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ABSTRACT

We develop an analytical framework to examine how plasma parameters influence electrode
formation and, consequently, device performance. Although plasma-enhanced chemical vapor
deposition (PECVD) technique is widely used for graphene electrode synthesis, quantitative
relations between plasma parameters and supercapacitor performance remain limited. In this
work, fundamental of plasma parameters, including electron density, electron temperature,
Debye screening length, and sheath-related ion dynamics are incorporated into an analytical
model that describes plasma-surface interactions during electrode formation. A roughness
factor driven by ion bombardment is derived to correlate the plasma conditions with the
electrochemical surface accessibility. The resulting increase in effective surface area directly
influences both the double layer and pseudo-capacitance charge storage mechanisms, which
describe the key device performance parameters such as specific capacitance, energy density,
and power density. These calculations are performed using a Python-based simulation under
varying plasma conditions. The electron density is varied over the range of 10'°-10'" m, while
the electron temperature is limited to 1-5 eV to reflect typical PECVD conditions. The results
show that increasing the plasma density enhances the ion flux to the electrode surface, which
enhances surface roughness and increases the effective electrode area, leading to improved
energy storage capability. However, electron temperature influences capacitance through
competing mechanisms. While increased Debye length weakens electrostatic coupling, the
simultaneous increase in ion velocity enhances ion-flux and surface roughness, resulting in a
non-monotonic dependence. These trends align with previously reported energy storage
improvements in graphene-based hybrid supercapacitors, showing that plasma conditions can
control energy storage performance, thereby providing a physically grounded model for

predicting energy storage trends under varying plasma conditions.

Keywords: PECVD, plasma parameters, plasma-surface interactions, graphene-hybrid

supercapacitors.
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CHAPTER-1

INTRODUCTION AND OBJECTIVES

1.1 Background and Motivation

The rapid expansion of portable electronics, electric vehicles, and grid-scale renewable energy
systems has created an exceptional demand for electrochemical energy storage technologies
that can simultaneously deliver high energy capacity, high power output, rapid charge-
discharge cycling, and extended operational lifetimes. Conventional energy storage devices fall
into two broad functional categories: rechargeable batteries, which offer high energy density
through bulk faradaic electrochemical reactions, and conventional electrochemical double-
layer capacitors, which offer exceptional power density and cycling stability through fast,

reversible electrostatic charge storage at the electrode surface [1].

Supercapacitors, also referred to as ultracapacitors or electrochemical capacitors, occupy a
unique and strategically important position in the energy storage landscape. Through
electrostatic ion adsorption at the electrode-electrolyte interface-a mechanism that avoids the
slow solid-state diffusion characteristic of battery electrodes-supercapacitors are capable of
delivering energy bursts at rates several orders of magnitude faster than batteries, while also
sustaining hundreds of thousands of charge-discharge cycles without significant capacity
degradation [1, 2]. For these reasons, these devices are especially suitable for use in situations
that require quick energy delivery and uptake, like in regenerative braking of electric vehicles,
in load-leveling systems of renewable energy sources, and in pulse power applications in

industry.

Unfortunately, the energy density of traditional supercapacitors, ranging from 3 to 10 Wh/kg,
is significantly smaller compared to that of lithium-ion batteries, which is 100-200 Wh/kg,

which greatly reduces their potential as efficient stand-alone energy storage devices [18].



Hybrid supercapacitors (HSCs) could be seen as an innovative approach to tackling this
problem. HSCs are designed by adding the second electrode to a typical supercapacitor made
of a high specific surface area carbon-based material, which provides electrostatic energy
storage; this electrode enables fast faradaic redox reactions at its surface and thus allows

harnessing of both electrostatic and faradaic energies [3].

Graphene stands out as one of the most promising material candidates for use in electrode
construction for HSCs based on its exceptional combination of physical characteristics. In fact,
graphene may be described as a 2D allotrope of carbon composed of a monolayer of sp2-
hybridized carbon atoms arranged in a honeycomb structure. It has a theoretical specific surface
area of 2630 m? g ! [4], nearly metallic conductivity, excellent mechanical flexibility and
strength [5], as well as notable chemical resistance to various electrochemical processes.

Altogether, these properties make graphene an optimal material for use in electrodes of HSCs.

Unfortunately, despite all the above-described benefits of graphene, its performance as an
electrode material remains far from perfect in terms of its actual electrochemical capabilities.
Namely, the main problem associated with the employment of graphene in electrodes is the
self-stacking of graphene sheets due to van der Waals interactions between them, thus reducing
the available electrode surface area and hindering the penetration of electrolyte ions into the
material's interior. As a result, the specific capacitance of actual graphene electrodes amounts

to about 100-400 F g~!, much lower than the theoretically achievable value of around 550

Fg'[4].

1.2 Graphene-Based Hybrid Supercapacitors

Two general approaches have been proposed to date in the literature to address the limitations
associated with pristine graphene electrodes in terms of energy storage performances. The first

approach consists of engineering the graphene matrix architecture, which includes



incorporating in-plane porosity in the structure (holey graphene), or building three-dimensional
interconnected structures as well as hierarchical porous structures to improve ion diffusion and
ensure high surface accessibility. Xu et al. [6] showed that by introducing porosity into the
graphene scaffolds, which is achieved via selective etching of the graphene basal plane,
additional edges can be formed and short ion transfer channels are created, leading to improved

capacitance performances.

On the other hand, the second approach consists of adding redox active secondary species into
the graphene matrices as pseudocapacitive materials to facilitate pseudocapacitive charging.
Transition metal oxide compounds such as manganese dioxide (MnO.), ruthenium oxide
(Ru02), and iron oxide (Fe304) are some of the well-studied pseudocapacitive materials to date.
Their ability to perform rapid and reversible surface redox reactions enables the development
of highly efficient pseudocapacitances that can substantially increase the overall charge storage
compared to those solely based on physical adsorption. Another group of pseudocapacitive
compounds includes two-dimensional MXene materials, which refer to transition metal

carbides and nitrides [7].

Successful fabrication of highly effective graphene-based HSCs in terms of electrode
performance, irrespective of the particular hybrid configuration used, critically hinges on the
quality of the electrode surface. Surface characteristics such as roughness, porosity, density of
defects, surface functional group chemistry, and access to electrochemical activity of the
electrode surface all determine the electrode’s ability to store charge. These considerations
have contributed to the increased focus on modifying the electrode surface properties once they

are fabricated.



1.3 Graphene as a promising electrode material

Graphene has emerged as one of the most promising materials for supercapacitor electrodes

due to its exceptional properties:

High specific surface area (~2630 m?/g), enhancing capacitance

e Atomic-scale thickness, maximizing ion access and minimizing diffusion path

e High electrical and thermal conductivity, enabling fast charge-discharge cycles

e Mechanical strength and flexibility, offering superior cycle stability

e Chemical stability, resistant to oxidation and electrolyte corrosion

Graphene’s two-dimensional structure allows for the formation of vertically aligned graphene
(VAG) or graphene nanowalls, which further enhance electrolyte access, reduce ion diffusion

paths, and increase electrochemical activity.

1.3.1 Plasma-Enhanced Chemical Vapor Deposition (PECVD)

It 1s safe to say that plasma enhanced chemical vapor deposition (PECVD) has become one of
the most promising approaches not only for preparing but also modifying the surfaces of
graphene-based electrodes. In PECVD reactors, plasma, which is ionized at low density in an
inert gas such as argon or in gas mixtures with reactive components such as hydrogen, nitrogen,
or carbon sources, provides reactive radicals and energetic ions, enabling material deposition,
surface etching, and/or chemical modification of surface properties, depending on processing

conditions [8, 9].

Unlike thermal CVD methods, PECVD makes it possible to reduce the temperature of the
substrates involved and have better control over the processes of modification of the graphene
surfaces by altering the plasma parameters. Energetic ions provided by PECVD may break

carbon-carbon bonding on the surface of the basal plane of graphene, creating defect sites,



roughening its surface, introducing hydroxyl, carboxyl, and epoxy functional groups, and

making it hydrophilic [8, 11, 12].

The key aspect setting apart plasma enhanced chemical vapor deposition (PECVD) from other
methods for surface modification lies in the high level of controllability provided by plasma
processing parameters such as electron density (ne) and electron temperature (Te). These
parameters affect ion flux to the substrate, energy of impacting ions, radical generation, and
extent of plasma-surface interaction. Previous experiments and theory have shown that electron
density and electron temperature have direct effects on surface morphology in plasma treated
electrodes and, as a result, affect the electrochemistry of these surfaces [9, 12]. Indeed, in their
work on modeling the interaction between plasma and carbon nanomaterials, Sharma and
Gupta [9] developed some basic connections between the physics of these processes and

surface modification phenomena observed in electrochemistry.

Though the positive effect of PECVD on electrode behavior can be clearly seen in the previous
research, most of the literature on the subject focuses on experimental results obtained in a
trial-and-error fashion based on optimization of plasma processing conditions. In contrast,
quantitative models connecting plasma parameters to electrode characteristics and, as a result,
electrochemical performance are rather rare. This is precisely why modeling efforts aimed at

filling the gap described above became the focus of this work.

1.4 Research Objectives

The general aim of this thesis is to construct and validate a complete analytical model which
would enable quantification of correlations between PECVD plasma properties and
electrochemical performances of graphene-based hybrid supercapacitors. These aims will be

achieved by completing the following sub-tasks:



e Derivation of analytical expressions for major parameters associated with plasma-
surface interaction-Debye length, Bohm velocity, ion flux, and ion fluence-in PECVD

process based on argon plasmas.

e Derivation of surface evolution model connecting ion fluence with surface roughness
and density of electrochemically active sites, taking into account the respective saturation

effect.

e Conducting development of analytical models describing electrochemical capacitance
of EDLC and pseudocapacitance contribution to overall capacitive behavior of HSC

electrode, where each of these contributions is linked with plasma-related surface changes.

e Assessment of sensitivity of such parameters as specific capacitance, energy and power
densities, and Ragone plots with respect to variation in plasma electron density and electron

temperature.

e Validation of obtained theoretical results with the help of experimentally reported

parameters of graphene-based HSCs.

1.5 Thesis Organization

Structure of the remaining sections of this thesis is described below. In chapter 2, an extensive
literature review is carried out with respect to the history of development of supercapacitor
technology, fabrication of graphene electrodes, physics of interactions between the plasma and
its target surface, and previous models of electrochemical capacitor. Chapter 3 deals with the
theoretical background and equation governing the analytical model involving plasma
parameters, surface morphological features, and electrochemical capacitance modeling. In

chapter 4, simulation results and their discussions on capacitance behavior, specific



capacitance, energy density, power density, and Ragone plot under different plasma parameters
are given. The final chapter will provide conclusions drawn from this research work and

limitations in the current model and future directions of research.



CHAPTER-2

LITERATURE REVIEW

2.1 Fundamentals of Electrochemical Capacitors

The science and engineering behind electrochemical capacitors have been developed based on
pioneering work done by Conway et al., whose textbook Electrochemical Supercapacitors [2]
is now considered the authoritative source in the field. The theory developed by Conway et al.
recognizes that there are two types of charge storage mechanism, namely the electrostatic
adsorption of ions from the electrolyte at the electrode/electrolyte interface leading to an
electric double-layered capacitance, and rapid and reversible faradaic reactions taking place

exclusively within the electrode or near-surface area, leading to pseudo-capacitance.

An electric double layer develops when electronic charge is separated from ionic charge in an
interface between an electrode and electrolyte. The earliest model used to describe such an
interface is the Helmholtz theory, where the interface is described as a parallel-plate capacitor
having a fixed distance between plates equal to the size of solvated ions. While the Helmholtz
theory provides an understanding of the double layer structure, it does not offer a
comprehensive treatment of it, unlike theories such as the Gouy-Chapman and Stern models,
which give a much better understanding of the double-layer interface especially at varying

concentrations and potentials [2, 17].

The pseudo-capacitance effect, in comparison, stems from electrochemical reactions that create
charges related to the potential, but fundamentally follow a faradaic reaction type. Such
reactions can include underpotential deposition, surface redox reactions of transition metal
oxides and conducting polymers, and ion intercalation into host materials that form layers [2].
The Langmuir adsorption isotherm serves as a theoretical approach to describe surface redox
pseudo-capacitance by regarding electrochemically active sites as a finite set of independent

adsorption sites of the electrode material [2, 18].



The study of Wang et al. [1] gives a detailed overview of electrode materials for
electrochemical supercapacitors, listing all key features of different carbon-based materials,
metal oxides, and conducting polymers under different electrolyte conditions. This review
provides a basis for understanding the overall trends in electrochemical supercapacitors before
the development of graphene materials. It also underscores the importance of surface area,
electrical conductivity, and electrochemical stability as key properties determining the

supercapacitor performance.

2.2 Evolution of Graphene-Based Electrode Materials

Demonstration of graphene supercapacitor electrodes experimentally was demonstrated by
Stoller et al. [4], which showed that chemically reduced graphene oxide can provide about 135
F g ! specific capacitance in aqueous electrolytes and 99 F g! in organic electrolyte. However,
the values of capacitance obtained were significantly below the theoretically possible.
Nevertheless, the study provided the essential proof of principle for using graphene as a
supercapacitor material, which triggered an enormous body of research trying to enhance its

electrochemical characteristics.

One of the key points discovered after the initial studies was the strong impact that the ability
to access the graphene surface had on the electrochemical properties of the latter. Although
theoretically graphene should possess extremely high surface area, in reality due to restacking
of the layers the electrochemically active surface area of graphene becomes substantially
reduced. To overcome this problem several approaches have been devised, including
introduction of a spacer layer to prevent graphene layer from contacting, manufacturing of
three-dimensional structures like graphene foam and aerogels, and creation of pores inside the

structure of the material [6].



Xu et al. [6] reported an increase in specific capacitance and rate capability in holey graphene
structures produced via controlled etching, which was related to the combined effects of larger
accessible surface areas, reduced ion diffusion distances, and increased edge defects. These
observations highlight the significance of both morphology and defect engineering in the

development of effective graphene electrodes.

A wealth of research has been conducted on the incorporation of pseudocapacitive materials in
graphene electrodes in order to overcome the constraints associated with purely EDLC-type
capacitors. Of the various pseudocapacitive materials researched thus far, MnO, has been one
of the most extensively investigated. This stems from the high theoretical capacitance of MnO»,
its abundant and eco-friendly nature. Toupin et al. [21] laid down valuable insights regarding
the charge storage mechanism of MnO: in aqueous electrolyte systems; pseudocapacitance in
this case is a result of facile adsorption/intercalation of alkali metal cations into the material
structure with subsequent change in manganese oxidation states. The determination of active
site density of the MnO»-graphene electrodes is critical for modeling and will be used herein

as a point of comparison [21].

In recent years, there has been much development on the use of MXene-graphene based
composites for energy storage devices. The research by K et al. [7] documented the synthesis
methods, energy storage mechanism, and electrochemical properties of the MXene-carbon
hybrid systems, focusing on the mutual enhancement resulting from the combination of their
high conductivity and surface redox activity of MXenes with the structural versatility and

surface area of graphene-based supports.

Comprehensive performance benchmarking for graphene-based supercapacitors and HSCs was
provided by Rani et al. [23], who reported ultra-high energy density values for MnO»/reduced

graphene oxide hybrid nanoscroll architectures, and by Wang et al. [22], who systematically

10



characterized the performance of graphene-based supercapacitor devices. These studies
provide the experimental reference data against which the analytical model developed in this

thesis is validated.

2.3 Plasma Treatment for Graphene Electrode Functionalization

The use of plasma treatment to modify the surface properties of carbon-based electrode
materials has been the subject of growing investigation over the past decade. Plasma exposure
can introduce a range of surface modifications depending on the plasma chemistry, power,
pressure, and exposure duration, including the creation of structural defects, the introduction
of surface functional groups, the modification of surface wettability, and the generation of

porous surface features through selective etching [8, 12].

Meng et al. [11] reported a systematic investigation of plasma treatment effects on graphene
fiber-based supercapacitor electrodes. Their findings demonstrated that plasma exposure
significantly enhances the electrochemical performance of graphene fibers through a
combination of increased surface area, improved electrolyte accessibility, and the generation
of electrochemically active defect sites. Specifically, they observed that plasma treatment
increases the Brunauer-Emmett-Teller (BET) surface area of graphene fibers by factors of 10-
20 relative to untreated samples, consistent with the saturation limits for the roughness factor
adopted in the present analytical model. Plasma-treated graphene fiber electrode specific
capacitances in the region 100-400 F/g were demonstrated by other researchers, offering key

experimental confirmation of results obtained from the theoretical framework presented here.

In a seminal work, Wang et al. [12] offered an extensive review on the use of plasmas to
synthesize and functionalize advanced electrochemical energy storage materials. The study
includes discussion on a wide range of plasma treatments-from plasma-induced defect

engineering, surface functionalization, nano structuring, to composite material synthesis-and

11



systematically analyzes the influence of plasma parameters on the resulting surface properties.
Importantly, the study also examines the conflictive effects of defect creation vs. physical
damage due to high ion fluences, offering the theoretical foundation of the saturation
phenomenon modeled in this thesis. The authors' calculations of ion bombardment cross
sections in graphitic carbons directly validate the roughening coefficient used in the proposed

surface roughness/active sites modeling approach.

The mechanisms underlying radiation damage processes caused by ion beam irradiation on
carbon nanostructures have been thoroughly investigated by Banhart [13] whose extensive
review on the effects of irradiation on carbon nanostructures continues to serve as a cornerstone
for studying ion—graphene interactions. Banhart's analysis of displacement cross-sections for
ion bombardment of graphitic carbon-covering a range of ion masses and energies relevant to
PECVD conditions-directly informed the selection of the roughening coefficient (o= 102" m?)

adopted in the present model.

Ghanashyam and Jeong [15, 16] investigated the synthesis and electrochemical
characterization of plasma-treated nitrogen-doped graphite oxide and carbon nanofiber
electrodes for supercapacitor applications. Their results demonstrated that plasma treatment of
nitrogen-doped carbon materials significantly enhances specific capacitance, attributing the
improvement to the combined effects of increased active surface area, enhanced nitrogen
content, and the generation of additional redox-active surface sites. Specific capacitance values
of up to 900 F g! reported in these studies represent the upper bound of the range against which

the present model is validated.

Joseph and Shanov [8] reported the fabrication and electrochemical characterization of
symmetric supercapacitors based on nitrogen-doped and plasma-functionalized three-

dimensional graphene. Their study provides direct experimental evidence that plasma

12



functionalization can simultaneously increase surface area and introduce electrochemically
active nitrogen functional groups, with both effects contributing to enhanced capacitance. The
plasma exposure time of 10 s adopted in the present model is consistent with the short-duration
plasma functionalization protocols employed in this study, which achieve significant surface

modification without causing bulk structural degradation.

2.4 Plasma Physics Fundamentals Relevant to PECVD

The theoretical description of plasma behavior in PECVD systems is grounded in the classical
plasma physics framework developed by Lieberman and Lichtenberg [10], whose
comprehensive textbook on principles of plasma discharges and materials processing serves as
the primary theoretical reference for the plasma physics component of the present model. The
approach taken allows one to set the Debye length as the basic unit of length in the description
of electrostatic interaction in plasma, obtain the formula of the Bohm criterion defining the
minimal ion velocity on the sheath boundary, and derive the analytical formulas for ion flow

onto the surface.

The plasma sheath-the thin region of positive space charge that forms at the boundary between
the bulk plasma and any solid surface in contact with the plasma-plays a crucial role in
determining the energy and flux of ions impinging on the substrate in PECVD systems. Within
the sheath, the electric field accelerates positive ions toward the substrate surface, with the ion
energy distribution at the surface determined by the sheath voltage, which depends in turn on
the electron temperature and plasma density [10]. For collisionless sheaths, as assumed in the
present model, the ion energy at the substrate surface is primarily determined by the Bohm

velocity at the sheath edge and the sheath potential.

The theoretical treatment of plasma-surface interactions and their role in surface morphology

evolution has been addressed from a complementary perspective in the work of Sharma and

13



Gupta [9], who developed a theoretical model for plasma-assisted catalytic growth and field
emission properties of graphene sheets. Their theory builds bridges that link plasma parameters
to surface modification processes in graphene, thereby offering an appropriate example for

following a similar path in modeling surface roughness for this project.

2.5 Electrochemical Performance Benchmarking and Modeling

A major achievement in the domain of electrochemical energy storage performance reporting
has been the establishment of standardized reporting frameworks. For example, Mathis et al.
[19] presented a guideline on accurate reporting of electrochemical energy storage performance
that addressed typical problems in computing and normalizing specific capacitance, energy
density, and power density. Specifically, the proposed methodology for the determination of a
four-fold decrease in energy density while transitioning from electrode level to device level
performance measurements for symmetric two-electrode devices is incorporated into the

current modeling framework.

The well-known Ragone performance mapping of electrochemical energy storage devices was
first proposed by Simon and Gogotsi [18]. Specifically, the authors established the graphical
relationship between energy density and power density of electrochemical energy storage
devices, as well as their performance boundaries. Namely, Simon and Gogotsi [18] separated
different types of electrochemical energy storage devices, i.e., traditional capacitors,
electrochemical double layer capacitors, hybrid supercapacitors, and batteries, and defined the
target values of performance metrics of HSCs necessary to operate in the unique performance
regime between supercapacitors and batteries. Later, the authors together with Dunn [24]
introduced the concept of battery-type charge storage and capacitor-type charge storage at

material level.

14



The electrochemical technique for calculation of the true electrochemical surface area by
analyzing the properties of double layer charging was first described by Trasatti and Petrii [14].
The theoretical link between surface roughness factors and accessible electrochemical surface
area, which is the basis for the A.¢ model used in the current study, was explained by Trasatti

and Petrii [ 14].

Equivalent series resistance and its influence on power capability was discussed by Kotz and
Carlen [20], who provided an excellent review on the electrochemical capacitor, focusing
specifically on the influence of ESR on power performance. The link between ESR, mass
loading, and power density discussed by Kotz and Carlen [20] supports the power density

model used in Eqn. (16).

2.6 Summary and Research Gap

This literature review indicates that a great deal of experimental and theoretical work is
available related to graphene-based high-surface-area carbons as electrodes for HSCs, plasma-
assisted modifications of electrode surfaces, and electrochemical capacitor modeling. In each
case, it can be noted that there is strong dependence of electrochemical properties on the
electrode surface characteristics and effectiveness of using plasma to control these

characteristics by bombarding electrode surfaces with ions.

A deficiency that is common in the literature in this field is a lack of an analytical approach
that would enable the correlation of certain plasma parameters (electron density, electron
temperature, ion flux, etc.) with electrode surface morphology and, consequently, its
electrochemical properties. Most articles devoted to the topic use one of two approaches to
plasma-assisted surface treatments: experimental optimization of plasma parameters without

developing physical models or studying of plasma and electrochemistry separately.
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The current thesis attempts to fill this gap by developing an analytical model describing
physical mechanisms that govern all processes occurring during plasma processing and result

in changes in electrochemical properties.

16



CHAPTER-3
THEORETICAL FRAMEWORK AND GOVERNING EQUATIONS

In keeping with the typical inert-gas PECVD environment, the present research adopts the
quasi-neutral plasma of the argon ion (Ar"), such that the electron density ne and the ion density
ni are approximately the same (ne = nj). For the sake of calculation, an ion mass of mi = 6.63 X
1026 kg is used, equivalent to argon-40. Also, it is considered that no collision occurs in the
sheath and that secondary electron emission is negligible. Ion bombardment is assumed to be
the principal factor in charge transfer, in the same way as in the work of Lieberman and

Lichtenberg [10], Wang et al. [12], and Meng et al. [11].

3.1 Plasma Characterization and Sheath Physics

The basic properties that define the plasma environment inside a PECVD process are the
electron density (n.) and electron temperature (T.). These factors control the movement of ions,
the formation of the sheath region, and the transfer of energy onto the substrate surface. The
most important physical length inside the plasma that can be defined is the Debye screening
length, where an electrostatic field will be shielded within a distance equal to the Debye length

due to the free electron movement in the  quasi-neutral  plasma

kgT,
Ay = [, 3.1)

where kg is the Boltzmann constant, &, is the permittivity of free space, T, is the electron

environment:

temperature expressed in Joules, n, is the electron density in m™>, and e is the elementary
charge. The Debye length determines the thickness of the plasma sheath and the spatial extent
of the electric field at the electrode surface. As n, increases, Ap decreases, resulting in a thinner

and more intense sheath electric field that drives stronger ion acceleration toward the substrate.
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The Bohm criterion establishes the minimum velocity that ions must attain at the sheath edge
to sustain a stable, monotonically varying sheath potential profile. For a plasma with a

Maxwellian electron energy distribution, the Bohm velocity is [10]:

(3.2)

where m; is the ion mass. The Bohm velocity represents a lower bound on the ion velocity
entering the sheath, and sets the scale for the ion energy distribution at the substrate surface.
Higher electron temperatures directly increase the Bohm velocity, thereby enhancing the

kinetic energy with which ions impact the substrate.

The ion flux incident on the electrode surface, representing the number of ions arriving per unit

area per unit time, is given by [10]:
Fi =N, Vp (33)

This expression captures the fundamental dependence of ion flux on both electron density and
electron temperature: higher density increases the number of ions available to enter the sheath
per unit volume, while higher temperature increases the speed at which they traverse the sheath.

The time-integrated ion flux-the ion fluence-over a plasma exposure time ¢y, is [10, 11]:
®; =1T;- texp (3.4)

Ion fluence serves as the primary driver of plasma-induced surface modification. It represents
the cumulative dose of ion bombardment received by the electrode surface during the plasma
treatment process, and is the fundamental quantity linking plasma operating conditions to

surface morphological and chemical changes.
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3.2 Plasma-Surface Interaction and Morphological Evolution

Ion energy bombardment in PECVD produces different forms of surface modifications of
graphene electrodes, which include defect formation, bond cleavage, creation of edge sites, and
surface disorder [11, 12]. These phenomena contribute to the overall surface roughness of the
material and produce electrochemically active sites, thus improving the charge storage capacity
of the electrode. The analysis of such phenomena requires developing a physical model that

relates ion flux density to surface properties observable in electrochemistry.

3.2.1 Surface Roughness Factor

The surface roughness factor (Rf) is defined as the ratio of the effective electrochemically
accessible surface area to the geometric projected area of the electrode. In the context of plasma
treatment, Rf provides a scalar measure of the surface area amplification resulting from ion
bombardment-induced roughening. Following the first-order ion—surface interaction model
[10] and consistent with the experimental observations of Meng et al. [11] and Wang et al. [12],

the roughness factor is modeled as a linear function of ion fluence:

where a is the surface roughening coefficient (m?), representing the effective ion—surface
interaction cross-section per unit fluence. The value o = 1072° m? is adopted, representing the
mid-range of displacement cross-sections (102!~10"'* m?) reported by Banhart [13] for argon
ion bombardment of graphitic carbon materials. The plasma exposure time t.,, = 10 s is chosen
to be representative of short-duration plasma functionalization protocols that achieve
significant surface roughening without inducing bulk structural damage, consistent with the

experimental protocols of Meng et al. [11] and Wang et al. [12].
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To account for the saturation of surface roughening at high ion fluences-arising from competing
processes including ion-induced redeposition, surface damage, and structural collapse-an upper

bound constraint is imposed:
Ry < Rf max (3.6)

The saturation value Ry 4, = 15 18 selected based on the BET surface area measurements of
Meng et al. [11], which indicate that plasma treatment increases the effective electrochemical
surface area of graphene electrodes by factors of 10-20 relative to pristine, untreated graphene
before the onset of structural degradation. The effective electrochemically active surface area

is then:
Aegr = Ageo ’ Rf' (37)

where Ay, is the geometric projected area of the electrode (1.0 cm? for the standard laboratory

electrode footprint adopted in this model [19]). This expression directly establishes the link
between plasma-controlled ion fluence and the geometrically accessible electrode surface area

available for electrochemical charge storage [14].

3.2.2 Electrochemically Active Site Density

Beyond morphological roughening, plasma treatment substantially modifies the chemical
reactivity of the graphene surface by generating electrochemically active sites-structural
defects, dangling bonds, and surface functional groups-at which reversible redox reactions can

occur. The surface density of these active sites, Iy (mol m2), is modeled as [12, 15, 16]:

k- P;
Fs — FsO + act i ’ (3.8)
N4

where Iy = 5 x 10~* mol m™ is the intrinsic active site density of the pristine electrode (based
on electrochemically accessible redox site densities reported for MnOz-graphene hybrid

electrodes [21]), k,; = 0.10 is the site activation fraction representing the proportion of
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impinging ions that successfully generate new active sites [12, 13], and N4 is Avogadro's

number. A saturation constraint is similarly imposed:
[s < Tsmax (3.9

with Ty e = 9.5 x 10 mol m™, based on the saturation of electrochemically active site
density reported in plasma-treated carbon electrode systems [16, 21]. This saturation behavior
physically reflects the competing processes of plasma-induced site generation and site
destruction (through surface damage and re-deposition) that limit the net density of active sites

achievable at high ion fluences.

3.3 Electrochemical Capacitance Modeling

The electrochemical charge storage of graphene-based HSC electrodes arises from the
concurrent operation of two mechanistically distinct but structurally coupled charge storage
processes: electric double-layer capacitance and pseudocapacitance. Both mechanisms are
explicitly linked to the plasma-induced surface modifications described in Section 3.2 through

their dependence on effective surface area and active site density.

3.3.1 Electric Double-Layer Capacitance

The EDLC component of electrode capacitance is modeled within the Helmholtz—Stern
framework [2, 17], which describes the electrode—electrolyte interface as a compact Stern layer
of adsorbed ions separated from the electrode surface by a fixed distance dg;,, determined by

the ionic radius. The Stern layer capacitance per unit area is:

E0&r  Aesr

Cepy, = ’ (3.10)

dStern

where ¢, = 37 is the relative permittivity of the acetonitrile-based electrolyte (1 M
TEABF*YAN) [2, 17], and dg,, = 0.5 nm is the effective Stern layer thickness. This model is

valid for high-ionic-strength electrolytes where the diffuse layer contribution to total double-
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layer capacitance is small compared to the compact Stern layer contribution-conditions typical
of the concentrated organic electrolytes used in high-voltage supercapacitor systems. Since

Agr = Ageo * Ry, the EDLC capacitance is directly proportional to the plasma-induced

roughness factor, establishing a clear quantitative link between plasma parameters and

electrostatic charge storage.

3.3.2 Pseudo-capacitance

The pseudocapacitive contribution to electrode capacitance is modeled using the differential
capacitance derived from the Langmuir adsorption isotherm for surface redox reactions [2, 18].
For a single-electron surface redox process occurring at sites with saturation density I', the
pseudo-capacitance is:

c _NPF% T Ay
pseudo — ART ’

(3.11)

where n = 1 is the number of electrons transferred per surface redox event, F is the Faraday
constant (96485 C mol '), R is the universal gas constant (8.314 J mol! K™!), and 7= 300 K is
the operating temperature. The factor of 4 in the denominator arises from the maximum slope
of the Langmuir adsorption isotherm with respect to applied potential, representing the
condition of peak differential capacitance at 50% site occupancy [2]. Pseudocapacitance is
more sensitive to plasma treatment than EDLC because it depends on both [ (active site
density, directly plasma-modified) and A (surface area, also plasma-modified), whereas

EDLC depends only on A

3.3.3 Total Capacitance and Device Metrics

The total electrode capacitance is expressed as the sum of EDLC and pseudocapacitance
contributions, consistent with the additive behavior expected in hybrid supercapacitors where

both mechanisms operate concurrently [2]:
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Ctotal = CEDL + Cpseudo (312)

The gravimetric specific capacitance, normalized to the mass of active electrode material (m =
1.0 mg cm™2 [19, 20]), is:

_ Ctotal

C.. =
sp m

(3.13)

The electrode-level gravimetric energy density, for an operating voltage V = 2.5 V

representative of organic electrolyte systems, is:

1 . Ctotal V2

E giectrode = 2 m (3.14)

For a symmetric two-electrode device configuration, the device-level energy density is reduced
by a factor of four relative to the electrode-level value, reflecting both the series combination

of two equal capacitors and the normalization by total active material mass [19]:

E
Edevice = ele‘c;rode ’ (3 15)

The maximum gravimetric power density, derived from the RC discharge model for a device
with equivalent series resistance Rggg = 1.0 Q [22, 23], is [2, 19]:

VZ

—_—, 3.16
4 - Rgsgp - m (.16

Prax =

3.4 Model Parameters

Table 1 summarizes all model parameters, their symbols, numerical values, units, and the

physical basis or literature source for each value.
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Table 1. Model parameters used in the analytical framework

Parameter Symbol Value Unit

Physical Basis / Reference

Geometric

Standard laboratory electrode

A ) 2 .
electrode area = 1.0 om footprint [19]
Mass loading m 1.0 mg cm 2 Active material loading [19, 20]
. 1 M TEABF./AN electrolyte
Operating voltage Vv 2.5 A% window [2, 18-20]
lzfrflizzz & 37 — Acetonitrile-based electrolyte [2, 17]
Stern layer d 0.5 am Compact layer at electrode—
thickness Stern ' electrolyte interface [17]
teonllj;g:tllfe T 300 K Room temperature
. . Argon-40; m; = 6.63 x 1072¢ kg;
lon species - Ar o typical PECVD plasma
. Short-duration plasma
t
Exposure time exp 10 ; functionalization [8, 11, 12]
Roughenin Mid-range of Ar* displacement
coe%ﬁcientg o 1072 m? cross-sections in graphitic carbon
[12, 13]
Maximum R 15 o BET-measured area amplification;
roughness factor f.max saturation cap [11, 12]
Site activation K 0.10 - Fraction of ions creating active sites
fraction act ’ [12, 13]
Intrinsic site Redox site density on MnO»—
X —4 -2
density 5o 510 mol m graphene electrodes [21]
Maximum site Ly man 9.5% 104 | mol m-> Saturation limit for active sites [16,

density

21]
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Number of redox " 1 Single-electron surface redox
electrons reaction [2]
Equivalent series . .
) Rgsr 1.0 Q Conservative estimate [22, 23]
resistance

The electron density and electron temperature are the two independent variable parameters of
the model. Electron density is varied in the range n. € [10'°, 10'"] m~, and electron temperature
in the range 7. € [1, 5] eV, consistent with typical operating conditions in argon-based PECVD
systems [10, 12]. The Python-based simulation evaluates the complete model chain-from
plasma parameters through surface morphology to device-level performance metrics-for each

combination of input parameters.
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CHAPTER-4
RESULTS AND DISCUSSION

Chapter 3 described an analytical approach that has been modeled using Python software. The
entire range of dependent variables was studied by varying the parameters for electron density
and electron temperature. The findings are discussed below in the sub-sections starting from
the basic plasma characteristics through surface morphology development to electrochemical

device performance parameters.

4.1 Plasma Characteristic Parameters

Figure 3.1(a) illustrates how Debye screening length (AD) varies as a function of electron
density (ne) for the case of electron temperature T. =3 eV. As can be seen from Eqn. (3.1), the
Ap varies inversely as the square root of increasing density ne. Thus, for a density variation of
ne in the range of 10'> —10'” m™ studied here, the value of Ap varies from about 400 um to 40

pm.

(a) (b) 160F
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Debye Length (um}
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Fig. 3.1. Plasma characteristics parameters under PECVD conditions: (a) Debye length
as a function of electron density, showing stronger electrostatic screening at higher
plasma densities; (b) Debye length as a function of electron temperature, indicating
reduced charge screening with increasing thermal energy
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Figure 3.1(b) shows the variation of Ap with electron temperature (7,) at a representative
density of n. = 10'® m™. The Debye length increases with T., reflecting the progressive
delocalization of electrostatic screening as electron thermal energy increases. This behavior
carries important implications for electrode—electrolyte interactions: a longer Debye length
implies weaker electrostatic coupling at the electrode surface, which in the context of the EDLC
model translates to a reduced effective compact-layer capacitance per unit area. This represents
one of the two competing effects of electron temperature on electrochemical performance, as

discussed further below.

Figure 3.1(c) presents the Bohm velocity (vs) as a function of Te. As dictated by Equation 3.2,

vp increases monotonically with 7., following a square-root dependence. This increase in Bohm
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Fig. 3.1. (c) Bohm velocity as a function of electron temperature, demonstrating enhanced
ion acceleration towards the electrode at higher temperatures.

velocity at higher electron temperatures means that ions enter the sheath with greater energy,
leading to more energetic surface bombardment and potentially greater surface modification
per ion impact event. The competition between this enhanced bombardment effect and the
weakened electrostatic coupling associated with increasing Ap is responsible for the non-

monotonic behavior of capacitance with electron temperature, as analyzed in Section 4.2.
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4.2 Plasma-Induced Surface Modification

Figure 3.2(a) illustrates the dependence of the surface roughness factor (Ry) on electron density
at 7. = 3 eV. At low densities, Rris close to unity, indicating minimal surface modification. As
n. increases, the ion fluence increases (through its proportionality to n. via Equations 3.3 and

3.4), driving a monotonic increase in Ryuntil the saturation limit R;max = 15 is reached at the
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Fig. 3.2. Plasma induced surface modification parameters: (a) Variation of surface
roughness factor with electron density; (b) Variation of surface roughness factor with
electron temperature

highest densities. This saturation behavior reflects the physical limits of surface roughening
before structural degradation of the graphene electrode occurs, and is consistent with the BET

surface area measurements of Meng et al. [11] for plasma-treated graphene fiber electrodes.

Figure 3.2(b) shows the corresponding dependence of Ry on electron temperature at n, = 10'°
m~>. Increasing T raises the Bohm velocity and consequently the ion flux and fluence, resulting
in increased roughness. This increase is more gradual than the density dependence, reflecting
the square-root dependence of vz on 7. compared to the linear dependence of ion flux on n.
(Equations 3.2 and 3.3). Saturation of Ry at higher temperatures reflects the same physical

constraint as in the density case.
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Fig. 3.2. (c¢) Active site density as a function of electron density; (d) Active site density as

a function of electron temperature.

The evolution of electrochemically active site density (/’s) with plasma parameters is presented

in Figures 3.2(c) and 3.2(d). The trends mirror those of the roughness factor, with /s increasing

from its intrinsic value of 5 x 10~* mol m 2 toward the saturation limit of 9.5 x 10~* mol m 2 as

ion fluence increases with either increasing ne or 7. The saturation limit is consistent with the

electrochemically active site densities reported for MnO;-graphene hybrid electrode systems

by Toupin et al. [21] and the plasma-treated nitrogen-doped carbon systems studied by

Ghanashyam and Jeong [16].

4.3 Capacitance Characteristics Under Plasma Conditions

T
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Fig. 4.1. (a) EDLC, pseudo-capacitance and total capacitance as a function of electron

density
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Figure 4.1(a) presents the EDLC, pseudocapacitance, and total capacitance as functions of
electron density. All three quantities increase monotonically with 7., driven by the progressive
enhancement of ion fluence and consequent increases in Rrand 7. A striking feature of these
results is the strong dominance of pseudo-capacitance over EDLC across the entire density
range: pseudo-capacitance accounts for more than 90% of total capacitance in all cases. This
dominance arises from the dual dependence of Cpseuso On both I's and Aer (Equation 3.11),
compared to the dependence of CepL on Ae alone (Equation 3.10). The result is that the
faradaic pseudocapacitive charge storage mechanism exerts the dominant influence on
performance in plasma-modified electrodes, consistent with the behavior reported for plasma-
treated and defect-engineered graphene hybrid systems by Wang et al. [12] and Ghanashyam

and Jeong [15].
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Fig. 4.1. (b) EDLC, pseudo-capacitance and total capacitance as a function of electron
temperature.

The capacitance dependence on electron temperature, shown in Figure 4.1(b), reveals a

qualitatively different behavior: a non-monotonic, peak-shaped response in which total
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(a)

capacitance first increases and then decreases (or plateaus) as 7, is raised from 1 to 5 eV. This
behavior is the consequence of competing physical effects. On one hand, increasing 7.
enhances the Bohm velocity and thus the ion flux and fluence, which increases Ry and I’y and
consequently both capacitance components through their surface area and site density
dependences. On the other hand, the concurrent increase in Debye length with 7, weakens the
electrostatic coupling at the electrode—electrolyte interface, reducing the EDLC component.
The net effect is a non-monotonic capacitance response that identifies an optimal electron
temperature at which the combined capacitance is maximized-a design insight of direct

practical relevance for PECVD process optimization.

4.4 Specific Capacitance and Storage Enhancement

The specific capacitance (Csp), expressed per unit mass of active electrode material (Equation
3.13), is presented as a function of electron density and electron temperature in Figures 4.2(a)

and 4.2(b), respectively. The density dependence shows a monotonic increase from
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Fig. 4.2. (¢) Enhancement factor representing the ratio of total capacitance to EDLC,
highlighting the contribution of pseudo-capacitance.

approximately 57 F g! at n. = 10" m™ to approximately 1182 F g ! at n. = 10!” m, though
much of the upper range requires the plasma surface modification to approach saturation. The
bulk of the density range yields Cs, values between 100 and 900 F ¢!, which is in excellent
agreement with specific capacitances reported for plasma-modified and graphene-based hybrid

supercapacitor electrodes in the literature [11, 15, 22].

Figure 4.2(c) presents the capacitance enhancement factor, defined as the ratio of total
capacitance to the EDLC component alone, which quantifies the contribution of
pseudocapacitive charge storage induced by plasma treatment. The enhancement factor values,
which reach up to 12—15 across the explored parameter range, confirm that plasma-induced
active site generation is the primary driver of performance improvement-a conclusion that
aligns with the experimental findings of Wang et al. [12] and the theoretical framework

developed herein.

4.5 Energy and Power Density Analysis

The device-level energy density (Edevice), calculated from Equation 3.15 with an operating
voltage of 2.5 V, is presented as a function of n. and 7. in Figures 4.3(a) and 4.3(b),

respectively. The density dependence shows a monotonic increase in energy density following
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the same trend as total capacitance, reaching values in the range of 12-256 Wh kg!. The

portion of this range corresponding to moderate plasma densities (10'°~10' m~) yields energy

densities of 5-50 Wh kg!, which falls squarely within the typical performance
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Fig. 4.3. (a) Energy density as a function of electron density; (b) Energy density as a

function of electron temperature

range reported for graphene-based hybrid supercapacitors in the literature [18, 19, 23]. The

non-monotonic temperature dependence of energy density, shown in Figure 4.3(b), mirrors the

capacitance

trend, further confirming the existence of an optimal electron temperature for device

performance.Figure 4.3(c) presents the maximum power density (Puax) derived from the RC

discharge model (Equation 3.16).
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Since this dependence is on voltage and ESR, rather than on capacitance (given constant Rgsr
and V), the dependence of the parameter under consideration on plasma conditions is quite
weak, while the variation of energy density is significant. Values for power densities in the
range 10>—10° kW kg! are comparable with those expected for batteries operating at a high
current rate, which is characteristic for supercapacitors [19, 24]. It should be emphasized that
according to our calculations, plasma-assisted treatment leads to an increase in energy and

power simultaneously-an effect that is rare for battery systems.

4.6 Ragone Analysis and Performance Benchmarking

The Ragone diagram from the proposed model is depicted in Fig. 4.4, where the energy density
and power density for different plasma parameter configurations are represented. The projected
performance of the device lies within the ranges of energy densities between 5-50 Wh kg™! and
power densities between 102-10° kW kg!, an area that coincides with the performance area of
hybrid supercapacitors, according to Simon and Gogotsi [18]. The placement of the
performance area is supported by the classification of Simon, Gogotsi, and Dunn [24], who
define HSCs as the energy storage devices that fill the performance gap between EDLCs and

secondary batteries.
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Fig. 4.4. Ragone characteristics from the proposed model
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The prediction of the model performance parameters compared to the corresponding range of
experimental values for the performance of graphene hybrid supercapacitors is shown in Table
2 below. The predictions are consistent with experiments in general for all four performance
parameters considered in this study, in that the predicted parameter values lie inside or close to
the corresponding experimental range. However, the high end of the model predictions for
specific capacitance and energy density (for higher simulated electron densities) goes beyond
the average experimental values due to the assumption of an idealized case (especially absence

of ion energy distribution effects).

Table 2. Benchmark comparison of model predictions with reported performance

ranges

Performance This Work Reported

Metric (Model) Literature Range Significance
Aligns with
i graphene—metal
Spemﬁc ~57-1182 100-900 Fg! ssedas ol
capacitance (Csp)
systems

[11,15,22,23]

Energy densit Matches hybrid
(deV%Ze level)y ~12-256 5-50 Whkg™ supercapacitor
regime [18,19,23]
Power densit Confirms high-
' 4 ~10>-10° 10>-10* kW kg™ rate capability
(device level) oo,

Strong faradaic

Pseudo-capacitance dominance via
apac >90 60-95 % .
contribution plasma-induced

sites [12,15,16]
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4.7 Physical Interpretation and Design Implications

The results of the analytical model reveal a structured, hierarchical relationship between plasma

operating parameters and device-level electrochemical performance that can be expressed as:
Ne, Te - d)i - Rfﬂ Fs - Ctotal - E,P

Electron density can thus be viewed as the master control parameter for ion fluence and
consequently for all subsequent surface characteristics and electrochemical performance
parameters. An increase in n. offers a dependable and monotonic route towards enhancing
capacitance and energy storage performance, until the saturation effects in roughening and

active site formation set in.

Electron temperature has a more complex effect on energy storage devices. While an increase
in T, improves the impact energy due to enhanced Bohm velocity and hence favors surface
activation as well as increases Rrand T, it also increases the Debye length leading to weaker
electrostatic coupling between the electrode surfaces. This results in a non-monotonic
relationship between capacitance and energy density versus electron temperature, which is not
intuitively evident but only becomes clear through the development of the theory presented

here.

In terms of equipment engineering, these results imply that the most effective condition for
PECVD processing of graphene-based HSC electrodes is high electron density with moderately
high electron temperature, which leads to the maximal ion fluence without the negative
influence of large Debye length on electrostatic capacitance. Qualitatively, the latter result can
be explained in connection with the experimental data reported in the plasma treatment studies
according to which the use of moderate plasma power values (influencing both ne and Te),
gives the best electrochemical properties, whereas either too low or too high plasma power

yields poor results [11, 12].
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4.8 Model Limitations and Validity Boundaries

Several assumptions made in the modeling process define the boundaries beyond which

quantitative reliability of the obtained results should not be expected.

Assumption on collisionless sheath: The collisionless approximation of the sheath implies
that the ions do not suffer from energy-degrading collisions during their passage through the
sheath region and arrive at the substrate surface with the energy equal to the entire sheath
potential energy. Real-life PECVD reactor exhibits some degree of collisions between the
particles inside the sheath, which results in broader ion energy distribution and, consequently,
in lower average ion impact energy, especially under high-pressure conditions. The assumption
of collisionless sheath approximation is more applicable at the lower end of the pressure scale

used in PECVD (lower than 10 Pa).

Uniformity of ion energy distribution: The model considers ions arriving to the surface with
the Bohm velocity only. In real conditions, the ion energy distribution is determined by the ion
residence time in the sheath and relation to the period of the RF electric field. This means that
the surface modification processes predicted by the model are underestimated since real life

plasmas contain high energy tails that cause sputtering rather than useful surface modification.

Linear Roughening Model: The linear formulation of the roughness factor model (Equation
3.5) and the linear active site generation model (Equation 3.8) are both first-order
approximations of what are in essence nonlinear processes for ion-surface interactions. The
inclusion of the saturation constraints (Equations 3.6 and 3.9) helps to overcome this issue
somewhat through the addition of upper bound constraints, but in actuality the transition from

linear growth to saturation may occur more gradually than assumed by the model.

Fixed equivalent series resistance: The ESR is treated as a constant parameter (1.0 Q)

independent of electrode morphology, electrolyte composition, and temperature. In reality,
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plasma-induced surface modification can alter the ESR through changes in electrode—
electrolyte contact quality, ion transport pathway tortuosity, and electrolyte-filled pore
geometry. The assumption of constant Rgsr means that the model may underestimate the true
power density at low plasma conditions (where ESR may be higher) and overestimate it at high
plasma conditions (where plasma modification may significantly reduce ESR through

improved electrolyte wetting).

Simplified surface chemistry: The pseudocapacitance theory assumes that the surface of the
plasma-treated material consists of a large number of identical independent sites that can be
analyzed using the Langmuir theory of adsorption. Actual electrode materials exhibit a variety
of defects, functional groups, and bonding sites possessing a variety of oxidation/reduction
potentials and kinetic constants. A more sophisticated analysis would involve the use of the

multilayer adsorption isotherm or a distribution of Frumkin parameters.
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CHAPTER-5

Conclusion and Future Scope

5.1 Summary of Key Findings

In this thesis, an extensive analytical model has been developed to link basic plasma physics

parameters with the surface morphology and electrochemical performance of graphene-based

hybrid supercapacitor electrodes made or engineered via plasma-enhanced chemical vapor

deposition. This model combines the fundamentals of plasma physics-debye screening length,

Bohm criterion, ion flux, and ion fluence-with the surface morphological models for roughness

factor and active site density and the electrochemical models for double layer capacitance and

pseudo-capacitance. With such a model, the analytically derived predictions of specific

capacitance, energy density, power density, and Ragone plots have been achieved in terms of

electron density and electron temperature.

The principal findings of this study may be summarized as follows:

The electron density is the key factor that helps improve the ion current density and
thus roughness, active sites, and all the electrochemical parameters. An increase in the
value of ne within the range of 10'*-10'” m results in monotonic increases in the values
of the specific capacitance, energy density, and power density.

The electron temperature has a two-fold impact on the electrodes' performance: it
improves the ion bombardment effect by raising the value of the Bohm velocity and
reduces the electrostatic coupling effect through raising the value of the Debye length.
The pseudo-capacitance component accounts for greater than 90% of total capacitance
and becomes the most significant contributor to total charge storage at all plasma

conditions due to its double sensitivity to both surface area and density of active sites.

The calculated values of device-specific capacitance (100-900 F/g), energy density (5-

50 Wh/kg), and power density (10?-10° kW/kg) agree quite well with the experimental
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data for hybrid supercapacitors based on graphene [11, 15, 22, 23], which validates the

correctness of the proposed model from a physics standpoint.

e The Ragone plot verifies that the simulated device belongs to the hybrid supercapacitor
region, combining both typical electrochemical double-layer capacitors and batteries in
terms of the capability map drawn up by Simon and Gogotsi [18], and also Simon,
Gogotsi, and Dunn [24].

e From a design perspective, optimal PECVD conditions for graphene-based HSC
electrode fabrication combine high electron density with a moderate electron
temperature, a trade-off that the present model is uniquely positioned to quantify and

optimize.

5.2 Significance and Contributions

The principal scientific contribution of this thesis is the establishment of an explicit,
quantitative analytical link between PECVD plasma operating parameters and graphene-based
HSC performance metrics. Prior to this work, the optimization of plasma treatment conditions
for supercapacitor electrode fabrication has relied primarily on empirical experimentation, with
limited guidance from predictive theoretical models. The framework developed here provides
a physically grounded predictive capability that can reduce the experimental burden of process
optimization and identify parameter regimes unlikely to yield good performance without the

need for costly and time-consuming trial-and-error experimentation.

A secondary contribution is the identification and quantitative analysis of the non-monotonic
dependence of capacitance on electron temperature-a counterintuitive result that emerges from
the competition between ion bombardment-induced surface activation and Debye-length-
mediated reduction in electrostatic coupling. This finding highlights the importance of physics-
based modeling in understanding complex multi-variable systems and demonstrates that simple

heuristics (such as 'higher plasma power always gives better performance') can be misleading.
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The model framework developed in this thesis is also extensible in several important directions,
positioning it as a foundation for more comprehensive future models, as discussed in the

following section.

5.3 Future Directions

Several promising directions exist for extending and refining the analytical framework

developed in this thesis:

Ion energy distribution functions: Replacing the monoenergetic Bohm velocity
approximation with a realistic ion energy distribution function (IEDF), calculated from RF
sheath models [10], would improve the accuracy of the surface roughening and active site
generation models at higher plasma powers and pressures, where energy spreading effects

become significant.

Plasma chemistry effects: Extending the model to reactive plasma environments-including
nitrogen-containing, hydrogen-containing, or carbon precursor gas mixtures used in PECVD
graphene synthesis-would enable the prediction of chemical functionalization effects (nitrogen
doping, hydrogen termination, oxygen functional group introduction) on pseudocapacitive

performance, beyond the purely morphological effects modeled in the current framework.

Pore transport modeling: Integrating an explicit model of electrolyte ion transport in porous
electrode microstructures generated by plasma treatment (for example, using the Warburg
diffusion framework or a pore network model) would allow the prediction of rate capability
and frequency-dependent capacitance, providing a more complete description of device

behavior under realistic operating conditions.

Multi-electrode configurations: Extending the model to asymmetric HSC configurations-

where one electrode is plasma-modified graphene and the other is a battery-like lithium or
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pseudocapacitive metal oxide electrode-would enable performance predictions for the full

range of practical hybrid device architectures.

Experimental validation campaign: A systematic experimental study that independently
measures the key model parameters (roughness factor, active site density, capacitance) as a
function of electron density and electron temperature for identical graphene electrode samples
treated under controlled PECVD conditions would provide direct quantitative validation of the

model's predictive accuracy and identify specific areas for refinement.

Machine learning integration: The analytical model could serve as a physics-informed
surrogate for training machine learning models that predict optimal plasma conditions for target
performance specifications, enabling rapid, data-driven process design for next-generation

graphene-based energy storage systems.

In conclusion, this thesis demonstrates that analytical modeling grounded in plasma physics
principles can provide meaningful quantitative insight into the relationship between PECVD
process conditions and graphene-based HSC performance-insight that is difficult to obtain
through experimental intuition alone. The framework developed here represents a step toward
the physics-based, model-guided design of plasma-assisted electrode fabrication processes for

advanced electrochemical energy storage applications.
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CHAPTER-6
APPENDICES

6.1 Python Code Summary

The analytical model was implemented in Python 3.5 using the NumPy library for numerical
computation and Matplotlib for data visualization. The simulation proceeds in the following

sequential steps:

e Step 1 - Parameter initialization: All fixed model parameters (Table 1) are defined as
constants. Arrays of electron density (n.) and electron temperature (7¢) are constructed over

the ranges specified in Section 3.4.

e Step 2 - Plasma characterization: Debye length (Equation 3.1), Bohm velocity (Equation 3.2),
ion flux (Equation 3.3), and ion fluence (Equation 3.4) are computed for each (n., T.)

combination.

e Step 3 - Surface morphology: Roughness factor (Equation 3.5) and active site density
(Equation 3.8) are computed, with saturation constraints (Equations 3.6 and 3.9) applied using

NumPy's minimum function. Effective surface area (Equation 3.7) is then calculated.

e Step 4 - Capacitance computation: EDLC (Equation 3.10), pseudocapacitance (Equation

3.11), and total capacitance (Equation 3.12) are calculated.

e Step 5 - Device metrics: Specific capacitance (Equation 3.13), electrode energy density
(Equation 3.14), device energy density (Equation 3.15), and maximum power density

(Equation 3.16) are computed.

e Step 6 - Visualization: Results are plotted as functions of ne and 7. using Matplotlib, with

appropriate axis labels, units, and legends.
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The computational cost of the simulation is minimal due to the analytical (non-iterative) nature
of the model, and the complete simulation runs in under one second on a standard desktop
computer. This efficiency is a key advantage of the analytical modeling approach over full
numerical plasma simulation codes (such as particle-in-cell or fluid simulations), which would

require hours to days of computation time to generate equivalent parameter sweeps.
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