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ABSTRACT

ULTRAFAST SPECTROELECTROCHEMISTRY OF
MIXED IONIC-ELECTRONIC POLYMER
CONDUCTORS

Fatma Altug
M.S. in Chemistry
Advisor: Burak Ulgiit
September 2025

Electron transfer and switching mechanisms in conducting polymers remain an
open question. When conventional electrochemical techniques such as cyclic
voltammetry are employed alone, the measured current inevitably contains con-
tributions from both the redox process of the polymer and the capacitive charging
current arising from the voltage-dependent capacitance. Thus, isolating the pure
redox current requires additional deconvolution methods. Furthermore, the con-
ventional understanding, repeatedly emphasized in the literature, is that electron
transfer in conducting polymers proceeds through an ion-coupled mechanism, in
which counter-ions from the electrolyte penetrate into the polymer to maintain

charge neutrality.

In this thesis, we challenge this conventional description by employing operando
ultrafast cyclic voltammetry-UV—Vis spectroscopy, in which the potential is
rapidly scanned within a defined range while the spectroscopic response is simul-
taneously recorded. By extending the sweep rate up to 200,000 V/s, we aimed
to suppress net counter-ion displacement. Under these conditions, the observed
color change demonstrated that electron transfer can occur even in the absence

of ion participation.

To this end, operando ultrafast cyclic voltammetry—UV—Vis spectroscopy was
utilized. The average spectroscopic responses obtained at ultrafast cycles were
deconvoluted into their minimal components using principal component analysis
(PCA), and the dependence of the resulting coefficients on the sweep rate was
systematically examined. Analysis of these coefficients revealed that, with in-
creasing sweep rate, the relative lifetime of the more oxidized and reduced states

changes: counter-ion diffusion becomes increasingly limited, making doping less
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efficient and leading to a greater contribution from the reduced state. Moreover,
optical charge values derived from the PCA coefficients approached steady-state
at high sweep rates. These findings provide direct spectroscopic evidence that
electron transfer in conducting polymers can proceed independently of ion motion
under ultrafast potential modulation.

Keywords: Conducting polymers; Electron transfer; Ion-coupled mechanism;
Ion-free electron transfer; Ultrafast cyclic voltammetry; Spectroelectrochemistry;
Counter-ion diffusion; Principal component analysis (PCA).



OZET

KARISIK IYONIK-ELEKTRONIK POLIMER

[LETKENLERIN ULTRA HIZLI
SPEKTROELEKTROKIMYASI

Fatma Altug
Kimya, Yiiksek Lisans

Tez Damsmant: Burak Ulgiit
Eylil 2025

Tletken polimerlerde elektron transferi ve anahtarlama mekanizmalar: halen tam
olarak aydinlatilamamistir. Geleneksel elektrokimyasal yontemlerden biri olan
cevrimsel voltametri tek bagina kullanildiginda, olciilen akim hem polimerin re-
doks stireglerinden hem de voltaja bagh olarak degisen kapasitansin olugturdugu
kapasitif akimdan katkilar igerir. Bu nedenle, yalnizca redoks akimini izole et-
mek ek ayrigtirma yontemleri gerektirir. Ayrica, literatiirde siklikla vurgulanan
geleneksel anlayisa gore, iletken polimerlerde elektron transferi, polimerin yiik
notrliigiinii saglamak amaciyla elektrolitten polimer icine giren karsi iyonlarla

eslesen iyon-bagiml bir mekanizma iizerinden gerceklesmektedir.

Bu tezde, bu geleneksel aciklamaya alternatif bir bakig agis1i sunmak amaciyla
operando ultrahizli cevrimsel voltametri-UV—-Vis spektroskopisi kullanilmigtir.
Bu yontemde, potansiyel belirli bir aralikta cok yiiksek hizlarda taranirken
eszamanl olarak spektroskopik yanit kaydedilmigtir. Tarama hizinin 200,000 V/s
seviyelerine c¢ikarilmasiyla karsi iyonlarin net yer degistirmesi baskilanmig, bu
kosgullar altinda gozlemlenen renk degigimi ise elektron transferinin iyon katilimi

olmadan da gergeklesebilecegini ortaya koymustur.

Bu amag¢ dogrultusunda elde edilen ultrahizli ¢evrimlerden alinan ortalama
spektroskopik yanitlar temel bilesen analizi (PCA) ile en az sayida bilegenine
ayrilmig ve bu katsayilarin tarama hizina bagimlihigi sistematik olarak ince-
lenmigtir.  Analizler sonucunda, artan tarama hizlariyla birlikte daha ok-
sitlenmis ve daha indirgenmis durumlarin gorece omiirlerinin degigtigi; karst
iyon diflizyonunun sinirlanmasiyla dopinglemenin zorlagtigi ve bu nedenle in-

dirgenmis durumun katkisinin arttigi goriilmiigtiir. Ayrica PCA katsayilarindan
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tiiretilen optik yiik degerlerinin yiiksek tarama hizlarinda dengeye ulagtigi sonu-
cuna varilmigtir. Bu bulgular, iletken polimerlerde elektron transferinin, ul-
trahizli potansiyel modiilasyon kosgullarinda iyon hareketinden bagimsiz olarak
gergeklegebilecegine dair dogrudan spektroskopik kanitlar sunmaktadir.

Anahtar sozcikler: Iletken polimerler; Elektron transferi; iyon—baglantlh
mekanizma; Iyon bagimsiz elektron transferi; Ultra hizi déngiisel voltametri;
Spektroelektrokimya; Kargi-iyon difiizyonu; Temel bilesen analizi (PCA).
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Chapter 1

INTRODUCTION

This study aims to elucidate the electron transfer mechanism in conducting poly-
mers and to observe the ion-free switching behavior. In such systems, electron
and ion transfer are inherently coupled, yet the comparatively sluggish ion motion
often limits the overall kinetics. Redox processes in electrochemically active films
involve not only the oxidation and reduction of the polymer but also the migra-
tion of counter-ions from the electrolyte into the polymer matrix, governed by the
principle of charge neutrality. While this mechanism has been well established in
conventional conditions, here we explore an unconventional regime, where high
voltage sweep rates hinder full ion penetration into the polymer. Under these cir-
cumstances, electron transfer may still proceed by overcoming Coulombic repul-
sion, thereby challenging the conventional understanding of ion—electron coupling.
To probe this phenomenon, operando UV-Vis spectroscopy was combined with
cyclic voltammetry across a broad range of sweep rates—from slow (100 mV/s)

to ultrafast (up to 2 x 10° V/s) using polymer films of varying thickness.

Before turning to these analyses, a theoretical foundation is required to fol-
low the electrochemical processes in detail. We therefore begin with an overview
of the fundamental theories describing electron transfer in monolayer and mul-
tilayer films, which provide a framework for predicting the role of film thick-

ness in electron transfer kinetics. This starting point is particularly relevant as



the present study examines both thin (< 100 nm) and micron-thick Poly(3,4-
ethylenedioxythiophene) (PEDOT) films, enabling us to directly evaluate how
thickness influences redox dynamics. Building on this, we review distinct charge
storage mechanisms and materials, and evaluate the extent to which cyclic
voltammetry can differentiate between them, while also considering its limita-

tions.

Finally, the focus is narrowed to conjugated polymers, the core subject of
this thesis, and their charge transfer mechanisms. Electrochromism, a key prop-
erty of such materials, is introduced in this context, setting the stage for the
integration of operando UV—Vis spectroscopy with ultrafast cyclic voltammetry.
This approach allows us to distinguish between ion-coupled and ion-free electron
transfer pathways under extreme experimental conditions. In the second part of
the introduction, we also outline a parallel project in which cyclic voltammetry
alone, modeled via fundamental electrochemical equations, is used to separate
double-layer charging current from Faradaic current. This complementary study
introduces the use of coupled Partial Differential Equation (PDE) systems to
model electrochemical processes, providing a broader theoretical and computa-

tional backdrop for the experimental investigations presented in this thesis.

1.1 Electron Transfer in Monolayer Films

In this section, we investigate electron transfer processes in monolayer films. In
the study forming the basis of this thesis, organic conducting polymers were
electrodeposited onto electrode surfaces at varying thicknesses, and their spec-
troelectrochemical responses were analyzed accordingly. Therefore, we begin by
exploring questions such as whether the electron transfer mechanism changes as
we move from thin films to thick films, how the parameters affecting electron

transfer vary, and which mechanisms play the central role.

A monolayer refers to a single molecule thick film adsorbed on a surface. Al-

though initial studies were conducted on liquid surfaces, molecules were later



adsorbed onto solid surfaces, and subsequently, electrochemically active mono-
layer films were developed [1]. Monolayers can generally be categorized into two
main classes. Langmuir monolayers are based on the organization of amphiphilic
molecules containing both hydrophilic and hydrophobic regions at the air-liquid
interface in a single molecular layer [2]. This form of organization influences the
surface’s chemical and physical properties. The second class comprises the self-
assembled monolayers (SAMs), which are formed by the adsorption of molecules
onto solid surfaces such as silica, metal oxides, or gold. These molecules typically
contain functional groups such as thiols, silanes, or phosphonates that sponta-

neously adsorb onto these surfaces [2].

The first studies on monolayer films were conducted by Irving Langmuir and
Henry Devaux in 1917, where they formed monomolecular films of oil molecules
on water surfaces [3] . By the 1980s, self-assembled monolayers were successfully
constructed on solid surfaces. Jacob Sagiv produced an organosilane-based mono-
layer on a silica surface [4]. Later, in the 1980s, George Whitesides developed

alkanethiol based self-assembled monolayers on gold surfaces [5].

In the following years, redox active monolayer films were developed by incor-
porating redox active molecules into SAMs. In a study conducted by Chidsey,
molecules containing ferrocene groups covalently bonded to alkanethiol chains
were synthesized, and these molecules spontaneously bonded to gold surfaces,
forming redox-active self-assembled monolayers. This structure enabled the mea-
surement of the electron transfer rate constants between the gold electrode and

the ferrocene groups at different temperatures [1].

Bard and Faulkner categorize the methods used to construct monolayer films
on electrode surfaces into five main classes: reversible adsorption, irreversible ad-
sorption, covalent attachment, transferred layers, and underpotential deposition.
6, p. 757]

To examine electron transfer mechanisms in electrochemically active monolay-
ers, we begin by introducing the concepts of inner-sphere and outer-sphere elec-

tron transfer mechanisms. In inner-sphere electron transfer, a transient chemical



bridge or bond is formed between the electron donor and the electron acceptor
during the electron transfer event. The electron is transmitted across this bridge,
typically involving a ligand that connects a complex ion to the other reactant.
This type of electron transfer is characteristically slow and kinetically controlled.
The theoretical basis for this mechanism stems from the Nobel Prize-winning
work led by Henry Taube in 1953 [7].

A key question at the time was whether, during an electron transfer reaction
such as:
T3t + Fe3t — Titt + Fe?t,

the electron moved freely through the electrolyte or if groups such as hydrox-
ide (OH ") or protons (H") were simultaneously transferred. It was also unclear
how negatively charged ligands like CI~ and F~ influenced the redox process.
Observing these effects was challenging due to the short lifetimes of the reac-
tion intermediates. Taube addressed this limitation by using ions that undergo
slower ligand exchange, such as Cr*". In a reaction between Cr*" and Fe*' in
the presence of Cl, the resulting Cr*" was found to have a Cl~ ion within its
coordination sphere. This demonstrated that Cl  actively participated in the
electron transfer process as a bridging ligand, facilitating inner-sphere transfer.
Similar observations were made in experiments with [Co(NH3)g|Br**, where the

Br~ ligand was found to transfer to Cr®".

Further studies showed that the polarizability and bonding nature of ligands
significantly influence the electron transfer rate. For instance, the rate of reduc-

tion increases in the following order [7]:
[Co(NH3)6)*t < [Co(NH3)5(Ho0)]*" < [Co(NH3)5Cl** < [Co(NH;)sBr]**.

For his contributions to understanding the mechanisms of electron transfer, Henry
Taube was awarded the Nobel Prize in Chemistry in 1983.

In contrast, outer-sphere electron transfer occurs without the formation of a
direct chemical bond between the reactants [6, p. 142]. The electron is transferred
through long-range interactions, such as orbital overlap or tunneling, with only

electrostatic interaction present.



The inner- and outer-sphere mechanisms described above primarily apply to
homogeneous electron transfer reactions, in which both the oxidized and reduced
species are in the solution phase. By contrast, in heterogeneous systems, one of
the reactants is located on the electrode surface, while the other is in the solution

phase.

In heterogeneous systems, outer-sphere mechanisms involve electron transfer
without direct adsorption of the redox-active ion onto the electrode surface, and
no bridge is formed. On the other hand, in inner-sphere mechanisms, the redox
species adsorbs onto the electrode surface, and electron transfer takes place while

the species is in the adsorbed state [6, p. 143].

The mechanism of electron transfer depends on various factors such as the
distance between redox centers and the nature of the medium through which
the electron is transferred. Based on these considerations, electron transfer in
monolayers can be studied under several theoretical frameworks: Marcus electron
transfer theory, distance-dependent tunneling models and surface-confined redox

systems.

We begin with the Nobel Prize-winning Marcus theory. Rudolph A. Marcus
proposed that the rate of electron transfer is not solely determined by redox
potentials but also by the reorganization (i.e., structural rearrangement) of both
reactants and products. According to Marcus, the reaction rate depends on the

standard free energy change of the reaction (AG®) and the reorganization energy

(A) [8].

Marcus’s interest in electron transfer was first sparked in 1955, when he read
an article by W.F. Libby discussing why certain isotope exchange reactions par-
ticularly those involving small ions occur at unexpectedly slow rates. Libby ex-
plained this phenomenon using the Franck—Condon principle, which states that
because electrons move much faster than atomic nuclei, the nuclei (such as sol-
vent molecules) do not have sufficient time to rearrange during the electron jump.

For example, when Fe?' is reduced to Fe*", the surrounding water molecules are



still oriented as if around the Fe*™ ion, creating an energetically unfavorable en-
vironment for the product. While Marcus acknowledged the general validity of

Libby’s interpretation, he considered it incomplete [8].

According to transition state theory, a chemical reaction proceeds along a
potential energy surface that includes a transition state the point of highest energy
between reactants and products. This concept was formalized by Eyring and
Wigner through statistical mechanics and classical dynamics [9].However, Marcus
argued that such a model is insufficient to describe bondless processes like outer-

sphere electron transfer [8].

In outer-sphere electron transfer, no chemical bonds are formed or broken. Per
the Franck—Condon principle, the nuclei remain in their original positions during
the rapid electron jump. Marcus introduced a new perspective by recognizing that
natural thermal fluctuations in the nuclear coordinates of the system,particularly
the orientations of solvent molecules,can create a transient configuration that
serves as a shared transition state for both reactants and products. If the sys-
tem stochastically achieves a configuration that satisfies both the Franck—Condon

principle and energy conservation, electron transfer can occur [8].

In this framework, the activation energy of the system corresponds to the
energy required to achieve the necessary solvent reorganization termed the reor-
ganization energy (\). One of the most striking predictions of Marcus theory is
the so called "inverted region”, wherein increasing the driving force of the reac-
tion (more negative AG®) actually slows down the electron transfer rate. This
counter-intuitive phenomenon was experimentally confirmed in 1984 by Miller,
Calcaterra, and Closs[10].

Marcus theory defines the rate constant of an electron transfer reaction as:

(1.1)

k;:A-exp{_(AjL—AGO)Q]

ANET

where:



AG?: Standard Gibbs free energy change of the reaction

A: Reorganization energy

A: Pre-exponential factor

kp: Boltzmann constant

e T: Absolute temperature (K)

According to Marcus theory, as AG° becomes more negative i.e., as the reaction
becomes increasingly exergonic the reaction rate eventually begins to decrease.

This counter-intuitive prediction is a hallmark of the Marcus inverted region.

Another important mechanism for electron transport is the quantum tunneling
effect. Ordinarily, electron transfer requires the electron to overcome an energy
barrier, such as the activation energy or, as described in Marcus theory, the
reorganization energy. However, due to the wave-like nature of matter, quantum
tunneling enables the electron to pass through this barrier without acquiring the

classical energy required to overcome it.

The probability of electron transfer via tunneling decreases exponentially with
the increasing distance between the electron donor and acceptor. This distance

dependence makes tunneling highly sensitive to molecular separation[11, p. 343].

The electron transfer rate kgr depends on the donor—acceptor distance r as

follows:

kET = ]CO . 6767" (12)
where:

o kp7: Electron transfer rate
e ko: Rate constant at zero distance (i.e., direct contact)

7



e r: Donor—acceptor distance

e [3: Electron tunneling attenuation coefficient (in units of A_l)

In conclusion, when electron transport is considered within the framework of
Marcus theory, the supply of reorganization energy is essential for electron trans-
fer to occur. But in polymer-based systems immobilized on electrode surfaces,
where does this reorganization energy come from? Particularly, we can iden-
tify three distinct regions: (1) the interface between the electrode surface (e.g.,
Fluorine-doped Tin Oxide (FTO)) and the polymer, (2) the bulk of the polymer
itself, and (3) the interface between the polymer and the electrolyte. In the first
case, since both the solid electrode interface and the polymer are physically im-
mobile, reorganization energy may arise from the redistribution of charges within
the polymer or the mobility of electrolyte ions and counterions that penetrate
the polymer. This explanation can also be extended to the other two cases.
However, it raises the question: Are different reorganization energies required for
electron transfer across these three distinct interfacial regions? If so, which region
demands higher reorganization energy, and which one is associated with slower

electron transfer?

1.2 Electron Transfer in Multilayer Films

In the previous section, we attempted to relate monolayer electron transfer to
established electron transfer theories. Briefly, in monolayer films, redox-active
functional groups are initially adsorbed onto the electrode surface, and there
exists a certain distance between them. The shorter this distance, the higher
the probability of electron transfer via quantum tunneling. In self-assembled
monolayers (SAMs), where redox-active groups such as ferrocene are immobilized
on the surface through molecular bridges, the length of these bridges and any
conformational changes during electron transfer directly influence the electron

transfer rate [12].



On the other hand, in conductive polymer films such as PEDOT deposited
onto the electrode surface, the structure is not as ordered as in SAMs. Here,
electron transfer does not occur between specific redox-active functional groups

but rather along the polymer backbone.

Now let us consider a multilayer system, where these chemical structures are
not deposited as a single layer but rather as multiple stacked layers. In such a

system, we examine the electron transfer mechanism.

To understand electron transfer in monolayer films on a macroscopic level,
we refer to the model developed by Laviron in 1978 [13].In this study, Laviron
introduced a voltammetric model suitable for thin-film electrode measurements,
where classical diffusion-controlled models fall short. Since the redox molecules
are surface-bound, the reaction is not diffusion-controlled; instead, kinetic pro-

cesses are assumed to occur either at the surface or within the thin film layer.

Alternatively, in a study published in 1980 [14], a multilayer model was intro-
duced. The primary difference between such multilayer systems and monolayers
is that not all redox centers are in direct contact with the electrode. In the model,

the polymer layers are divided into n segments and four assumptions are made:

1. The system is homogeneous,
2. The counter-ion transport is not limiting,
3. The counter-ion transport is faster than electron transfer,

4. There is no interaction between electrochemically active centers.

Electron transfer first occurs between the polymer layer adsorbed on the elec-
trode and the electrode itself. Subsequently, electron transfer continues across

the successive layers of the film.

In the first layer, the electrochemical reaction Oy +ne = R; and the homoge-

neous electron exchange reaction:



Multilayer Electron Transfer Modelling (Laviron,1980)
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Figure 1.1: Electron transfer mechanism across multilayer redox films (redrawn
and adapted).

02+R1:‘01+R2

take place. In the following layers, we have the reactions [14]:

2nd OQ+R1\:01+R2

{
3rd {03+R2:OQ+R3
4th {

O4+R3‘i03+R4

On—l + Rn—Q - On—2 + Rn—l
(n —1)th
On + Rnfl == Onfl + Rn
nth On —+ Rn,1 — On,1 + Rn

Laviron modeled the interlayer rate expression step-by-step using a propaga-
tion approach and drew an analogy with diffusion, where the behavior of electrons

within the polymer was described by an effective diffusion coefficient [14].

In addition to Laviron’s theoretical studies, experimental investigations have

been conducted to examine the effect of electrode layer thickness on electron
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transfer(ET)[15]. In one such study, redox active electrolyte solutions were de-
posited in very small volumes onto graphene and graphite electrodes using a
micropipette, and the electron transfer rates were evaluated using cyclic voltam-
metry. Although no clear correlation was observed between the number of layers
and the ET rate, it was concluded that the local surface conditions such as con-
tamination and microscopic defects had a more pronounced effect on ET kinetics

than the layer thickness itself.

In another study, the influence of thin metal phosphonate film thickness on
the electron transfer rate between a gold electrode and either solution-phase or
covalently bound redox molecules was investigated. Multilayer ZEDP (Zirconium
1,2-ethanediylbis(phosphonate)) films were adsorbed onto the gold electrode sur-
face, and each layer was measured to have a thickness of approximately 8 A via
ellipsometry. It was found that the electron transfer rate decreased logarithmi-
cally with increasing ZEDP film thickness. Furthermore, the tunneling decay
constant was determined to be § ~ 0.43 A~', indicating that electrons likely
tunnel through defect sites within the film rather than through a homogeneous
medium, and that these defects limit the overall ET rate [16].

1.3 What Cyclic Voltammetry Reveals and
Does Not Reveal About Different Charge

Storage Mechanisms

Charge storage mechanisms can be classified into two main categories: Faradaic
and non-Faradaic processes. In a Faradaic charge transfer mechanism, charge
transfer occurs across the electrode—electrolyte interface, resulting in a change in
the oxidation state of the material. In contrast, in non-Faradaic processes, the
accumulation of counter charges occurs through the spatial arrangement of ions
near the electrode surface, without any change in the oxidation state. In this
section, examples of different Faradaic and non-Faradaic systems reported in the

literature will be presented.[6, p. 17]
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1.3.1 Faradaic Systems

Faradaic processes are fundamentally based on redox reactions. The oxidation
states of the reactants involved in the reaction change because electron transfer
occurs. Redox reactions form the basis of many energy storage systems. For ex-
ample, the electrochemical intercalation mechanism has made the use of lithium-
ion batteries widespread today [17]. What is important for intercalation is the
intercalation materials. These materials are crystalline materials in which metal
ions such as Lit, Na™, and K™ can be reversibly inserted. The intercalation of
ions is a Faradaic process. Examples of such materials include LiCoOs based on
the Co®"/Co*" transition [18], LiMnyO4 operating through Mn®**/Mn** redox
reactions ([19]), LiFePO,4 working with the Fe?T/Fe?* redox couple [20], and 2D

carbide and nitride-based materials such as TizCo T, [21].

In general, Faradaic processes exhibit some distinctive features when analyzed
by cyclic voltammetry. For example, cathodic and anodic peaks, duck-shaped
signatures due to diffusion limitations rather than rectangular shape, and peak
current scaling with the square root of the sweep rate. However, the most distinc-
tive feature is the overall shape of the voltammogram. These characteristics may
not always be clearly visible in every electrochemical system involving Faradaic
processes, and they may become more prominent or dominant depending on the
environment. For instance, it has been reported that the Ti3CyT, material ex-
hibits a rectangular shape in Li;SO4 medium, a rectangular shape with peaks in
H,SO,4 medium, and a diffusion-limited duck-shaped response in a LiCl0,/CAN
medium [22]. In the same study, based on the CV shape, different charge storage
mechanisms were classified as battery-type, pseudocapacitive-type, and electric

double-layer-type.
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1.3.2 Non-Faradaic Systems

In non-Faradaic processes, no electron transfer occurs; therefore, the oxidation
states of electrochemically active species at the electrode surface remain un-
changed. Instead, energy storage is achieved through the physical adsorption
of ions onto the electrode surface a process known as electrosorption. Typical
materials used in such systems include activated carbons, which possess high sur-
face areas and porous structures [23], carbon nanotubes [24] and ordered meso-
porous carbons, which feature tunable pore sizes optimized for ion diffusion and

adsorption [25].

When double-layer capacitors are analyzed using cyclic voltammetry, they ex-
hibit distinct electrochemical signatures, just like Faradaic systems. However,
the voltammograms display a rectangular shape, with no distinct redox peaks as
observed in Faradaic reactions. The observed current corresponds to capacitive

charge accumulation, and it scales linearly with the scan rate [26].

Efforts are ongoing to better understand the charge storage mechanisms of non-
Faradaic systems. To this end, in situ characterization and modeling techniques
are employed to design supercapacitors capable of storing greater amounts of

energy without sacrificing fast charge/discharge rates.

In one such study [27], nuclear magnetic resonance (NMR) was used for in
situ characterization, and molecular dynamics simulations were performed. The
results revealed that the electrode pores contain a significant number of ions even
in the absence of an applied potential. Traditionally, it was believed that charge
storage in these systems occurred solely through counter-ion adsorption. How-
ever, according to the findings of this study, the charging mechanism primarily
proceeds via ion exchange. When a potential is applied to the electrode, co-ions
are expelled from the pores and replaced by counter ions a process defined as ion

exchange.
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1.3.3 Pseudocapacitance

Conway further divided non-Faradaic accumulation into two subclasses: the
double-layer capacitance and the newly introduced pseudocapacitance (which
stems from redox reactions or adsorbed species), claiming that the latter type

of material was first developed in his own laboratory [28].

According to the information reported in the 1990s [28], the idea of utilizing
double-layer formation for electrical energy storage was first introduced by Becker
and the Sohio group. They employed high-surface-area carbon powder materials
together with tetraalkylammonium salt electrolytes. The carbon powders, which
provided specific surface areas in the range of 100-2000 m?.g™!, enabled high
capacitance densities of up to 250 F.g'l. Since the charge storage mechanism
in these systems relies on the physical separation of charged species (without
involving chemical reactions), they exhibited high cycle stability, resulting in long
operational lifetimes. The concept of pseudocapacitance was introduced later to
describe systems in which electrochemical reactions contribute to charge transfer

and storage.

When attempting to model double-layer capacitance using equivalent circuits,
the simplest approach involves connecting a capacitor and a solution resistance
in series. Although this model can adequately describe systems where no redox
reactions occur within the applied potential range so-called ‘ideally polarizable
electrodes” it fails to accurately represent system behavior when Faradaic reac-
tions are present, a situation Conway referred to as ‘Faradaic leakage [28].” To
address this limitation, Conway and his group proposed adding an adjustable

Faradaic resistance into the equivalent circuit .

Later, Conway and his group introduced two distinct mechanisms to define
capacitance within the system [28]. In some cases, the potential at which charge
transfer occurs is directly dependent on the amount of charge accumulated on the
electrode surface due to specific thermodynamic reasons. Under these conditions,

capacitance can arise through two mechanisms:

14



e Redox reactions, where the electrode potential is a logarithmic function of

the ratio of oxidized to reduced species activities.

e Surface adsorption processes, such as underpotential deposition (UPD),
where a species (e.g., a metal ion) adsorbs onto the electrode surface at

a potential more positive than its standard equilibrium potential.

It was proposed that pseudocapacitance arises during Faradaic charge transfer
and leads to the passage of excess charge due to thermodynamic effects. An
(ideally) constant electrode potential, such as that observed in a metal/metal-
ion equilibrium, is maintained independently of the extent of the reaction. In
contrast, processes associated with pseudocapacitance exhibit a dependence of

the electrode potential on the amount of charge transferred [28].

To further explore this concept, it is instructive to consider a simple Nernstian

system, such as the equilibrium between metallic silver (Ag) and its corresponding
ion (Ag™):

Agt(aq) +e” = Ag(s)  E°=0.7989V vs. NHE (1.3)

The Nernst equation for this system is:

RT
E=FE°+ N In (ya.+[Ag™]) (1.4)

As long as the ratio of ionic species remains constant, the electrode poten-
tial does not change, indicating dependence on ionic activity rather than on the

amount of transferred charge.

In contrast, pseudocapacitive processes allow excess charge passage, and the
electrode potential varies with the applied potential. Associated phenomena in-

clude:

e Underpotential deposition (UPD), such as the 2D deposition of hydrogen

or copper onto platinum electrodes.
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e Redox systems, where potential depends on the logarithm of the oxi-

dant /reductant ratio.

e Chemisorption of anions with potential-dependent Faradaic charge transfer.

For example, in hydrogen sorption on Pt:

2H,0 + 2¢~ = Hy + 20H™ E° = —0.829 V vs. NHE (1.5)

As the electrode potential becomes more negative, hydrogen atoms begin to
adsorb on the electrode surface. Each adsorbed hydrogen atom corresponds to the
transfer of one electron. To achieve full monolayer coverage (# = 1) on a smooth

platinum (Pt) surface, a charge of approximately 210 mC/cm? is required [28].

Conway classified pseudocapacitance origins into three types [28]:

e Adsorption pseudocapacitance
e Redox pseudocapacitance

e Intercalation pseudocapacitance

These can produce capacitances 10-100 times greater than normal double-layer

capacitance. For example:

C+ e +HyO — CH+ OH" (1.6)

For the above case the pseudocapacitance is given by:

C(p = UH% (17)

e C, (F/m?): Pseudocapacitance as a function of electrode potential.

e oy (C/m?): The maximum surface charge density corresponding to full

monolayer coverage of the active sites on the electrode surface.
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o % (V-1): The derivative of surface coverage with respect to electrode po-
)

tential.

The equation that describes the potential-dependent surface coverage 6 of re-
dox or adsorbed species, assuming Langmuir-type adsorption behavior driven by

the electrode potential ¢.

0 oF

0: Fractional surface coverage.
e 1 — 0#: Fraction of unoccupied sites.

K (V™1): Adsorption equilibrium constant.

¢ (V): Electrode potential.

F (C/mol): Faraday constant, F' = 96,485 C/mol.

R (J/mol-K): Universal gas constant, R = 8.314 J/mol-K.

T (K): Absolute temperature.

Similarly, redox pseudocapacitance is defined as:

e3
By BTy (a0 BT SE N
a F a(Fe*™) ) F (1-Q)Q(Fe*) ‘

Q = Q(Fe’™) + Q(Fe™") (1.10)

e E° (V): Standard electrode potential of the redox couple.

e () (C): Total Faradaic charge stored at the electrode.

17



e a(Fe’™), a(Fe*™): Activities of the oxidized and reduced species, respec-
tively. These account for non-ideal solution behavior and are defined as
a = 7y - ¢, where 7 is the activity coefficient and ¢ is the concentration [29,
p. 239].

The Nernst equation for the Fe (I1T)/Fe (II) redox couple can be reformulated
by substituting the activity terms with the corresponding transferred charge.
When expressed in this manner, it reveals that the system, one-electron transfer,
exhibits characteristics like electrosorption phenomena. This observation suggests
that the redox process behaves analogously to an adsorption process, leading to
the interpretation that a redox capacitance is formally analogous to an adsorption

capacitance involving charge transfer.

Following Conway’s definitions, these classifications have been widely adopted
in the literature [28, 30, 31] to describe and characterize a variety of electrochem-

ical systems.

On the other hand, Savéant examined the approach of Conway and his group to
the concept of pseudocapacitance and emphasized that this concept is fundamen-

tally incorrect, asserting that pseudocapacitors are, in fact, true capacitors [26].

To illustrate this assertion, cobalt oxide films have been examined by
Savéant [26]. These films transition from an insulating state to an ohmic con-
ducting state depending on the applied potential, during which a true electrical

double layer is formed.

Double-layer capacitors, surface redox systems, and solution diffusion-
controlled Faradaic systems can be distinguished from one another by analyzing
their current—potential curves in cyclic voltammetry (CV) measurements [32]. The
voltammogram of a double-layer capacitor exhibits a rectangular shape, and the
current is directly proportional to the scan rate. Surface redox systems display
distinct oxidation and reduction peaks, which are mirror images of each other. In
contrast, solution-phase redox systems also exhibit peaks; however, the peak cur-

rent is proportional to the square root of the scan rate and is limited by diffusion.
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Differentiating between Faradaic processes and double-layer charging based on
their cyclic voltammetry signatures is generally straightforward. However, this
clear distinction does not apply to pseudocapacitors and the concept of pseudoca-
pacitance, as initially introduced by Conway et al., which involves redox processes

that simultaneously exhibit a potentially varying capacitive signature [26].

Following the model proposed by Conway [28] and his group for the situations
exemplified above, Savéant reconstructed corresponding formal capacitance ver-
sus electrode potential curves. For instance, this approach was applied to the

case of hydrogen sorption.

The pseudocapacitance can also be described as:

H30+ + M(l = 9) +e = MHads(G) + H,O (111)

The oxidized species is H3O", and Cx+ denotes its concentration, while the
reduced species is MH, 4. The parameter 6 represents the surface coverage of

adsorbed hydrogen species.

Assuming the adsorption process obeys the Langmuir isotherm:

2 VF KCyx+ exp (V—)
— =KC = 0= RT 1.12
-6 P (RT) T+ KOpexp (7)1

Then the pseudocapacitance of the system is:

d9 qu
“av T RT

qu . KCH+ exXp (%)

—0(1— H)ZRT (+KCH+exp(VF))2

(1.13)

When Savéant, following Conway’s approach, reconstructed a capacitance ver-
sus electrode potential curve using this formulation, a peak-shaped curve was
observed rather than the quasi-rectangular response expected from a precisely de-

fined pseudocapacitive behavior. Moreover, upon examining the model proposed
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for redox pseudocapacitance, Savéant found that it also produced a voltammo-
gram characterized by diffusion-limited peaks, rather than exhibiting the quasi-

rectangular shape typically associated with ideal pseudocapacitive behavior.

The fundamental question at the center of these discussions concerns the true
nature of the materials used in supercapacitors. Specifically, it addresses the ma-
terials that Conway classified under ” pseudocapacitance” materials whose charge
storage originates from Faradaic processes yet exhibit the signature of double-
layer charging, while Conway argued that they are not true capacitors in essence.
In contrast, Savéant challenged the necessity of the pseudocapacitance concept
altogether, asserting that these materials are, in fact, true capacitors. Although it
is well established that these materials exhibit voltammograms distinctly different
from those of purely Faradaic or purely double-layer mechanisms, the underlying
mechanism remained in question. Savéant sought to clarify this by examining

the case of cobalt oxide films as a representative example [26].

When examining the cyclic voltammograms of cobalt oxide films within the
potential range of 0.59 V to 1.59 V, several distinct features are observed, which
have been associated with the phenomenon referred to as pseudocapacitance. As
the potential is swept from negative toward positive values, it is initially observed
that the film behaves as an insulator, characterized by an absence of electrical
conductivity and no measurable current. As the potential increases further into
the positive range, the film transitions into a conductive state. At this stage, small
peaks appear superimposed on the capacitive response, corresponding to surface
proton-coupled Faradaic waves. The proton-coupled nature of these reactions is
evident, as the height of the Faradaic peaks can be modulated by adjusting the
pH of the electrolyte solution [26].

The quasi-rectangular shape of the voltammogram arises from the formation
of a double-layer capacitor at the interface between the conductive solid film
and the electrolyte, once the film reaches the conductive potential range. An-
other important observation is that varying the film thickness leads to changes
in the measured capacitance. Under ideal conditions, increasing film thickness

would not significantly impact the surface area, and thus the capacitance would

20



be expected to remain constant. However, the observed change in capacitance
highlights the critical role of meso- to nanoscale structures in expanding the ef-
fective surface area of the metal oxide films, contributing substantially to their

capacitive behavior.

Let us now examine how these meso- to nanoscale structures influence the tran-
sition of the film from an insulating to a conducting state, under which conditions
charge storage occurs through redox processes versus double-layer formation, and
how the changes observed in the voltammograms upon the removal of water from

the metal oxide structure through annealing processes can be interpreted.

To describe the potentials within the system, three potentials are defined: ¢y,
the galvani potential of the electrode; g, the galvani potential of the solution;
and ¢, the potential of the cobaltate phase, associated with the nanoscale clusters.
Cobalt nanoclusters are deposited onto the electrode surface, and phosphate ions
from the electrolyte arrange themselves around these clusters. When the cobal-
tate phase is in its insulating state, the potential of the cobalt clusters equals
that of the solution (¢ = ¢g), and the hole density is zero. As the applied po-
tential increases toward more positive values, a Faradaic current begins to flow,
triggering chemical changes not only at the surface but also within the bulk of the
cobalt oxide phase. This redox process results in an increase in the density of free
charge carriers (electrons or holes) within the cobaltate phase. Consequently, the
initially insulating cobaltate phase gradually transitions into a conducting state.
As the potential continues to increase, the redox reactions become more active,
leading to a further rise in the carrier density allowing the material to support
electrical conduction. This process is referred to as the charging of the chemi-
cal capacitance of the film. During this transition, while the internal potential
() changes, the solution potential (¢g) remains constant. Charge compensation
during film oxidation modifies the overall charge distribution, resulting in the
formation of an electrical potential gradient at the cobaltate/solution interface.
This interface begins to behave as a double-layer capacitor, and the associated
current exhibits capacitive characteristics. As a result, the system behaves as if

two capacitors are connected in series. During a forward CV scan starting from
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the insulating region, the current initially rises exponentially due to chemical ca-
pacitance charging. As the capacitance increases, the current stabilizes and the
internal potential rises accordingly, with the film eventually behaving as an ohmic

conductor [26].

Polymer cluster

Counterions

Electrode (k)

¢ : Internal potential
@s: Solution potential

Redox centres

@g: Electrode potential

Figure 1.2: Schematic illustration of the polymer cluster model, adapted from
the cobaltate phase description in [26], showing the transition from an insulating

to a conducting state under applied bias.

Another prominent example of pseudocapacitive behavior is observed in ruthe-
nium dioxide materials [26]. Interestingly, it has been found that the cyclic
voltammograms of ruthenium electrodes subjected to thermal treatment differ
from those of single crystal RuO, electrodes [26]. While single crystal RuOs elec-
trodes exhibit a clear rectangular CV response, thermally treated electrodes dis-
play an ill-defined wave-like appearance [26]. After repeated cycling, ruthenized
platinum electrodes eventually show a rectangular CV response in the anodic
region, suggesting that interactions between redox centers and the continuous
shift of the Ru standard potential under oxide coverage are responsible for the
pseudocapacitive behavior observed in transition metal oxides. Later investiga-

tions proposed that these differences stem from variations in the electrode surface
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structure, which were explored using atomic pair-density function analysis [26].
It was revealed that hydrated ruthenium oxide (RuOs-xH50) forms nanocrys-
tals or clusters (1.2-2 nm) chemisorbed and physisorbed with water molecules
on the electrode surface, and that electronic conductivity is maintained through
pathways between these nanocrystals. This model supports the idea that pseu-

docapacitors are, in fact, true capacitors [26].

The distinct Faradaic waves observed in thermally treated electrodes are ex-
plained by the absence of sufficient water molecules to bridge the nanoclusters,
forcing electron transfer via a Faradaic hopping mechanism. A similar behav-
ior has been reported for WO3 films [26], where anhydrous WOj; exhibits a
peak-shaped Faradaic CV response, whereas hydrous WO3; shows a capacitive-
like response accompanied by an insulator-to-conductor transition, as previously
described for cobalt oxide films. Small-angle X-ray scattering studies [26] fur-
ther confirmed that before annealing, RuO, exists as 0.7 nm-sized nanoclusters
dispersed within a large amount of confined water. After annealing, these nan-
oclusters aggregate into larger RuO, particles, resulting in a reduction of surface
area and a corresponding decrease in capacitance. After the formation of a con-
ductive network, the surface area of the resulting RuO, aggregates determines
the capacitance, with the Ru** /Ru®" redox processes localized at the outermost
regions of these aggregates. It has also been observed that three types of cur-
rents contribute to the CV signal: double-layer charging within pores, reversible
ion-specific electrosorption, and irreversible redox processes such as hydrogen or

oxygen evolution.

Moreover, in the case of MnO,y [26], it has been shown that the theoretical
maximum charge based on the Mn** /Mn** redox transition (1110 C/g) can be
reached—or even exceeded—without exhibiting clear Faradaic features in the CV
response. This observation further challenges the strict validity of the pseudoca-

pacitance concept as it was originally defined.
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1.3.4 b-value Analysis

As the discovery of unconventional materials rapidly progresses, researchers have
also sought to understand the underlying mechanisms by developing analyti-
cal approaches using conventional electrochemical techniques. Among these ap-
proaches, the so called b-value analysis has emerged as a tool.[33, 34] This method
aims to distinguish the dominant physical processes governing an electrochemical

system. [35]

As previously discussed, in purely Faradaic systems where redox processes
dominate, if the system is limited by diffusion at its maximum rate, the relation-
ship between the scan rate () and the peak current (i,) becomes proportional
to the square root of the scan rate. This diffusion-controlled behavior results in
a linear relationship between log(i,) and log(v) with a slope (b-value) of approx-
imately 0.5 [36].

F3 1/2
i, = 0.4463 (ﬁ) n®2ADY2C* 12 (1.14)

where:

i, is the peak current (A),

F' is the Faraday constant (96,485 C/mol),

R is the universal gas constant (8.314J/(mol - K)),

T is the temperature (K),

n is the number of electrons transferred,

A is the electrode surface area (cm?),

D is the diffusion coefficient (cm?/s),

e (C* is the bulk concentration of the electrochemically active species

(mol/cm®),
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e v is the scan rate (V/s).

On the other hand, if the system is not limited by diffusion for instance, in
cases where the electrochemically active species are adsorbed onto the electrode
surface the observed peak current becomes linearly proportional to the scan rate
itself. This behavior is typical for surface-confined redox systems and leads to a
b-value of approximately 1.0 in the log(i,) vs. log(v) plot.For systems where the
electrochemically active species are adsorbed on the electrode surface, the peak
current (i,) shows a linear dependence on the scan rate (v), and is described by

the following equation: [13]

. n?F? i
’Lp = m VAT]O (115)

where:

e i, is the peak current (A),

e 1 is the number of electrons transferred in the redox reaction (dimension-
less),

e [ is the Faraday constant, F' = 96 485 C/mol,

e R is the universal gas constant, R = 8.314 J/mol - K,

e T is the absolute temperature (K),

e v is the scan rate (V/s),

e A is the electrochemically active surface area of the electrode (cm?),

e 75 is the effective surface concentration of the redox-active species

(mol/cm?).

This equation applies to surface-controlled processes where electron transfer
is not limited by diffusion, as in the case of monolayers, which are essentially

diffusionless systems.
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The overall b-value is obtained as the slope of the line where the y-axis repre-
sents the logarithm of the peak current and the x-axis represents the logarithm

of the sweep rate [37]:

i = ar’ (1.16)

e i: Current
e v: Scan rate

e a, b: Constants

In some experimental studies, the b-value has been observed to lie between 0.5
and 1 [38]. Conway et al. attributed this behavior to the overall electrochem-
ical response arising from the simultaneous contribution of a surface-controlled

process and a semi-infinite diffusion process governed by mass transport [39].

i(V) = kyv + ko (1.17)

Recent studies on b-value analysis have explored how this parameter can vary
across electrochemical systems with different characteristics, using both numeri-
cal and simulation-based approaches[38]. These methods delve into the intricacies
of b-value analysis. A key finding is that the b-value is not constant. Although
typically a single b-value is assigned across the entire scan rate range, in reality,
the b-value is not fixed. Therefore, making kinetic interpretations based on a sin-
gle b-value may be oversimplified. To address this, Stek and colleagues developed
a method that assigns b-values to specific scan rates instead of over an entire
range. This method requires taking the derivative of experimental log(i,) data
with respect to log(v) across a range of scan rates that are evenly spaced on a

logarithmic scale [40].

This approach was applied to NbyOs thin films of varying thicknesses [38],

demonstrating that the b-value can vary between 0.5 and 1. Film thickness was
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non-dimensionalized for analysis, using an approximate diffusion coefficient of
6x 107! cm? s7!. When film thickness (L), scan rate (), and diffusion coefficient
(D) are known, b-values can be expressed as a function of X (the dimensionless

thickness), forming a characteristic curve.

Instead of analyzing the b-value individually for each system, a generalized
curve can be used to interpret kinetic behavior. This allows for consistent com-
parison across different experiments, since systems with varying film thickness,
diffusion coefficient, and scan rate exhibit similar behavior when the dimension-
less parameter X is held constant. As a result, this approach facilitates the

optimization of design parameters for ion-insertion electrode systems.

The observation of b-values lower than 0.5 has raised questions, as such val-
ues deviate from classical diffusion-controlled expectations [41]. Although bi-
directional diffusion occurs during the reverse sweep in many electrochemical
systems, it is not solely responsible for b < 0.5 behavior. In classical Nerns-
tian diffusion at ion-blocking electrodes, bi-directional diffusion in a semi-infinite
medium does not lead to b-values below 0.5. Therefore, the emergence of b < 0.5
is attributed to bi-directional diffusion occurring within a finite geometry, where
the film thickness is limited and the concentration profile remains unequilibrated
during the potential sweep. In such cases, a localized concentration pocket can
develop, resulting in simultaneous diffusion toward both the surface and the bulk
of the film, thereby reducing the overall current response. However, when the
dimensionless thickness parameter X becomes sufficiently large due to faster dif-
fusion, higher scan rates, or thicker films the system approaches semi-infinite
diffusion behavior, and the b-value converges back to 0.5. This indicates that
b < 0.5 is a transient feature arising from finite size effects under kinetically

constrained conditions.

1.3.4.1 Limitations of b-value Analysis

As briefly mentioned in the previous section, b-value analysis has several limi-

tations and is not sufficient on its own to fully characterize an electrochemical
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b assumes a universal power-law be-

system. First, the empirical relation i, oc v
havior, which may not hold true for all kinetic regimes or across a wide range
of scan rates [42].Similarly, assigning a constant b-value to the entire scan rate
range overlooks dynamic changes in transport limitations and transitions between
surface and diffusion-controlled regimes. Moreover, both experimental and sim-
ulation data have shown that b-values vary with scan rate, film thickness, and

diffusivity, particularly in thin-film or nanostructured electrodes.

Additionally, finite film geometry can lead to distorted concentration profiles
and bi-directional diffusion, which may result in b-values lower than 0.5 values
that cannot be explained by classical theory. Ohmic drop [43], charge transfer re-
sistance, and instrumental limitations (e.g., ¢ R compensation) [44] can also distort
the current response, especially at high scan rates. The slope of log(i,) vs. log(v)
plots is influenced by the number and spacing of the scan rates; poorly selected
ranges can yield misleading b-values. Furthermore, similar b-values may result
from fundamentally different mechanisms (e.g., capacitive-like versus diffusion-
limited processes), leading to non-unique or ambiguous mechanistic interpreta-

tions.

For instance, experimental data from Lit intercalation processes show that
b-values are not constant across varying scan rates, and instead two distinct
kinetic regions are observed: between 0.1 and 20 mV s™!, b ~ 1, while above
50 mV s7', b decreases to approximately 0.8-0.7 [45]. This demonstrates that
kinetic characterization using a single b-value may be overly simplistic. At higher
scan rates (e.g., 50 mV s71), both ohmic losses and diffusion limitations become
significant, resulting in a reduction of b. This decrease is not only due to diffusion
limitations, but also due to resistive contributions from the active material and
Solid Electrolyte Interphase (SEI) layer. Therefore, the b-value depends not only

on the reaction mechanism but also on the device architecture.

Moreover, because intercalation can produce b-values close to 1, similar to
classical surface redox capacitance, a b-value of 1 does not necessarily indicate
a surface-controlled mechanism. This further underscores that b-value analysis

alone may not be sufficient to accurately distinguish between different charge
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storage mechanisms.

Furthermore, in the cyclic voltammograms of certain materials, it is not al-
ways possible to distinguish a clear peak current due to the broad nature of the
current response [46]. In such cases, the peak current or currents cannot be
easily identified. This is particularly relevant for materials with non-constant
capacitance values [47], where the system behaves as an insulator below a certain
potential and becomes conductive upon electrochemical doping. In these mate-
rials, both conductivity and capacitance are intricately dependent on the doping
level. Therefore, it would not be inaccurate to state that b-value analysis alone
is insufficient for elucidating the dominant charge storage mechanisms in such

systems with complex electrochemical behavior.

1.4 Materials Under the Scope: Conjugated
Polymers (CPs) and their Oligomers

Before discussing polymers in detail, we begin with the simplest monomeric unit of
PEDOT, which is the subject of this study: EDOT. 3,4-Ethylenedioxythiophene
is an organosulfur compound. Structurally, it features a thiophene ring sub-
stituted at the 3 and 4 positions with an ethylenedioxy group.EDOT exhibits
electropolymerization behavior under oxidative potentials. Initially, polymer for-
mation was explained by a classical radical polymerization mechanism in which
the propagation of the polymer chain proceeds via the formation of monomeric
radical cations, which subsequently couple with a growing chain [48]. However,
as experimental findings challenged this classical view, Heinze and Savéant [49]
demonstrated the involvement of a comproportionation reaction in the mecha-
nism. In this mechanism, highly charged oligomeric cations interact with neutral
monomers to generate new radical cations, thereby accelerating the oxidation of
the monomer. This process is referred to as redox catalysis and is now widely

accepted as a general mechanism for electropolymerization in many systems.
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A study tracking polymer growth using spectroelectrochemistry revealed that
electropolymerization does not merely involve a simple surface deposition but
begins with the formation of active oligomeric precursors in solution. These
oligomers are crucial in both nucleation and chain growth processes. The study
also highlights how parameters such as the applied potential and electrode-film

interactions shape this process. [50]

Investigating the electrochemical properties of the EDOT monomer and its
oligomers, such as oxidation potential and electron transfer kinetics, is challeng-
ing. This is because it requires the isolation of a single EDOT monomer; other-
wise, electrochemical experiments lead to rapid polymerization, and the resulting

voltammograms reflect not only monomer oxidation but also the growth of the

polymer.
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Figure 1.3: (a) Chemical structure of EDOT monomer. (b) Corresponding PE-
DOT polymer structure obtained afterpolymerization of EDOT.

On the other hand, PEDOT, the polymer form of EDOT, is one of the most
extensively studied conducting polymers [48] due to its electrochemical stability.
The chemical structures of EDOT and PEDOT are shown in Fig. 1.3. As a poly-
mer chain, PEDOT exhibits a less poitive potential compared to its oligomers[48].
A study on polypyrrole films found that while the films became redox active at
relatively less positive, the corresponding monomer (pyrrole) exhibited a more

positive potential.
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Figure 1.4: Electrochemically induced optical absorption spectra of the conduct-
ing polymer, PEDOT, film recorded between 300-900 nm at applied potentials
ranging from —0.90 V to +0.60 V (vs. reference electrode). The absorption peak
in the visible region decreases upon oxidation, corresponding to the color change
shown on the right side from deep blue at —0.90 V to a more transparent state at
+0.60 V. Reproduced with permission from [51]. Copyright 2005, Royal Society
of Chemistry.

The transition from monomers and short chain oligomers to fully conjugated
conducting polymers results in a progressive increase in m-electron delocalization,
which significantly influences the optical absorption spectra and the redox po-
tentials of the material.Figure 1.4 shows the electrochemically induced optical
absorption spectra of a PEDOT film (300-900 nm), where oxidation leads to a
decrease in the visible absorption peak accompanied by a color change from deep
blue (-0.90 V) to a more transparent state (4+0.60 V).The morphology of elec-
trogenerated polymer films whether compact or porous plays a critical role in
determining their electrochemical properties, particularly in terms of ionic acces-

sibility and charge storage capacity.
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Figure 1.5: Schematic illustration of potential applications of electrochromic de-
vices, including see-through displays, visualized energy storage, wearable elec-

tronics, and electronic papers. Reproduced from [52], licensed under CC BY 4.0.

Conducting polymer films, such as PEDOT, exhibit reversible color changes
upon doping and dedoping. This optical behavior can be quantitatively tracked
using UV-Vis spectroelectrochemistry and is highly relevant for applications in
electrochromic devices. Figure 1.5 schematically illustrates the potential appli-
cations of electrochromic devices, such as see-through displays, visualized energy
storage, wearable electronics, and electronic papers. One of the primary advan-
tages of conducting polymers lies in their excellent redox reversibility, making
them ideal candidates for long term electrochemical cycling and energy-related

applications [53].
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1.5 Proposed Charge Transfer Mechanism of
CPs

Conducting polymers are conjugated organic molecules. Since both electronic and
ionic conduction occur simultaneously, they are often referred to as mixed elec-
tronic—ionic conductors. They exhibit electrochemically active properties, mean-
ing that depending on the applied potential, electrons or holes can be injected

into the polymer, thereby increasing its conductivity.

Scientists have described the charge carriers in these materials as solitons, po-
larons, and bipolarons, which are defined as delocalized defects along the polymer
backbone [54].

In a conducting polymer matrix, macroscopic charge transport is known to
result from the coupling of multiple mechanisms. Electron motion occurs along
the conjugated backbone, through interchain electron transport, and is strongly
influenced by the film morphology of the polymer. Along a single chain, electrons
can move via the delocalized m-orbital system. Depending on the distance be-
tween polymer chains, different types of interchain tunneling can occur. Finally,
on a larger scale, if the polymer forms fibrillar structures, charge transport can

proceed within individual fibers as well as between neighboring fibers [55].

The redox transition resembles a phase transition, where an insulating polymer
becomes suddenly conductive upon application of an external potential. During
this process, the polymer forms a biphasic system in which only part of the ma-
terial is conductive. Electrical conductivity depends on the formation of a con-
tinuous pathway through connected conductive domains. When the conductive
phase reaches a critical density, the overall conductivity of the system increases

significantly a phenomenon that can be explained by percolation theory [55].

The dopant A binds to an available binding site S to form the complex AS:
Dopant A binds with S, which has an empty binding site, to form the AS complex:
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k
A+ 85 AS (1.18)

kr
Where:
e ks — Association rate
e k, — Ddissociation rate
o K = k_f — Equilibrium constant, indicates the binding affinity
T

A comprehensive solution and interpretation of this problem was presented
by Gardner and Bartlett [56]. Dopant transport is inherently a nonlinear and
time-dependent process that involves both diffusion and binding reactions. The
study by Gardner and Bartlett provides a mathematical framework by non-
dimensionalizing the governing equations and analyzing the system under various

limiting cases [56].

According to their findings:

e When the film is unsaturated, the reaction is fast, and the number of

binding sites is low, diffusion dominates.

e When the film is saturated and the reaction is fast with minimal dopant

binding, diffusion remains unaffected.

e When the film is unsaturated and the reaction is slow, diffusion occurs

first, followed by homogeneous binding.

These results demonstrate that the interplay between dopant diffusion and
reaction kinetics in a polymer matrix can lead to complex transport behavior,

which must be carefully analyzed for accurate modeling.

Alongside this theory, a comparable framework has been proposed to describe
the charge carrier mechanism in semiconducting polymers. In this model, the

primary charge carriers are polarons and bipolarons [57, 58].
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The mechanism proceeds as follows:

e The neutral polymer possesses fully occupied valence bands and empty

conduction bands, separated by an energy gap.

e First oxidation introduces a polaron state within the middle of the band

gap.

e Second oxidation leads to the formation of a bipolaron, resulting in

deeper localized defect states.

e With further doping, these bipolaron states broaden into bipolaron
bands, which significantly contribute to electrical conductivity via bipo-

laron hopping.

Electrical conductivity in conducting polymers cannot be explained by a single
transport mechanism. Both intrachain (along the polymer backbone) and inter-
chain (between adjacent chains) transport processes contribute to the overall

conductivity.

1.6 Electrochromism

Electrochromism refers to materials that exhibit a reversible change in color upon
the application of an external potential [59]. These materials can accept or donate
electrons depending on the applied potential, resulting in a change in the number
of electrons in the system. This difference in the electronic structure between
the initial and final states can lead to distinct spectroscopic transitions between
energy levels, as the two states correspond to different electron configurations.
As a consequence of these differing transitions and the associated energy differ-
ences between electronic states, the wavelength of light absorbed by the material

changes, which in turn alters its perceived color [60].

Electrochromic materials can be either inorganic or organic. For instance,

tungsten trioxide (WOj3) is an intercalation-type redox material that appears
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bleached in its reduced form and colored in its oxidized state [61]. On the or-
ganic side, the conductive polymer PEDOT is a well-known example of an elec-

trochromic material [62].

In electrochemical systems involving electrochromic materials, if the electron
transfer is fast, the rate of color formation is limited by mass transport processes
[60]. Moreover, the amount of color formed over a given time is directly linked to

the rate of charge passage through the electrode. The coloration rate is propor-

aQ
dt

proportional to the charge (@), the rate of absorbance change (

tional to the electron uptake, described by I = and since absorbance (Abs) is

d(gfs) ) follows the

Cottrell t='/2 dependence. Upon integration, this results in Abs o< t!/2, which has

been experimentally confirmed by the linear behavior of current (1) with respect

to t~1/2 in aqueous systems [63].

Electrochromic materials may also be deposited in solid form onto electrode
surfaces, such as tungsten dioxide thin films. In such architectures, the diffusion
coefficient of ions into the solid electrochemically active matrix becomes a critical
factor. To achieve fast electrochromic response, the ions must migrate rapidly;

thus, small ions are often preferred to minimize the response time[64].

The structure of the electrochromic material, whether amorphous or crys-
talline, also affects ion diffusion. It has been found that ions diffuse more rapidly

in amorphous oxides compared to their crystalline counterparts [60].

The influence of film thickness on the diffusion time can be estimated using
Fick’s second law, which predicts that diffusion time is proportional to the square

of the film thickness and inversely proportional to the diffusion coefficient [65].

The average diffusion time is given by:

d?
- 1.1
D 4D (1.19)

where:
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e 7p: Diffusion time,
e d: Film thickness,

e D: Diffusion coefficient (m?/s).

The characteristic diffusion time can be estimated from the root-mean-square
displacement relation (r?) = 2nDt (with n = 2 for planar geometry), by taking
the film’s characteristic distance as d//2, which yields 7p ~ d?/(4D) as an order-

of-magnitude timescale.

As expected, the absorbance of WOj3 films increases with the insertion

coefficient(z), but deviates from Beer’s law at high values of x or total charge Q.

PEDOT is an electrochromic material, and the electronic transition responsible
for its absorbance change is attributed to a 77" interband transition. In its
neutral state, PEDOT exhibits a deep blue color, which shifts to light blue upon
oxidation|[66].

The electrochromic properties of thiophene-based conductive polymers can be
finely tuned through small modifications in the monomer structure. The posi-
tion of methyl groups [67], as well as the inter-ring dihedral angle, significantly

influence the conjugation length and therefore the color[68].

1.7 Color Switching in Electrochemical Cells
and Limitations: Electron vs Ion Trans-

portation

Electrochromic materials, which possess color switching mechanisms, are key
components of electro-optic devices. These devices can reversibly modulate their
optical properties such as light transmittance, reflectance, and color through ion

migration triggered by an applied voltage. Owing to their low energy consumption
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and high color contrast, electrochromic systems are actively being investigated
for applications in photothermal modulation, dynamic displays, and camouflage

technologies.

Among the various performance parameters of electrochromic (EC) materials,
the switching time (i.e., the time required for color change) is one of the most
critical for practical applications. This parameter is especially vital in systems
that demand rapid response, such as smart windows and real-time display tech-

nologies[69].

These systems are typically optimized through three fundamental layers[69].
First, enhancing electron transport is achieved by selecting electrode materials
with high conductivity and smooth surface morphology. Second, porous and thin
films are developed to facilitate ion diffusion. Lastly, efficient ion migration is
targeted by tuning parameters such as ion type and electrolyte viscosity, choosing
high-mobility species like multivalent ions or proton carriers, or adopting hybrid

ion strategies.

Overall, the optimization strategies primarily focus on accelerating the diffu-
sion of migrating ions and improving ion adsorption on the surface of the elec-

trochromic material [69].

Recent studies have shown that the structural properties of electrochromic
materials play a crucial role, and even a dual-electrochromism mechanism is pos-
sible. This means that the optical response can be modulated not only in the

UV-Vis region but also in regions such as the near-infrared (NIR) [70, 71].

WO3-H50O, unlike conventional WQOs3, is a dual-band electrochromic material
capable of independently modulating both visible and NIR light[72]. The struc-
tural water within the WO3-H5O lattice enhances crystal permeability, allowing
faster diffusion of Li*™ ions. This results in a significantly improved switching
speed (i.e., coloring and bleaching time) compared to anhydrous WO The more
open structure facilitated by the structural water enables faster ion insertion and

extraction, leading to a rapid electrochromic response [72].
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1.7.1 Ion coupled electron transfer

As discussed in earlier sections, electron transfer occurring at conducting poly-
mer film electrodes requires the insertion or extraction of counter-ions from the
electrolyte into the polymer matrix to maintain charge neutrality. This ion ex-
change process commonly referred to as electrochemical doping and dedoping is
fundamental to the redox behavior of mixed ionic—electronic conductors such as
PEDOT:PSS systems that exhibit ion dependence can be found in various con-
texts, and when the ion in question is a proton, the process occupies a special
position as proton-coupled electron transfer (PCET). The coupling between pro-
ton and electron transfer imparts significant mechanistic diversity, encompassing

both sequential and concerted pathways [73].

A recent operando study [74] utilizing **Na and 'H NMR spectroscopy has
provided quantitative insights into this process by tracking the movement of Na™
ions and water molecules during the electrochemical cycling of PEDOT:PSS films.
PEDOT:PSS, an intrinsically doped p-type semiconductor, contains holes on the
PEDOT backbone that are compensated by sulfonate anions on the PSS chains.
This charge compensation leads to strong Coulombic interactions and intimate
mixing of PEDOT and PSS in PEDOT-rich domains. Due to the typically excess
PSS content in these films, many sulfonate groups are also neutralized by external

cations such as Nat or HT.

Upon electrochemical dedoping, holes are removed from the PEDOT chains,
resulting in unbound SOj3 groups that attract cations from the electrolyte. Re-
versing the potential leads to re-injection of holes and removal of cations, effec-

tively redoping the polymer [74].

In the aforementioned NMR study, a characteristic 2*Na quadrupolar splitting
was observed, attributed to the partial ordering of the PSS chains within PEDOT-
rich domains. Importantly, the magnitude of this quadrupolar splitting decreased
with increasing hole concentration on PEDOT, reflecting the expulsion of Na™
ions from the ordered regions. A nearly 1:1 coupling efficiency between holes and

Na™ ions was reported when using a 1 M NaCl electrolyte, indicating that Na™
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ions serve as the primary charge-compensating species under these conditions.
This finding provides compelling evidence for a direct correlation between ionic
motion and electronic charge modulation in PEDOT:PSS, and highlights the util-
ity of operando NMR spectroscopy for probing structure—function relationships

in electrochemically active polymer systems [74].

1.7.2 Ion-Free Charge Transfer Possibility in Conjugated

Polymers

Conjugated polymers provide a favorable environment for electron delocalization
along the molecular backbone. However, due to their typically amorphous or
semi-crystalline morphology, structural disorder, and weak interchain coupling,
charge carriers such as polarons and bipolarons tend to become localized. While
disorder leads to electronic localization, Coulomb interactions still correlate car-
rier motion. These Coulombic forces play a significant role in electronic transport
and, as described in condensed matter physics, give rise to what is known as a

soft Coulomb gap.

The soft Coulomb gap appears in systems where electrons are both localized
and interacting. It refers to a suppression but not a complete vanishing of the
density of states (DOS) near the Fermi level, meaning that the number of accessi-
ble electronic states near this energy is reduced [75].The Fermi energy represents

the highest occupied energy level at absolute zero temperature.

In a recent study utilizing organic electrochemical transistors (OECTS), ex-
treme band filling was achieved. In molecular materials, bands are typically
described using HOMO and LUMO levels. Under standard doping conditions,
p-type doping involves the removal of electrons from the HOMO, while n-type
doping adds electrons to the LUMO. However, under extreme band filling condi-
tions, once the HOMO (or LUMO) is fully emptied (or filled), doping can continue
into deeper (or higher) energy levels such as HOMO—1 or LUMO+1. This can

result in a modified electronic structure and affect the conductivity, but it may
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also lead to structural degradation of the polymer [76].

This regime allows researchers to explore new conduction mechanisms, such as
the formation of a Coulomb gap, beyond the conventional band model. A novel
double-gating technique [76] has been used to investigate these phenomena. This
approach combines a chemical gate (ion gate, Vig) to control bulk doping and
a field-effect gate (Vrg) to inject additional carriers locally, without introducing

new 1ions.

To decouple ionic motion from carrier injection, the system is cooled below
the glass transition temperature (~ 200 K) while Vi is applied. This freezes
the ionic configuration. Subsequently, Vgqg is applied independently to modu-
late electronic properties without ionic compensation, enabling the study of non-
equilibrium electronic transport and changes in the DOS, including the formation

of a Coulomb gap [76].

At room temperature, ionic motion is fast, and the system can equilibrate
with changes in Vpg. However, below ~ 240 K, translational ionic motion slows
significantly due to its high activation energy, eventually becoming frozen. This
was confirmed using F Nuclear Magnetic Resonance (NMR), which revealed
two distinct modes of ionic motion: fast intra-ionic movements (e.g., rotation of
functional groups) with low activation energy, and slow translational motion of
ions like the counter-anion TFSI™ within the polymer matrix, with much higher

activation energy.[76]

Even when ions are frozen, electrons can still move within the polymer network.
However, this motion occurs in a pre-set, frozen ionic landscape resulting in
a non-equilibrium state. As a consequence, nonlinear and symmetric features
were observed in the transistor transfer characteristics (current vs. gate voltage),
indicating ambipolar transport behavior. In ambipolar systems, both electrons
and holes contribute to charge transport, in contrast to conventional n-type or

p-type devices, which typically favor only one type of carrier[76].
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1.8 Dual Charge Transfer Nature of CPs:
Faradaic and Capacitive Charge Accumula-

tion

In electrochemical systems, charge storage and transfer processes are governed by
both diffusion-controlled mass transport and interfacial phenomena at the elec-
trode/electrolyte boundary. The diffusion layer defines how electrochemically ac-
tive species migrate to and from the electrode surface, shaping the time-dependent
current response, while the electrical double layer describes how charges are orga-
nized at the interface, giving rise to capacitive contributions. Together, these two
concepts form the fundamental basis for understanding the dual charge-transfer
nature of conducting polymers, where Faradaic processes driven by redox reac-
tions coexist with capacitive charge accumulation associated with double-layer
formation. In this section, a brief introduction is therefore provided to the two
fundamental layers underlying these storage mechanisms: the diffusion layer,
which governs mass transport, and the electrical double layer, which governs

double-layer charging.

1.8.1 Diffusion Layer

In electrochemical systems, the current generated in response to an applied po-
tential cannot be explained solely by the magnitude of the applied potential. If
the species involved are particles that move freely in solution, the current arising
from electrochemical redox processes depends collectively on the diffusion and
migration of electrochemically active molecules, the applied potential at the elec-

trode, and the rate of electron transfer between electrochemically active species.

As soon as the potential is applied to the electrode, species located near the
electrode surface undergo oxidation or reduction, depending on the applied po-
tential. Since this transformation is typically Nernstian and rapid, the concen-

trations of reduced and oxidized molecules near the electrode change quickly. For
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example, when a sufficiently positive (oxidative) potential is applied, all nearby
reduced species are converted into oxidized ones, and the concentration of reduced

species near the electrode surface (Cg) effectively becomes zero.

To sustain the electrode reaction, the reactant species must reach the electrode
surface, and the products must be transported away from it. Driven by the result-
ing concentration gradient, species diffuse from regions of higher concentration
to regions of lower concentration. This mass transport leads to the formation of

a diffusion layer.

The diffusion layer is a region extending from the electrode surface into the
bulk solution, where species are transported solely by diffusion. It typically spans
a few micrometers in thickness, and within this region, the concentration profiles

of the species are dynamic.

One of the parameters that significantly influences the diffusion layer in elec-
trochemical experiments is time. As time progresses, the diffusion layer expands.
This expansion is governed by the diffusion coefficient, D. In long-duration ex-
periments, the continual growth of the diffusion layer can become a limiting factor

for the current.

§ ~ V2Dt (1.20)

where:

e § : Thickness of the diffusion layer
e D : Diffusion coefficient of the species

e t: Time elapsed since the start of the diffusion process

As derived by Einstein (1905) and later presented in its English translation [77],
one obtains (z?) = 2Dt.(The square root of the arithmetic mean of the squares

of displacements in the direction of the X-axis)
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The diffusion coefficient of the species is of great importance, as it directly
relates to the mobility of electrochemically active species within the solution.
Species with higher diffusion coefficients exhibit faster propagation and conse-
quently form thicker diffusion layers. The geometry of the electrode directly

affects the thickness, direction, and rate of diffusion.

Whether the applied potential determines the thickness of the diffusion layer
depends on the reversibility of the reaction. In quasi-reversible or irreversible
systems, the diffusion layer thickness can be influenced by the potential, whereas
in fully reversible systems, changes in applied potential do not significantly affect

the diffusion layer [78].

In addition, factors such as convective flow, stirring of the electrolyte, and

solution temperature also influence the characteristics of the diffusion layer [79].

When the diffusion layer remains small compared to the electrode dimensions,
the system can be modeled as semi-infinite linear diffusion to a planar electrode

surface. Under these conditions, Fick’s second law simplifies to [80]:

8Co(x,t) DO (9200($,t)

ot O0x?

(1.21)

This scenario leads to the classical Cottrell equation for the time-dependent

current in chronoamperometry:

_ nFACyVDo

i(t) N (1.22)

/2 arises from the contin-

This inverse square-root time dependence, i(t) o ¢t~
uous depletion of electrochemically active species at the electrode surface during

the electrolysis process.

In chronoamperometry involving a spherical electrode (e.g., a hanging mercury

drop), the diffusion field is spherical rather than planar. This alters Fick’s second
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law by introducing a radial component, resulting in:

(1.23)

5’00(7“, t) . D 8200(7’, t) i 2800(7“, t)
ot - o or? r or

where r is the radial distance from the center of the electrode and rqy is the

radius of the spherical electrode.

The analytical solution for the diffusion-limited current at the electrode surface

is given by:

. i} 1 1
Zd’c(t) = nFADOCO lm + %] (124)

/2 similar to the

Cottrell current for planar electrodes, and a steady-state term % arising from

This expression combines a transient term proportional to ¢t~

the curvature of the spherical electrode. Over time, the system transitions from
transient diffusion control to a steady-state regime, with the curvature facilitating

continuous access of fresh electrolyte to the electrode surface [81].

1.8.2 Electrical Double Layer Theory

The electrical double layer (EDL) forms at the interface between a solid electrode
and a liquid electrolyte when an external potential is applied. This interfacial
region behaves like an ideal plate capacitor in which the charged layers are sep-
arated by a small distance. Under the influence of the electric field caused by
the applied potential, ions in the electrolyte migrate toward the solid surface,
forming a structured layer. The interaction between the surface charges in the
solid phase and the compensating counter-ions in the electrolyte phase gives rise

to a capacitive effect[82].

Understanding the nature and behavior of the electrical double layer is essen-

tial for the design and optimization of high-performance electrochemical systems
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such as supercapacitors, fuel cells, biosensors, photoelectrochemical cells, elec-

trochromic devices, electrochemical sensors, and energy storage technologies.

Chronologically, the first theoretical model was proposed by Hermann von
Helmholtz [83]. He suggested that when an electrode surface is charged (either
positively or negatively), counter-ions from the electrolyte are attracted electro-
statically to the surface and form a compact layer of adsorbed ions, similar to
a charged capacitor. The system was assumed to behave like a simple plate

capacitor. The capacitance in this model is given by:

g€
o=V (1.25)

d
Here, ¢ is the dielectric constant of the medium, ¢, is the vacuum permittivity,
and d is the distance between the charged plates (i.e., the electrode surface and

the counter-ion layer). From this, the differential capacitance C'y becomes [82]:

On =20 =0 (1.26)

A key limitation of the Helmholtz model is that it predicts a constant ca-
pacitance, which contradicts experimental observations. In reality, as shown in
systems like mercury in NaF solutions, the differential capacitance varies with
applied potential and electrolyte concentration [84].Moreover, the model neglects
important effects such as thermal motion (Brownian motion) and the random

distribution of ions in the electrolyte.

To address these limitations, the Gouy—Chapman model was developed. This

model is based on the following assumptions [85]:

e The electrode is an infinite, flat surface uniformly charged.
e The electrolyte is symmetric and dilute (e.g., 1:1 electrolyte like NaCl).

e [ons are treated as point charges with no volume.
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e lon distribution in the solution follows a Boltzmann distribution, dependent

on the local electrostatic potential.

e The potential profile in the solution satisfies the Poisson equation.

Under these assumptions, counter-ions do not form a tightly packed layer near
the surface, but instead are distributed diffusely, forming what is referred to as
the diffuse layer. This diffuse distribution arises due to the balance between
electrostatic attraction and thermal motion. The resulting charge distribution

can be described by the Boltzmann distribution:

Cj(x) = C; exp (— ij’T(x)) (1.27)

This model, therefore, provides a more physically realistic picture of the elec-

trical double layer by accounting for ion mobility and thermal effects.

For each ion species, the concentration at position x is given by:

o) - o (25

Where:

C75: Bulk concentration of ion j

zj: Charge of ion j

e: Elementary charge

¢(z): Electric potential at position x (relative to the bulk)

k: Boltzmann constant

T: Absolute temperature
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Afterwards, the ion concentration term is incorporated into the Poisson equa-

tion.

The Poisson equation is a fundamental differential equation that relates
charge density to the electric potential field. In electrochemistry, electrolytes are
ionic media, and this equation is used to determine the electric potential profiles

within such systems.

The Poisson equation describes the relationship between electric potential and
charge density.[86, p. 43] It is a fundamental equation used to model electric fields

in ionic media such as electrolytes.

Vo(r) = 20

S9N

d*¢(x) __plr)

dx? €0

e ¢(z): Electric potential at position x, in volts (V)

e p(r): Charge density at position z, in coulombs per cubic meter (C/m?)

e: Relative permittivity (dielectric constant) of the medium (dimensionless)

e co: Vacuum permittivity, gy = 8.85 x 10712 F/m

The second derivative in the Poisson equation directly originates from Gauss’s
law:[86, p. 65]

v.E='
E&o

The electric field E is the vector derivative (gradient) of the scalar electric

potential ¢:
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Substituting into Gauss’s law:

Vo (-Ve)=-V%="L = v=-L
EEQ EEQ

This yields the general form of the Poisson equation.

As the distance from the electrode increases, the distribution of ions becomes

more dilute.

At very high ion concentrations, the effect of ion crowding is typically ne-
glected, which limits the model’s accuracy. In addition, the model tends to fail at
high surface potentials, where linear approximations or basic assumptions no
longer hold. Returning to the Gouy—Chapman model, we can define the charge
density as a function of position and then relate it to the Poisson equation to

obtain the potential profile in the diffuse layer.

J J

p(x) =3 zeCy(a) = Y 2eC: exp (_ Zjelj;E$))

o pla)

dx? €€y

By combining equations, we obtain the Poisson—Boltzmann equation,

which describes the electric potential in ionic solutions.

For a symmetric electrolyte (e.g., NaCl), the differential equation for the po-

tential is:

do 8kTno\ " . . [ zed
& h( 222 1.2
dx ( €0 ) S 2k (1.28)
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By integrating, the potential profile is obtained (for small potentials):

() = poe™ ™ (for small potentials) (1.29)

e x 1 Debye length — indicates how far the potential extends before de-

caying toward zero.

e At low ionic strength, the diffuse layer is thicker; at high ionic

strength, it is thinner.

By integrating the potential gradient, the potential profile ¢(x) can be ob-
tained. This leads to the concept of the Debye length !, which indicates how
far the electric potential extends into the solution before approaching zero. It

represents the distance over which ions can sense the electrode’s electric field.

The Gouy—Chapman model defines the relationship between surface charge

density and surface potential, and enables the calculation of the differential ca-

pacitance:
e The differential capacitance varies with potential and has a V-shaped pro-
file.
e The minimum capacitance occurs near the point of zero charge (PZC).
e This model performs well under low ionic strength and small potential
differences.
e It fails at high potentials or high concentrations due to neglected factors

such as ion size, specific adsorption, and solvent effects.

To overcome these shortcomings, the Stern model was proposed. Unlike the
Gouy—Chapman model, which allows point ions to approach arbitrarily close to
the electrode (leading to unrealistically large capacitance at high potential), the

Stern model introduces the concept of finite-sized, solvated ions.
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The closest plane ions can approach is called the Outer Helmholtz Plane
(OHP).

The region between the electrode and the OHP is the compact
(Helmholtz) layer.

Beyond the OHP lies the diffuse layer, which still follows Gouy—Chapman

behavior.

The total double layer is modeled as two capacitors in series: one for

the Helmholtz layer, and one for the diffuse layer.

In the Stern model [82], the differential capacitance is represented as two

capacitors connected in series:

1 1 1
[ — + R
Cecs Cu  Cp

(1.30)

Where:

e (' Capacitance of the Helmholtz (compact) layer — constant.

e Cp: Capacitance of the Gouy-Chapman (diffuse) layer — potential-
dependent.

This model better matches experimental behavior

e At low potential and low ionic strength, C'p is small, leading to a V-shaped

total capacitance profile.

e At high ionic strength, Cp becomes large, so the total capacitance is dom-

inated by the constant Cy.

The Debye length \p, also expressed as k71, for a symmetric z : 2 electrolyte

is given by:
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T\ /2
Ap =kl = (ﬂ) (1.31)

Where:

e: Relative permittivity of the medium

e co: Vacuum permittivity (8.85 x 1072 F /m)

k: Boltzmann constant (1.38 x 10723 J/K)

e T: Absolute temperature (K)

no: Bulk number density of ions (ions/m3)

z: lon valence

e: Elementary charge (1.602 x 1071 C)

For aqueous solutions at 25°C, the formula can be simplified as:

0.304
Ap (nm) =~ oo

(1.32)

where C* is the bulk electrolyte concentration in mol/L.

Although the GCS model (Gouy-Chapman—Stern) better reflects the be-
havior of real systems, it is still not entirely sufficient, as it neglects sev-
eral important effects, including:the potential dependence of the Helmholtz
layer capacitance,ion—ion interactions,specific adsorption phenomena,and electron
spillover near the electrode surface. A study proposes a new double-layer model
that incorporates ion—surface attraction as a parallel capacitive element to ex-
plain deviations from the Gouy—Chapman—Stern model observed even in dilute
electrolytes. The model suggests that the interaction is weak, non-specific to ion
type, and that ion size plays a role in determining the potential of minimum

capacitance[85].
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1.9 Introduction to Cyclic Voltammetry and
Modelling

Cyclic voltammetry is an electrochemical measurement technique in which a po-
tential is applied over a defined range at a specific rate (called the sweep rate), and
the resulting current is measured. Before the development of cyclic voltammetry,
the dropping mercury polarography method was invented in 1922 [87]. However,
going even further back, we can refer to Lippmann’s work and his invention of
the capillary electrometer to measure the surface tension of polarized mercury
87].

Later, in 1903, Professor Kucera modified this system [87]. Lippmann’s setup
is referred to as a static method because the mercury in the capillary does not
flow or drip; instead, its height is adjusted to remain constant. In this way,
it provided the first quantitative demonstration of how electric potential affects
surface tension. With Kucera’s modification, the system evolved into what we
now recognize as the dropping mercury setup, through which he investigated the

relationship between mercury drop weight and applied potential [87].

The drop weight in Lippmann’s method depends solely on surface tension (a
function of potential) and remains independent of the mercury column height or
flow pressure. This modification was referred to as a dynamic method, in contrast
to Lippmann’s static approach. Kucera’s dynamic electrocapillary measurements
occasionally exhibited anomalous curves with a secondary maximum, unlike the
typical single peaked curves observed by Lippmann. These anomalies were par-
ticularly seen in dilute electrolyte solutions and aqueous solutions of lower fatty

acids, although their origin remained unexplained at the time [87].

It was precisely at this point that these anomalies attracted the attention of
Jaroslav Heyrovsky, who became determined to explore the problem further. He
would later explain that these anomalies were caused by a streaming effect the
convective mass transport induced by the falling mercury drop occurring in addi-

tion to normal diffusion. During this research, Heyrovsky’s interest increasingly
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shifted toward studying electrode processes and electrochemical phenomena [87].

Unlike previous methods, he developed an electronic circuit that could mea-
sure the current generated under an applied potential, which led him while in-
vestigating the irregularities in Kucera’s curves to invent a new electrochemical
technique: polarography [87]. With these pioneering contributions, Heyrovsky
was eventually awarded the Nobel Prize in Chemistry in 1959. From then until
now, this technique was developed further, a third electrode is added as referred
as counter electrode and different kind of workings electrodes are invented like mi-
croelectrodes, rotating disk electrodes, working electrodes are from various king
of materials like carbon materials or transparent doped glass materials. Those

improvements enhance power of cyclic voltammetry.

The advancements in cyclic voltammetry are not limited to experimental tech-
niques; significant efforts have also been made to analyze it computationally.
The first initiatives in computational electrochemical analysis date back to 1967,
introduced by John Newman [88] , and later in 1988 by Ralph E. White [89].

They described electrochemical systems based on three fundamental processes:
diffusion, electromigration, and electrochemical reaction, all of which are interde-
pendent. These processes are mathematically represented by partial differential
equations (PDEs) to describe their evolution in space and time. Since the gov-
erning equations are inherently coupled, the overall system is referred to as a
set of coupled partial differential equations. In the 1960s and 1970s, computa-
tional resources were limited, and there were few effective tools available to solve
such complex systems. FORTRAN, introduced in 1957, was one of the earliest
programming languages used for solving linear equation systems. Leveraging this
infrastructure, Newman developed an efficient matrix-based solution method [90],
known as the BAND matrix method, where the equations at each spatial point
are solved within a structured matrix system. This approach proved especially

useful for modeling electrochemical systems.

Ralph E. White and his group utilized this method to simulate theoretical

cyclic voltammograms of conducting polymers... as shown in a mathematical
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model for polypyrrole [89]. Today, while the theoretical framework of electro-
chemical systems remains fundamentally similar, new tools have been developed
for their solution. For instance, software such as COMSOL Multiphysics [91] and
Python-based libraries [92] are now commonly used. Moreover, Newman’s BAND
matrix methodology can also be implemented using Python, allowing for flexible

and customizable simulations [93].

1.10 Partial Differential Equations, Coupled
PDEs and Solutions

Partial differential equations (PDEs) arise naturally in scientific disciplines and
often form the foundation of scientific theories. A PDE involves more than one
independent variable, and the unknown function depends on these variables and
their partial derivatives. PDEs describe various physical, biological, and chemical
processes such as transport, wave mechanics, and enzymatic reactions. Each of

these corresponds to a specific type of process.

For instance, one of the most well-known phenomena in transport is diffusion.
The diffusion of particles depends on the concentration gradient, as described by
Fick’s First Law [94, 95]:

oc
J=-Do (1.33)
Here, J represents the diffusive particle flux, ¢ is the concentration (in three
spatial dimensions z, ¥, z), x denotes the spatial coordinate, and D is the diffusion
coefficient (or diffusivity). This formulation describes how the concentration of
particles evolves in space. When expressed in three dimensions, it is classified
as a linear partial differential equation; however, if ¢ depends only on a single

spatial variable, the equation reduces to an ordinary differential equation.
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In mathematics, elements that perform operations on functions are called op-
erators. For example, let us define an operator L, whose task is to take the

derivative:

This operator takes the derivative of a function with respect to . Applying

this operator to a function v yields:

ov

L = e—
v ox

Vg (1.35)

Another operator may perform a more complex operation. For example:

0 0

Then the operator acting on a function u gives:

Lu = u, + yu, (1.37)

Linear operators are special types of operators that satisfy two fundamental

properties: additivity and homogeneity (with respect to scalar multiplication) [96,
p. 2.

e Additivity: Applying the operator to the sum of two functions is equiva-
lent to applying the operator to each function separately and then adding
the results:

L(u+v)=Lu+ Lv (1.38)

e Homogeneity: Applying the operator to a scalar multiple of a function

allows the scalar to be factored out:
L(cu) = cLu (1.39)
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Let us illustrate these properties with an example. When examining Fick’s
First Law, we observe that the diffusive particle flux depends solely on the first
derivative of concentration. If we apply the above two properties to this relation-
ship, it becomes evident that the underlying differential equation possesses linear
characteristics. Here, we assume that the diffusion coefficient D is constant. If,
however, D is a function of space or concentration (as may be the case in biolog-
ical tissues or other heterogeneous systems), the system may become non-linear.

Linear equations can be either homogeneous or inhomogeneous:

o Lu=0 (Homogeneous linear equation)

e Lu=yg (Inhomogeneous linear equation, where g # 0)

A key advantage of homogeneous linear equations is that they obey the prin-
ciple of superposition, meaning that linear combinations of solutions are also

solutions.

Another important type of partial differential equations (PDEs) is their cou-
pled form. Let us consider a system that is closed, containing no particles initially.
When a certain number of particles is introduced into the box, they begin to dif-
fuse from regions of high concentration to regions of low concentration. This
represents a relatively simple case, and the concentration of particles at a given

position or time depends only on the concentration gradient.

oC; 9%C,
ot D 0x?

(Case 1) (1.40)

Now, by developing the system, we consider the same box filled with a liquid
containing ionic species, i.e., positively and negatively charged particles. These
charged particles can also be driven by an electric field. As a result, the change
in concentration over time will depend on both the diffusion of particles and their

electromigration. This relationship can be expressed mathematically as:

o7



. 20, F'D. )
oC; 0C; &b 0 ( 0 2) (Case 2) (1.41)

ot P TR 9 \Yar

Next, we introduce a boundary on one side of the system, composed of an elec-
trochemically active material. When an external potential is applied, this mate-
rial begins to transfer electrons, causing its net charge to change. In response to
this change, the material becomes either positively or negatively charged, thereby
attracting oppositely charged counter-ions from the solution. The mathematical

expression of such a system is given by:[89]

' 20 FD, ;
0C; 0°C; 2 FD; 0 ( 6(132) Si (Case 3) (1.42)

o ~ "o T RT ou\“or ) " nFY

In such a complex setup the evolution of the number of charged particles
depends not only on diffusion, but also on electromigration (movement under an
electric field), and electrochemical reactions occurring at the electrochemically
active interface. If we introduce yet another element, such as convective flow
(because we are working in a liquid environment), this flow will also influence the

spatial and temporal evolution of the concentration of charged species.

Another example is chemical reactions. Chemical reactions do not always
proceed in a single step; instead, they often consist of multiple sequential steps,
each characterized by a different rate constant and reaction order. Some of these
steps occur more slowly, while others proceed more rapidly. This distinction
determines the so-called rate-determining step. Consecutive reactions can be
described using coupled partial differential equations, as the concentrations of
the intermediate and product species are interdependent—each species is both

formed and consumed as part of the overall reaction mechanism.

Analytical or numerical methods can be used to solve PDEs. An analytical
solution is an exact mathematical expression obtained using methods such as
separation of variables or transform techniques (e.g., Laplace and Fourier) [96].

However, not all PDEs can be solved analytically. Equations that are nonlinear,
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involve complex geometries, or are defined over heterogeneous systems are typi-
cally solved approximately using numerical methods. Examples of such methods
include the finite difference method, finite element method, Newton—Raphson,

Thomas algorithm, and various other numerical algorithms [97].

1.10.1 A Numerical Solution Method of Coupled Par-
tial Differential Equations for Chemical Systems:

Newman Algorithm

In the solution methodology presented herein [90], a one-dimensional (1D) spatial
domain is considered. Let the z-axis represent the direction along which the
variable of interest varies. This domain is discretized into j intervals. The points
at 7 = 0 and j = jJmax correspond to the boundaries of the system and are defined
by appropriate boundary conditions. In order to obtain a complete numerical
solution, the values at these boundary nodes must be specified. For all interior
nodes, that is, nodes excluding the boundary points, the governing equations can

be expressed in the following general form:

3

Air(1)Cr(J — 1) + Bix(5)Cr(j) + Din(§)Cr(j + 1) = Gi(j) (1.43)
=1

The equation of the unknown variable is expressed from C to C),, indicating
that there are n coupled equations within the system. These equations are inter-
dependent, forming a coupled system. The index i denotes the equation number,
while Cj, represents the unknown variable. The terms A; (), Bix(j), and D; x(7)
correspond to the coefficients of the unknowns at the mesh points j — 1, j, and

J + 1, respectively [88].

The equation presented above is used to express linear coupled equations
through the finite difference method. The finite difference method is a numerical

technique commonly used for solving differential equations. Before discussing the
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linearization of the equation and the meaning of the coefficients, let us briefly

review the finite difference method.

The primary objective of the finite difference method is to approximate equa-
tions that are expressed in the form of partial differential equations (PDEs). Us-
ing this method, the approximated equations are transformed into an algebraic
system of equations, which can then be solved numerically using computational
tools instead of analytically. Since this method provides an approximate solution,

it is essential to assess and analyze the accuracy of the system [98].

To proceed with the method, let us consider a function that depends on x,
namely u(z). We assume that u(z) is continuous and differentiable. The deriva-
tive of the function, u/(z), evaluated at a point a, can be expressed as follows.

The forward difference approximation of the derivative at point a is given by:

u(a + h) —u(a)

Diu(a) = Y

(1.44)

Here, h is a small positive value. As h — 0, this expression approaches the

standard definition of the derivative based on the limit:

lim u(a+ h) —u(a)
h—0

=/(a) (1.45)

Geometrically, the value D u(a) represents the slope of the line that passes
through the points (a,u(a)) and (a + h,u(a + h)). In practice, the derivative can

be approximated using the forward-difference formula:

D.u(a) = 0 h; — U ) + O (1.46)

This approximation is valid for values of x > a, and its truncation error is of

order O(h), meaning the accuracy improves linearly as h decreases.
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For values x < a, the derivative can be approximated using the backward-

difference formula:

=u'(a) + O(h) (1.47)

The backward-difference method also has a truncation error of order O(h).
These two approximations are known, respectively, as the forward-difference and
backward-difference schemes [98], and are both classified as first-order accurate

methods.

An alternative approach is the central difference approximation, which is de-

fined as:

Dou(a) = Mot h)z‘h“(“ —h)_ L (Dou()+ Do) (149

This expression gives the slope of the line that passes through the points
(a — h,u(a — h)) and (a + h,u(a + h)). The central difference method is more
accurate than both the forward and backward methods. It is a second-order
accurate approximation, meaning that the associated error decreases more rapidly

as h — 0.

The error introduced by finite difference expressions is known as the truncation
error. Finite difference approximations of a function can be derived by expanding

the function using its Taylor series around the point a. [98]

The Taylor series expansion of u(x) about the point a evaluated at a + h and

a — h is given respectively by:
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h? h?
Eu"(a) — yu@)(a) + —u(a) — - (1.50)

u(a —h) =u(a) — hu'(a) +

Subtracting the two equations for the central difference method:

uw(la+ h) —ula —h) = 2h/(a) + 2?Su(a)(a) + - (1.51)

Dividing both sides of the last expression by 2h gives the central difference

approximation:

= (a) + =u(a) + - (1.52)

This shows that the truncation error of the central difference method is of
the order O(h?), as the leading error term is proportional to h?. Therefore, the

central difference is a second-order accurate approximation of the first derivative.

The expression above represents the first derivative of a function using the
finite-difference method. It is also possible to approximate the second derivative

of the same function using a similar approach.

The second-order central difference approximation for the second derivative of

a function u(z) at point @ is given by:

i(a) ~ u(a+ h) — 212(261) +u(a — h) (1.53)

This formula is derived by adding the Taylor series expansions of u(a+ h) and
u(a — h), and eliminating the first derivative terms.The truncation error of this
approximation is of order O(h?), making it a second-order accurate method for

estimating the second derivative.
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Let us now consider the expressions above in conjunction with the general
equation (Eq. (1.43)). It is evident that the point a corresponds to node j in the
mesh system, a — h corresponds to node j — 1, and a + h corresponds to node
j+ 1. Therefore, when expressing the first and second derivatives of an unknown
variable C} at node j, the following central finite difference approximations can
be used [88]:

o
ox

LG+ D) =G — 1)
2h

+ O(h?) (1.54)

J

9%C,,
0x?

GG ) —2G) + Gl — 1)
- &

+ O(h?) (1.55)

J

At the boundary point where j = 0, the term Cy(j — 1) cannot be evaluated
directly due to the lack of information beyond the physical domain. Therefore,
an alternative technique known as the tmage point method is employed at such
locations[99, p. 611].This method will be discussed in detail later. For now, let us
focus on how the equations are formulated at the interior node points, excluding

the boundaries.

We start with a general form of a linear system that involves the second deriva-
tive, first derivative, and the function itself for each unknown variable. Therefore,
each term in this expression can be represented individually using finite difference

approximations.

ai,k(‘f)d%(f) + bi,k(x>dC§;x) + di p(z)c () = gi(7) (1.56)

Starting from Eq. (1.56), we obtain its finite difference form, which corresponds
to the discretized system in Eq. (1.43). Each derivative term multiplied by the
coefficients a; (), b;x(z), and d;(z) can be expressed using central difference

approximations as follows:
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Cr(j +1) = 20,(j) + Ci(j — 1)

ik () o ~ a;p(z) - 3 (1.57)
bi k() dcz;x) ~ bip(x) - Gl + 1>2_hok(j -1 (1.58)
dix(x) - er(w) = dix(x) - Cr(5) (1.59)

Substituting these approximations into Equation Eq. (1.56), we obtain the

following discrete form:

Ci(j+1) = 2Ck(j) + C(j — 1)

ai k() - 2
+bik(7;) - S 1)2_h0k(j -
+dix(z;) - Cr(j) = gi(zy) (1.60)

In the next step, the coefficients corresponding to the unknowns ¢(j — 1), ¢(j),

and ¢(j + 1) are grouped and denoted by A, B, and D, respectively.

Cr(j) = c(z;) for all j (1.61)

The index j represents the position of a node on the discretized mesh and is
an integer counter. The corresponding spatial coordinate is given by z; = jh,
where h is the uniform grid spacing. The function c¢(x) represents the contin-
uous solution of the differential equation, whereas C(j) denotes its numerical

approximation at the discrete mesh point z;.

h
Az,k(]) = (ZZ'JC(ZEJ‘) — §b1,k($]) fOI' j =1 to NJ (162)
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Bii(j) = —2a;(z;) + B°d; i (z;) for j =1to NJ
| h |
D;x(j) = ain(x;) + Ebi,k(xj) for j =1to NJ

Gi(j) = h?gi(z;) for j=1to NJ

(1.63)

(1.64)

(1.65)

We have now obtained a general finite representation of the partial differential

equations by expressing them in finite difference form, resulting in the formulation

presented in Eq. (1.43).

In a mesh-based system, the unknown at each point can be expressed using

this general equation form. For instance, in a system where the starting index is

7 = 0, the equations corresponding to the points j = 1, 7 = 2, and j = 3 and

7 =4 are written as follows:

n

Z B; 1(0) Cr(0) + D; 1 (0) Cr(1) = G4(0)

k=1

n

> " Ai(1) Cr(0) + Bii(1) Cr(1) + Dys(1) Cr(2) = Gi(1)

Z Aik(3) Cr(2) + Bix(3) Ci(3) + Dix(3) Cr(4) = Gi(3)

k=1

n

> Aik(4) Cr(3) + Bix(4) Cr(4) = Gy(4)

k=1
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(1.67)

(1.68)

(1.69)
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At the initial point 7 = 0, the term containing A cannot be written, as the
value at j — 1 is not known. Similarly, at the final point j = j.x = 4, the term

containing D cannot be written, since the value at 7 + 1 is not available.

It is known that the resulting system of equations is linear. In the case of non-
linear systems, linearization is typically applied. While solving such a system
manually for three mesh points may be feasible, attempting the same approach
for 7 = 100 points is highly inefficient and impractical. Therefore, the system is
reformulated in a matrix-compatible form and solved by inverting the coefficient

matrix.

Accordingly, the matrix representation of the system can be expressed as:
A-C=G (1.71)

where A denotes the coefficient matrix, C is the vector of unknowns, and G
represents the known right-hand side vector.By taking the inverse of the matrix

A, the unknown vector C can be computed as:

C=A"'G (1.72)

Now, let us represent the system of equations defined at the mesh points

j=0,1,2,3,4 in matrix form.

(Bo) DO) o 0o o0 |[co] [co)]

A1) B(1) D1) 0 0 | |ca) G(1)

0 A@2) B2 D2 o ||c@]|=|c@2) (1.73)
0 0 A(3) B3) DB)| |cEB) G(3)

0 0 0 AW B@] [cw]| |G|

Before obtaining the solution by inverting the coefficient matrix, one final step
remains: defining the boundary conditions. The general equation we use for this

purpose will differ from Eq. (1.43).
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Zplk(x)% + e k(z) e, = fi(2) (1.74)
k=1

In general, three types of boundary conditions are commonly used: Dirichlet,

Neumann, and Robin conditions. In the Dirichlet condition, the boundary value is

fixed, for example C'(0) = ¢o. In the Neumann condition, the boundary is defined

by the first derivative and this derivative is constant, such as 4(0) = 0 [98].

Finally, the Robin condition is a mixed type, involving both the value and its

derivative [100].

The boundary condition used by Newman, as presented above, is also of the
Robin type, as it includes both the derivative and the value at the boundary.
However, in order to evaluate the derivative using the central difference method,
information from both the preceding and following mesh points is required. For
example, let j = 0 denote the left boundary and 7 = 4 the right boundary. To
enable the application of the central difference approximation at these bound-
aries, the points 7 = 1 and 5 = 3 are redefined as the new physical boundaries.
Accordingly, the original boundary points 7 = 0 and j = 4 are treated as image

points.

The next step is to express the boundary condition equation Eq. (1.74) in its
general form using the central difference approximation and to derive the specific
forms of the X and Y coefficients for the boundaries. After this step, the complete

matrix system can be constructed.

Using the central difference approximation given in Eq. (1.54), the first deriva-

tive term in the boundary condition can be discretized accurately.

szk(x)% + eir(r)er = fi(x) (1.75)
k=1

To use central difference approximations for the derivatives in Eq. (1.75), New-

man introduced the concept of an image point. That is, he let the points j = 0
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and j = NJ be image points and the physical boundaries be at j = 1 and
j=NJ -1

Then, for j =0, Eq. (1.75) becomes:

n

Z B;x(0)Cx(0) + D; x(0)Ci(1) + X; xCk(2) = Gi(0) (1.76)
B4(0) = ~ X = 220 (1.77)

D; x(0) = he;x(0) (1.78)

Gi(0) = h f;(0) (1.79)

and for j = NJ becomes:

i YikCr(NJ —2)+ Ay (NJ)COW(NJ — 1)+ Bix(NJ)Cp(NJ) = G;(NJ) (1.80)
k=1

ngk(iﬂ)
2

where Y, =—B;,(NJ)=—

Ai(NJ) = hep(z) (1.81)

Gi(NJ) =h fi(x)

After the above descriptions regarding the boundary conditions and interior

points, the finalized structure of the matrix is given as follows:
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1.10.1.1 Reaction-Diffusion Model for an Enzymatic system a Simple

Example

p — Nitrophenol (Product)

OH
o 0
QsN i

2

Diffusion -o‘“@ s
‘>—
oo™
Reaction O?
9

o IJﬂ s Parathion (Substrate)

Enzyme surface

X-axis

Figure 1.6: Illustration of the reaction-diffusion mechanism.

To understand the concepts summarized in the previous chapters, a simpler
example than cyclic voltammetry modeling can be considered.Figure 1.6 schemat-
ically illustrates the reaction—diffusion mechanism, where the substrate parathion
undergoes enzymatic reaction at the enzyme surface to form p-nitrophenol, fol-

lowed by diffusion away from the interface.

In this model, parathion,an organophosphate insecticide and acaricide,is en-
zymatically converted to p-nitrophenol, and this conversion is studied using

Michaelis—Menten kinetics.
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The enzymatic reaction can be expressed as:

E+S::1Es’“—2>E+P
1

E: Enzyme

S: Substrate (Parathion)

ES: Enzyme-substrate complex

P: Product (P-nitrophenol)

The overall chemical equation is:

Parathion + H,O OPH, p-Nitrophenol 4 Diethyl thiophosphate

e OPH: Organophosphorus hydrolase enzyme

Based on Michaelis—Menten kinetics (with the steady-state assumption), the

rate of product formation is given by:

d[P]

ax[5]

Vinas
Kn +15] (52

where:

K, = F1th (1.83)
k1

e [S]: Substrate concentration

e [ES]: Enzyme-substrate complex concentration
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e Viax = ko[ Er]: Maximum velocity of product formation due to the limited

enzyme amount

e [Er]: Total enzyme concentration

In this system, the enzyme is adsorbed onto the surface, and the substrate
diffuses toward the enzyme-covered surface. Upon collision, the enzyme—substrate

complex is formed, which then leads to the production of the final product.

Diffusion is defined by Fick’s second law[94]; it states that species move from
regions of high concentration to regions of low concentration. The mathematical

description of diffusion is given by:

oC (x,t) D82C(x, t)
o Ox?

(1.84)

Now, as time passes, the concentration of substrate depends on two factors:
first, the diffusion of the substrate, and second, the rate of the enzymatic reaction.

This behavior can be expressed mathematically as:

o0, PCy VinaxCs

f— D —_— 1.
9 922 K, +C. (1.85)
acp 82Cp VmaxCS
o Paz YK 1o (1.86)

Equations (1.85) and (1.86) describe a chemical process governed by enzymatic
activity. These two partial differential equations are coupled and must be solved

simultaneously using the Newman method.

Before moving on to the numerical solution, these equations will be non-
dimensionalized. Non-dimensionalization involves scaling all variables with ap-

propriate characteristic values to remove physical units from the equations. This

71



results in a unitless form of the model, making it more general and simplifying

the computational process.

The non-dimensional variables introduced are:

e t* : dimensionless time
e z* : dimensionless spatial coordinate

o (7 : dimensionless substrate concentration

e (; : dimensionless product concentration

t*L? . . .
t:D, Ci=C;Kn, C,=C)Kn, z=1zL

s

Substituting t*, C7, Cy, 2 into equations (1.85) and (1.86) gives:

DK\ 9C; DK\ 9°C; ViaxCiKom (1.87)
L2 o\ L* ) O0(*)? K,+CrK, '
oc: 0*C *
D,K,, » _ [ DpEn b VinaxC* K, (1.88)
L2 ) ot L2 ) 0(xz*)? K, +CrK,
So,
* 2 Yk L2 *
0C; _ PC;  (LVuax\ C; (1.89)
ot 0(x*)? DiK,, ) 1+C*
ocx  9*Cr L2 *
b 0 (L) G (1.90)
ot O(w*)? D,K,, ) 1+C*

Defining Thiele modulus:

72



Vmax Vrnax
=Dk, =M DK (191)
stim piim

Now simplified and non-dimensionalized forms of equations (1*) and (2*) are:

The dimensionless time-dependent governing equations are:

oc;  9°C;  ¢iCy
ot Ox*)2  1+C*
oC; _ >*Cy N $oCx
ot O(x*)? 1+C*

(1.92)

(1.93)

These two coupled partial differential equations can be solved either time-
dependently or time-independently. The time-independent solutions are referred

to as steady-state solutions.

Steady-state analysis involves removing the time dependence from a partial
differential equation (PDE) by assuming that the system has reached equilibrium,
or a constant state over time. As a result, steady-state solutions describe how

the concentrations vary in space, but not how they change over time.

oC?
2 = 1.94
ot* 0 (1.94)

Substituting this into Equation (1.92), we get:

0°Cy  #CE

2@ 1+t (1.95)
Multiplying both sides by (1 + C%):
* 620: *
(1+ 05)8(90*)2 — $2CF =0 (1.96)
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This is now a second-order nonlinear ordinary differential equation (ODE) in

space only.

Now the time-independent (steady-state) equations become:

02C*

(1+ O;‘)a(x*>2 — $*Cr =0 (1.97)
* 20; 2 1k
(1+ Cs)a(x*)z + ¢,C5 =0 (1.98)

In Chapter 1.3.2; the linearization of PDEs was explained. In parallel to that
approach, the following two nonlinear equations are linearized. The parameters

to be linearized are C7 and Cj:

C; — C;,Old + Acp (199)

Cr = CF q + AC, (1.100)

Here, AC), and AC; represent infinitesimal changes in C} and Cf, respectively.

Upon substitution into the steady-state equations, the system becomes:

* 82 * *

(1 + Cs,old + ACS) a(x*>2 (Cs,old + ACS) - ¢§(Cs,old + ACS) =0 (1101)
* 82 * *

(1 + C's,old + ACS) a(x*)z (Cp,old + ACP) + qbzz)(cs,old + AOS) =0 (1102)

Equation (1.101) becomes, after substitution and expansion:

PCloa  0*AC, . 02Ci o . 0PAC
: + s,old : + s,0ld
8(:17*)2 (9(:1:‘*)2 ) a(x*)Z ) 8(:17*)2

0°Cs, 92AC, ,
+ ACLW*’)};I 1 Acsm — Q2O g — PPAC, =0 (1.103)
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Nonlinear terms such as :

are neglected in the linearization process.

After expansion and grouping the unknown terms, equation (1.101) becomes:

(1+C%aa)

32AC’ 82 * " ) 820* .
S 8,0 - A — il 1 * $,0 _ 2 *
8(37*)2 + ( 8<$*)2 ¢5) OS (( + Cvs,old) (9(1:*)2 ¢scs,old>

(1.104)

Similarly, the linearized version of equation (1.102) is:

’ aQAC 620*0 . 620*0 .
(]' + s,old) a(x*);n + ( a(.;:);d + QS;) ACS = - ((1 + Cs,old)Wi’);d + ¢12) s,old)

(1.105)

The left-hand sides of equations (1.104) and (1.105) contain the unknowns
ACs and AC),, and will form the elements of the system matrix to be solved.
The right-hand sides consist of known quantities and will constitute the constant

(source) vector in the matrix formulation.

Before constructing the coefficient matrix, we must perform back substitution

in order to compute the updated values of C, and C,.

Using the definitions:

ACS - C;k - C;k,old (1106)
AOp - O; - ;,Old (1107)

and substituting back into the linearized equations, we obtain:
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* 82 C: 82 C1:,old 2 * 82 C(;k,old *

(1 + Os,old)a(x*)z + ( a(l‘*)2 - s) Os - W s,0ld (1108)
920" 820*0 . 820*0 )

(1+C a) a<$*§’2 + ( 5 (x’j;);d + ng,%) i = (x’:)lj C2 (1.100)

The general form of a linearized second-order PDE in Newman’s notation is:

820k 8Ck
5 (o + gy Hdce) =0 (1:110)
where:

e ay, by, and dj, are coefficient functions depending on space (and possibly

previous iteration values),
e ¢, are the unknowns (e.g., C7, Cy),

e ¢ is the known right-hand-side function.

Here, the coefficients of the linearized equations are organized in Newman’s

band matrix form:

a b d g

aQC;pId 2 820:’01(1 %
8(:1:*)2 Vs a<x*>2 s,0ld

c. (1+CZon)

C, 0 0 0 0

Table 1.1: Coefficient matrix structure for the non-dimensionalized linearized
form of equation (1.85) in Newman notation.

Now, the coefficient matrices namely sm,, smy, smg,, and sm, for the param-

eters (C7, Cr) can be constructed as:
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o%c*
C: 0 0 8(;:;;1 + ¢2

p

C: (1+C% ) 0 0

Table 1.2: Coefficient matrix structure for the non-dimensionalized and linearized
form of equation (1.86) in Newman notation.

(1+CF o) 0
sm, =
*
0 (1+C% )
0 0
s1my =
00
92C*
= g2 0
o(x*) s
smg —
o2cr
p,old 2
O(z*)? + ¢p 0
aQCV;k,()ld *
6(3;*)2 ' s,old
sm, =
820*,

p,old .

There only remains the construction of the boundary matrices. Boundary

condition 1 is applied at x* = 0, and boundary condition 2 is applied at z* = 1.
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At ¥ = 0;

At ¥ = 1:

* Cs,bulk *
Cr==3, =0

Newman’s general boundary condition form is given as:

0
Z (m% + ekck) = A
- i

Atz =0
oC:
Equation: 2 = p e f
ox*
C 10 0
C, 0 O

Equation: C; =0 | p e f

> 0 0 0
c: 0 1
10 0 0
smy, = ,  SIm, = , Smy =
0 0 0 1
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At z* =1

CS u
Equation: C7 = bulk p e f
K
Cs bulk
Cr o 1 —
s Km
C, 0 0

Equation: C; =0 | p e f

Cr 0 0 0
C; 0 1
Cs bulk
0 0 10 ——=
sm, = ,  Sm, = ,  Smy = Kom
0 0 0 1 0

These matrices are the sub-coefficient matrices calculated separately for each
spatial point in the two coupled equations. In other words, if the solution is to
be computed for 100 spatial points, then 100 individual matrices are generated

for each of sm,, sm;, smy, and sm,.

By incorporating these matrices into the numerical code, the system is itera-

tively solved to obtain the steady-state solution.

This simulation represents a steady-state, time-independent model. The x-axis
denotes the distance along the electrode, while the y-axis indicates concentration
(Figure 1.7). Starting with the substrate profile, we observe that for a certain
region, the substrate concentration remains constant at zero. This can be at-
tributed to the rapid formation of the [ES] complex. In the Michaelis-Menten
mechanism, it is generally accepted that the binding step is fast. Therefore,

there is no rate-limiting step at this stage, and the [ES] complex forms quickly.
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Concentration Profiles of Cs and Cp along the Electrode

—_Cs
12 { =—— Cp

10 4

Concentration of Cs and Cp

0.0 0.2 0.4 0.6 0.8 1.0
Distance from the Electrode

Figure 1.7: Concentration evolution of reactant and product across the electrode,
simulated using Python.

Similarly, product formation increases almost linearly up to a certain point and
then reaches a peak. The region where Cs drops sharply indicates the most ac-
tive reaction zone, where the substrate is rapidly converted into the product. At
the beginning of the electrode, Cp is zero, increases toward the middle, reaches
a maximum, and then declines. This suggests that the product is formed in
the region where the substrate becomes depleted. As we move away from the
electrode surface, the substrate concentration approaches the bulk concentration.
Substrate diffusion occurs from right to left, while product diffusion occurs from
left to right. The point at which Cp reaches its maximum corresponds to a re-
gion slightly beyond the main reaction zone, where the product accumulates. In
this region, all active enzyme sites are saturated, and the reaction reaches its

maximum rate.
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1.11 Modelling of Electrochemical Systems:
Nernst-Planck-Poisson and electroneutral-

ity approximation

In modeling electrochemical polymer systems, five fundamental state variables
are typically required: (i) the concentrations of counter-ions, Cy and C_, (ii) the
Faradaic charge accumulated within the conducting polymer phase at oxidizing
potentials, @, (iii) the solid-phase potential, ®;, and (iv) the electrolyte po-
tential, ®5. Since the system involves five unknowns, at least five independent

governing equations are needed[99].

The first two equations arise from the mobility of counter-ions. In p-doping
systems such as PEDOT, the polymer becomes conductive at positive potentials,
i.e., when electrons are withdrawn from the polymer backbone leaving behind
positively charged carriers (holes). To preserve charge neutrality under these
conditions, negatively charged ions from the electrolyte penetrate the polymer
phase. Conversely, when the potential is driven negative, these anions are ex-
pelled[101]. Thus, ion doping—dedoping operates in concert with electron trans-
fer, ensuring overall charge balance. In the absence of convection, the ionic fluxes
are described by the Nernst—Planck equations for mass transport, which together

with the principle of conservation of mass yield the governing equations for C',
and C_.

2z
= —D; + =C; 1.111
3= -0, (Ve + o) (L111)

where

e J, : flux of species i (mol-m~2-s71),
e D; : diffusion coefficient of species i (m?/s),

e () : concentration of species i (mol/m?),
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e 2; : charge number of species i (dimensionless),
e F: Faraday constant (96,485 C/mol),

e R : universal gas constant (8.314 J/mol-K),

e T : absolute temperature (K),

e ¢ : electrostatic potential (V),

V : spatial gradient operator.

oC;
ot

=-V-J,=DV- (vci + ﬁ(}iw) (1.112)

The third governing equation corresponds to (Qr and is obtained from elec-
trochemical kinetics, typically expressed through the Butler—Volmer formalism.
The fourth equation is related to the solid-phase potential ®,, which follows from
the balance between potential distribution, electronic conductivity, and the di-
vergence of the electronic current. This divergence equals the interfacial reaction
current density, thereby linking charge transport within the solid to the Faradaic

processes at the polymer electrolyte boundary.

The fifth and final governing equation must describe the charge distribution
in the electrolyte phase. Two approaches are possible: (i) the charge neutral-
ity approximation or (ii) the Poisson equation. The charge neutrality condition
assumes that the sum of ionic charges in the electrolyte is strictly zero, i.e., no
charge separation exists in the bulk. This condition is, in fact, a limiting form
of the Poisson equation [102].Starting from Gauss’s law, the charge density is
defined by the ionic species in the electrolyte, leading directly to the Poisson

equation:

Vi = e~ (1.113)
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F D 2Ci=0 (1.114)

€s€0 i

V2 +

where

e ¢ : electrostatic potential (V),

e V?: Laplacian operator (spatial second derivative),

e F : Faraday constant (96,485 C/mol),

e ¢, : relative permittivity (dielectric constant) of the solvent,
e ¢ : vacuum permittivity (8.854 x 10712 F/m),

e z; : charge number of ionic species i (dimensionless),

e C; : concentration of ionic species i (mol/m?).

2 V20+ > ziei =0 (1.115)

which couples the electrostatic potential to the spatial distribution of charge.
A dimensional analysis of the Poisson equation reveals that, in systems where
the Debye length (rp) approaches zero, the condition of local charge neutrality
emerges as a valid approximation. Since the Debye length in typical electrochem-
ical systems is on the nanometer scale, the electroneutrality assumption is often

well justified and widely adopted in modeling [102].

1.12 Structure of this Thesis

This thesis is structured into six main chapters, each addressing a different as-
pect of the investigation, from theoretical foundations to experimental validation,

modeling, and outlook.
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Chapter 1 provides the introduction and theoretical background. It begins
with a discussion of electron transfer in monolayer and multilayer films, followed
by a comparison of different charge storage mechanisms revealed through cyclic
voltammetry. The chapter further introduces conjugated polymers (CPs) and
their oligomers, emphasizing their proposed charge transfer mechanisms, elec-
trochromism, and the interplay between ion-coupled and ion-free transfer. The
dual charge-transfer nature of CPs is then detailed, highlighting both faradaic and
capacitive processes through diffusion layer theory and electrical double layer
concepts. Finally, the chapter introduces the modeling frameworks, including
coupled partial differential equations, the Nernst-Planck—Poisson approach, and
the electrochemically active polymer model equations, before concluding with a

summary of the thesis structure.

Chapter 2 describes the experimental work. It details the materials, electrode
preparation, and electro-polymerization procedures, as well as the electrochemical
techniques employed, including cyclic voltammetry, ultrafast CV, chronoamper-
ometry, chronopotentiometr. The chapter also presents the spectroelectrochem-
ical methods, such as operando UV—Vis spectroscopy and principal component
analysis (PCA), alongside the setup of the electrochemical /optical cell, data ac-

quisition strategies.

Chapter 3 presents the combined electrochemical and spectroelectrochemical
results. It discusses operando UV-Vis/CV measurements of PEDOT films of
varying thicknesses, sweep rate dependencies, b-value analyses, PCA of thin and
thick films, and the extraction of optical coefficients to understand the sweep rate

effect on charge transport and color change dynamics.

Chapter 4 is dedicated to the modeling aspects of electrochemical processes in
conducting polymers. It explains the setup and linearization, the construction of
coefficient matrices, and the numerical solution approaches applied to the model

equations.

Chapter 5 summarizes the main conclusions of the study, consolidating the

theoretical, experimental, and modeling insights into a coherent understanding
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of charge transfer in conjugated polymers.

Finally, Chapter 6 outlines perspectives for future work.
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Chapter 2

EXPERIMENTAL

2.1 Materials

The materials used in this study include 3,4-Ethylenedioxythiophene (EDOT,
Sigma-Aldrich), Tetrabutylammonium hexafluorophosphate (TBAHPFg, 98%,
powder, Sigma-Aldrich) as the supporting electrolyte, and Acetonitrile (Sigma-
Aldrich, 99.9%, analytical grade) as the solvent. Fluorine-doped tin oxide (FTO)
coated glass electrodes (Aldrich), graphite electrode, and silver wire (Alfa Aesar,

1.0 mm diameter, 99.9%) were used for electrochemical measurements.

2.2 Electrode Preparation and Electro-polymerization

2.2.1 Cleaning and Coating the electrode

The FTO coated glass electrodes are cleaned through ultrasonication in the fol-
lowing sequence: first, in de-ionized water, then alcohol, and finally in acetone,
with each step lasting for 10 minutes. After drying, they are coated with epoxy, as

illustrated below. Prior to electro-polymerization, the epoxy coating is allowed to
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cure for one day. The epoxy coating ensures that the PEDOT layer forms only in
the desired area and shape.Figure 2.1 shows the FTO glass electrode before and
after polymer coating, where the conductive circular area was defined by an epoxy

mask and subsequently covered with the polymer through electropolymerization.

a) b)
I : l
Epoxy coating «——

Defined area «—— @&, Polymer coating

FTO

Epoxy coating
o —

.:-i.s;.[x
™ Polymer coating

Figure 2.1: a) FTO glass electrode before polymer coating. The circular area was

created by coating the surface with epoxy, so that only the remaining circular area
is conductive, and electropolymerization will occur here. b) After electropolymer-

ization.

2.2.2 Electropolymerization

A 0.1 M Tetrabutylammonium hexafluorophosphate solution is prepared using
acetonitrile in a 25 mL volumetric flask. Then, a 25 mM solution of 3,4-
Ethylenedioxythiophene (EDOT), an electroactive conductive monomer, is pre-

pared. Molecular sieves are also added. Afterward, clean FTO glass electrodes,
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coated with epoxy, are placed in the monomer solution, ensuring that the conduc-
tive circular area remains in contact with the solution. The FTO glass electrode
is used as the working electrode, a graphite rod electrode serves as the counter
electrode, and a silver wire is placed as the reference electrode in the solution.
Chronopotentiometry is performed with a current of 5 mA, and the time is varied
at different lengths (e.g., 0.01, 0.1, 1, 10 s), to prepare electrodes with varying

coating thicknesses.

2.3 Electrochemical methods

In this study, the electrochemical methods used, from preparation to mea-
surements, are summarized and categorized under subheadings according to
their purpose. The methods employed include Chronopotentiometry, Spectro-
chronoamperometry, Spectro-Cyclic Voltammetry (CV) (0.1 V/s to 1 V/s),
Spectro-Ultrafast CV (1 V/s to 150,000 V/s), and finally, Electrochemical
Impedance Spectroscopy (EIS). Electrochemical experiments in the range of
0.1 V/s to 1 V/s were performed using a commercial potentiostat (Gamry In-
terface 1000E, Gamry Instruments). In situ UV-Vis measurements were carried
out with a Gamry UV-Vis fiber-optic spectrophotometer (Gamry Instruments)
ina12.5 x 12.5 x 45 mm quartz cuvette (ISO LAB, ES quartz). Ultrafast cyclic
voltammetry experiments were performed using a custom-designed potentiostat
developed in our laboratory. The details of the ultrafast cyclic voltammetry de-
sign, the circuit scheme, and the implementation of IR compensation have been

described in previous studies [103].

2.3.1 Chronopotentiometry

Chronopotentiometry, as the name suggests, is a time-dependent potential mea-
surement technique. In this measurement, a constant current is applied to the sys-
tem, and the potential response of the system is observed over time. Technically,

this method controls the current between the working and counter electrodes,
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while the potential between the working and reference electrodes is recorded. As
described in the introduction to control-current measurements, the theory behind
this technique is derived from diffusion control. While a constant current is ap-
plied to the electrode, electrochemical transformations continue at the electrode
surface until the system reaches a mass transport limitation. During this period,

the electrode potential changes continuously [82].

At time t = 0, when no current has yet been applied, the potential of the
electrode is constant. At ¢t > 0, for instance, when a 5 mA current is applied,
oxidation reaction begins, and the potential shifts to more positive values. Ini-
tially, the reaction proceeds rapidly as the electroactive species diffuses to the
electrode surface and is oxidized. As time progresses, the potential continues to
shift, but the rate of change becomes slower due to the concentration gradient at
the surface. The potential will eventually approach a steady-state value, where
it no longer changes significantly with time. This steady state indicates that the
diffusion of electroactive species to the electrode surface is balanced by the con-
sumption of those species during the electrochemical reaction. Figure 2.2 shows
the chronopotentiometric response, where the applied constant current leads to
a potential shift over time that approaches a steady-state value as diffusion and

consumption of electroactive species reach equilibrium.
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Chronopotentiometry during Electropolymerization
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Figure 2.2: Chronopotentiometric response showing the potential shift over time
as a constant current is applied, with the potential approaching a steady-state

value as diffusion and consumption of electroactive species reach equilibrium.

2.3.2 Spectro-Chronoamperometry

In spectrochronoamperometry, a constant potential is applied to the polymer in
the range of -0.4, -0.3, -0.2, -0.1, 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 V. The polymer
is held at each of these potentials for 10 seconds, and immediately afterward,
UV-VIS measurements are taken to monitor the response of the polymer at each

potential.
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Absorbance vs Wavelength for Different Potentials
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Figure 2.3: Spectrochronoamperometric measurement of polymer absorbance at
various applied potentials, used to select a signature wavelength for reconstructing

the forward cyclic voltammetry curve.

This data will then be used to select a signature wavelength for reconstructing
a forward cyclic voltammetry (CV) curve by analyzing the absorbance at that

specific wavelength.

2.3.3 Spectro Cyclic Voltammetry and Ultrafast Cyclic

Voltammetry Measurements

In its simplest form, our system’s spectroelectrochemistry experiments rely on
simultaneous cyclic voltammetry and UV-VIS measurements taken at different

scan rates.
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Spectro-electrochemistry Cyclic Voltammetry
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Figure 2.4: Representative simultaneous absorbance vs. wavelength data (left)

and corresponding cyclic voltammetry measurements (right).

2.3.3.1 Preparation of the Electrochemical/Optical Cell

A three-electrode system is used. As the electrolyte, 0.1 M Tetrabutylammonium
hexafluorophosphate solution is prepared, with acetonitrile as the solvent. The
PEDOT polymer-coated FTO electrode serves as the working electrode, while a
graphite rod acts as the counter electrode and a silver wire functions as the refer-
ence electrode. The system is set up in a quartz cuvette for optical measurements
(3.5 ml macro size). The electrodes are placed in the cuvette such that they do
not move. The cuvette is positioned in an optical holder with fiber optic cable

attachments on both sides. Figure 2.5b.
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a) b)

Working electrode Counter electrode

Reference electrode | |

Figure 2.5: Schematic representation of the three-electrode system setup for spec-
troelectrochemical measurements, with optical holder placement for UV-VIS mea-

surements.

2.3.3.2 Data Acquisition during Spectro-CV and Averaging the Spec-

tra

For SpectroCV measurements, the system is allowed to reach a steady state with
no applied voltage. After measuring the open circuit potential (OCP), the actual
measurements begin. The sweep rate for the measurement is determined, and the
OCP voltage is applied as the conditioning voltage to the system (Figure2.6al).
While the polymer is held at this conditioning voltage, spectroscopic measure-
ments are taken (Figure(2.5a2), which we refer to as the conditioning or before
cycling measurements. Following this, the voltage begins to change according
to the sweep rate, typically ranging from -0.4 V to +0.4 V.(Figure2.5b1). This
voltage range is chosen to minimize polymer degradation after multiple cycles
and to ensure optimum measurements. Other voltage ranges, such as -0.4 V to

+0.6 V, can also be used, with color change still observed.
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Figure 2.6: Schematic overview of the SpectroCV measurement process: (a) sys-
tem conditioning at the open circuit potential (OCP), (¢) conditioning or before
cycling spectroscopic measurements, (b) voltage sweep from -0.4 V to +0.4 V,

and (d) observed color change during the measurement.

During the voltage sweep, 1000 spectra are collected within 30 seconds, aver-
aged, and presented as one spectrum (Figure2.7). This process is repeated three
times, corresponding to three cycles of the polymer, lasting a total of 1 minute
and 30 seconds. Each cycling spectrum, containing the average of 1000 spectra,

is identical.

@ 1000 Spectra Collected in 30 Seconds b Average of 1000 Spectra
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Figure 2.7: Averaged spectrum obtained from 1000 spectra collected within 30

seconds (a) during the voltage sweep, repeated over three cycles of the polymer.
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2.4 Principal Component Analysis

As a result of data acquisition, we obtain one before cycling spectrum and one
during cycling spectrum (Figure 2.6). The spectrum labeled as the average of
1000 spectra represents the mean absorbance versus wavelength obtained during
cycling. Since analyzing the system’s response at varying scan rates is difficult
with this single spectrum, it is decomposed into its components, and the changes
of these components relative to the before cycling components are examined. The
first step in this process is to determine how many components are needed. Prin-
cipal Component Analysis (PCA) is employed for this purpose. For the analysis,
the basis set, before cycling, and during cycling absorbance data are compiled

into an excel file, where each column represents an absorbance measurement.

Original Normalized Data (~ 91nm)

Normalized Signal

©
=

o
o

550 600 650 700 750 800 850 900 950
Wavelength (nm)
Figure 2.8: Normalized absorbance spectra of the polymer film recorded between
550-950 nm. Each curve corresponds to a different time step during the potential

sweep, and all data are normalized for comparability.

In the second step, these values are normalized (Figure 2.8) by finding the
lowest absorbance value among all columns and subtracting it from every col-
umn, ensuring that all values become positive. In other words, all spectra are

normalized by subtracting the minimum value [104].

Then covariance matrix is calculated to determine the correlations between
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variables. The eigenvalues of the covariance matrix indicate the amount of in-
formation (variance) carried by each principal component (PC), while the eigen-
vectors define the directions of these components in the original data space (Fig-

ure 2.9).

Principal Components

Component Value

—41 — PC1
— PC2

550 600 650 700 750 800 850 900 950
Wavelength (nm)
Figure 2.9: Principal components (PC1, PC2, ...) extracted from the normal-
ized absorbance data. Each component corresponds to a direction of maximum

variance in the dataset.

The resulting scores (Xpca) represent the projection of the data in the prin-
cipal component space. The reconstruction error ( 2.10) is used to determine the
minimum number of PCs required to describe the data with sufficient accuracy

[104].
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Figure 2.10: Reconstruction error obtained by subtracting the original normalized
spectra from the data reconstructed using the selected principal components. The
small difference indicates that the chosen components are sufficient to represent
the dataset.

By providing a small dataset and performing Principal Component Analysis
(PCA), we observe that a three-dimensional vector space can be effectively rep-

resented by two vectors, since two of the original vectors are linearly dependent.

2.4.1 PCA on a small dataset (step by step)

Original Data (x, y, z)

Explained Variance Ratio Projection onto PC1-PC2
L]

0.2
0.11°®

0.0

PC2

-0.1

-0.3 °

PC1 PC2 PC3 -2 0 2
PC1

Figure 2.11: Mlustration of principal component analysis (PCA). (a) Original
dataset in three dimensions. (b) New orthogonal axes PC1 and PC2 indicating

the directions of maximum variance. (c) Data projected into the PC1-PC2 space.
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Given three variables with n = 4 measurements

r=1{1,2,3,4}, y={-2-4,-6,-8}, =z={0.2 009, 0.7, 1.5},

form the data matrix (rows = Measurements, columns = variables)

Centering is performed by subtracting the mean of each vector from its indi-

vidual variables, rather than subtracting the minimum value.

1 -2 02
2 —4 09 o
' p=—> Xi.= [2.5 -5
=1
3 —6 0.7
4 -8 15

Mean-center the data:

—-15 3 —-0.625
—-05 1 0.075
Xe=X—-—pu=
0.5 —1 —0.125
1.5 =3 0.675

Then comes the covariance matrix. The covariance matrix is a square ma-
trix that contains the covariances between pairs of variables in a dataset. Each

element of the matrix represents how two variables vary together[104]:
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cov(Xy, X7) cov(Xy, Xa) -+ cov(Xy, X,)

cov(Xa, X7) cov(Xy, X3) -+ cov(Xy, X,)

cov(X,, X1) cov(X,,X3) -+ cov(X,,X,)

where the covariance between variables X; and Xj is defined as " The covariance
between two variables X; and X is calculated as the expected value of the product

of their deviations from their respective means:

V(X X,) = s 3 (i — ) (a0 — 1) (2.2)

k=1

where:

e ;5 and x;; are the k-th observations of variables X; and X},
e 7; and Z; are the sample means of X; and Xj,

e N is the total number of measurements.

After computing the covariance matrix, an eigen-decomposition is performed,
where the columns of V' are the eigenvectors (principal component directions)
and A is a diagonal matrix containing the corresponding eigenvalues. The magni-
tude of each eigenvalue )\, indicates the variance of the data along its associated
eigenvector direction. A larger eigenvalue means that the corresponding principal

component explains a greater portion of the total variance in the dataset.

For the covariance matrix C":

C=VAVT
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where:

e V. Each column represents a principal component direction,
e A: Diagonal matrix containing the variances along these directions,

e Not: If )\ is the largest eigenvalue, the first component explains the most

variance.

Interpretation. Since y = —2x exactly, the (x,y) subspace is rank-1; the
second principal component captures the small independent variation in z (ry <
1), and the third component carries no variance (A3 &~ 0). Thus, two PCs suffice

for exact reconstruction in this example.

Our Data Interpretation. In our dataset, the variance is dominated by a
single principal component, while the second principal component accounts for
only a small independent contribution. The third component carries negligible
variance. Therefore, two principal components are sufficient to reconstruct the

dataset with high accuracy.
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Chapter 3

ELECTROCHEMISTRY AND
SPECTROELECTROCHEM-
ISTRY

In this chapter the experimental results will be examined in light of the well-
established theories discussed in the introduction. Since conducting polymers
facilitate electron transport through complex and interrelated mechanisms, their
analysis was carried out using UV-VIS spectroscopy in conjunction with simul-

taneous cyclic voltammetry and ultrafast cyclic voltammetry techniques.

3.1 Cyclic Voltammetry Analysis

The analysis will first focus solely on cyclic voltammetry, and following the
demonstration through experimental results that this technique alone is insuf-
ficient to fully capture the behavior of the system, the discussion will proceed

with the presentation and analysis of spectroscopic data.
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3.1.1 b-value Analysis

As discussed in the Limitations of b-Value Analysis section (1.3.4) in the intro-
duction, the broad shape of the polymer’s cyclic voltammograms complicates the
analysis of peak current versus sweep rate. Moreover, the cyclic voltammetry re-
sponse inherently includes contributions from both capacitive and redox currents,
each possessing distinct peak features; in contrast to an ideal capacitor with a
constant capacitance, the polymer exhibits a capacitance that increases with the
doping level. Due to the overlap between these two current components, the
resulting peak current reflects a convolution of diffusion-limited redox processes
and capacitive charging related to the polymer’s maximum capacitance. Conse-
quently, the derived b-value does not exclusively represent a single mechanism

but rather a combination of both.

(a) Cyclic Voltammogram at 1000 mV/s (b) Voltammograms  Sweep rate (1n010\{)s‘1)
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Figure 3.1: Cyclic voltammogram at 1000 mV /s (left) and voltammograms at
sweep rates ranging from 100 to 1000 mV /s (right). As expected, the current
increases with increasing sweep rate. It is difficult to identify a distinct peak
current, though a shoulder appears to be present around 0 V, likely embedded

within broader features.

As seen in Figure 3.1, it is difficult to select a distinct peak current for peak
value analysis, as the voltammogram lacks the well-defined peak that is typi-

cally observed in diffusion-controlled systems. A similar situation is observed in
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Figure 3.2, where the film is relatively thin; comparable thicknesses were deter-
mined using VKX measurements, with a calibration curve employed to obtain

the average height of the scanned film surface.
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Figure 3.2: Cyclic voltammogram of a 91 nm film at 1000 mVs™! (left) and

voltammograms of the same film at sweep rates ranging from 100 to 1000 mV s,

The key difference between Figures 3.2 and 3.1 is the film thickness, which
is explicitly varied as the main experimental parameter. For example, the film
in Figure 3.2 has a thickness of 91 nm, as determined by VKX profilometry.
Thickness values were obtained from a calibration curve relating the scanned

surface height to film thickness.

3.1.2 Current Normalization by the Square Root of Sweep
Rate and by Sweep Rate

As evident from the previously presented cyclic voltammograms, distinct peak
currents could not be identified. Therefore, instead of performing a b-value anal-
ysis, the entire current was normalized by both the square root of the sweep
rate and the sweep rate itself. This normalization allows for the evaluation of
the system’s behavior across the full potential window, revealing which potential

regions are dominated by diffusion-limited processes and which are governed by
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surface-controlled responses (Figure 3.3).

To better understand the concept of normalization, let us refer to the Cottrell

equation. If we express time in terms of sweep rate, we obtain:

_ nFAD'Y:C

i(t) =

(3.1)

e i(t): Time-dependent current (A)

e n: Number of electrons transferred (dimensionless)

F: Faraday constant, 96485 C - mol ™!

A: Electrode surface area (cm?)

e D: Diffusion coefficient (cm?/s)

C: Bulk concentration of the electroactive species (mol/cm?)

e ¢: Time (s)

1/2
t:E_EO = t1/2:<ﬂ)
(%

Substituting this into the Cottrell equation yields:

, nEFADY2C* v \Y?
i(E) = 7 s 5

By dividing both sides of the equation by the only variable in the system,
namely the sweep rate, we obtain a constant that contains the diffusion coefficient.
When this normalization is applied to all current values at each potential point
across all sweep rates, we observe that the currents tend to converge in certain
potential regions, approaching a limiting behavior. These regimes where the cur-
rent values converge define the diffusion-controlled potential domains. Similarly,

when the current is normalized directly by the sweep rate itself, only constants
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remain in Laviron’s equation. This characteristic trend is also observed in our

experimental data (Figure 3.3).
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Figure 3.3: Overlay of cyclic voltammetry data for various scan rates. (a)Raw
current response; (b)Current normalized by the square root of the sweep rate,
I//v; (¢) Current normalized by the sweep rate, I /v.

As shown in Figure 3.3.b, when the current is normalized by the square root
of the sweep rate, the responses at approximately —0.1 V and 0.2 V overlap for
increasing sweep rates. This observation indicates that the electrochemical pro-
cess occurring in this region is diffusion-limited. However, it would be inaccurate
to describe this potential region as governed purely by diffusion, since, as seen
in Figure 3.3.c, the current curves between —0.3 V and 0.0 V show a higher de-
gree of overlap. This suggests that both diffusion and surface redox processes
contribute to the current response in this region. Assuming that the capacitive
current responds linearly with increasing sweep rate, it is also likely that capaci-

tive contributions are present in this potential window.

During the reverse scan, although the behavior between 0.2 V and 0.4 V ap-
pears to be dominated by capacitive effects, the influence of diffusion becomes

noticeable again in the potential window between 0.2 V and -0.3 V.

Electrochemical impedance spectroscopy (EIS) and equivalent circuit model-
ing studies further support this interpretation [105]. When the capacitive and
Faradaic components of the current are deconvoluted, it has been reported that
a Faradaic current peak appears around 0.0 V (vs Ag/AgCl), while a capacitive
current peak is observed at approximately 0.1 V (vs Ag/AgCl) for polyaniline
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films. Both capacitive and Faradaic processes are active under applied poten-
tials; however, while the diffusion-limited Faradaic current dominates near 0.0 V
(vs Ag/AgCl), the capacitive current becomes more prominent beyond this point.

Similar trends can also be replicated using mathematical models.

As demonstrated by this analysis, for a researcher aiming to understand solely
the relationship between sweep rate and redox behavior of the polymer, the anal-
ysis is limited to a certain extent by the unpredictable and, as of yet, mathemat-
ically undeconvoluted capacitive current components of the polymer film. In the
following section, we will discuss how this analysis is expanded through the use

of UV-VIS spectroscopy.

3.2 Basis Set Analysis of PEDOT Films under
Slow Sweep Rates

At a scan rate of 2 mV/s, the UV-VIS spectra collected throughout the full
range of oxidation states of the polymer are referred to as the basis set. The
basis set is unique to each fabricated film; in other words, each film has its
own corresponding basis set data. All subsequent analyses are performed with
reference to the respective basis set of that specific film. Since the scan rate is
very slow, the polymer is probed at quasi-equilibrium during different oxidation
levels, allowing the collection of optical data corresponding to its instantaneous

redox states.

When this measurement is performed on polymer films of different thicknesses
(nanometer-scale for thin films versus micrometer-scale for thick films), two dis-
tinct differences are observed between the thin and thick films. Even when the
same potential window is applied during cyclic voltammetry, the change in ab-
sorbance (AA = Apax — Amin) at the boundary potentials is smaller for thin films
compared to thick films. In other words, thin films exhibit a lower absorbance

modulation between fully reduced and fully oxidized states than thick films under
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the same electrochemical conditions.

As shown in the Figure 3.4, the absorbance of the thin films varies between
approximately 0.1 and 0.5, whereas for the thick films, it ranges from about 0.5 to
2. This demonstrates that the optical modulation of the thick films is significantly

greater than that of the thin films under the same experimental conditions.

Overlay of UV-VIS Absorbance Spectra Collected at 2 mV/s over ~2 Cycles
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Figure 3.4: UV-VIS absorbance spectra collected at 2 mV/s for thin and thick
PEDOT films.

The second observed difference is related to stability. Under identical condi-
tions, thin films that were electrodeposited exhibited better color change stability
compared to thick films, even after a high number of cycles. Despite extended cy-
cling, the thin films maintained their optical contrast more effectively, suggesting
improved electrochemical durability relative to their thicker counterparts. This
highlights that both color contrast and electrochemical stability have an optimal
range for practical applications, indicating a trade-off between these two proper-

ties.

Since thicker films were obtained by applying the same current for a longer
duration, the prolonged potential application may have led to overoxidation [106],
thereby reducing the number of healthy cycles for the polymer. Under prolonged
oxidative conditions, irreversible structural degradations such as bond cleavage

and the formation of oxygenated functional groups occur, ultimately leading to
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the loss of conductivity, electrochromic contrast, and electrochemical reversibil-
ity [107].

Nevertheless, the potential window and data intervals used in this study were
carefully selected to ensure the preservation of the polymer’s stability throughout

the measurements.

3.3 Color contrast as a function of sweep rate

Since the main objective of this study is to understand the charge transfer mech-
anism as a function of increasing sweep rate, UV-VIS measurements were carried
out at various scan rates for the polymer films. Ten measurements ranging from
100 mV/s to 1000 mV /s were performed and overlaid for both thin and thick
films.

Preliminary observations indicate that as the sweep rate increases, the change
in absorbance between the conditioning potential and the average response
during cyclic voltammetry (Acy — Acona) gradually decreases. However, the rate
of this decrease becomes less significant at higher sweep rates. This distinction
is more pronounced and visually observable in thin films, making the sweep rate-

dependent behavior easier to interpret (Figure3.5).
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Absorbance During Conditioning and Cycling at Various Sweep Rates
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Figure 3.5: Overlay of absorbance spectra collected at different sweep rates
(100-1000 mV /s) for thin and thick polymer films. The difference in absorbance
between the conditioning potential and the average response during cyclic
voltammetry (Acy — Acona) decreases with increasing sweep rate, particularly
in thin films. Conditioning spectra are represented with dashed lines, while spec-

tra collected during cyclic voltammetry are shown with solid lines.

As observed in thin films, the difference in absorbance between conditioning
and cycling is most pronounced at 100 mV/s across the entire wavelength range.
This difference decreases with increasing sweep rate, and the rate of decrease itself
becomes less significant at higher sweep rates, indicating a nonlinear response.
In contrast, the trend observed in thick films is more complex. With increasing
sweep rate, a general upward shift in absorbance is evident, making it more
difficult to clearly define the relationship between absorbance change and sweep
rate, as was done for thin films. Furthermore, in both film types, the absorbance
values appear to approach a limiting value at higher sweep rates, suggesting the

presence of a saturation behavior in the optical response.

These results were also found to be consistent with those from other sam-
ples. The observation of absorbance shifts along the y-axis in thin films (see
Figure 3.6b) suggests that this behavior is influenced by factors beyond just film

thickness.
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Figure 3.6: Overlay absorbance spectra collected during conditioning and cycling

between 100 and 1000 mV /s for three relatively thin and three thick films
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Figure 3.7: Absorbance spectra of polymer films with different thicknesses ( 127
nm, 62 nm, and 56 nm) collected during initial conditioning (dashed lines) and
subsequent cyclic voltammetry (solid lines) at sweep rates ranging from 0.2 to
200,000 V/s. The color gradient (blue to red) represents the sweep rate, with

lower rates in blue and higher rates in red.

110



3.4 Principal Component Analysis of the Films

at Different Thickness

Original Normalized Data (~ 91nm)
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Figure 3.8: Principal Component Analysis (PCA) results for a 91 nm polymer

film. (a) Original normalized spectral data obtained from the dataset. Each curve

represents an individual spectral trace. (b) The first two principal components

(PC1 and PC2) derived from the PCA, capturing the dominant modes of variation

in the data. (c) Reconstruction error between the original data and the PCA-

based reconstruction using the first two components.

The low reconstruction

error indicates that most of the variance in the dataset is well-represented by

PC1 and PC2.
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All experimental data used for PCA analysis including the basis set conditioning

and the absorbance versus wavelength data collected during cycling were nor-

malized. First, the minimum value across the entire dataset was identified and

subtracted from all data points. As a result, all values became non-negative.

After this normalization process, the data were scaled naturally between 0 and

0.8, as shown in Figure 3.8a.
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Figure 3.9: Reconstruction errors for the 91 nm film using one, two, and three

principal components (PCs). The explained variance ratios for PC1 to PC5 are
95.47%, 4.30%, 0.10%, 0.054%, and 0.019%, respectively. Increasing the number

of components from one to two drastically reduces the reconstruction error, while

adding a third component results in only a marginal improvement.

Figure 3.8b presents the first two principal components obtained from PCA.
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The first principal component (PC1) explains the greatest amount of variance
in the dataset, while the second component (PC2) explains the second most.
The shapes of PC1 and PC2 must be distinct, as each represents an orthogonal
direction of variation. These components capture the dominant modes of change
in the dataset and serve as a compressed summary of the original data. When a
third principal component is introduced, The third principal component (PC3)
remains approximately constant at zero, indicating that it does not capture any
significant additional variance in the data and may reflect noise or redundancy.

(see Figure 3.9)

The proportion of variance explained by each principal component (PC) are
as follows: PC1 accounts for 99.15% of the total variance, PC2 explains 0.68%,
and PC3 contributes only 0.10%. The fourth and fifth components explain even
smaller amounts of variance, with 0.027% and 0.0067%, respectively. These re-
sults indicate that nearly all of the relevant information in the dataset is captured
by the first principal component alone, with minimal contributions from the sub-
sequent components. Including more than two or three components is therefore
unlikely to yield significant improvements in data reconstruction and may only

introduce noise or redundancy.

Finally, in Figure 3.8c, the original data are reconstructed using the selected
principal components, and the reconstruction error is visualized. If the number
of PCA components (PCs) is sufficient, this error remains small, suggesting that
PCA has successfully captured the majority of the data’s structure. Conversely,
a large error implies that additional components are needed to fully represent the
data.For the dataset corresponding to the 91 nm film, which ranges from 0 to
0.8 in normalized values, the reconstruction error was observed to range between
—0.06 and +0.03.

For thicker films (approximately 307 nm), after normalization of the dataset,
the maximum signal is observed to reach around 1.4. Similar to the thinner films,
this dataset can also be described using only two principal components. The
explained variance ratios are 95.5% for PC1, 4.3% for PC2, and less than 0.2%

for each of the remaining components. This confirms that PC1 and PC2 capture
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nearly all meaningful variation in the data. A noticeable parabolic increase in
the reconstruction error is observed around 700 nm, similar to the thinner film
case. This local increase in error may be attributed to abrupt spectral changes
or structural transitions and is also reflected in the fits. Further PCA analysis

results can be found in Appendix A.
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Figure 3.10: For the 307 nm film, two principal components explain over 99.8%
of the variance, with PC1 and PC2 accounting for 95.5% and 4.3%, respectively.
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3.5 Isosbestic Point

An isosbestic point is defined as the wavelength at which the absorption spectra of
two interconverting species intersect, such that the absorbance remains constant
despite changes in their relative concentrations. In earlier studies, isosbestic
points in conducting polymers have been reported, as shown by Garreau et al.
[108]. In the present work, in some films such as in Fig. 3.11, a single isosbestic
point is observed within the basis set data. In contrast, for relatively thicker films,
for example in Fig. 3.12, the isosbestic point shifts, resulting in the presence
of multiple isosbestic points within the same basis set. Such shifts, or even
the disappearance of isosbestic points in two-component systems, have also been
noted in previous studies[109], and a correction method was proposed. Beer’s
Law applies in dilute solutions, but in condensed-phase conducting polymers the
dielectric local field alters the absorbance, peak position, and bandwidth. This

leads to nonlinear spectral behavior and the loss of isosbestic points.

Basis Set Collected at 2mV/s

Isosbestic Point: 731.0 nm

1.6
1.4

Absorbance

0.2 T ; - T
500 600 700 800 900 1000

Wavelength (nm)

Figure 3.11: Basis set measurement of the 145 nm thick film, showing a clear
isosbestic point at 731 nm, which indicates a well-defined interconversion between

two dominant spectral states.

Figure 3.12 demonstrates that in the 307 nm film the isosbestic point shifts

with potential, revealing deviations from ideal two-state behavior.
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Figure 3.12: Basis set measurement of the 307 nm thick film. The isosbestic
point is observed to shift rather than remain fixed, indicating deviations from

ideal two-state behavior.

[sosbestic points are observed not only in the basis set data but also in the ini-
tial and average spectra obtained at different sweep rates. While the conditioning
spectrum under a constant potential represents the steady-state optical response
of the film, the onset of cycling, where the film starts to change color, gives rise to
spectral differences that likewise exhibit isosbestic points. This indicates that the
occurrence of isosbestic behavior is not restricted to the basis set representation
but is also present in the dynamic spectral evolution of the polymer during redox
cycling (Fig. 3.13).
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Figure 3.13: Absorbance spectra of the conducting polymer film obtained from
Initial (before cycling) and Average (during cycling) measurements at selected
sweep rates (100, 500, and 900 mV/s). The comparison highlights the position
and stability of the isosbestic point, illustrating how it evolves with increasing

scan rate.

3.6 Spectral Curve Fitting

The plots below show an example of the fit for a &~ 73nm film. The appropriate
coefficients are found by selecting two elements from the basis set, multiplying
them with their respective basis set curves, and summing them to obtain the

calculated curve.

The left plots show the fit for the measurements taken when a fixed potential
was applied to the polymer film, and the right plots show the fit for the measure-
ments taken during cycling. These fits are shown for sweep rates ranging from
100 to 1000 mV /s. In general, the fits align well across all wavelengths, although
there is a slight mismatch between the calculated and measured curves in the
range of 600-700 nm. This issue was observed in other film samples as well. PCA
analyses revealed that the reconstruction error for the reconstructed curve corre-
sponding to this wavelength range was higher, as seen in the error margins. This
suggests that the fit discrepancy in this range might be associated with higher

error during reconstruction.
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Table 3.1 summarizes the fitted coefficients (coeff! and coeff2) obtained from

the basis set analysis during the conditioning and cyclic voltammetry (CV) mea-

surements.
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Table 3.1: Fitted coefficients (coeff! and coeff2) obtained from basis set analysis
during Conditioning and subsequent C'V measurements at different sweep rates
(100-1000 mV/s). The alternating row colors highlight the difference between

conditioning and CV data at each sweep rate.

Measurement Coeff 1  Coeff 2
100 Conditioning 0.038 0.95
100 CV 0.54 0.46
200 Conditioning 0.19 0.79
200 CV 0.47 0.53
300 Conditioning 0.20 0.77
300 CV 0.37 0.62
400 Conditioning 0.20 0.76
400 CV 0.40 0.58
500 Conditioning 0.22 0.75
500 CV 0.37 0.62
600 Conditioning 0.21 0.76
600 CV 0.37 0.61
700 Conditioning 0.21 0.75
700 CV 0.38 0.60
800 Conditioning 0.21 0.75
800 CV 0.35 0.63
900 Conditioning 0.22 0.74
900 CV 0.35 0.63
1000 Conditioning 0.22 0.74
1000 CV 0.35 0.63

For the fitting of a thicker film sample (/=307 nm), refer to the details in the
Appendix B.
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3.7 Optical Charge Coefficients and Sweep Rate
Effect

The PCA analysis showed that two components from the basis set were sufficient
for fitting the optical data, a finding also observed in the basis set and cyclic
voltammetry spectroCV measurements (isosbestic point). The basis set vectors
represent the absorbance data, which were collected within the wavelength range
of 350-1100 nm during a potential sweep from —0.4 to 0.4 V. Dimensionality
reduction analysis revealed that the data can be explained by a single component
with an explanatory power exceeding 95%. In order for this mathematical result
to gain physical meaning, the basis set data were examined in greater detail.
Figure 3.14 (a, b, c) displays the absorbance evolution over time at selected
wavelengths for three different polymers with varying thicknesses.From left to

right, the film thickness increases, with approximate values of 56, 62, and 127 nm,

respectively.
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Figure 3.14: Absorbance of the basis set for films with thicknesses of 56 nm (a),
62 nm (b), and 127 nm (c), evaluated at the specific wavelengths of 600 nm and
900 nm, at a scan rate of 2 mV s~! within the potential window of —0.4 to +0.4 V.

Even though the wavelength differs, the absorbance vs. time data exhibit the
same overall trend. As the potential becomes more negative over time, the ab-
sorbance in the range of 600—700 nm increases, whereas the absorbance at 900 nm,
corresponding to the oxidized form, decreases. The corresponding basis set can

be found in Appendix Figure .17.
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At a scan rate of 2 mV/s, the potential is swept between —0.4 V and +0.4 V.
Within this potential window, the absorbance at wavelengths corresponding to
the more oxidized state of the polymer and those associated with the more reduced
state can be observed throughout the potential sweep. Such spectral evolution
can be monitored at very slow scan rates; however, as the scan rate increases, the
potential changes more rapidly, and consequently, the lifetime of each oxidation
state becomes shorter. Since it is not experimentally feasible to capture each
transient oxidation state at time scales on the order of 107°-107% s across the
350-1100 nm spectral range due to the limitations of available sensors and instru-
ments, we instead employ principal component analysis (PCA). In this approach,
the spectra are reconstructed by decomposing the dataset into the number of
components determined by PCA and recombining them with appropriate coeffi-
cients. This allows us to analyze how much each component contributes and how

these contributions evolve with respect to the initial state.

As an initial step to evaluate whether the obtained coefficients are meaningful
with respect to the applied potential, this analysis was performed on the basis
set elements. Each column corresponds to the average of 1000 spectra collected

over 30 s.

Figure 3.15, the spectra were reconstructed by multiplying the coefficients,
coefl and coef2, plotted on the y-axis, with the two components selected from
the same basis set. The variation of these coefficients as a function of time, in
correlation with the sweep potential, and their relationship with the absorbance
changes at specifically chosen wavelengths of the same film, are presented in the

figure on the same axis and scaled by the same factor.
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Absorbance vs Time at Selected Wavelengths
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Figure 3.15: Time and potential evolution of the fitted coefficients (coefl and
coef2) obtained from basis set fitting. The z-axis represents the measurement
time, which corresponds to the potential sweep during the experiment, while the
y-axis shows the coefficient values determined from the optimization. The film
thickness is approximately 127 nm, with a potential window of —0.4 to +0.4 V

and a sweep rate of 4 mVs~!.

The data were collected using a homemade potentiostat within the potential
window of —400 mV to +400 mV at a frequency of 0.0025 s~!, which corresponds
to a sweep rate of 4 mVs~'. Considering that the duration of one complete cycle
is 400 s, with 200 s allocated to either the forward or reverse scan, the observed
increase and decrease in absorbance over a full cycle (400 s) and the correspond-
ing trend followed by the coefficients confirm that the mathematically derived
coefficients are consistent with the absorbance evolution. This agreement estab-
lishes the correlation between the obtained coefficients, the absorbance response,

and the underlying chemical redox processes.
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Figure 3.16 shows data analysis obtained with the Gamry potentiostat within
the —400 to +600 mV potential window. The two samples have similar thick-

nesses; however, in this case, the sweep rate is 2 mVs™! and the experiment time

is longer.
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Figure 3.16: Time evolution of the fitted coefficients (coef1 and coef2) obtained
from basis set fitting. The x-axis represents the measurement time, while the
y-axis shows the coefficient values determined from the optimization. The film

thickness is 127 nm, with a potential window of —0.4 to +0.6 V and a sweep rate
of 2mVs™i,

The result of the PCA analysis, in which the first principal component accounts
for more than 95% of the variance, indicates that the majority of the variance
in the dataset lies along a single direction. If the explained variance had been
100%, all data points would fall on a straight line, implying complete linear
dependence. However, both the coefficient analysis applied to the basis set and

the absorbance evolution at 600 nm and 900 nm reveal clear nonlinear trends.
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In addition, although the overall trend is similar, the rate of absorbance increase

differs at different wavelengths.

As shown in Figures 3.15 and 3.16, the absorbance increase is not constant;
its derivative decreases as the signal approaches an upper limit. This slowdown
suggests that the polymer is nearing its maximum doping level, although con-
firmation would require examination over a wider potential window. While the
potential increment is fixed across all intervals, the corresponding absorbance re-
sponses vary, clearly indicating a limitation in the doping mechanism. At such
low sweep rates, there is sufficient time for ions to diffuse freely; however, the re-
duced availability or accessibility of doping sites appears to play a dominant role.
This interpretation is further supported by the longer time-scale experiment in
Figure 3.16, where the fitted coefficients (coef1 and coef2) obtained from basis
set analysis closely track the absorbance changes at 600 and 900 nm. The strong
correlation between absorbance evolution and coefficient dynamics highlights the

onset of saturation effects and the gradual depletion of accessible redox sites.

The nonlinearity of the absorbance response to equal potential increments
also explains the necessity of a second principal component in the PCA analysis.
This is further supported by the failure of single-component fits, which cannot

adequately capture the deviation from linearity in the experimental data.

The primary aim of this project was to obtain information about the Faradaic
reaction by utilizing absorbance data, thereby eliminating the contribution of
capacitive currents. In this regard, although using absorbance changes does
not yield a strictly linear relationship between potential and absorbance vari-
ation, it nevertheless provides complementary insight into the nature of oxida-
tion/reduction or doping/dedoping processes. For this reason, in the next stage of
the study, we will analyze the spectroscopic response measured at varying sweep

rates.

In the color contrast section, we clearly observed and demonstrated a sig-
nificant difference between the conditioning measurements and those acquired

during cycling. Initially, a constant potential was applied to the polymer in order
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to establish the same reference point for each measurement.

In theory, applying the same potential to the same polymer at different time
intervals should result in identical spectra. Here, we present an experimental
result that includes only the polymer spectra recorded during conditioning, prior

to applying different sweep rates.

Only Initial Absorbance Spectra Before Cycling
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Figure 3.17: Initial absorbance spectra as a function of wavelength. The spectra

are obtained before cycling and demonstrate the initial optical response of the

polymer film.

As shown in Fig. 3.17, the initial spectra nearly start from the same state;
however, with increasing sweep rate, they gradually shift upward, reaching a

maximum difference of approximately 0.05 absorbance units.

Let us now investigate how each fundamental component of the polymer
evolves when starting from the same reference state and applying the potential

at different sweep rates.
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Subtracted Optical Conversion Coefficients
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Figure 3.18: The variation of the optical charge coefficients with sweep rate for

a polymer film with an approximate thickness of 145 nm.

In the table below (Table 3.2), the calculated coefficients corresponding to the
conditioning spectra and the cyclic voltammetry spectra measured at sweep rates
ranging from 100 mV /s to 1000 mV /s are presented. The figure above (Fig. 3.18)
was obtained by subtracting the coefficients of the conditioning spectra from those

of the CV spectra.
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Table 3.2: Fitted coefficients (coeff! and coeff2) obtained from basis set analysis
during Conditioning and subsequent C'V measurements at different sweep rates
(100-1000 mV/s). The alternating row colors highlight the difference between

Conditioning and CV data at each sweep rate.

Measurement Coeff 1  Coeff 2
100 Conditioning 0.038 0.95
100 CV 0.54 0.46
200 Conditioning 0.19 0.79
200 CV 0.47 0.53
300 Conditioning 0.20 0.77
300 CV 0.37 0.62
400 Conditioning 0.20 0.76
400 CV 0.40 0.58
500 Conditioning 0.22 0.75
500 CV 0.37 0.62
600 Conditioning 0.21 0.76
600 CV 0.37 0.61
700 Conditioning 0.21 0.75
700 CV 0.38 0.60
800 Conditioning 0.21 0.75
800 CV 0.35 0.63
900 Conditioning 0.22 0.74
900 CV 0.35 0.63
1000 Conditioning 0.22 0.74
1000 CV 0.35 0.63

As previously discussed, the use of conditioning spectra ensures that the poly-
mer starts each measurement from the same reference point. This allows for a
direct evaluation of how the coefficients vary with the applied sweep rate (Ta-
ble 3.2). Interestingly, despite applying the same potential during the acquisition

of the initial conditioning spectra, an upward shift is observed in the baseline
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response. This systematic shift can also be confirmed by examining the initial

coefficient values listed in Table 3.2, which gradually increase with sweep rate.

On the other hand, in the figure below (Fig. 3.19), the plot generated solely

from the cycling coefficients without subtraction is presented.

Conditioning Coefficients Cycling Coefficients

—e— Coeffl —e— Coeffl
—=— Coeff2 —m— Coeff2

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Sweep Rate (V/s) Sweep Rate (V/s)

1.0

o o o
i o )

Coefficient Value

o
N

o
=

Figure 3.19: Comparison of fitted coefficients obtained from basis set analysis as
a function of sweep rate. (Left) During the conditioning stage, coeffl increases
while coeff2 decreases with increasing sweep rate. (Right) During the cycling

stage.

Let us now consider the physical meaning of these coefficients. As observed in
the basis set analysis, the coefficients can be regarded as representing concentra-
tion profiles of the electroactive species. At slow sweep rates, when evolved as a
function of either time or potential, the coefficients follow the progression of the
redox process and therefore reflect the dynamics of one or two complete cycles
within the experiment. In other words, the coefficients are not arbitrary fitting
parameters but rather carry direct information about the temporal and potential

dependent evolution of the polymer during the electrochemical process.

When considering the cycling regime, each data point representing a given
sweep rate actually corresponds to the average over multiple cycles. For instance,
at 100 mV /s the measurement associated with a single data point is obtained as
the average over three cycles. As the sweep rate increases, the cycles evolve more
rapidly, and therefore a larger number of cycles are incorporated within the same

measurement window. This distinction is important, since higher sweep rates
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not only shorten the duration of individual cycles but also effectively increase the

number of repeated redox events contributing to the averaged spectral response.

During cycling, an individual spectrum can be expressed as a linear combina-

tion of the basis vectors, such that

A(E,t) = coeff;(E,t)b; + coeffy(E,t) by,

where A(E,t) denotes the measured absorbance spectrum at a given potential
E (or time t), and by and by represent the characteristic basis spectra associated
with the coefficients, respectively. The coefficients coeff; and coeffs thus quantify
the relative weighting of these two processes during the electrochemical cycling,
effectively serving as concentration-like descriptors that evolve as a function of

sweep rate and potential.

If we focus on the difference between the initial cycling coefficients, this essen-
tially reflects how much the absorbance of the polymer, starting from the same
oxidation state, changes on average during cycling in terms of the components as-
sociated with reduction and oxidation. Since each subsequent sweep rate is faster
than the previous one, the most evident parameter that changes is the time avail-
able for ion diffusion. Therefore, the observed variations in the coefficients can
be directly linked to the extent to which the ionic motion is kinetically limited

by the timescale imposed by the sweep rate.

For instance, at a sweep rate of 0.2 V/s the duration of one cycle reaches
approximately 8.0 s. Considering a polymer film with a thickness of 100 nm
and assuming a counter-ion diffusion coefficient on the order of 107° ¢cm?/s, the
corresponding diffusion time can be estimated as 107 s. For a thicker film of
500 nm, this value increases to 2.5 x 10~ s, while for a 1 pm film it reaches 1072 s
at the same diffusion coefficient. Compared to the 8 s cycle time, these diffusion
times are sufficiently short to ensure complete ion penetration into the polymer

during each cycle.

131



In contrast, if the diffusion coefficient is decreased to 107 ¢cm?/s for films
of identical thickness, the estimated diffusion times become significantly longer:
0.1 ms for a 100 nm film, 0.25 s for a 500 nm film, and up to 100 s for a 1 pm
thick film. These results highlight the strong dependence of ion transport kinetics
on both the diffusion coefficient and the film thickness, and illustrate how, at
sufficiently low diffusion coefficients, ion penetration can become severely rate-

limiting.

In the examples between 0.1 V/s and 1.0 V/s, the durations of a single cycle

corresponding to increasing sweep rates are summarized in Table 3.4.

Table 3.3: Estimated diffusion times (7 = L?/D) for counter-ion penetration in
conducting polymer films of different thicknesses (L) and diffusion coefficients
(D). At a sweep rate of 0.2 V/s (cycle period ~ 8 s), diffusion is sufficiently
fast for D = 107° cm?/s across all thicknesses, whereas for D = 107! ¢cm?/s ion

transport can become severely rate-limiting.

Film thickness L D =10 cm?/s D =107 cm?/s  Unit

100 nm 1.0 x 107° 1.0 x 107* s
500 nm 2.5 x 1074 2.5 x 1071 s
1 pm 1.0 x 1073 1.0 x 102 s
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Table 3.4: Sweep rate, corresponding cycle period and frequency values (2 signif-

icant figures).

Sweep Rate (V/s)  Period per cycle (s) Frequency (Hz)

0.10 16 0.063
0.20 8.0 0.13
0.30 5.3 0.19
0.40 4.0 0.25
0.50 3.2 0.31
0.60 2.7 0.37
0.70 2.3 0.44
0.80 2.0 0.50
0.90 1.8 0.56
1.00 1.6 0.63

Even at a sweep rate of 1.0 V/s, the duration of a single cycle is still about
1.6 s, which is sufficient for the ions to respond within this timescale for film

thicknesses on the nanometer scale. This is summarized in Table 3.3.
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Optical Charge vs Sweep Rate (top) and Derivative (bottom)
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Figure 3.20: The variation of the optical charge coefficients with sweep rate,
explaining the change in absorbance across the entire spectrum for polymer films

with approximate thicknesses of 56, 73, 91, and 163 nm.

In Figure 3.20, the optical charge response of polymer films with thicknesses of
56, 73, 91, and 163 nm is shown for sweep rates between 0.1 V/s and 1.0 V/s. We
refer to this quantity as the “optical charge” since it is obtained by taking the dif-
ference between the initial and final states, thereby reflecting an effective average
of the redox conversion. A critical point here is to ensure that all measurements
start from the same state. In the data presented in Figure 3.20, small varia-
tions in the initial coefficients were observed (e.g., 0.40, 0.41, 0.39, etc.). Despite
these fluctuations, a stable trend of the difference coefficients at slow sweep rates
was clearly observed. Only the positive coefficients are presented here; however,
we note that the coefficients of the complementary component exhibit the same

magnitude but with a negative sign.
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Table 3.5: Selected sweep rate, cycle period, and frequency values (2 significant
figures).

Sweep Rate (V/s)  Period per cycle (s) Frequency (Hz)

1.0x10* 1.5x10~* 6.5%10%
2.8x10* 5.8x107° 1.7x10*
7.5%10* 2.2x107° 4.7x10*
2.0x10° 8.0x1076 1.3x10°

We consider the trend observed at slow sweep rates to represent only the visible
part of the iceberg. If the aim is to shed light on the ion transfer limitations in
the polymer and their interplay with electron transfer under these conditions, it

is essential to reach much higher sweep rates.

For instance, Table 3.5 summarizes the sweep rates and corresponding cycle

durations that could be achieved using the homemade potentiostat.

For films with a thickness of 100 nm or below, and considering diffusion co-

1 a timescale of 107 to 107 s is

efficients in the range of 107° to 107° cm?s~
generally regarded as sufficient for ionic diffusion (although within the polymer
matrix the effective coefficients may be lower due to the restricted ion motion).
However, measurements performed with the fast homemade potentiostat at sweep
rates between 1.0 x 10 and 2.0 x 10° V/s suggest that even in such thin films

the process may already be limited by ion diffusion.
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Effect of Film Thickness on Transition Sweep Rates
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Figure 3.21: Effect of film thickness on the transition sweep rates. Optical charge

is plotted as a function of sweep rate for films with thicknesses of approximately

58 nm (blue) and 65 nm (red).

In a diffusion-limited process, the optical charge is expected to reach a steady-
state response as the sweep rate increases. As shown in Fig. 3.21, a similar
behavior is observed here, where the coefficients converge at higher sweep rates,

reflecting the transition to a non-diffusion-limited regime.

If the motion of ions penetrating into the polymer is hindered, this would imply
that the oxidized polymer cannot be fully compensated by its counter-ions under
charge neutrality conditions. In such a situation, if the polymer is still capable
of undergoing a certain degree of color change, this indicates that (1) electrons
can switch states even in the absence of sufficient ions, or (2) electron transfer

can proceed independently of complete ionic compensation.

As a counter-argument, the observed decrease in the extent of color change
could also be attributed to gradual degradation of the polymer, leading to a
reduced ability to switch colors over time. To confirm or exclude this pos-
sibility, surface chemical spectroscopic techniques (XPS, ATR-IR) and micro-

scopic/structural characterization methods (IR microscopy, SEM) of the used
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or aged films may be required. In addition, for stability control, cyclic voltam-
metry and spectroscopic measurements of the same samples were repeated and

compared.

While the first and second measurements were found to be in excellent agree-
ment, after approximately five hours the effect of polymer degradation became
evident. This is clearly reflected in the third measurement, where the coefficients
decrease, indicating a diminished ability of the polymer to undergo reversible
color switching. Furthermore, the color-switching capacity of the polymer was
evaluated at very slow sweep rates both before and after the fast scans, and it

was observed that the polymer retained its color-changing ability.

As shown in Fig. 3.22, consecutive measurements at fast sweep rates on poly-
mer films of different thicknesses demonstrate the reproducibility of the extracted
coefficients and confirm that the optical response is preserved during repeated cy-

cling.
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Figure 3.22: Consecutive measurements of the same polymer film at fast sweep
rates. Both panels show the evolution of the extracted coefficients (Coeffl and
Coeff2) as a function of sweep rate The left panel corresponds to a ~ 62 nm
film, while the right panel corresponds to a ~ 52 nm film. In each case, the
first (red symbols) and second (blue symbols) measurements demonstrate the

reproducibility of the optical response during consecutive cycling.
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In conclusion, the subtracted coefficients were observed to level off at increas-
ing sweep rates. To verify that this saturation and the decreasing trend of the
coefficients were not caused by polymer degradation, consecutive measurements
were carried out. These experiments confirmed that no significant degradation
occurred during the first and second measurements, with minor signs of degra-
dation only appearing in the third measurement after approximately five hours.
Therefore, the limiting behavior of the coefficients is interpreted as a transition
into a regime where ion diffusion becomes restricted, rather than as a consequence

of polymer degradation.

As a final step, only the coefficients obtained during cyclic voltammetry will
be examined in the following section. The focus will be on clarifying the physical

meaning of these coefficients when they are not subtracted from a reference value.

Figure 3.19 presented the CV coefficients in the range of 0.1-1 V/s. Below,
we observe the variation of the weighted contributions of the components as
a function of sweep rate for polymer films of three different thicknesses. In the
subsequent figure (Fig. 3.23), the basis spectra corresponding to these components
are shown, i.e., the elements selected from the basis set that were used to generate

the data.
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Figure 3.23: Basis set spectra corresponding to the components used in the
analysis of cyclic voltammetry data.These spectra represent the characteristic
absorbance features selected as basis elements, which were linearly combined

through their coefficients to reconstruct the measured optical response.
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Figure 3.24: Weighted contributions of Component 1 and Component 2 as a func-
tion of sweep rate. (a) Film of ~91 nm thickness; (b) Film of ~127 nm thickness.
These contributions were obtained from basis set fitting and represent the relative
optical weight of reduced and oxidized states across sweep rates ranging from 100
to 1000 mV/s.

When Figures 3.24 and 3.25 are examined in parallel, it is evident that the
coefficient corresponding to the more reduced component exhibits an increasing
trend with increasing sweep rates. In contrast, the coefficient representing the
more oxidized state of the polymer shows a decreasing trend in both examples.
This behavior was not only observed in the cases presented here, but was con-
sistently found in other measurements as well. Let us now focus on the physical

meaning of this observation. Returning once again to the following equation,

A(E,t) = coeff;(E,t)by + coeffy(E,t) by,

At a given applied potential £ and at time ¢, the absorbance spectrum can
be expressed as the contribution of its individual components. However, here ¢
corresponds to an average time. Considering, for instance, that a single cycle
lasts on the order of 107 s, a 30 s measurement corresponds to approximately
30,000 cycles between —0.4 V and +0.4 V. At higher sweep rates this number
increases even further. Thus, the extracted component represents the average

response over all ~30,000 cycles.
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It is observed that the contribution of the more oxidized component decreases
with increasing sweep rate. This indicates that oxidation of the polymer becomes
more difficult at higher sweep rates, while the polymer spends more time in its
reduced state. This directly demonstrates that the kinetics of oxidation and

reduction in the polymer are not symmetric.

In conducting polymer films, the redox mechanism couples electron transfer
along the polymer backbone with anion motion from the electrolyte. During
oxidation, electrons are removed and ions are inserted (doping), while during
reduction electrons are gained and anions leave (dedoping), enabling reversible

changes in conductivity and optical properties.

oxidation _ . o . . .
Polymer —=—= Polymer" + e~ (with ion insertion/extraction)
reduction

Therefore, the decrease of the coefficient representing the oxidized contribution
with increasing sweep rate indicates that the doping process, i.e., the insertion
of ions, becomes limited. At slow scan rates, the polymer film has sufficient time
to undergo doping, and thus the contribution of the oxidized state is high in
fact, even larger than that of the reduced state. In contrast, as the sweep rate
increases, this value decreases from about 0.6 to 0.4. Although the decrease is
nonlinear, it tends to level off at higher sweep rates. On the other hand, since
the polymer cannot be fully doped, the time spent in the reduced state, and
consequently its contribution, increases. These two changes are complementary,

and the rate of change is found to be nearly identical for the same sweep rate.

This observation further supports our assumption of the “optical charge,” since
the doping process is limited by the incomplete diffusion of ions, approaching a

saturation limit that constrains the redox conversion.
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Figure 3.25: Contribution ratios of two spectral components as a function of scan
rate for polymer films with thicknesses of approximately 56 nm and 127 nm.
The semilogarithmic representation highlights the variation of Component 1 and

Component 2 with increasing scan rates in the range of 0.2-200,000 Vs~

In the case of slow scans (0.1-1 Vs™!, Fig. 3.24), approximately ten data points
were analyzed, providing a detailed view of the contribution changes within a
narrow scan rate window. In contrast, for fast scans (0.2-200,000 Vs™!, see
Fig. 3.25), fifteen data points were collected, covering a much broader range of
sweep rates. Within this extended regime, the same general trends were observed;
however, due to the much higher sweep rates, the contribution of the oxidized
component decreases far more significantly. Whereas in the slow scan regime
the oxidized contribution stabilizes around a minimum of ~0.35, in the fast scan
regime it can drop as low as 0.1. This behavior highlights the parallelism between
the physical processes occurring in the system and the mathematical coefficients

extracted from the spectral deconvolution, further supporting the consistency of
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the model.
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Chapter 4

MODELING

In the Results and Discussion section, electrochemical analyses were first pre-
sented, which revealed that the capacitive nature of the conducting polymer ob-
scures the underlying Faradaic response. As a result, it becomes impossible to
isolate and analyze the current originating solely from the redox processes. In
earlier studies, attempts were made to deconvolute the Faradaic current from the
double-layer charging contribution in potential sweep voltammetry measurements
by applying Iterative Target Transformation Factor Analysis (ITTFA) [110]. In
another approach, which is also followed in this thesis, the cyclic voltammetry
response of a one-dimensional ion-coupled polymer system was modeled by em-
ploying the fundamental transport equations (Nernst—Planck—Poisson) under the

assumption of charge neutrality.

4.1 Setup

In this section, the mathematical and numerical framework employed to simulate
ion and charge transport in the conducting polymer electrode is introduced. The
system is represented by five coupled variables: the concentrations of positive

and negative ions in the electrolyte (¢, ¢7), the Faradaic charge stored in the
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polymer (Qr), and the electrostatic potentials in the solid polymer (®;) and
the electrolyte solution (®5). The spatial domain is one-dimensional, extending
across the polymer electrode and the adjacent electrolyte diffusion layer with a
total length L = 1 cm. The electrode porosity is explicitly included through the

parameter e,,.

Governing Parameters and Constants

The transport and reaction processes are governed by ionic charges (2t = +1,
2z~ = —1), Faraday’s constant (F = 96485 C mol™'), the gas constant (R =
8.314 J mol™" K1), and the temperature (7' = 298.15 K). Effective transport
coefficients are determined by correcting the bulk diffusion coefficients (DT =
1.03 x 107 em? s7, D™ = 1.81 x 107 ¢cm? s™') with the MacMullin number

(Nuep = 10%) to account for the porous structure of the polymer.

The polymer film can exchange charge between oxidized and reduced states,
with a maximum volumetric charge storage of Qpmax = 344.65 C cm™>. The
open-circuit potential is taken as Focp = 0.5 V, and electron transfer kinetics are

parameterized by the anodic and cathodic transfer coefficients (a, = a, = 0.5).

Domain Discretization and Initial Conditions

The one-dimensional electrode—electrolyte system is discretized into N; grid

points. The initial state vector is assigned as

cH(z,0)=¢p, ¢ (2,0)=cpp Qr(2,0) = Qprmin, P@1(2,0) = Eapp,  Pa2(z,0)

. . . . + . p— .
with bulk ionic concentrations ¢ , = ¢ ;. = 0.1 M.
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Boundary and Interface Conditions

At the polymer/current collector boundary (x = 0), flux continuity and potential
constraints are applied, including the prescribed applied potential E,p,. At the
electrolyte bulk boundary (z = L), the ionic concentrations are fixed at their bulk
values, the solution potential is set to the reference E..f, and the polymer charge
is taken to vanish (Qr = 0). At the polymer—electrolyte interface (v = zgput),
special coupling conditions are enforced to guarantee continuity of fluxes and

potentials across the heterogeneous domains.

Numerical Implementation

Spatial derivatives are approximated using second-order central finite differences
with adaptive tolerance for grid resolution. The coupled algebraic system arising
from discretization is assembled into block matrices (4, B, D, G, X, Y), which
are combined into a banded structure. The resulting sparse linear system is solved
iteratively using SciPy’s sparse solver until convergence is achieved within a tol-
erance of 1071%. At each iteration, the solution vector is updated and convergence

is assessed based on the maximum absolute error between successive iterations.

This numerical setup enables the self-consistent calculation of ion concentra-
tion profiles, charge accumulation in the polymer, and potential distributions

across the electrode/electrolyte system.

4.1.1 Linearization

Each governing equation in the polymer region, the polymer—electrolyte inter-
phase, the bulk electrolyte, and the boundary conditions is inherently nonlinear,
since the dependent variables (¢*, ¢7, Qp, ®1, and ®5) appear in coupled expo-
nential and multiplicative forms. In order to solve the system numerically, these

nonlinear equations must be linearized, that is, approximated by a set of linear
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algebraic equations around the current iteration point.

In practice, this involves expanding the nonlinear terms into a first-order Taylor

series around the present estimate of the solution vector.

The process of linearization therefore provides a systematic way to incremen-
tally update the solution by repeatedly solving a linearized problem until conver-

gence to the nonlinear solution is achieved.

Polymer electrode region

Variables Governing equations

C % = Z+F% (U+,pc+%) + (% (D-hpaa%) - ;—;CLJ
Qs % = aj

P, aj = % (01,%)

Where:

. . c_ o, F o F
aj = aio et {(1 —0) (c f) exp ( RT??> — Bexp €XP (_ RTU)}
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a = ai {(QF,MAX - QF) ( Cc— ) exp (OéaFU) o ( Qr > exp <_04an)}
! et QrMax C_ REF RT Qrnvax RT

Variable Description Unit

Concentration of cations in polymer/electrolyte

c
* phase
Concentration of anions in polymer /electrolyte
c_
phase
& Potential in the electronically conducting poly-
' mer (solid) phase
Py Potential in the electrolyte phase
0 Faradaic charge stored in the polymer per unit

volume
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Parameter Description Unit

a Specific surface area of the polymer electrode

Exchange current density at reference concen-

"0 et tration

Qmax Maximum charge capacity of the polymer
C— Ref Reference anion concentration

Qg Anodic charge transfer coefficient

Qe Cathodic charge transfer coefficient

F Faraday constant

R Universal gas constant

T Absolute temperature

n Overpotential: n = & — $y — Eq

€p Porosity of the polymer film

The governing equation for the concentration of cations ¢, in the polymer

phase can be split into four components to simplify the calculations. :

Time-dependent accumulation of c; This term represents the rate of change

of cation concentration in time within the porous polymer phase:
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I(epcy)

- (4.1)

The second term accounts for the movement of cations due to the electric field:

0 od
Z_,_F% <u+,pc+a—;) (4.2)

This is the electromigration term where uy , is the ionic mobility.

The third term describes diffusion due to concentration gradients:

0 8C+
e <D+,p%> (4.3)

Where D, is the effective diffusion coefficient of the cation in the polymer.

The final term due to the electrochemical reaction:
Sy .
- 4.4
4 (4.4)

The full equation governs the time evolution of cation concentration under the

influence of electromigration, diffusion, and electrochemical reaction.

8(5p0+> . 0 8¢2 0 8C+ S+aj
—aor g\ )t \ Py ) e Y

The next step is to linearize the divided parts of the equations. We will start
with the first part:

epCh) A0 50 gCY (4.6)
o At At At '

Next comes the second part, which corresponds to electromigration:
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o [ 06
g (€52 (17)

(4.8)

Where,
Dy,

U+7p = RT = Z+FU+7P =

Defining: C, =C% +AC; and ¢y = ¢ + A, . Inserting these into
Equation (4.7) gives the following:

0 0302)] 4

a 4
Uy {<C+ TAGH) <a7 T o

¢y 0N,
P P
Qip {C B +CL

oz

99,

P
2+ AC,

+AC, =2

8A¢2}

> (4.10)

oCh ody L Pdh  OCY OApy
“ {&E Ox Cx Ox? * or Oz
D*Agy  OAC, Ogh
Ox? Jr Ox
0? Ay
O0x?

0*¢}

5 (4.11)

+cr

+AC,

+ac,

(Neglected) w

aCr 02 Lo O*¢h acz'; OAgs
Joxr Ox t o2 or Ox
PNgpy  OAC, O LA 8%3}

(4.12)

P 'z
+C4 0x? or Ox Cs 0x?

We define the perturbed components of potential and concentration as differ-

ences from their previous values.

Ady=¢o— ¢t and AC, =C, —C? (4.13)
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By substituting the difference expressions into the equation (4.12), we proceed

with back-substitution to obtain the coefficients of the variables themselves.

4
Oor Ox +Ci 0x?
N oct. (&bg 64%)]2’)

ox or  Ox

(90206, oy 28
Ay p

Poy 0P
O <8902 4 8x2>
N (8C+ 4 8Cﬁ) odh
ox oxr ) Ox
“d

0x?

(4.14)

+(CL - CF)

0?¢h  OC? Opy  OCT O
P 2 + 000 09y
+Ci ox? + Oor Ox or Ox
P 0C 00 0t 00,
T 022 T 0x2 Oor Ox or Ox
O _ 00

0x? 0x?

Ooxr Ox
+CP ¢

P 9.p
a4 p {3C+ %

(4.15)

+O,

Finally part 2 could be obtained as:

ICL 00 | PP0n | DKOC. DRI

a2¢g _ Cp a2¢12)
TP or Oz * 0x2 Oor Ox or Ox

a
ox? T Ox2

(4.16)
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Part 3 is the diffusion part:

2 (5, 20) 4 p, 2 (260, 950 i
= Doy (G + 5 - %) (118)

= Dﬂ,(% (aa%) (4.19)

+p5;% (4.20)

The final part is the electrochemical reaction term. After linearizing this part,
we can combine all components and construct the equation table for the first

variable, C.

_i ai Qmax - Q C_ 6(17“375:" . Q e D‘ég"
nk’ Ot Qmax C_ jref Qmax

Defining:

} (4.21)

S+ aiO,ref - &aF O{cF — — — — — —
nF + ﬁ Xas RT = Xe» n= ¢1 ¢re (¢2 ¢re) ¢Eq (422)
_ Qmax — @ - XaTl _ Q —Xen
7t { ( Qmax ) (C,ref) ‘ Qmax ‘ (423)
Q=Q"+AQ, C_=C"+AC_, n=n"+An (4.24)

o {Qmaxlc,ref (Qmax B Q) Coe - (Qiax) Q e_xcn} (425)

152



_U+{ (G) Qo= @ = AQ)(C? + AC) 0742

- < Ql > (QF + AQ) e~ X" +40) } (4.26)

Xa (P HAD) o oxe® (1 4 v Ap) (4.27)

e XA o o=Xe (1 — . Ap) (4.28)

N=a¢1— ¢y — Ut = eXall — gXad1 p=Xa®2 o=XaUkq

e XaUgq pXa®! p—Xa®h
—0y (@max = Q" = AQ) (CZ + AC-) (1 + xaA1)

Qmax C— ,ref

67XCUE(1 6Xc¢g 67Xc¢11)

- Q"+ AQ) (1 — x.An) } (4.29)

Qmax

Defining ,

e_XaUEq eXa¢117 e_Xa(:bg

A= (4.30)
*XcUEq chﬁg 7Xc¢117
c="° 5 c (4.31)

The simplified version of Equation 4.29 becomes:

—04 {A (Qmax - Qp - AQ) (Cg + AC—) (1 + XaAn) - O (Qp + AQ) (1 - XCAU)}
(4.32)
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_J+{A [Qmaxog + QmaxAC— - QPC’? - QPAC— - AQ C]i _M} (]‘ + XaAn)

-~ [Q" - @ xety + AQ - AQxT) | (4:33)
=0 { 4| QuaxC? + QuuaxC Xa A + Quuar AC- + Quuan AT

— QCT — QPCY xoAn — QPAC_ — QPAC=x1\n
— AQCT — AQCEAT|

_C [QP —QPxAn + AQ} } (4.34)

Again we perform back substitution,

An=n—n" (4.35)
AC_=C_—C" (4.36)
AQ=Q Q" (4.37)

Equation 4.34 becomes:

_O'+{A|:Qmaxcg + QmaXC]iXCL(n — nP) + Qmax(cf . CI_))
_ QPCZ — Qpc’ﬁxa(n _ nl’) _ QP(C_ . Cg) B (Q o Qp)C'f

Rearranging the multiplication,

0 { A Qurs + Quuax X~ QuraxC Xl + QuuaxC-
= QuecC” — QPET — QPCY X + QPCL X
—QPC- + QreT — QC” + QPC{]
—-C [QV— QPxen+ QPxen” + Q —Qﬂ } (4.39)
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Finally, Rearranging the multiplication,

_J+{A [QmaxC’iXaﬂ - Qmaxchanp + Qmaxc—
— QPCExan + QPCExan” — QPC- — QCY + QPCY

— C[ — Q"Xen + QP xen” + Q} } (4.40)

Now we can combine all parts to obtain the complete linearized equation.
Equations 4.6 , 4.16 , 4.20 and 4.40 :

c, o

aC% 0 9? dgh OC.
EPE_%E:O“HP +ﬁ P ¢2+ ¢y 0C,

Oor Oz o2 Oor Ox

00CL B P
or Ox * 922 T 02
9*C
Dio g

- U+{A [QmaxcliXan - QmaxCZiXanp + QmaXC*
— QPCExan + QPCE X’ — QPO — QC + QPCY

- C[ — QPXen + QPxen” + Q] } (4.41)

The left-hand side of the equation(4.42) consists of the unknown variables,

while the right-hand side contains the constant values.
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52" 02C
+ 0o —D+,pW2+

Cy
oxr Ox 0x?

P 0? oph 0C
5:0Kt_o‘+,p 3C+ ¢ (044 i 02 *

Oor Ox t o2 +

" J+{A | QuaxC?Xa + Quax - = Q°CP xam = Q"C- = QC | = C|Q = Q"xen) }

ogact 0
Oor Ox T 02

= CQyp

P

_ U+{A[ = QuaxCEXa)” + QPCP X" + QPCP | + CQPXCUP} + epi—;

(4.42)
Next step is the construction of the equation table.
Equation for: C} a b d
8¢p c 62¢p
Cy —Dip _04+,pa_x2 Kpt - O‘-&-,IJW;
C_ 0 0 _U+A (Qmax - Qp)
Q 0 0 —0,AC? — 0, C
b1 0 0 0+ AC? Xo(Qmax — QP) + 0, CQP X
P ac’i P ¥4 D
P2 —ay ,CY _Oé—l-,pﬁ —0 4 ACY Xo(Qmax — QF) — 0, CQPx,

Table 4.1: Coefficient matrix terms for variable C'; in finite difference discretiza-

tion

95 0C% ., 0°dh
g—aﬂ,[— Or Ox -G 0x?
- a+{A{ — QuaxCxaf + QCV v + QUC | + c@pxc}
»
+ €I,E
Similar calculations should be performed for the other variables. For C'_, the
final equation and the corresponding equation table are as follows:
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C. OC? 0y, 0Pdy 0L 0C_ el 920
ngt TG Jxr Ox c= 0x? + Ooxr Oz +C- 0x? P 022
Yo {A [QWCE Xall + QuaxC— — QPCP xa) — QPC— — QC” } —C [Q - prcn] }
B dehoC? . 0*¢h
B I S S Y
P
—o {A{ — Quax X + QC ! + QPC? | + Cprcnp} +ersy
(4.43)
Equation for: C_ a b d
C, 0 0 0
(9(;5]; Ep aQ(bg
-4 —Q_p5 A, G- —A max ~ P
- Do | 70wy | p¢= o T 0= A@me = Q)
Q 0 0 o AC? —5_C
¢1 O O O-—AC@XCL(Qmax - Qp) + O-—OQPXC
ac?

¢2 _Oé—,pc’g —« _O-—AC@XCL(Qmax - Qp) - O-—CQch

—P ax

Table 4.2: Coefficient matrix terms for variable C_

B ogh OC” %k
g—oz_,p[—% or _C_ﬁxz
—0o_ {A[ — QuaxCT xan” + QPC® x o + QpOﬁ} + CQ”chp}

P

+ ng

157



Next variable is charge, Q,

oQ

% —a, (4.44)
_ 14
N QAf<—mm{A@mﬁﬁw—Qmﬁhwﬂwhﬂl

— QPClxan + Q" CEx” — QPC- — QCY + Q°CE
—Cp—mh+yhﬂ} (4.45)

% —a Z'O,ref {A [QmaxCEXarr] + Qmaxc— =3 QPCKXQU B Qpc_ - QOK] -C [Q - QPXCT]]}

P
= aiO,ref {A [_Qmaxchanp + QpC}iXaUp iy Qpcg] + CQchnp} + Q_ (446)

At
Equaiton for: ) | a | b d
Cy 0 0 0
C_ 0 0 —a Z-O,ref A (Qmaz - Qp)
1 _ .
Q 0 0 oy + et ACY + @ ig et C
¢1 0 0 —a Z.O,refACQXa (Qmax - Qp) - aiO,refCXch
¢2 0 0 a Z‘O,refACEXa (Qmax - Qp) +a Z.O,refCXcQZ]j:‘
Table 4.3: Coefficient matrix terms for variable )
g = aiO,refA |:0ng - CmeaxXa(gbzlo - (bg)
. Qr
+ CEQPXG(QSI{ - ¢§):| - aZO,refCQpXC(QZSIl? - qbg) + E
The next variable is ¢;.
9 O Opp 01 0d1
_ Y A =z - 4.47
G o ( P oz > 7 O Ox P 022 (4.47)



= (2220 (- Q) b e~ 1~ KO e (49

Qmin - Qmax
_,9Q 99 O
= ko= o (KQ — kQum + Prma) ( 527 (4.49)
QO 82¢1 82q51 P
j ]{?% % kQ Qmax' +pmax a$2 (450)
L (0QP OAQ\ (08 A%
aj_k<8x+ 8x)<6:v+ Oox (451)
aQ(bP 82A¢1
P
+(Q +A@>(a ; +aos )
’¢7 | PAd
- k@max ( 8562 + 8132 >
0°¢y | PAd
+pmax ( 6’x2 + 8x2 ) (452)
o (OQr 88 QP OAH 8AQ 0¢p 8AQ)¢r
=k < oxr Oz + ox 8x ox /5/ Ox
2 p 2 4P 2
+kQP - 8¢ + kQP - ¢1—|—kAQ 8¢ +@Q/88‘¢%1/
a2¢p 82A¢1
- kaaX ’ W - kaax ’ W
82¢p 82A¢1
+ Pmax * =5 Or2 t Pmax - 55— Ox? (453)
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aj:

aj:

oQr O¢h
o ((%1 ) a(sz)
ox

k
+ oz ox

(@_@) o0k
ox ox Or

KO- o). 8%”
P g (284

~ FCma 0x? 0x?

2¢p 52 92 P
¢1 (/51
+p : o + : 5 — ; 4.
max 2 pmax ( 2 2 ( 55)

oQr oy
or Oz
L0Qr 901 0Qr O
0x ox Jor Ox
T @ 00, 0Q" 0}
or Ox 83: Ox
82¢p
D . 1
+ kQ 57
82 82 V4
ail - ke (b
aQ(bp . 82¢p
_ kQ . 92
a? ; s A
— k’Qmax . ﬁ - kaax : a ¢21 + kaax . 02?21
a2¢p 82¢ 82¢P
+ Pmax * 81'21 + Pmax * %21 — Pmax ° 81‘21 (456)

+ QP

L EQ-
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_ [990 94 0Q 047 0Qr O
4= or Oz or Oz or Oz

¢ ¢l Pl
k p._ " _(OP. .
* [Q Ox? ¢ Ox? Ta Ox? }
¢ ¢
- kaaX . (9.1’21 + Pmax 8.95; (457)

Since we have already linearized the Butler—Volmer term earlier, the expression

below now represents the linearized form of a; and whole equation.

aiO,ref {A [QmaXOKXan + QmaxC— _ QPCEXM _ QPC{ - QC{] - O (Q - QPXCTI)}
_k(a@p.%+@.%’)

oxr Oz ox Oz
2 2 p 2 2
—k(@p-a¢1+Q-a¢l)—i—kaax-%— 01

0x? 0xz? 0x? Prma * 0x?
= —a i07ref {A [_QmaXC€Xa77p + QngXanp + QPCQ] -C (QchUp)}
oQr  0¢ . O

Finally, the equation table for the variable ¢, is given below:
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Equation for: ¢, a b d
C+ 0 0 0
C_ 0 0 a Z'0,1fef14(9m - Qp)
—a Z.O,refAcip
0, 0’
0 R’ —k——
Q O Ox?
—a Z-O,Iefc'
—k’Qp I ka an 1 aiﬂ,refAC_an<0m - Qp)
b1 —k — .
— Pmax oxr 2x +a ZO,refCQpXC
=g ref ACTPXa (O — QF
& d 0 Q 10, ref Xal( Q")
—a iO,refCQpXC

Table 4.4: Coefficient matrix terms for variable ¢,

And finally, the last variable is ¢5. The linearized equation for ¢, and its

corresponding table are given below.

Equation for ¢s:

=

ZZZ‘CZ‘ =0

%

Z+C+ + z.C_=0

20 (C7 +ACL) + 2 (CP + AC_) =0

2y CV 4+ 2, ACL 4+ 2_C? + 2. AC_ =0

(4.59)

(4.60)

(4.61)

(4.62)




Substitute ACy = Cy — C¥ and AC_ =C_ — C":

2O + 2, (CL —CP)+2.C* +2.(C_—-C")=0
= Z+C§ + Z+C+ — Z_A'_Ci + Z_Cg —+ Z_O_ — Z_Cg = 0
= Z+C+ + Z_C_ =0

Equation for: ¢o | a | b d
ct 0| 0 | 2
C~ 0] 0 | 2
Qr 0] 0 0
o1 01| O 0
?2 0|0/ 0

Table 4.5: Coeflicient matrix terms for variable ¢
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Electrolyte diffusion layer

Equation for: C* a b d
5¢0 1 82¢0
c D e | N e
Cc- 0 0 0
Qr 0 0 0
o1 0 0 0
aC?
¢2 —Z+O_?_ —O[_A'_a—; 0

Table 4.6: Coefficient matrix for electrolyte diffusion layer (left block)

oo ) | O
Oor Ox * o2 At

g=ay (4.63)
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Equation for: C'~ a b d
ct 0 0 0
_ 99} 1 o 0P
‘ P T | M
Qr 0 0 0
o1 0 0 0
ac"
$2 —a_C? | —a_— 0
Ox

Table 4.7: Coefficient matrix for electrolyte diffusion layer (right block)

Equation for: Qr a| b d
hs 0] 010
O O] 0] 0
Qr 0] 0 1
?1 0] 010
?2 0| O 0
Source term: g =0

Table 4.8: Coefficient matrix for variable Qg
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Equation for: ¢, a| b |d
ct 0 0 0
c- 0 0 0
Qr 0 0 0
01 0 0 1
o)) 0 0 0

Source term: g =0

Table 4.9: Coefficient matrix for variable ¢;

Equation for: ¢o | a | b d
ct 00 | 2z
c- 0] 0 | 2
Qr 0] 0 0
o1 0] 0 0
®2 0] 0 0

Source term: g =0

Table 4.10: Coefficient matrix for variable ¢,
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Boundary at current collector/polymer electrode

Equation for C* p e
8 D
c* —D.p —Q4p (ﬁ)
ox
c- 0 o A(Op s — b)
Qr 0 -0, ACY — 4. C
¢1 0 U+AC}—)Xa(6F,m - C]%) + 5+Cq§’Xc
b2 —apCt | —0 L ACY Xo(Orm — q7) — 0+ CqXe

Table 4.11: Boundary conditions at the current collector/polymer electrode in-

terface

f = — O'_|_A [ngpji“ - C’KQF,mXo(gbzl7 - ¢}27) + CEQ%Xa(gbzf - ¢}2))]

ot (4.65)
+ 0. Cqpxe(P] — ¢h) — ayp Cﬁ%
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Equation for C~ P e
c+ 0 0
- -D_p o AOpm —qp) —a_p (%f)
Qr 0 —0_AC? —6_C
P1 0 0 ACTXa(Orm — q1) + 0-Capxc
2 —a_pC% | =0 ACYxo(Orm — q7) — 0-Cqrxc

Table 4.12: Boundary condition terms at current collector/polymer interface (C~
side)

f= —0_AlC%qr — CCarmXo(d] — ¢5) — CTaqpXa(d] — ¢3)]

00 (4.66)
+0-Capxe(d1 — ¢h) —a-pCL—=

Equation for Qr | p e

c* 0 0

O 0 _25a,refA(6F,m - qzlz")

1
— 4 20526t ACT 4+ 205 1o

Qr 0 At + ref C* + : C

¢1 0 —2507refACPiXa<9F7m - q%) - 250,refCXc

(bz 0 —|—2607refAC€Xo(6F,m - Q%) + 250,refCXc

Table 4.13: Coefficient matrix for Qr at electrolyte/polymer interface
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f = 206t A [C 05 — qrXo(DF — 05) + CTahxa(@) — ¢5)]
p
— 2 pet Capoxe( @) — o) + 2L

At
Equation for ¢, p | e
ct 010
C~ 010
Qr 0 0
o1 0|1
®2 010

Source term:

f = Eap + ¢ref

Table 4.14: Boundary condition for ¢,

Equation for ¢, P e
ct —Fz.Dyp | 0O
Cc- —FzDp | 0
Qr 0 0
¢1 0 0
P2 —Fget 0

Source term:

f=0

Table 4.15: Boundary condition for ¢,
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Interface at polymer electrode/diffusion layer

Equation for C';y | a b d
8 b 0P
ct 0| —-Dyp+Dy | — 9%, +a 9%,
r Or

c~ 0 0 0

Qr 0 0 0

¢1 0 0 0

P2 0 | ¢.pC% +aC? 0

0¢h 0¢}
g=—a;pCh —= " o + aCh —= pe

Table 4.16: Interfacial condition at polymer /diffusion layer for C

Equation for ¢ | a b d
ct 0 0 0
Cc- 0 —D_p+D_ %qip + a%;ig
Qr 0 0 0
03} 0 0 0
b2 0 | —a_pC? 4+ aC? 0

Source term:
O ol
4 P
g= _pC” B + aC? —= pe

Table 4.17: Interfacial condition at polymer/diffusion layer for C"_
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Equation for ) | a | b | d
Ct O] 00
C- O] 00
Qr O] 10
o 0] 00
02 0] 00

Source term: g =0

Table 4.18: Coefficient matrix for Qg

Equation for ¢, a|b|d
hs 00 0
C~ 010 0
Qr 00 0
o1 0 1 0
?2 010 0

Source term: g =0

Table 4.19: Coefficient matrix for ¢,
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Equation for ¢, | a b d
ct 0 | —FzyDyp+Fz,D, | 0
Cc- 0 —Fz D p+Fz_D_ 0
Qr 0 0 0
¢1 0 0 0
P2 0 —Kser + ks 0

Source term: g =0

Table 4.20: Coefficient matrix for ¢

Boundary at bulk solution

Equation for C* | p | e
ct 0|1
C~ 0 0
Qr 010
b1 010
P2 010

Boundary condition: C* = C\

Source term:

f = C’ref

Table 4.21: Boundary condition at bulk solution for C*
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Equation for C~ p | e
Ct 00
C~ 0|1
Qr 010
o 010
o2 0|0

Table 4.22: Boundary condition at bulk solution

Equation for Qr p | e
ct 0] 0
c- 0] 0
Qr 0|1
o1 010
¢2 010

Boundary condition: Qr =0

Table 4.23: Boundary matrix for Qp =0
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Equation for ¢, p | e
Cct 010
C~ 010
Qr 00
¢1 0|1
?2 010

Boundary condition: ¢; =0

Table 4.24: Boundary matrix for ¢; =0

Equation for ¢ | p | e
c+ 010
C~ 010
Qr 010
¢1 010
0 0 |1

Boundary condition: ¢s = ¢t

Table 4.25: Boundary matrix for ¢o = ¢rer
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4.2 Constructions of Coefficient Matrices

Equation C+ C- Q o) P2
Eql —D.p 0 0 0 —a pCt
Eq2 0 —D_p 0 0 —a_pC~
Eq3 0 0 0 0 0
Eq4 0 0 0 —KQ? 4+ KQmax — Pmax 0
Eqb 0 0 0 0 0

Table 4.26: sma matrix before interphase region

Equation Cct Cc- Q o1 b2
Eql —owrpaa;ig 0 0 0 _&+p886j
Eq2 0 —ap%’f 0 0 _&pc?&CE
Eq3 0 0 0 0 0
Eq4 0 0 — aaif —kaan ’ 0
Eqgb 0 0 0 0 0

Table 4.27: smb before interphase region

4.3 Modelling Results and Future Work

The coefficient matrices of the linearized equations have been constructed, and
ongoing efforts are focused on debugging errors in the code. Particular attention
is being paid to addressing the divergence problem encountered during simula-

tions. Future work will involve refining the numerical implementation to improve
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stability, as well as exploring alternative solution strategies to ensure convergence

and robustness of the model.
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Chapter 5

CONCLUSIONS AND FUTURE
WORK

The work presented in this thesis set out to address one of the long-standing ques-
tions in the field of conducting polymers: the interplay between electron transfer
and ion motion, and the extent to which these processes are separable. Conven-
tional electrochemical analysis using cyclic voltammetry has proven insufficient
in probing redox processes in conducting polymers. While cyclic voltammetry
remains one of the most widely adopted tools in electrochemistry, it inherently
convolutes Faradaic and capacitive currents, thereby making it difficult to distin-
guish their respective contributions. This limitation was clearly demonstrated in
this study, where even after normalization procedures the voltammetric currents

reflected a complex mixture of diffusion-limited and diffusionless response.

Cyclic Voltammetry and Normalization

When the current was normalized by either the sweep rate or its square root,
convergence was observed in well-defined potential regions, identifying domains

dominated by diffusion or surface-confined redox effects. These results confirmed
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that capacitive contributions cannot be ignored, particularly at higher poten-
tials, and that current normalization alone is insufficient for fully understanding
the redox dynamics of conducting polymers. Although normalization approaches
can provide insight, they do not deconvolute the simultaneous contributions of
redox and charging currents. This finding motivated the use of additional, com-
plementary spectroscopic techniques to isolate and understand electron-transfer

phenomena.

Spectroelectrochemistry and the Basis of PCA
Analysis

By complementing cyclic voltammetry with simultaneous UV-Vis spectroscopic
monitoring, a new dimension was added to the understanding of conducting poly-
mer redox processes. At very slow sweep rates (2 mV/s), the full range of redox
states could be probed. The spectroscopic dataset obtained under these quasi-
equilibrium conditions, spanning wavelengths between 350 nm and 1100 nm, was
unique for each polymer film. In this thesis, such datasets were collectively re-

ferred to as the basis set.

When the spectroscopic measurements taken before cycling (conditioning),
during cycling, and after cycling were jointly analyzed with principal component
analysis (PCA), it was observed that an approximately 100-dimensional dataset
(reflecting the absorbance at each wavelength) could be reduced to just two prin-
cipal components without significant loss of information. The first principal com-
ponent consistently explained around 95% of the total variance in the dataset,

while the second accounted for nearly all of the remaining variance.

The fact that two components were sufficient to reconstruct the entire dataset
aligns with the presence of isosbestic points, which were observed both in this

study and in previous reports. An isosbestic point, where spectra intersect at
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a fixed wavelength, indicates two-state interconversion between oxidized and re-
duced species. Thus, the mathematical result of PCA that only two spectral
components are required was consistent with the physical evidence of isosbestic

behavior.

Fitting of Spectra Using Two Components

The two components identified through PCA were then employed to fit the spec-
troscopic data collected under two experimental conditions: (1) at constant ap-
plied potential (conditioning), and (2) during cyclic voltammetry at various sweep
rates. The rationale for this approach is straightforward: during conditioning,
where the polymer is held at a fixed potential, the absorbance remains constant
and therefore the spectral coefficients are expected to remain unchanged as well.
Conversely, during cycling, where the potential continuously sweeps between re-
duction and oxidation limits, the polymer repeatedly switches between states,
and the average spectroscopic response provides information about the relative
contributions of oxidized and reduced components at various sweep rates from

slow to fast.

This fitting procedure allowed the quantitative tracking of how much the poly-
mer resided in oxidized versus reduced states during cyclic voltammetry at dif-
ferent sweep rates. Importantly, at high sweep rates—up to 200,000 V/s—the
measured response represents the average of thousands of cycles collected within
a 30-second experimental window. This averaging captures the overall balance of

states and enables quantitative comparison across sweep rates.

Interpretation of Coefficients

The two fitted coefficients derived from the PCA analysis were evaluated in two

complementary ways. First, the conditioning coefficients were examined. These
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coefficients remained essentially constant across repeated experiments at the same
applied potential, confirming that the method is stable and that the polymer

maintains its optical response so long as no degradation occurs.

Second, the cycling coefficients were evaluated as a function of sweep rate. A
systematic trend was observed: the coefficient associated with the more oxidized
state tended to decrease with increasing sweep rate, whereas the coefficient cor-
responding to the more reduced state showed a complementary increase. This
behavior is consistent with the expectation that, under fast potential sweeps,
ion diffusion into the polymer may become limited. Since full ion insertion can-
not keep up with the electron transfer at high rates, the polymer appears to
spend relatively less time in the oxidized state and more time in the reduced
state. Importantly, the coefficient assigned to the oxidized state did not fall to
zero, suggesting that oxidation can still occur even when ion diffusion is par-
tially hindered. This observation indicates that electron transfer may proceed

independently of complete ion motion.

Optical Charge as a Descriptor

Beyond evaluating the raw coefficients, a new descriptor termed “optical charge”
was defined. This quantity was calculated as the difference between the cycling

and conditioning coefficients at a given sweep rate, i.e.

QOpt = Cvcycle - C’cond

Here, Qopt represents the effective average change in optical absorbance during
cycling relative to the reference state, and can be interpreted as the net optical

modulation induced by redox switching of the polymer.

The optical charge values were observed to approach a steady-state level that
became largely independent of further increases in scan rate. This apparent
saturation suggests that, once ionic motion imposes a rate limitation, additional

increases in sweep rate do not significantly alter the overall optical response.
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Importantly, the residual net response remains non-zero, indicating that electron
transfer can still proceed even when ionic motion is partially hindered. While this
trend initially appears consistent with a steady-state regime, closer inspection
of the coefficient values reveals more complex behavior that warrants further
investigation. In particular, although conditioning is typically performed at the
open-circuit potential (OCP), it is essential to assess how the initial state of the
film influences the measured optical charge. Starting from a dedoped state by
applying negative potentials, versus beginning from a doped state with positive

potentials, may yield different optical charge evolutions.

Future Work

In this study, PEDOT films were synthesized via chronopotentiometry for differ-
ent deposition durations, resulting in films with varying thicknesses. An attempt
was made to investigate the dependence of sweep rate response on film thickness.
However, this analysis proved challenging due to several factors. In future work,
this relationship should be systematically examined using more uniform coatings,
ideally prepared as continuous layers of well-defined and controlled thicknesses.
Such samples would allow a more rigorous assessment of the interplay between

sweep rate and film thickness.

In addition, systematic studies on the effect of film thickness prepared by var-
ious coating methods, as well as the role of different counter-ions, will be carried
out. Extending the approach to other polymers and electrochromic materials will

further broaden the applicability of the methodology.

As a secondary aspect of this work, efforts were initiated to develop a physics-
based model capable of separating capacitive and faradaic current contributions.
The long-term aim of this modeling approach is to reproduce the cyclic voltam-
metry response under the specific experimental conditions studied here, and to
provide a framework that can be directly fitted to the cyclic voltammetry data.

Preliminary steps indicated the feasibility of this approach, and future work will

181



focus on refining the model to achieve convergence and reliable reproduction of

the experimental cyclic voltammetry signals.
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A Additional PCA Component Plots

Original Normalized Data(~ 307 nm)
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Figure .1: Reconstruction errors for the 307 nm film using one, two, and three
principal components (PCs). The explained variance ratios for PC1 to PC5 are
95.47%, 4.30%, 0.10%, 0.054%, and 0.019%, respectively. Increasing the number
of components from one to two drastically reduces the reconstruction error, while

adding a third component results in only a marginal improvement.
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Original Normalized Data(~ 73 nm)
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Figure .2: Principal component analysis for the 73 nm film. The first two PCs
capture more than 99% of the variance, indicating that higher-order components

contribute negligibly.
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Figure .3: Reconstruction errors for the 73 nm film decrease sharply from one
to two PCs, with little improvement for three (variance ratios: 95.04%, 4.90%,
0.026%).
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Figure .4: Principal component analysis for the 271 nm film. The first two

components explain the vast majority of the variance.
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Figure .5: Reconstruction errors for the 271 nm film decrease sharply from one to
two PCs, with minimal improvement for three (variance ratios: 95.04%, 4.90%,
0.026%).
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Figure .6: Basis set and spectral components used for fitting the ~307 nm film.
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Figure .7: Spectral curve fitting of the 307 nm film at 100 mVs™!.
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Figure .8: Spectral curve fitting of the 307 nm film at 200 mVs~!.
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Figure .9: Spectral curve fitting of the 307 nm film at 300 mVs~!.
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Figure .10: Spectral curve fitting of the 307 nm film at 400 mV s~
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Figure .11: Spectral curve fitting of the 307 nm film at 500 mVs™!.
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Figure .12: Spectral curve fitting of the 307 nm film at 600 mVs~!.
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Figure .13: Spectral curve fitting of the 307 nm film at 700 mV s~
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Figure .14: Spectral curve fitting of the 307 nm film at 800 mVs™!.
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Figure .15: Spectral curve fitting of the 307 nm film at 900 mVs~!.
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Figure .16: Spectral curve fitting of the 307 nm film at 1000 mV s~*.
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Figure .17: Basis set vectors representing the absorbance data obtained between

350-1100 nm during the potential sweep from —0.4 to 0.4 V.
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