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ABSTRACT

INVESTIGATION OF KINETICS AND EQUILIBRIUM
CHARACTERISTICS OF ELECTRICAL DOUBLE LAYER
CAPACITORS

The demand for efficient and scalable energy storage solutions has driven sig-
nificant advancements in the field of supercapacitors. This study investigates the ki-
netic and structural equilibrium characteristics of Electrical Double-Layer Capacitors
(EDLCs) using molecular dynamics (MD) simulations to explore the effects of pore
size, solvent dipole moment, and applied voltage on their performance. Twenty sys-
tems were designed, combining two pore sizes (7.78 A and 14.75 A), five solvent dipole
moments (0.91 D to 6.18 D), and two applied voltages (1 V and 2 V). The study
aims to elucidate the interplay of these parameters in optimizing the energy and power
densities of EDLCs. The results reveal that pore sizes and electrode voltages has a
complex and sensitive relation with the capacitance. For systems with a 14.75 A pore
size, a positive correlation between dipole moment and capacitance was observed across
all dipole moments. However, for narrower pores (7.78 A), this correlation reversed
beyond a dipole moment of 2.88 D, highlighting the complex dependence of capaci-
tance on solvent polarity. Additionally, the behavior of the electrolyte within the pores
showed distinct spatial distributions, with narrower pores exhibiting denser ion layering
and wider pores facilitating more uniform ion dispersal. This research contributes to
a deeper understanding of EDLC dynamics, offering actionable insights for the design

of next-generation supercapacitors.



OZET

ELEKTRIK CIFT TABAKA KAPASITORLERININ
KINETIK VE DENGE OZELLIKLERININ INCELENMESI

Giiniimiizde enerji depolama sistemlerine olan ihtiyac, enerji verimliligini ve
olgeklenebilirligi artirmay1 hedefleyen 6nemli geligmelere onciiliik etmistir. Bu baglamda,
stiperkapasitorler ve 6zellikle Elektrik Cift Tabaka Kapasitorleri (EDLC’ler), hem teorik
hem de pratik anlamda biiyiik bir arastirma ve geligtirme potansiyeli sunmaktadir.
Bu calismada, EDLC’lerin kinetik ve yapisal denge ozellikleri, Molekiiler Dinamik
(MD) simiilasyonlar: kullanilarak detayh bir sekilde incelenmistir. Caliymada, gozenek
boyutu (7.78 A ve 14.75 A), coziicii dipol momenti (0.91 D ile 6.18 D arasinda) ve
uygulanan voltaj (1 V ve 2 V) gibi parametrelerin performans {izerindeki etkileri
degerlendirilmigtir. Toplamda yirmi farkl sistem simiile edilmig ve bu parametrelerin
EDLC’nin enerji ve gilic yogunluklarini nasil etkiledigi analiz edilmistir. Sonuclar,
gozenek boyutu ve elektrot voltajinin kapasitans ile karmagik ve hassas bir iligki icinde
oldugunu gostermektedir. 14.75 A gézenek boyutuna sahip sistemlerde, ¢oziicii dipol
momenti ile kapasitans arasinda tutarh bir pozitif iligki gozlemlenmigtir. Ancak, dar
gbzenek boyutuna sahip sistemlerde (7.78 A), bu iligki 2.88 D’den yiiksek dipol moment-
lerinde tersine donmiig ve kapasitansin ¢oziicii polaritesi ile karmasik bir iligkiye sahip
oldugu ortaya konmustur. Buna ek olarak, gozenek igindeki elektrolit davraniglari,
iyonlarin dagilimlarinda onemli farkliliklar sergilemigtir. Dar gozenekler yogun iyon
tabakalagmasi gosterirken, genis gozenekler daha homojen bir iyon dagilimini destek-
lemistir. Bu bulgular, EDLC’lerin performansini artirmak i¢in gézenek boyutu, ¢oziicii
polaritesi ve uygulanan voltaj gibi yapisal ve elektrokimyasal parametrelerin dikkatli

bir sekilde optimize edilmesi gerektigini gostermektedir.
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1. INTRODUCTION

In recent decades, the demand for efficient, sustainable, and scalable energy stor-
age technologies has emerged as one of the most critical challenges in scientific and
engineering research [1]. This growing necessity is driven by global trends such as the
increased adoption of renewable energy sources, the electrification of transportation
systems, and the continuous evolution of smart grids. To support these advancements,
energy storage systems must satisfy stringent requirements for efficiency, scalability,

and adaptability across diverse applications.

Traditional energy storage solutions, including batteries [2] and conventional ca-
pacitors, have historically underpinned various technologies. In a battery, energy stor-
age is achieved through electrochemical reactions occurring between two electrodes
typically referred to as the anode and cathode—immersed in an electrolyte. When
a voltage is applied, oxidation and reduction reactions take place at the respective
electrodes, leading to the movement of electrons through an external circuit and ions
through the electrolyte. This process enables the storage of chemical energy, which
can later be converted into electrical energy when the battery is discharged. Once the
circuit is completed, the stored energy is released as electrons flow from the anode to
the cathode, driving the connected load. In a traditional capacitor, energy storage is
achieved through two conducting plates (electrodes) separated by a dielectric mate-
rial (insulator). When voltage is applied, an electric field forms across the dielectric,
leading to the accumulation of negative charges (electrons) on one plate and positive
charges (holes) on the other. The resulting charge separation facilitates energy storage.
Once charged, the capacitor retains its stored energy until it is discharged through a
connected circuit [3]. The electrodes are typically composed of materials like thin metal
films, disks, or aluminum foil, with the shape and size of the plates varying depending
on the application. For example, cylindrical plates are often preferred in devices that
require compact, high-capacitance components, such as electric motors and industrial

machinery.



However, these systems face inherent limitations, such as the relatively slow
charge-discharge cycles of batteries and the low energy density of capacitors [4]. These
shortcomings have catalyzed a shift toward novel electrochemical energy storage devices
that address these challenges. Among these innovations, electric double-layer capaci-
tors (EDLCs), commonly referred to as supercapacitors, have emerged as a promising
alternative, effectively bridging the performance gap between batteries and capacitors.
A comparison figure due to their energy and power density representation of energy
storage technologies is given below for capacitors, supercapacitors, batteries, fuel cells

and a combustible engines.
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Figure 1.1. Comparison between energy storage technologies due to their average

Energy and Power Density. The figure is taken from [5].

Supercapacitors stand out due to their ability to rapidly store and release energy,
exceptional cycle life, and robust operational safety under a broad range of condi-
tions [6]. These features have made them indispensable for high-power applications,
including regenerative braking systems in electric and hybrid vehicles, pitch control sys-
tems in wind turbines, and uninterruptible power supplies in critical infrastructure [7].
Given these advantages, supercapacitors are poised to play a significant role in the

future of energy storage and utilization. Their potential to seamlessly integrate into



everyday life suggests a growing presence in both industrial and consumer applications

in the years to come.

Supercapacitors are categorized into three distinct types based on their charge
storage mechanisms: (1) non-Faradaic, utilized in EDLCs where energy is stored
through electrostatic interactions, (2) Faradaic, characteristic of pseudocapacitors that
rely on redox reactions, and (3) hybrid supercapacitors, which combine both non-
Faradaic and Faradaic processes [8-10]. A critical factor in determining the charge
storage mechanism of a supercapacitor is the selection of electrode materials. For
instance, carbon-based materials such as activated carbon (AC), graphene, and car-
bon nanotubes (CNTs) are predominantly employed for non-Faradaic processes due to
their high surface area and excellent conductivity. In contrast, materials like metal ox-
ides, conducting polymers, and certain non-metal oxides are typically associated with

Faradaic charge storage mechanisms.

1.1. Fundamental Features of EDLCs

Structurally, EDLCs resemble conventional batteries as they consist of two elec-
trodes immersed in an electrolyte. These electrodes are separated by ion-conductive
porous structures or ion-conductive membranes, which prevent electrical short circuits
within the device. When an external voltage is applied, charges accumulate on the
surfaces of the electrodes. This accumulation is counterbalanced by the adsorption of
oppositely charged ions from the electrolyte. The resulting charge separation at the
electrode/electrolyte interface generates capacitance (C'). A schematic illustration of

the EDLC charging process is presented below.

To form the electric double layer illustrated in Figure 1.2, a variety of carbon-
based materials with high porosity have been utilized, including activated carbon (AC)
[11,12], carbon nanotubes (CNTs) [13], graphene [14], carbon aerogels [15], carbon foam
[16], and carbide-derived carbon [17,18]. The application of these carbon-based mate-

rials in electric double-layer capacitors (EDLCs) provides remarkable charge-discharge



stability, with a lifespan of approximately 28,000 cycles [19], and outstanding capacity
retention exceeding %90 after thousands of cycles [13,20].
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Figure 1.2. Schematic representation of the charging mechanism of an EDLC
electrode. (Pink particles represent anions and blue particles represent cations) (a)

Before the applied voltage (b) After the applied voltage.

Among the various electrode materials available for use in EDLC systems, graphene
sheets have been selected as the electrode layers in this study. Graphene, a two-
dimensional material consisting of a single atomic layer of carbon atoms, as depicted
in Figure 1.3, has gained significant attention as a promising candidate for EDLC
applications due to its exceptional properties, including high electrical conductivity,

chemical stability, and a large surface area [12,21, 22].

Unlike other carbon-based materials such as carbon nanotubes, activated car-
bon, and carbide-derived carbon, the performance of graphene as an EDLC electrode
material is not constrained by the distribution of pores within its solid structure [23].
Furthermore, graphene exhibits a significantly higher specific surface area (SSA) of ap-
proximately 2630 m?/g [24]. When fully utilized, this SSA enables graphene to achieve
a theoretical capacitance of up to 550 F?/g [21]. Additionally, graphene’s structure al-
lows both major surfaces to be exposed and readily accessible to the electrolyte, further

enhancing its efficiency as an electrode material.



Figure 1.3. Representation of a graphene sheet that can be form in different shapes to

use as an electrode in different types of EDLCs. The figure is taken from [25].

1.2. Understanding EDLC Dynamics and Enhancing EDLC Performance

Ultimately, irrespective of their type, the primary objective of all energy storage
devices is to store energy and release it when required. To evaluate and understand
the performance of an EDLC, two critical performance metrics are commonly used:
(a) energy density and (b) power density. Energy density (E) represents the amount
of energy an EDLC can store per unit volume or mass, as defined in below. Power
density (P), on the other hand, quantifies the rate at which an EDLC can deliver its

stored energy, also expressed per unit volume or mass and they are expressed as

1
E = 5(Jv2 (1.1)
V2
P = o (1.2)

where V denotes the applied voltage across the electrodes, C represents the capacitance
of the EDLC, R is the resistance, and m is the active mass of the electrode. Although

Equations 1.1 and 1.2 indicate that the energy and power densities of an EDLC are



directly proportional, a trade-off often exists between these two metrics. This trade-off
arises due to the inherent limitations of electrode material properties and ion transport

dynamics [26].

As evident from Equation 1.1, the energy stored in an EDLC is directly and
positively correlated with its capacitance. Consequently, C is a critical parameter for
an Electrical Double Layer Capacitor (EDLC), as it directly determines the device’s

energy storage capability. The capacitance is expressed as
Agge,
d

where A represents the surface area of the electrode accessible to the electrolyte, €

C:

(1.3)

is the vacuum permittivity (8.85 x 107!2 F/m), ¢, is the dielectric constant of the
electrolyte (relative to €y), and d denotes the average distance between the ions and

the electrode surface.

Although EDLCs demonstrate remarkable specific capacitance and power density
compared to conventional capacitors, their widespread adoption has been hindered by
their relatively low energy density. This limitation arises from their charge storage
mechanism, which relies on non-faradaic reactions, especially when compared to con-
ventional electrochemical energy storage devices such as batteries [27]. Among the
three primary types of supercapacitors, pseudocapacitors, and hybrid supercapacitors,
EDLCs exhibit the lowest energy density. Overcoming this limitation and optimizing
energy storage performance require the identification, design, and development of su-

percapacitors that facilitate rapid charge transport and enhanced capacitance [28-30).

In the pursuit of enhancing the energy density of supercapacitors, considerable
attention has been directed toward the intrinsic properties of electrode shape and ma-
terials, as well as electrolytes, which govern supercapacitor performance. Concerning
electrode shape and materials, the incorporation of nanoporous carbon-based mate-
rials as novel electrodes, characterized by increased specific surface areas, [22,31, 32]
presents a promising avenue to overcome the moderate energy density associated with

supercapacitors. The interplay between pore size and surface properties of these ma-



terials plays a pivotal role in determining their effectiveness in boosting energy den-
sity [33-40]. Regarding the concept, McDaniel et al. [41] researched five distinct carbon
nanotube/graphene composite electrodes, investigating the effects on capacitance under
varying voltage conditions. Their findings reveal that at lower voltages, the differential
capacitance values of various electrode structures exhibit minor variations. However,
beyond an applied voltage of 1 V| the electrode with the highest surface area surpasses

other structures in terms of capacitance by approximately 40%.

In addition to the electrode characteristics discussed above, the electrolyte se-
lection and the interplay between electrolyte properties and pore size are critical in
determining the overall capacitance of EDLCs. Broadly, four classes of electrolytes are
commonly utilized in supercapacitors: aqueous, organic solvent—based, water-in-salt,
and room-temperature ionic liquid (RTIL)-based electrolytes. Each of these electrolyte

types offers a distinctive balance of advantages and drawbacks:

(i) Aqueous Electrolytes: Aqueous solutions (often acidic or alkaline) typically pro-
vide high ionic conductivity, which can translate to low internal resistance and
good power performance. However, their narrow electrochemical stability win-
dow (usually below 1.2 V) restricts the operating voltage and thus limits energy
density. Additionally, corrosion and side reactions may occur at higher voltages,
curtailing the long-term stability of such systems.

(ii) Organic Solvent—Based Electrolytes: Organic solvents (e.g., acetonitrile or propy-
lene carbonate) exhibit a wider voltage window (up to 2.7-3.0 V) compared to
aqueous counterparts. This wider electrochemical stability range can significantly
enhance energy density. Nonetheless, organic solvents can be flammable, more
expensive, and sometimes more toxic than water-based systems. Additionally,
certain organic electrolytes have higher viscosities or lower conductivities, influ-
encing ion mobility and hence the capacitor’s charging—discharging rate.

(iii) Water-in-Salt Electrolytes: A more recent development involves highly concen-
trated aqueous electrolytes, often termed “water-in-salt” solutions [42]. By sub-

stantially increasing the salt concentration, the effective electrochemical stability



window of water can be extended beyond the conventional 1.2 V limit. This
approach can provide improved energy density and retain the high ionic conduc-
tivity characteristic of aqueous systems. However, the large salt content may
raise costs and introduce complexities related to salt solubility and viscosity at
high concentrations.

(iv) Room-Temperature Ionic Liquid (RTIL)-Based Electrolytes: RTILs, formed by
bulky organic cations coupled with various anions, feature excellent electrochem-
ical stability, negligible vapor pressure, and non-flammability [43,44]. These
attributes allow for broader operating voltage ranges and improved safety. How-
ever, as highlighted earlier, pure RTILs often suffer from higher viscosity and re-
duced ionic conductivity, especially under lower temperatures [45]. Consequently,

charging-discharging kinetics may slow down in nanoporous electrodes.

To investigate the impact of an ionic liquid (IL) on capacitance, Tu et al. [44]
worked on EDLCs and performed molecular dynamic simulations for three distinct ionic
liquid compositions involving 1-butyl-3-methylimidazolium (BMIM™) cations paired
with bistriflimide (TFSI™), triflate (OTF ™), or tetrafluoroborate (BF, ) anions. Their
results indicate that all three ionic liquid compositions exhibit distinct behaviors as
the voltage increases. Notably, [BMIM™|[TFSI~] demonstrates a significant 2-3 times
enhancement in capacitance, whereas the other two ILs show a much smaller increase

in capacitance.

Despite these positive attributes of RTILs, challenges arise when using pure RT1Ls
as electrolytes for EDLCs, such as high viscosity affecting charging and discharging
rates, [45] resulting in decreased conductivity. To address these issues and enhance
electrolyte transportation performance, the organic solvent is added to the ionic liquid,
as the presence of organic solvent negatively impacts anion-cation interactions, leading
to lower viscosity and higher ionic conductivity [36,46-53]. This improvement is not
a binary effect solely attributable to the presence of organic solvent; rather, it varies

with solvent type [46,54], concentration [55-57] and dipole moment [58-63].



The study conducted by Smith et al. [64] holds significance in comprehending
electric fields and surface forces in concentrated electrolytes. Their research highlights
a positive correlation between the electrostatic screening length and ion concentration
beyond the dilute regime. Furthermore, they concluded that scaling the screening
lengths by the dielectric constants results in a collapse of their curves into one. Lee et al.
[65] elucidate this nonmonotonic behavior by proposing a simple scaling theory. Coles
et al. [66] complement recent experimental findings through all-atom explicit-solvent
MD simulations, establishing a universal scaling law that the screening length adheres
to in concentrated regimes. However, it is noteworthy that their scaling exponent is

significantly lower than the one observed in experimental studies.

In this study, a deeper investigation is conducted into the impact of pore size in the
porous carbon electrode, solvent polarity, and applied voltage on EDLC performance.
Recently, several studies have been conducted concerning these parameters. Regarding
the pore size, Uralcan et al. [57] indicate that larger pore sizes lead to a reduction in
charging time, yet capacitance exhibits nonmonotonic behavior with varying pore size.
Kondrat et al. [37] also propose that the energy density is a non-monotonic function
of pore size, and its maximum depends on the applied voltage. Furthermore, Lin et
al. [46] observe that, in the course of partial dissolvation during the charging process,
distinct solvent molecules exhibiting specific polarities may demonstrate more efficient

responses to varying pore sizes in relation to capacitance.

In terms of the effect from solvent polarity to capacitance, Osti et al. [60] ex-
perimentally studies the effects of different solvent dipole moments on anion-cation
interactions and kinetic properties. For different pore sizes, Decaux et al. [59] investi-
gate the performance of two different cation-solvent pairs (Li* and TEA™ as cations,
alkyl carbonates and ACN as solvents) with different polarities and concludes that the

pair with a higher polarity keeps its solvation shell and therefore needs a wider pore.

These studies suggest that the combined effects of electrode pore size, solvent

polarity, and applied voltage play a significant role in EDLC performance. To in-
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vestigate these parameters comprehensively, molecular dynamics (MD) simulations of
EDLC systems are conducted using varied combinations of pore size, dipole moments
of organic solvents, and applied electrode voltages. These simulations aim to analyze

the kinetic and structural properties of EDLCs under different conditions.

1.3. Molecular Dynamics Simulations of EDLCs

In the quest to enhance the performance of Electrical Double Layer Capacitors
(EDLCs), understanding the interactions between electrode materials and electrolytes
at the molecular level is of utmost importance. Classical molecular dynamics (MD)
simulations provide a powerful tool to investigate how pore (or pore-size) effects and
different electrolyte types (aqueous, organic solvent-based, water-in-salt, and room-
temperature ionic liquid, RTIL) influence capacitance. Below, we outline key MD-
based studies on these four electrolyte categories and then focus on RTIL/organic

solvent mixtures in particular.

The choice of electrolyte significantly affects the formation and behavior of the
electric double layer (EDL) at the electrode interface. Computational studies have ex-
tensively explored four main classes of electrolytes: aqueous solutions, organic solvent-
based electrolytes, water-in-salt electrolytes (WiSEs), and room-temperature ionic lig-

uid (RTIL)-based systems.

(i) Aqueous Electrolytes: MD simulations have revealed that aqueous electrolytes
exhibit high ionic conductivity and relatively low viscosity, leading to fast ion
transport [67,68]. However, the primary drawback is their limited electrochemical
stability window (typically 1.23 V), which restricts the achievable energy density.
[48]

(ii) Organic Solvent-Based Electrolytes: These electrolytes, such as acetonitrile, offer
a wider electrochemical window (2.5-3 V) compared to aqueous solutions. How-
ever, computational studies indicate that their higher viscosity can impede ion

mobility, leading to slower EDL formation [37,43].
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(iii) Water-in-Salt Electrolytes (WiSEs): WiSEs have emerged as a promising class
due to their expanded electrochemical window (3 V) while maintaining a water-
based system. MD simulations suggest that the structuring of these highly con-
centrated solutions leads to unique solvation environments that impact ion dy-
namics and EDL formation [69, 70].

(iv) Room-Temperature Ionic Liquids (RTILs): RTILs are extensively studied due
to their intrinsic wide electrochemical window, non-volatility, and high thermal
stability. MD simulations have revealed that RTILs exhibit strong ion-pairing
and layered structuring near the electrode, which can both enhance and limit

capacitance depending on pore size and ion desolvation effects [67].

Within the realm of RTIL-based electrolytes, the specific choice of ionic liquid can
significantly impact charge storage behavior. Computational studies have investigated

the interplay between cation-anion pairing, ion size, and transport dynamics:

RTIL Structure and Ion Dynamics: MD simulations have shown that RTILs
with asymmetric cations or weaker ion-ion interactions facilitate better ion transport
and improved EDL formation, while highly structured RTILs may suffer from sluggish
dynamics [71].

Pore Size-RTIL Type Interactions: Studies indicate that RTTLs with smaller, less
bulky ions exhibit better penetration into nanoporous electrodes, whereas larger RTIL

ions require optimized pore sizes to achieve maximum capacitance [72].

One of the most extensively investigated topics in computational electrochemistry
is the effect of organic solvent addition to RTIL-based electrolytes. MD simulations
have provided valuable insights into the molecular-scale interactions that govern these

mixed systems:

Solvent-Induced Changes in RTIL Structuring: The structuring of room-temperature

ionic liquids (RTILs) in the presence of organic solvents plays a crucial role in deter-
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mining their electrochemical behavior in supercapacitors. Molecular dynamics (MD)
simulations have provided valuable insights into how solvents influence ion distribution,
conductivity, and capacitance. Recent studies have investigated these effects in various

RTIL-solvent systems and different electrode configurations.

Pivnic et al. explored the structural forces in RTIL-organic solvent mixtures,
highlighting how solvent-induced screening effects alter ion correlations and impact
electrochemical stability [47]. Similarly, Shim et al. conducted MD simulations on
graphene-based supercapacitors, demonstrating that RTIL structuring at the electrode
interface significantly influences charge storage efficiency [73]. In another study, Cha-
ban et al. examined the role of acetonitrile as a co-solvent, finding that it enhances
ionic mobility and boosts overall conductivity in imidazolium-based RTILs, thereby
improving supercapacitor performance [51]. Shim et al. compared the behavior of
ionic liquids and organic electrolytes in a parallel-plate graphene-based supercapacitor
configuration, showing that solvent selection directly impacts ion layering, charge dy-
namics, and energy storage efficiency [52]. In another study, Li et al. investigated the
impact of adding organic solvents, such as acetonitrile (ACN) and ethylene carbonate
(EC), to tricationic ionic liquids [74]. Their findings revealed that solvent addition sig-
nificantly reduces ion interactions, thereby enhancing ion diffusion and conductivity.
Notably, the differential capacitance-voltage profile maintained its asymmetric camel
shape, indicating that solvent incorporation improves power density without compro-
mising energy storage capabilities. The addition of organic solvents like acetonitrile
has also been found to reduce viscosity and disrupt strong ion-ion interactions, leading

to enhanced ion mobility and more efficient charge storage [75].

These studies collectively demonstrate that solvent-induced modifications in RTIL
structuring significantly influence ion transport, capacitance, and energy storage prop-
erties. Understanding these interactions at the molecular level is essential for optimiz-

ing RTIL-based electrolytes for next-generation supercapacitors.
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Optimizing Solvent Ratios: The performance of supercapacitors is highly depen-
dent on the electrolyte composition, particularly the ratio of solvents in ionic-liquid-
based electrolytes. Molecular dynamics (MD) simulations have been instrumental in
understanding how solvent concentration influences ion distribution, charge storage,

and overall capacitive behavior.

Zhang et al. [55] investigated the effects of solvent concentration on the perfor-
mance of ionic-liquid/carbon supercapacitors, demonstrating that an optimal solvent
ratio can enhance ion mobility and improve capacitance by reducing ion aggregation.
Their study highlighted the delicate balance between solvent-mediated screening effects
and ion-pore interactions that govern charge storage efficiency. Similarly, Uralcan et al.
explored concentration fluctuations in dense ionic solutions and their impact on capac-
itive response, showing that solvent-induced variations in ion structuring play a critical
role in determining energy and power density [56]. Their findings suggest that fine-
tuning solvent concentrations can lead to significant improvements in electrochemical

performance.

Pore Size Dependence in Mixed Systems: The pore size of electrode materials
plays a crucial role in determining the electrochemical performance of supercapacitors.
In mixed solvent and ionic liquid systems, the interaction between pore size and elec-
trolyte structuring can lead to non-trivial effects on capacitance, charge distribution,

and energy storage efficiency.

Péan et al. explored the dynamics of charging in nanoporous carbon-based su-
percapacitors, revealing that charge storage mechanisms are highly dependent on pore
size and ion confinement [38]. Their study showed that while small pores enhance ion
packing, they also introduce longer charging times due to steric hindrance. Similarly,
Jiang et al. investigated the solvent effect on pore-size dependence in organic elec-
trolyte supercapacitors, demonstrating that solvent molecules mediate ion accessibility
to pores, leading to tunable capacitance trends [35]. Their findings suggest that opti-

mal solvent selection can mitigate size-exclusion effects and enhance charge efficiency.
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Lastly, Feng et al. showed that supercapacitor capacitance exhibits an oscillatory be-
havior as a function of nanopore size, highlighting the complex interplay between ion
layering, electrode curvature, and electrolyte structuring [36]. This oscillatory trend

indicates the presence of critical pore sizes that maximize charge storage efficiency.

These studies collectively emphasize the intricate relationship between pore size
and electrolyte behavior in mixed systems, providing crucial insights for designing
high-performance supercapacitors. Optimizing pore-electrolyte interactions through
tailored nanostructuring and solvent selection is essential for advancing energy storage

technologies.

These computational findings, categorized as above, collectively highlight the
intricate interplay between electrolyte composition, pore size, and ion dynamics, rein-

forcing the importance of molecular-scale studies in optimizing EDLC performance.
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2. COMPUTATIONAL METHODS

In this section, the materials and methods employed to construct, execute, and
analyze an EDLC molecular dynamics simulation system are presented. This includes a
detailed description of the simulation setup, the parameters utilized, the computational
techniques applied, as well as the mathematical and statistical methods used to analyze

the system’s kinetic and structural properties.

2.1. Mathematical Insights on Molecular Dynamic Simulations

As described in Section 1.3, molecular dynamics (MD) simulations are powerful
and versatile tools for studying the physical movements of atoms and molecules. Var-
ious types of MD simulations can be employed depending on the research objectives,
including classical MD, ab initio MD, coarse-grained MD, and reactive MD. Each type
is characterized by its level of detail and the mathematical principles governing the

interactions within the system.

In classical MD simulations, the prediction of the next simulation step is based on
the parameters of the current step, as governed by Newton’s equations of motion. The
interactions between particles within the system are calculated using empirical force
fields, such as Coulombic interactions or Lennard-Jones potentials, which approximate

the forces acting on the particles.

In this study, classical MD methods and Lennard-Jones potentials were utilized
to simulate various EDLC systems. A brief overview of the mathematical framework

underlying classical MD is provided below.
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Classical molecular dynamics (MD) is founded on Newton’s Second Law, which
describes the relationship between the force applied to an object and the resultant

acceleration. The law is expressed as:

d27“2‘

where m; is the mass, r; is the position vector and F; is the force acting on the ¢-th

particle. In the context of MD simulations, the force acting on each particle is derived

from the gradient of the potential energy function U(r), such that:

where U(r;) is the potential energy function. By integrating this equation of motion
over time, the trajectory of each particle in the system can be determined. The output
of the n-th trajectory serves as the input for the n + 1-th trajectory, allowing the

simulation to progress iteratively over a specified period of time.

As shown in Equation 2.1 and Equation 2.2, the potential energy function, U(r;),
is fundamental in modeling the interactions among particles, such as ions, solvent
molecules, and electrode surfaces. This function is typically expressed as a sum of

multiple terms, each representing a specific type of interaction within the system:
U(T) - ULJ + Ub(mded + UCoulomb + erternal (23)

Here, Uy; denotes the non-bonded Van der Waals interactions, which account for
short-range repulsion and long-range attraction between particles. These interactions

are modeled using the Lennard-Jones potential:

Upy(r) = 4e {(g)m - (5)6} <, (2.4)

r r

For particle separations exceeding r., the Lennard-Jones potential is neglected due
to its diminished magnitude and the associated computational costs. Consequently, ..
serves as the cut-off distance for Uy ;(r). The parameter € determines the strength of the
interaction between two particles, while o represents the collision diameter, indicating
the distance at which the interparticle potential is zero. Essentially, ¢ defines the

effective size of the particles. For interactions between different types of particles, €
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and o are calculated as:

€ij = V€i€y, Oij = /00 (25)

The second term in Equation 2.3 (Upended) describes the total potential energy arising
from bonded interactions between particles: bond stretching, bond bending, and bond

torsion. Therefore:

Ubonded - Z Ubond(r) + Z Uang1e<0) + Z Utorsion(¢) (26)

The three components that sum up to Upongeq are given as follows:

Ubona (1) = %(r —1p)? (2.7)
Uangle(e) = %(‘9 - ‘90)2 (28)
Utorsion(qb) = % [1 + COS(’I?;QZS B ’Y)] (29)

For Upona(r), 7 represents the instantaneous bond length, 7 is the equilibrium bond
length, and k, is the bond force constant or bond stiffness. For Uyngie(#), 6 denotes the
instantaneous bond angle, 6, is the equilibrium bond angle, and ky is the angle force
constant. For Usion(¢), ¢ represents the dihedral angle, V,, is the torsional barrier
height, n is the periodicity of the torsion, and « is the phase angle, which determines
the potential offset.

Considering the third term in Equation 2.3 (Ucoulomb), it represents the Coulomb
potential, which models the electrostatic interactions between charged particles in the
simulation system. Its formula is given by:

_ I qiqe
4meg 1

UCoulomb (T) (210)

Here, ﬁ is Coulomb’s constant, expressed in terms of the permittivity of free space

€0, q1 and ¢o are the charges of the interacting particles, and r is the distance between

these charged particles.
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The last term in Equation 2.3 is external potentials (Ueternal). In an EDLC,

Ueczterna SOurce from the applied voltage to electrodes and can be shown as:
Uexternal,i = q'L@z (211)

where ¢; is the charge of a i-th particle and @; is the electric potential at the position
of i-th particle. For an EDLC system, the electric potential @; can be calculated by
solving the Poisson’s equation below:

Ve = L (2.12)

€

where V2@ is the Laplacian of the potential @, p is the charge density and e is the
medium permittivity. For the constant potential simulations, such as in this study,

Equation 2.11 becomes much more simple and can be shown as
Uexternal,i = QZ‘/(L since Qz = ‘/0 (213)

To maintain a constant applied voltage on the electrodes and execute a constant poten-
tial molecular dynamics (MD) simulation for an EDLC system, the primary objective is
to calculate the charge of all electrode particles accordingly. The individual charges of
the electrode particles are adjusted such that they minimize the total potential energy

(ET) of the system which can be expressed as

ET = ECoulomb - VE) Z qi (214)
To calculate the charges (g;) of the electrode particles individually, ensuring that the

total potential energy (E7) of the system is minimized, the matrix inversion method

is used in this study [76].
2.2. Simulation System Properties

In this study, the combined effects of electrode pore size, solvent polarity, and
the constant voltage applied to the electrode are investigated in an EDLC system. To
create the systems, the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate
[BMIMT]|[PF; | and the organic solvent acetonitrile (ACN) are used. The ionic liquid,
dissolved in the solvent at a concentration of 3.5 M, serves as the electrolyte. All species

are represented using coarse-grained models, with the cations and solvent molecules
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maintained in a rigid state.

The dipole moment of the solvent in the respective systems is varied to scruti-
nize the impact of solvent polarity. This adjustment involves proportionally modifying
the charges associated with the ACN solvent model particles to achieve specific dipole
moments ranging from 0.91 D to 6.18 D. The cutoff distance for Lennard-Jones inter-
actions is set to 12 A. The particle-particle particle-mesh (PPPM) solver is employed
for Coulombic interactions, and the Lorentz-Berthelot mixing rules are applied to com-
pute cross-parameters. Additional force field parameters used in the simulations are

provided in Table 2.1.

Table 2.1. Force field parameters for [PFy] (A), [BMIM™*] (C1, C2, C3) [77], ACN
(ME, CA, N) [78] and electrode carbon (C) . There are five different charge
combinations for the solvent since different dipole moments are used in different

simulation setups.

A C1 C2 C3
m (g/mol) | 144.96 67.07 15.04  57.12
q (e) -0.7800 0.4374 0.1578  0.1848
o (A) 5.06 438  3.41 5.04
€ (kcal/mol) | 1.126  0.612  0.086  0.437

ME CA N C
m (g/mol) | 15.04  12.01 14.01 12,01
do.01 () 0.0594  0.0285 -0.0879 -
gz.07 (€) 0.1345 0.0645 -0.1990 -
288 (€) 0.1880  0.0902 -0.2782 -
Qa2 (€) 0.2690  0.1290 -0.3980 -
ge.1s () 0.4035 0.1935 -0.5970 -
o (A) 3.60 340  3.30 3.37
€ (kcal/mol) | 0.380  0.100  0.100  0.055
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The other main component of the simulation setup is the electrodes. There are
numerous choices for electrodes in an EDLC system. In this study, slit-pore carbon
electrodes are used, consisting of three layers of carbon atoms arranged in a honeycomb
lattice to model graphene sheets. The electrode structure used in the simulations is

shown in Figure 2.1.

Figure 2.1. Simulation structure of the electrode; Three layered carbon sheets

arranged as honeycomb lattice.

The distance between the layers of graphene sheets that form the electrode is 3.38
A, and the carbon atoms within the graphene sheets are placed at a distance of 1.43
A from each other. The dimensions of the electrode are 32 A, 44 A, and 60 A in the
z, y, and zdirections, respectively. The electrode pore widths are 7.78 A and 14.75 A

for different setups.

After the creation of simulation components (electrolytes, solvents and elec-
trodes), the simulation system is created via PACKMOL [79] by determining its di-
mensions as 32 A, 44 A, and 325 A in the z, y, and z directions, respectively. Then
electrodes are placed in fixed positions and electrolytes and organic solvents are dis-
tributed inside the system (they are not placed inside the pores initially). Figure 2.2

shows the simulation geometry of one of the systems.
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Figure 2.2. Simulated system with charged electrodes and pore size of 11.12 A. (a)
Simulation snapshot. P1 and P2 (pores), I1 and 12 (Interfaces) and B (Bulk). (b)
The charge density profile along the z-axis of the above system. (c¢) The inset shows

the coarse-grained model of ACN (green), [BMIM™] (red) and [PFy ] (blue).

In this study, to investigate the effects of solvent dipole moment, electrode pore
size, and applied voltage, 20 systems with different combinations of these parame-

ters are established. The configurations of all system combinations are presented in

Figure 2.3.

Two-dimensional periodic boundary conditions were employed in the simulations.
A fixed boundary condition was applied along the direction of the electrode pores (2),

with invisible walls placed at both ends of the simulation box.

Simulations were performed using the LAMMPS [80] in the NVT ensemble at
400 K, with the Nosé-Hoover thermostat employed to maintain a constant temperature
throughout the simulations. For each system, equilibrium simulations were run for 3.75
ns with a time step of 1.5 fs at zero electrode charge. The equilibrium data obtained
was then used to initiate simulations with a constant applied voltage to the electrodes,

referred to as charging simulations.
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Figure 2.3. 20 different systems were designed, comprising varying combinations of 2

electrode pore sizes, 5 organic solvent dipole moments, and two applied voltages.

To allow the electrode charges to reach equilibrium, simulations of approximately
40 ns were conducted, with slight variations across different systems (+2 ns). The last
1.5 ns of the simulations were considered as the production run, and the data from
this period was used to compute structural and kinetic properties under the applied

potential.

2.3. Analysis Methods

After completing the simulations, several analyses were conducted to understand

the kinetic and structural properties of different EDLC systems.

First, the charging profiles of the electrodes throughout the charging simulations
were calculated to ensure that the system had reached its charging equilibrium and that
no issues occurred during the simulations. As shown in Figure 2.2, the system contains
two electrodes: one negatively charged (Z.etroq0- < 0) and the other positively charged

(Zaectrode+ > 0). To calculate their charging profiles separately, the following relation
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was used:

Qelect’rodei - Z qjelectrodei (215)
J

where )

electrodet 1S the total charge of the positive or negative electrode, and Biopocoroni

represents the atomic charges of that electrode. Under an applied constant voltage, the
charge of the supercapacitor reaches equilibrium exponentially. Therefore, the charging
curve of the electrode, Q(t), calculated using Equation 2.15, is fitted to an exponential

model with the following equation represented as

t
Q) = Qo(l —e 7) (2.16)
where (), is infinitely equilibrated charge, 7 is characteristic time of the exponential

fit.

Like the verification of a smooth simulation from the electrode perspective by
calculating charging profiles, the number and charge density profiles were also calcu-
lated. These calculations ensure that there are no vacuum spaces within the simulation
box and provide insights into the spatial distribution of ions. The number density pro-
file, p,(z), was obtained by dividing the simulation box into bins along the direction
perpendicular to the electrodes (2) and counting the number of particles within each
bin, normalized by the bin volume. Similarly, the charge density profile, p,(z), was
calculated by summing the charges of the particles in each bin and normalizing by the

bin volume that can be expressed as:

pn(z) = ]XX?E (2.17)
plz) = 4 (2.15)

where N(z) and Q(z) are the number of particles and the total charge within the bin
volume, A is the surface area of the bin, and Az is the thickness of the bin along the

z-axis.
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By using the charge density profiles, charge density correlation lengths were cal-
culated for the two interface regions shown in Figure 2.2 to quantify how quickly the
charge density decays away from the electrode by fitting an exponential oscillatory

decay function given as:
pq(2) o< e cos(kz + ¢) (2.19)

where [ is charge density correlation lengths, and cos(kz + ¢) is the oscillatory term

with wave number k& and phase shift ¢ [56].

In addition to the number and charge density profiles of the systems, free energy
profiles (BA(z)) were also calculated to understand the challenges electrolytes face
when penetrating the pores. Free energy is calculated from the number density as

follows:
AF(z) = —kpT In p,(2) (2.20)

where kg is the Boltzmann constant and T is the temperature. From free energy profiles

adsorption free energy values in electrode interface regions were calculated as:

BAF () = |BAF (2imas) — BAF (2| (2.21)

To understand electrolyte dynamics separately the self-diffusion coefficients inside the
positively charged pores were calculated using the Mean Square Displacement in 3-D

by the following mathematical relation:

N
1

MSD(t) = ~ Z — r(ty))? (2.22)

where M SD(t) is the mean square displacement at time ¢, ¢ is the starting time of the

calculation, N is the number of particles in the selected region and r is the position

of a particle. Using the Einstein relation in equation below, diffusion coefficients were
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derived from the MSDs as:

d
D= gtllglo d—(MSD( ) (2.23)
where D is the self-diffusion coefficients and angle brackets denote an ensemble average

where the MSD values averaged over all possible lag-times that are shorter than the

length of the production data for statistically more accurate results.

As it is discussed in Section 1.2, capacitance is one of the key factors to evaluate
the performance of a porous supercapacitor system and areal capacitance is calculated

in this study as follows:

Qmax
VoA

C = (2.24)
where Qnqz 1S positive electrode charge in equilibrium, V4 is applied potential, and
A is surface area of the electrode. For a more comprehensive grasp of capacitance,
the concept of ion polarization (p,_.) and effective charge separation (§) is introduced
within the positively charged pores. To ascertain the particles contained within the
pores of the positively charged electrode, a reference frame was established with a
slight manipulation, wherein the origin along the z-axis of the pore was designated as
z=2s,, and correspondingly, the terminus of the pore was set as z=z., . This reference
frame facilitated the identification of particles within the pore by using the following

formulas:

Ncounte'r+NcoT >
Pa—c = ) g1 ( —) (2.25)
X |Zs+ - Z€+’
=1
Ncountcr
Zz 1 H( )

PN (2.26)

- )+ )

vac](?unter H(

|ZS+_Z€+| ‘Zer—ZeJr‘

where N, and N unter denote the counts of ions and counterions, respectively. The
variable ¢; signifies the charge of an ion, while I7 is the rectangular function, with z;

denoting the z-coordinate of an ion.
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To observe the behavior of the electrolyte inside the pores, several analyses were
performed, as detailed in the Results and Discussion section. One such analysis is the
spatial charge distribution of the electrolytes. In this analysis, the pore is divided into
rectangular tubes along the z-axis. The dimensions of these virtual tubes are chosen
as Ar = 0.1A, Ay = 0.1A, and z = 60 A (the length of the pore along the z-axis).

The charge density inside each tube is calculated using the production data as follows:

a(i) = Afz:ggz/z

(2.27)

where ¢ represents the corresponding tube.

The effective dielectric constant (eqq) inside the positively charged electrode pore
was calculated to evaluate the electrostatic environment and to further understand the
effect of solvent dipole moment. The calculation involved determining the total dipole
moment of the electrolyte inside the pore and its fluctuations during the production

phase of the simulations. The formula for the effective dielectric constant is given as:

(M?) — (M)?) (2.28)

where V is the volume of the pore and (M?) — (M)? represents the total dipole moment

fluctuations.
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3. RESULTS AND DISCUSSION

This section presents the results and discussion of the kinetic and structural
analyses of molecular dynamics (MD) simulations of EDLC systems, with a focus on
the effects of pore size, applied voltage, and the dipole moment of the organic sol-
vent. The analysis begins with the charging dynamics, where simulation data from the
pre-production phase is examined to understand the charging mechanisms of different
systems. This is followed by the structural dynamics, utilizing production-phase data
to investigate critical features such as capacitance and the effective dielectric constant
once the system reaches charging equilibrium. Finally, the behavior of the electrolyte
inside the pores is analyzed, with a focus on the structure and dynamics of the elec-

trolyte within the confined spaces of the electrode pores.

3.1. Charging Dynamics

To determine whether the systems have reached their charging equilibrium, the
total charge of the electrodes must be examined. Figure 3.1 shows the total charge of
the positive electrode as a function of time for four system examples. The remaining

charging profiles are provided in Appendix A.1.

After a constant voltage is applied to the systems, the electrodes begin to rapidly
increase their charge. Subsequently, the slope of the charging curve decreases through-
out the simulation, and during the final 3-5 ns, the curves flatten, indicating that the
system has reached its charging equilibrium. The simulation data beyond this point

can be considered as production data.

Systems with an applied voltage of 2 V (Figure 3.1.c and d) exhibit a total
equilibrium charge of approximately 15 e~, whereas systems with an applied voltage
of 1 V reach nearly half that total charge. It is also evident that, even with the

same applied voltage, the equilibrium time and total charge curves are unique to each
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system due to variations in pore size. Consequently, the equilibrium check and selection

of production data were performed separately for each system.
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Figure 3.1. Time evolution of total charge of the positive electrodes for four different
systems. (a-b) Solvent dipole moment 2.88 D, applied voltage 1 V, pore size 7.78 A
and 14.75 A. (c-d) Solvent dipole moment 0.91 D, applied voltage 2 V, pore size 7.78
A and 14.75 A.

To compare the charging rates of different systems, an exponential curve was
fitted to the charging profiles of the positive electrode, and the characteristic time 7
(in ns) was computed using Equation 2.20. The results are presented in Figure 3.2.
The observed negative correlation between 7 and pore size indicates that systems with
smaller pores require a longer duration to reach equilibrium. This correlation is con-

sistent with the findings of Liu et al. [39], which demonstrated negative relationship
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between pore-limiting diameter and 7 due to larger diffusive barriers that hinder elec-

trolyte penetration into smaller pores.
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Figure 3.2. Characteristic charging time (7) of the EDLCs as a function of dipole

moments of the organic solvent.

The dipole moment also exhibits an effect on 7, with a generally positive correla-
tion, except for systems with the lowest dipole moment and smaller pore size. At 0.91
D, systems with a pore size of 7.78 A exhibit longer characteristic times indicating that
the combination of smaller pore size and lower solvent dipole moment imposes larger
diffusive barriers, making it more difficult for the electrolyte to penetrate the pore and
resulting in a higher 7. For a 1 V applied voltage, this increase is 2.04 ns compared to

the average 7 of higher dipole moments, and for 2 V, the increase is 2.66 ns.

To understand the kinetics, ion polarization was computed over time, as shown in
Figure 3.3 (Ion polarization curves for all systems is given in Appendix A.2). The rate
of change in electrode charges is depicted in the ion polarization figures and represented
by a color scale corresponding to the equilibrium charges. A black line, calculated as
a moving average of the polarity data with a 1.5 ns window, is included to guide the

eye.

When the solvent dipole moment is 0.91 D, the electrode charge begins to oscillate

around its equilibrium value at approximately 24.0 ns. For a dipole moment of 2.88
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D, the total charge continues to increase around 24.0 ns, and fluctuations around the
equilibrium value start around 27.5 ns. When the dipole moment reaches its maximum
value (6.18 D), equilibrium oscillations commence around 30.5 ns. This observation
supports the conclusion drawn from the characteristic charging times: as the dipole

moment increases, the time required for an EDLC system to reach equilibrium also

ncreases.
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Figure 3.3. Ion polarization inside the positively charged electrodes of the systems
with 14.75 A pore and applied voltage of 2 V. (a-c) Organic solvent dipole moment is
0.91, 2.88 and 6.18 D, respectively.

From the colors of the ion polarization curves when they reach their charging
equilibrium , which represent the total electrode charge, it can be observed that systems
with higher solvent polarity achieve higher electrode charges. Specifically, at around
40 ns, the system with a dipole moment of 0.91 D (a) has an electrode charge of
approximately 14 e~ while the system with 2.88 D (b) reaches 16 e, and the system
with 6.18 D (c) reaches 18.5 e~. It is worth noting that the equilibrium charge of the
electrode, and thus the capacity, is also related to the capacitance values, which will

be discussed later in the capacitance analysis.

The final analysis regarding the charging dynamics of EDLC systems focuses
on the self-diffusion coefficients (D}) of the electrolyte inside the positively charged
electrode. Figure 3.4 illustrates that the average self-diffusion coefficients follow this
order: organic solvent, co-ion (cation for positively charged electrodes), and counter-

ion (anion for positively charged electrodes). Organic solvent molecules is smaller
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compared to others allowing for them to reach higher diffusion rates. In contrast,
cations are repelled by the positively charged electrode, which facilitates their motion
compared to anions. Anions are strongly attracted to the electrode surface due to
electrostatic forces, which hinders their mobility and often results in their layering

near the electrode and reducing their diffusion coefficients relative to the solvent.
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Figure 3.4. Self-Diffusion Coefficients (Dj) of electrolyte inside the positively charged

electrodes. (a) Anion, (b) Cation and (¢) Organic solvent.

Concerning anions, the applied constant voltage exhibits a positive correlation
with the counter-ion’s self-diffusion coefficients. Regardless of pore size and dipole
moment, systems with a 2 V electrode voltage consistently show higher self-diffusion
coefficients for counter-ions. Figure 3.4a illustrates that for systems with lower dipole
moments (< 2.88 D), those with a pore size of 7.78 A exhibit higher self-diffusion co-
efficients compared to systems with larger pore sizes. For all system configurations,
increasing the dipole moment from 0.91 D to 2.07 D has a positive impact of approx-

imately 0.2 m?/s on the self-diffusion coefficients. However, once the dipole moment
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reaches 2.88 D or higher, the self-diffusion coefficients begin to decrease with increasing
dipole moment. This decrease affects systems with a pore size of 7.78 A more dramat-
ically than those with a pore size of 14.75 A. Consequently, the initial difference in
self-diffusion coefficients between systems with a pore size of 7.78 A and 14.75 A at
an applied voltage of 1 V and a dipole moment of 0.91 D, which is approximately 0.5

m? /s, diminishes to zero when the dipole moment reaches its maximum value (6.18 D).

This dramatic decrease in anion self-diffusion coefficients within the positively
charged electrode pores of smaller sizes, particularly for systems with solvents of higher
dipole moments, can be attributed to enhanced electrostatic and confinement effects.
In smaller pores, the amplified electrostatic interactions between the anions and the
positively charged electrode significantly hinder ion mobility. Additionally, solvents
with higher dipole moments form stronger solvation shells around anions, increasing
their effective size and causing greater steric hindrance in confined geometries. The
polarized solvent molecules also stabilize anion layers near the electrode surface, further

restricting their motion.

For the co-ions, as shown in Figure 3.4b, a similar trend is observed with respect
to the applied voltage: systems with a 2 V electrode voltage exhibit higher self-diffusion
coefficients. In contrast to counter-ions, systems with a pore size of 14.75 A consis-
tently show higher self-diffusion coefficients for all dipole moments. This is because the
electrostatic repulsion between co-ions and the electrode is reduced due to the greater
distance between them, resulting in enhanced pathway availability and more efficient

diffusion.

The effect of dipole moments on co-ion diffusion is similar to that observed for
counter-ions. Up to a dipole moment of 2.88 D, diffusion increases across all systems.
However, when the dipole moment exceeds 2.88 D, a negative correlation with diffusion
is observed. For all systems, the lowest self-diffusion coefficient is reached when the

dipole moment is at its maximum value of 6.18 D.
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For the organic solvent, a clear and consistent trend is observed across all system
configurations, regardless of pore size or electrode voltage: an increase in dipole moment
leads to a nearly linear decrease in self-diffusion coefficients. This behavior can be
attributed to enhanced polarization and electrostatic interactions. Solvents with higher
dipole moments experience stronger alignment with the electrode’s electric field, which
restricts their rotational and translational freedom. A similar relationship with pore
size is observed as with co-ions, where systems with a larger pore size of 14.75 A exhibit

higher self-diffusion coefficients.

In summary, for the electrolyte, self-diffusion coefficients exhibit a positive corre-
lation with dipole moment up to a certain threshold (2.88 D). Beyond this threshold,
the relationship reverses, showing a negative correlation. In contrast, for the solvent, a
consistent negative correlation between dipole moment and diffusion is observed across

all dipole moments.

3.2. Structural Equilibrium Dynamics

Before diving into the structural parameters that determine EDLC performance,
such as capacitance and effective charge separation, it is essential to understand the
simulation systems and the electrolyte distribution throughout the system. To this end,
number density profiles along the z-axis are plotted for each system. These profiles
serve to verify the absence of vacuum spaces or other issues within the simulation
box and to provide insight into the general structure of the simulations. Figure 3.5
presents the number density profiles of anions, cations, and solvents separately, while

the number density profiles for all other systems are provided in Figure A.3 and A.4.

As shown in Figure 2.2, the bulk region begins at the first minimum of the number
density profile after the third peak near the negatively charged electrode interface and
ends at the first minimum after the third peak near the positively charged electrode.
In the figure, the dashed vertical lines represent the start and end of the electrode

pores (2 < 0 for negatively charged pores and Z > 0 for positively charged pores).
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The counter-ions for each electrode reach their maximum values (13.7 A=3 for negative
electrode and 19.5 A=3 for the positive electrode) at the interface regions due to the
attraction of opposite charges. It can also be observed that the organic solvent is

distributed relatively homogeneously throughout the system.
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Figure 3.5. Number density profile of the EDLC system with a pore size of 7.78 A,
applied voltage of 2 V and solvent dipole moment of 0.91 D.

Parallel to the number density profiles, charge density profiles (p,) are also cal-
culated along the z-axis. These profiles are used both to verify the systems for any
structural issues and to calculate the charge density correlation lengths. A charge den-
sity profile of an example system is given in Figure 3.6, rest can be found in Figure

A5 and A.6.

From the charge density profile, it can be observed that within the bulk region,
the total charge of the system fluctuates around 0 e~. In the interface regions near
the negative and positive electrodes, the system charge reaches its maximum and min-
imum, respectively. The asymmetry in the magnitude of charge density peaks near the
electrode interfaces—where the maximum peak near the negatively charged electrode

(0.0055 e7) is smaller than the minimum peak near the positively charged electrode
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(-0.0105 e7) can be attributed to differences in ion dynamics and interactions. Cations,
attracted to the negatively charged electrode, exhibit higher mobility with a higher self
diffusion coefficient (3.4, resulting in a broader distribution and reduced peak intensity.
Conversely, anions, attracted to the positively charged electrode, tend to form densely
packed and structured layers, leading to a sharper and more pronounced minimum

peak.
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Figure 3.6. Charge density profile of the EDLC system with a pore size of 14.75 A,
applied voltage of 2 V and solvent dipole moment of 2.07 D (electrode pores are

represented with the vertical dashed lines).

By fitting an exponential decay function to the charge density profiles at the
two electrode interfaces, as described in Equation 2.19, the charge density correlation
lengths (1) are calculated and presented in Figure 3.7. It represents the rate at which
oscillations near the electrode interfaces decay into the bulk electrolyte. A higher [
indicates that the electrode screens the electrolyte charges over a longer distance from

its surface.

For both interfaces, the charge density correlation lengths follow the same order
for nearly every system configuration: 14.75A —1V > 7.78 A -1V > 14.75A -2V >

7.78 A — 2V. This indicates that pore size has a positive effect on [.
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The positive correlation between pore size and [ can be attributed to reduced
confinement effects and enhanced ion mobility in larger pores. In smaller pores, strong
geometric confinement restricts ion motion and amplifies ion-ion correlations, leading
to tighter ion layering and shorter [. Conversely, larger pores reduce these constraints,
allowing ions and solvent molecules to diffuse more freely, resulting in more diffuse

charge distributions and extended charge density correlation lengths.
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Figure 3.7. Charge density correlation lengths at the electrode interface. (a)

Negatively charged electrode, (b) Positively charged electrode.

For the applied voltage, an opposite effect is observed. As the applied voltage
increases, the electric field at the electrode-electrolyte interface intensifies, leading to
denser ion packing near the electrode surface. This results in a faster decay of charge

oscillations and, consequently, in a shorter /.
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Regardless of the pore size and applied voltage combinations, all systems exhibit
an increasing trend in charge density correlation length with increasing dipole moment,
following an approximately linear relationship. As the dipole moment increases, sol-
vent molecules align more strongly with the electrode’s electric field, creating a more

polarized environment that extends the (.

In addition to number and charge density profiles, free energy profiles (SAF)
were also calculated to provide insights into the energetic landscape of the systems.
An example free energy profile is shown in Figure 3.8, while the free energy profiles for
all systems are provided in Figure A.7 and A.8. In these profiles, local minima indicate
energetically favorable regions, whereas local maxima represent energy barriers that the
electrolyte must overcome to penetrate. For this study, the focus is primarily on the
electrode interfaces to analyze the magnitude of the energy barriers that electrolytes

must overcome to penetrate the pores.
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Figure 3.8. The free energy profile for the system with a 14.75 A pore size, 2 V
applied voltage, and a solvent dipole moment of 2.88 D is shown. Vertical dashed

lines indicate the electrode interfaces.

From the energy profiles, the adsorption free energy for counter-ions at both elec-
trode interfaces is calculated by subtracting the first (nearest to the electrode surface)
maxima and first minima values, as described in Equation 2.21. This value quantifies

the energetic favorability of ion adsorption and provides insights into the stability of
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ion layers, which directly influence the EDLC structure and capacitance.
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Figure 3.9. The adsorption free energy of counter-ions at the electrode interfaces: (a)
Cations at negatively charged electrodes, and (b) Anions at positively charged

electrodes.

As expected, for both anions and cations, the adsorption free energies are higher
for systems with a 7.78 A pore size compared to those with a 14.75 A pore size.
This is because smaller pores present greater challenges for counter-ions to penetrate.
Additionally, for systems with a 1 V applied voltage, the adsorption free energies are
higher compared to those with 2 V, as the electrical attraction forces between the
electrode and counter-ions are weaker in the former case. Regarding the effect of
dipole moment on adsorption energies, a positive correlation is observed in Figure 3.9.
Notably, for systems with narrower pores, an increase in dipole moment makes it more

difficult for counter-ions to enter the pore.
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When the effects of pore size and dipole moment are combined, they explain the
diminished impact of dipole moments in wider pores. Wider pores are inherently easier
for counter-ions to enter; thus, an increase in dipole moment, which makes entry more

difficult, has a less pronounced effect compared to narrower pores.

As described in the introduction chapter, one of the most critical parameters
of EDLCs, determining both power and energy density (Equations 1.1 and 1.2), is
capacitance. Consequently, the areal capacitance is calculated for each system and

presented in Figure 3.10.
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Figure 3.10. Areal Capacitance as a function of ACN dipole moment.

As shown in the figure, for both pore sizes and across all dipole moments, sys-
tems with a 2 V applied voltage exhibit higher capacitance values compared to their
counterparts with a 1 V applied voltage. This difference is nearly constant across all
dipole moments, amounting to approximately 0.40 £ 0.14 uF /cm? for 7.78 A pores and
0.40 4 0.18 pF/cm? for 14.75 A pores. This discrepancy cannot be solely explained
by the theoretical formulation. The positive correlation between applied voltage and
capacitance is also influenced by the stronger electric field at the electrode-electrolyte
interface, which enhances ion adsorption and charge accumulation. At higher voltages,
counter-ions are drawn closer to the electrode, resulting in denser ion packing and a

more compact electric double layer. Additionally, the stronger electric field reduces the
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effective distance between the electrode and the charge layer, thereby increasing the

capacitance.

For all systems, the influence of increasing dipole moment up to 2.88 D on capac-
itance is positive, consistent with findings from Jiang et al. [58]. However, in systems
with a pore size exceeding the co-ion diameter of 9.79 A, beyond the threshold of 2.88
D, the dipole moment begins to negatively impact capacitance. For both cases, the
capacitance values at 6.18 D are the lowest among all dipole moments. Thus, it can be
concluded that there is no direct correlation between capacitance and dipole moment;

rather, there are thresholds that alter the effect of the dipole moment once exceeded.

On the other hand, systems with a pore size of 14.75 A still exhibit a positive
effect of increasing dipole moment on capacitance. However, it is worth noting that
there might exist a threshold dipole moment value for 14.75 A, similar to 7.78 A,

beyond which the capacitance values could start to decrease.

To further relate to the capacitance and gain deeper insight into the system dy-
namics, effective charge separation (ECS) which is an indicator of accumulated counter
ions over total ions inside the pore and effective dielectric constants (EDC) were calcu-

lated and are presented in Figure 3.11, based on Equations 2.26 and 2.28, respectively.

From Figure 3.11, similar trends to those observed for capacitance can be noted.
As with capacitance, the order of effective charge separation (ECS) for applied voltage
is: 2V > 1V. However, in the case of ECS, systems with wider pores do not always

exhibit higher ECS values.

A positive correlation between dipole moment and ECS is also observed in all
systems with an organic solvent that has a dipole moment of 2.88 D or lower. For
systems with a pore size of 14.75 A, this increase persists across all dipole moments. In
contrast, for systems with a pore size of 7.78 A, the positive trend in ECS reverses when

the dipole moment reaches 6.18 D, similar to the behavior observed for capacitance.
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For the effective dielectric constant (EDC) shown in Figure 3.11.b, in terms of
the order of magnitude for both EDC and capacitance, the systems follow the order:

14.75A -2V >1475A -1V >778A -2V > 778A —1V.
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Figure 3.11. (a) Effective charge separation £ and (b) Effective dielectric constant .y

For systems with a pore size of 14.75 A, both capacitance and EDC increase
with increasing dipole moment. For capacitance, the increase with dipole moment is
nearly linear for both applied voltage, with ranges from 3.24 4+ 0.21uF/cm? to 3.62 +
0.24uF/cm? for 1 V and 3.76 + 0.24uF/cm? to 3.91 £+ 0.25uF /cm? for 2 V.

In contrast, for systems with a pore size of 7.78 A, the capacitance and EDC
values do not exhibit the same trend as the dipole moment increases. For capacitance,
the dipole moment has a positive effect up to 2.88 D, after which this effect reverses,

and capacitance begins to decrease with further increases in dipole moment. However,
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for EDC, the opposite trend is observed, as shown in Figure 3.11.b. EDC decreases
until 2.88 D and then begins to increase slightly beyond this threshold.

3.3. Electrolyte Behaviors Inside the Pores

For the final part of the results and discussion chapter, the focus shifts to the
regions inside the pores. The distribution of electrolytes along the y-axis of the pores
is examined more closely to establish a connection with the structural dynamics of
EDLCs. To achieve this, a spatial charge heat map is calculated, alongside with the
center-of-mass position distribution and charge distribution along the y-axis of the
electrolyte inside the positively charged electrodes. These analyses are illustrated in

Figures 3.12 and 3.13.

In the system with a pore size of 7.78 A, the spatial distribution of electrolyte
particles shows alignment near the electrode walls. In Figure 3.12, this phenomenon
is evident in the central segment of the curves, where the values approach zero for
co-ions, counter-ions, and organic solvents. When the pore size increases to 14.75
A, both co-ions and counter-ions begin to disperse toward the central region of the
pore. This behavior is illustrated in Figure 3.13. The newly formed co-ion layer in
the middle of the pore also influences the charging dynamics, as proposed by Feng et
al. [36]. As shown in Figure 3.10, the introduction of this alternating co-ion layer leads
to an enhanced capacitance compared to systems lacking a counterion layer, which is

positioned midway between the two slit walls.

Another difference between the systems with two different pore sizes is the mag-
nitude of the number density for the electrolyte in the nearest layer to the electrode.
For the co-ions in the 7.78 A systems, the number density values for the electrolyte
layers are approximately 0.012 A_S, which is nearly the same as in the 14.75 A systems.
However, for the counter-ions, there is a substantial difference between the two pore
sizes. While systems with a pore size of 7.78 A exhibit a counter-ion number density

of 0.018 A™°, this value increases to 0.022 A", Considering a higher increase in ca-
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pacitance with larger pore sizes, it can be concluded that the increase in counter-ion
numbers in the electrolyte layer at the electrode interface inside the pores has a direct

correlation with the performance of the EDLC.
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Figure 3.12. (a-c-e) Spatial charge distribution heatmaps and (b-d-f) electrolyte
number density profiles inside the positively charged electrode of systems with a pore
size of 7.78 A, applied voltage of 1V and dipole moments of (a-b) 0.91 D, (c-d) 2.88
D, and (e-f) 6.18 D.
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For the effect of dipole moment, the same argument made for the effect of pore
size appears valid. In Figure 3.10, it is observed that capacitance and dipole moment

have a positive relationship for all dipole moments in systems with a 14.75 A pore size.
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Figure 3.13. (a-c-e) Spatial charge distribution heatmaps and (b-d-f) electrolyte
number density profiles inside the positively charged electrode of systems with a pore
size of 14.75 A, applied voltage of 1V and dipole moments of (a-b) 0.91 D, (c-d) 2.88

D, and (e-f) 6.18 D.
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For the systems depicted in Figure 3.13, the capacitance values are 3.30 £+ 0.24
pF /em?; 3.3740.22 uF /em?; and 3.6440.18 uF /cm?. The average total charge for the
electrolyte layers nearest to the electrode in Figures 3.13a, 3.13d, and 3.13f are -0.095
q/AS, -0.098 q/Ag, and -0.104 q/AS, respectively, for the same systems.

On the other hand, for the smaller pore size of 7.78 A, the positive correlation
between capacitance and dipole moment is not observed at higher dipole moments of
4.12 D and 6.18 D. The capacitance values of the systems depicted in Figure 3.12 are
2.78 +0.14 pF/cm?, 2.804+0.16 uF /cm?, and 2.324+0.12 uF/cm?. The charge densities
of the electrolyte layer inside the pore are 0.085 q/A3, 0.086 q/A?’, and 0.073 q/AB.

These changes are closely aligned with the observed trends in capacitance.
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4. CONCLUSION AND RECOMMENDATIONS

The demand for energy in the modern world is growing rapidly due to increasing
population and humanity’s dependence on electricity. As a result, advancements in
energy storage and generation methods with higher energy and power densities are
becoming increasingly critical. In this context, supercapacitors, commonly referred to
as Electrical Double-Layer Capacitors (EDLCs), represent one of the most promising
innovations, gaining significant attention in both academic and industrial fields. Since
this area of research is relatively new, there is substantial potential for improvement,

both theoretically and experimentally.

To explore this concept, this study focuses on the kinetics and structural dynamics
of EDLCs using molecular dynamics (MD) simulations. The parameters varied in
the simulations include pore size, applied voltage, and solvent dipole moment. These
factors are critical in determining EDLC performance and efficiency. MD simulations
were conducted for twenty distinct system configurations, incorporating two pore sizes
(7.78 A and 14.75 A), five organic solvent dipole moments (0.91 D, 2.07 D, 2.88 D, 4.12
D, and 6.18 D), and two applied voltages (1 V and 2 V). The simulations were performed
for an average total duration of 40 ns with a time step of 1.5 fs at a temperature of
400 K. The last 1.5 ns of data was used as the production data, where all equilibrium

analyses were conducted.

The findings highlight several key aspects of EDLC behavior. Charging dynamics
reveal that the pore with 7.48 A pore size exhibit longer equilibrium times due to larger
diffusive barriers, consistent with prior studies. The characteristic charging time, 7,
shows a positive correlation with dipole moment, except at the lowest dipole moment
in systems with narrow pores. Higher applied voltages accelerate the charging process

and result in greater equilibrium charges, enhancing the energy storage capability.
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The structural equilibrium dynamics of EDLCs demonstrate successful creation
of bulk regions in all systems, with peak ion concentrations near electrode interfaces.
charge density correlation lengths (I) increase with pore size and dipole moment. En-
hanced solvent polarization near the electrodes extends the electric field deeper into

the electrolyte, further influencing performance.

One of the key factors for an EDLC system is capacitance, as it is a primary
determinant of the energy and power density of a supercapacitor. The areal capacitance
for different systems indicates that wider pores and higher applied voltages positively
impact capacitance across all configurations. For any given solvent dipole moment, a
narrower pore or a lower applied electrode voltage cannot surpass its counterpart in

terms of capacitance.

The effect of changing dipole moment yields one of the most intriguing findings
of this study. For systems with a pore size of 14.75 A, there is a positive correlation
between dipole moment and capacitance across all dipole moment values. In con-
trast, for the narrower pore size (7.78 A), the relationship between dipole moment and
capacitance is less straightforward. Up to a threshold dipole moment of 2.88 D, ca-
pacitance increases with dipole moment, following a trend similar to that observed in
wider pores. However, beyond this threshold, capacitance begins to decrease, reaching
its lowest value for the system when the dipole moment is at its maximum (6.18 D).
This negative effect is attributed to highly polarized solvent molecules, which lead to
the exclusion of ions from the pores. Thus, it can be concluded that there is no direct
correlation between capacitance and dipole moment; rather, thresholds exist that alter
the effect of dipole moment once exceeded. Capacitance values also exhibit a direct
correlation with effective dielectric constants, with wider pores and higher voltages
generally achieving higher values. However, nonlinear trends with dipole moments
highlight the complex dependencies on structural and electrostatic factors. There-
fore, the non-monotonic behavior of capacitance with dipole moment underscores the

importance of optimizing solvent polarity to maximize EDLC performance.
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After investigating the general structural properties of the system, the focus shifts
to the electrolyte behavior within the pores. Spatial charge analysis, combined with the
number density of the electrolyte inside the pores, reveals that systems with wider pores
(14.75 A) exhibit a more uniform ion distribution, with additional co-ion layers forming
in the pore centers. Furthermore, the number density of layers near the electrode shows

trends that are closely aligned with changes in capacitance.

For the next part, several recommendations for future research and development
are proposed to enhance EDLC design and performance. First, optimizing pore sizes
is critical. In this study, although the largest pore size demonstrated the best perfor-
mance, only two pore size options were examined. Expanding this range (especially
between 10 A and 14 A) will provide deeper insights into the effect of pore size on

supercapacitors.

Second, solvent selection and modifications play a vital role, as described in the
previous paragraphs. Future studies should explore the combination of solvent and pore
size that yields the highest performance. Solvent mixtures, combining ionic liquids and
organic solvents, could also be investigated to achieve favorable viscosities and dielectric

properties.

Higher voltage stability is another area of interest. Applying voltages higher than
2 V could enhance energy storage but would require the development of electrolytes
with improved electrochemical stability. Electrolytes containing ionic liquids with tai-

lored anion-cation combinations may provide both stability and enhanced capacitance.

More broadly, future simulation studies should expand the parameter space, such
as varying ion concentrations and exploring multi-component electrolytes, to gain
deeper insights into real-world EDLC performance. Coupling MD simulations with
machine learning models could also expedite the identification of optimal system con-

figurations.
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In conclusion, this thesis contributes to the growing understanding of EDLC dy-
namics, providing actionable insights for both MD simulation and the physical design
of supercapacitors. By addressing the identified challenges, future research and de-
velopment efforts can further optimize EDLC performance for diverse applications in

energy storage.
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APPENDIX A: ANALYSIS RESULTS

All Python codes and data that are used in this study can be found in the follow-

ing link: https://drive.google.com/drive/folders/114qCPUmPdHkbKeSRo2fBsu_

RHyI96b747usp=sharing

A.1. Charging Profiles

In Figure A.1, time evolutions of the total positive electrode charge are given.
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Figure A.1. Time evolution of total charge of the positive electrodes for all systems.
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A.2. Ion Polarization

In Figure A.2, time evolutions of the ion polarization of positively charged elec-

trode are given.
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Figure A.2. Time evolution of ion polarization and total positive electrode charge for

all systems.
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A.3. Number Density Profiles

In Figure A.3 and Figure A.4, number density profiles of EDLC systems are given.
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Figure A.3. Number density profiles along %, for systems with a 7.78 A pore.
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Figure A.4. Number density profiles along 2, for systems with a 14.75 A pore.
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A.4. Charge Density Profiles

In Figure A.5 and Figure A.6, charge density profiles of EDLC systems are given.
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Figure A.5. Charge density profiles along 2, for systems with a 7.78 A pore.
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Figure A.6. Charge density profiles along 2, for systems with a 14.75 A pore.
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A.5. Free Energy Profiles

In Figure A.7 and Figure A.8, free energy profiles of EDLC systems are given.
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Figure A.7. Free energy profiles along 2, for systems with a 7.78 A pore.
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Figure A.8. Free energy profiles along 2, for systems with a 14.75 A pore.
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