a versatile and physically consistent platform for exploring this coupling under

realistic electrochemical conditions.
7.2 Implications for electrocatalysis and interface design

The insights gained in this work have direct implications for electrocatalysis and electrochemical energy
technologies. The demonstrated sensitivity of EDL structure and surface stress to electrolyte composition
underscores that electrolyte effects cannot be treated as secondary or purely empirical parameters.
Instead, ion identity, solvent properties, and concentration actively reshape the interfacial potential

landscape, mechanical response, and, ultimately, catalytic performance.

In particular, the ability of the DPFT model to capture EDL behavior at highly charged states is highly
relevant for reactions such as the hydrogen evolution reaction and CO, reduction, which occur far from
the PZC. The observed roles of potential-dependent metal-solvent interactions and ion desolvation

suggest that tuning solvent and electrolyte composition provides a powerful lever to control reaction
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environments, stabilize reactive intermediates, and mitigate adverse mechanical effects such as stress-

induced reconstruction or degradation.

Moreover, the thermodynamic description of stepped surfaces highlights that surface morphology is not
static under operating conditions. Instead, it evolves in response to electrochemical driving forces
encoded in interfacial free energy. This finding suggests that catalyst design strategies should account not
only for the initial surface structure but also for its potential-dependent stability in a given electrolyte

environment.
7.3 Limitations of the present work

Despite its advances, the present work has several limitations. First, the DPFT framework relies on a
semiclassical description of the electrolyte and an orbital-free treatment of metal electrons. While this
enables efficient exploration of large parameter spaces, it necessarily averages over atomistic details. As
a result, systems involving strong specific adsorption, exemplified by Pt electrodes, are only qualitatively

captured.

Second, the treatment of potential-dependent metal-solvent interactions and ion desolvation is
phenomenological, with parameters extracted from fitting experimental capacitance data. Although this
approach is physically motivated and vyields excellent agreement with experiments, a more direct
connection to atomistic simulations or spectroscopic measurements would further strengthen the

predictive power of the model.

Finally, the present study focuses on ideally polarizable interfaces and equilibrium thermodynamics.
Dynamic effects, such as ion transport, solvent reorganization kinetics, and non-equilibrium surface

reconstruction under reaction conditions, are beyond the current scope.
7.4 Outlook and future directions

Several promising directions emerge from this work. A first and natural extension is the incorporation of
explicit ion-specific adsorption into the DPFT framework. This development is essential for describing
highly active transition-metal electrodes, such as Pt and Cu, and for directly linking EDL structure to

catalytic reaction energetics.

Second, coupling the DPFT model with atomistic simulations, such as ab initio molecular dynamics or
constant-potential DFT, would enable systematic parameterization of short-range interaction terms and
desolvation effects. Such multiscale approaches could combine the efficiency of DPFT with the chemical

accuracy of first-principles methods.
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Third, extending the present equilibrium framework to include kinetic and non-equilibrium phenomena
represents an important challenge. Incorporating time-dependent effects, transport, and reaction-
induced changes in surface morphology would open the door to modeling realistic operating conditions

in electrochemical devices.

Finally, the concepts developed here—particularly the central role of surface stress and interfacial free
energy—may be extended beyond electrocatalysis to other solid—liquid systems, including corrosion,
electrochemical deposition, and energy storage interfaces. In this broader context, the DPFT framework
provides a foundation for a unified thermodynamic description of electrified interfaces that connects

microscopic structure to macroscopic function.

In conclusion, this thesis advances both the theoretical methodology and physical understanding of
electrified metal-electrolyte interfaces. By bridging EDL structure, interfacial mechanics, and surface
morphology within a single consistent framework, it lays the groundwork for rational design and control

of electrochemical interfaces in future energy and catalytic technologies.
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Table 1. Basic model parameters

Category  Symbol Item Value Note
R Ideal gas constant 8.314 JK " *mol™?
kg Boltzmann constant 13810723 J/K
T Temperature 298 K
eo Elementary charge 1.6 x 1071°C
Energy constant from arb. units
General €au to Sl 27.2¢eV
constants
Ny Avogadro’s number 6.02 X 1023 /mol
€o Vacuum permittivity 8.85 x 10712 F/m
ag Bohr radius 529x 107 m
Nyef Reference number density (ag)3
K Dimensionless constant e2/(kgTeoae)
Bulk volume fraction of solvated
v 2a03ng
ions
H.0 Dimensionless total water
Electrolyte 71 2" | 5.5 x 10*Ny(ay)®  Ref[*?]
’ number density
_DMSO Dimensionless total DMSO 1.41
ns,total REf[77]

number density

x 10*N, (ay)?
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1x10%qy(1/

Rso1 Diameter of solvent molecule _ 1/3
ns,total) A
r;l;,o Radius of solvated Na*in H,0 7.5 A Fitted from
experimental
data using the
rF]izO Radius of solvated F~in H,0 34 GCS_pm
model
rKHfo Radius of solvated K* in H,0 6.5A
120 Radius of solvated PFg inH,0  4.5A
6
Estimated
rI?+MSO Radius of solvated K* inDMSO 7 A
r;],)F“gSO Radius of solvated PF; in DMSO  5A
inH,0 Inner-layer radius of solvated 60 A
Nat + . .
Na™ in H,O
O Inner-layer radius of solvated K* .
Tt 55A Estimated0”:1%
in H,O
: +
_inDMSO Inner-layer radius of solvated K 60 A
+ .
K in DMSO
Ye/s Relative size of solvated cations  (21./R,)3
Ref[®]
Ya/s Relative size of solvated anions  (21,/R;)3
els'lzo Bulk relative permittivity of H,O0  78.5
Bulk relative permittivity of
eDMs0 46.8

DMSO
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Surface potential of H,0-

Xt,0 0.13V
vacuum interface
Ref[143]
Y Surface potential of DMSO-
XDMso . -0.29Vv
vacuum interface
Table 2. Parameters in the GCS model
Category  Symbol Item Value Note
the relative permittivity within
€H the space between HP and metal 6 Ref[?14]
surface
Electrolyte Fitted from
experimental
The effective distance between
8y 091A data using
HP and metal surface
the GCS_pm
model
Table 3. Parameters in the DPFT model
Category Symbol Item Value Note
_intH,0 Optical permittivity of the Hg-
€op o 3.70 Calibrated
aqueous solution interface alibrate
with exp.
£intDMSO Optical permittivity of the Hg- 57 data
op DMSO solution interface
Electrolyte
3(e, — €lMe kgT
Ds Solvent dipole moment M D Ref[®¥
ns,totalNA
Volume fraction of vacancy in
Xv 0.05

the bulk solution

122



Dimensionless metal electron

e 0.57
density of Hg
Optical dielectric constant of
=M
€op 1
Metal metal
The gradient coefficients tuning Calibrated
Ot the contribution of the semi- 1.53 with exp.
local term in kinetic energy data
B Coefficient in Morse potential 1
Force constant of metal-solvent
DY 0.57ey/kgT
interactions at the PZC
Ref[214 215]
0 Metal-water equilibrium .
dmu,0 33A
distance at the PZC
D Force constant of metal-ion 0
i ma(c) ) . Drs/6
Metal interactions s
electrolyte
interaction Metal-Na* equilibrium distance .
dmNa* 4 A
s in water
Calibrated
Metal-K* equilibrium distance .
Aokt 4A with exp.
in water
data
Metal-F~ equilibrium distance .
dmp- 4A
in water
Metal-PFg equilibrium distance .
deFg 3.2A

in water
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o Metal-DMSO equilibrium .
d 2.8A
mDMS0 distance at the PZC

Metal-K* equilibrium distance

qPMso
e in DMSO

4DMSO Metal-PFg equilibrium distance
mPFyg

at PZCin DMSO

Table 4. Parameters in the DPFT_sol and DPFT_desol model

Systems Oms Brs € Ca
Hg/NaF H,0 0.71
1.11
Hg/KF H,0 0.05 0.40
0.34
Hg/KPF¢ H,0 0.05
Hg/KPFs DMSO 0.05 0.15 0.35 2.35

Some important formulates in the DPFT_sol and DPFT_desol model:
DPFT_sol:

Dims = DR + ams(E — Epyc )0,

dms = s — Bms(E — Epzc)eos

where D3¢ and d3,; are the well depth and the equilibrium distance between the solvent molecule and

the metal surface at the PZC, respectively.

DPFT_desol:

L=1-4mp),

1

where yio is the relative size of solvated ion in solution bulk, {j is a relatively dimensionless coefficient

indicating the degree of partial desolvation of ion.

Table 5. Parameters in the DPFT_chem model®’%
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Symbol Meaning Value
0 Intercept of the binding strength relation in Eq.Error! Reference
Dca 7 -1.08 eV
source not found. of ref” at i, = 0 eV.
a Linear coefficient of the binding strength relation in Eq.Error! 0.35
ca Reference source not found. of ref®’ ’
B Coefficient in the Morse potential of chemisorbing anions in 0.8/
ca Eq.Error! Reference source not found. of ref’’ ©rr
b Location of the minimum of the Morse potential of chemisorbing 28 A
ca anions in Eq.Error! Reference source not found. of ref’ '
0 Strength of electronic interactions between the metal and
A - . . 2eV
chemisorbing anions
Coefficient determining the exponential decay of electronic
Ka . . 1/a,
interactions
deut Cutoff distance of the exponential decays 5a,
€, Reference energy of the valence orbital of chemisorbing anions -3.2eV
A Overall change of the valence orbital of chemisorbing anions 3eV
Coefficient determining the change rate of the valence orbital of
Ke 1/a,

chemisorbing anion
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