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Abstract

The development of sustainable aqueous supercapacitors requires the integration
of high-performance conductive materials and abundant, environmentally friendly
resources. This thesis investigates the electrochemical performance of composite
electrodes comprising of conjugated polymers and lignosulfonate, a low-cost biomass
derivative theoretically capable of providing additive pseudocapacitance through
quinone-based reversible redox reactions. A comprehensive comparative analysis was
conducted between established p-type polymers (PEDOT:F and PEDOT:PSS) and a
novel, ultra-highly conductive n-type polymer, poly(benzodifurandione) (PBFDO).
The active materials were deposited onto plasma-treated carbon paper substrates
via a controlled sequential drop-casting method and evaluated in symmetrical two-
electrode Swagelok cells utilizing an aqueous perchloric acid electrolyte.

Baseline electrochemical characterization via Cyclic Voltammetry (CV), Galvanos-
tatic Charge-Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS)
revealed that pristine PBFDO vastly outperformed both PEDOT derivatives. Eval-
uated at a low comparative current density of 0.25 A /g, PBFDO exhibited superior
specific capacitance, exceptional structural resilience, and minimal Equivalent Series
Resistance (ESR).

Contrary to the central hypothesis, the incorporation of unmodified lignosulfonate
severely degraded the performance of all tested polymers. Rather than acting as
a synergistic redox contributor, the water-soluble and electrically insulating ligno-
sulfonate acted as an electrochemically inactive dead weight. While the p-type
PEDOT composites suffered catastrophic electrochemical failure at a 1:1 polymer-
to-lignin mass ratio, the self-doped n-type PBFDO matrix demonstrated remarkable
structural resilience. Although the specific capacitance of PBFDO systematically
declined as the lignin concentration increased across 3:1, 1:1, and 1:3 mass ratios, it
maintained its fundamental charge-storage mechanisms without the massive internal
resistance spikes observed in the p-type cells. Ultimately, while highlighting the lim-
itations of physically blending raw lignosulfonate in aqueous electrolytes, this study
unequivocally establishes the novel n-type PBFDO network as a premier, highly
robust conjugated polymer for next-generation energy storage applications.

Keywords: Aqueous Supercapacitors, Conjugated Polymers, PBFDO, PEDOT, Lig-
nosulfonate, Polymer-Biomass Composites, n-Type Polymers, Pseudocapacitance,
Electrochemical Characterization, Energy Storage.
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AC Alternating Current

CV Cyclic Voltammetry

EDLC Electrical Double-Layer Capacitance

EIS Electrochemical Impedence Spectroscopy

ESR Equivalent Series Resistance

GCD Galvanostatic Charge-Discharge

LUMO Lowest Unoccupied Molecular Orbital

OFGs Oxygen Functional Groups

PBFDO Poly(benzodifurandione)

PEDOT Poly(3,4-ethylenedioxythiophene)

PEDOT:F Poly(3,4-ethylenedioxythiophene) fluorinated derivative
PEDOT:PSS Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Nomenclature

Variables and Mathematical Parameters

Cep
C

Ceell
Cy, Oy
Mot
Megingle
1
dV/dt

H+

Specific capacitance of a single electrode

Measured absolute capacitance of the entire two-electrode cell
Total capacitance of the symmetrical cell

Capacitance of electrode 1 and electrode 2, respectively
Combined total mass of the active material on both electrodes
Mass of the active material on a single electrode

Applied current

Slope of the Galvanostatic Charge-Discharge (GCD) curve over
time

Electron

Proton

Units of Measurement

Fgt
S cm”
eV

L
mg
mm

°C

1

Farads per gram (Specific capacitance)

Siemens per centimeter (Electrical conductivity)
Electron-volts (Energy level)

Microliters (Volume)

Milligrams (Mass)

Millimeters (Distance/Diameter)

Degrees Celsius (Temperature)

X1



xii



Contents

List of Acronyms ix
Nomenclature xi
List of Figures XV
1 Introduction 1
1.1 The Demand for Advanced Energy Storage . . . . . . ... ... ... 1

1.2 Conjugated Polymers and Biomass-Derived Materials . . . . . . . .. 1
1.3 Substrate Engineering via Plasma Treatment . . . . . . . . . . .. .. 2
1.4 Scope and Objectives of the Thesis . . . . . ... .. ... ... ... 2

2 Theory 5
2.1 Principles of Aqueous Supercapacitors . . . . . ... ... ... ... )
2.2 Conjugated Polymers in Energy Storage . . . . .. .. .. ... ... 6
2.3 Doping Mechanisms in p-type and n-type Conjugated Polymers . . . 7
2.3.1 p-Type Conjugated Polymers . . . . .. ... ... ... ... 7

2.3.2 n-Type Conjugated Polymers . . . . . ... ... ... ... 8

2.4 Lignosulfonate as a Redox-Active Biomolecule . . . . .. ... .. .. 8
2.5 Electrochemical Characterization Techniques . . . . . . . . ... ... 9

3 Methods 11
3.1 Substrate Preparation and Surface Modification . . . . . . .. .. .. 11
3.2 Fabrication of Polymer-Lignosulfonate Electrodes . . . . . .. .. .. 11
3.3 Symmetrical Swagelok Cell Assembly . . . ... ... ... ... ... 12
3.4 Electrochemical Characterization . . . . . . . . ... ... ... ... 12
3.5 Data Processing and Specific Capacitance Calculation . . . . . . .. 12

4 Results 15
4.1 Electrochemical Performance of Pristine Conjugated Polymers . . . . 15
4.2 Influence of Lignosulfonate on PEDOT-Based Supercapacitors . . . . 16
4.3 Optimization of PBFDO and Lignosulfonate Mass Ratios . . . . . . . 17
4.4  Electrochemical Impedance Spectroscopy (EIS) Analysis . . . .. .. 19

5 Conclusion 21
5.1 Superiority of Pristine PBFDO . . . . .. ... ... ... ... ... 21
5.2 The Limiting Role of Lignosulfonate . . . . .. ... ... ... ... 21

xiii



Contents

5.3 Comparative Resilience of PBFDO vs. PEDOT Derivatives . . . . . .
5.4 Future Perspectives and Recommendations . . . . . . ... ... ...

References
References

A Appendix

Xiv

23

23



List of Figures

2.1 Schematic of EDLC vs. Pseudocapacitance . . . . . . ... ... ...

2.2 Chemical oxidative polymerization and electrochemical polymeriza-
tion of PEDOT/Lig composite. . . . . .. ... ... ... ......

2.3 Ideal shapes of a CV, GCD and Nyquist plot for an EDLC . . . . ..

4.1 GCD and CV comparison of the three conjugated polymers. (a) GCD
curves at a current density of 0.25 A/g. (b) Mass-normalized CV
curves. All electrochemical measurements were performed in a sym-
metrical two-electrode Swagelok cell configuration using an aqueous
perchloric acid electrolyte. . . . . . . . . ... ..o

4.2 GCD and CV comparison of PEDOTF, PEDOT:F+Lignin 1:1, PE-
DOT:PSS and PEDOT:PSS+Lignin 1:1. . . . . ... ... .. ....

4.3 CV comparison of PBFDO and PBFDO with lignin blends in different
mass ratios. . . ...

4.4 Galvanostatic charge-discharge (GCD) curves of pure PBFDO and
PBFDO/lignin composites (mass ratios of 3:1, 1:1, and 1:3) evaluated
at a current density of 0.25 A/g. . . . . ...

4.5 EIS comparison of PBFDO and PBFDO with lignin blends in ratios
31, Liland 1:3. . . . . oo

A.10 GCD of PBFDO/Lignin 1:3 . . . . . . ... ... ... L
A.1 Calculated capacitance and specific capacitence for PDOT:F. . . . . .
A.2 Calculated capacitance and specific capacitence for PDOT:F with
Linosolfunate in a 1:1 ratio. . . . . . . ... ... ... . .......
A.3 Calculated capacitance and specific capacitence for PDOT:PSS.
A4 Calculated capacitance and specific capacitence for PDOT:PSS with
Lignosolfunate in a 1:1ratio. . . . . . . . .. . . ... ... ... ...
A.5 Calculated capacitance and specific capacitence for PBFDO . . . . .
A.6 Calculated capacitance and specific capacitence for PBFDO with Lig-
nosolfunate in a 1:1 ratio. . . . . . . .. ... ... ... ... .. ..
A.7 Calculated capacitance and specific capacitence for PBFDO with Lig-
nosolfunate in a 1:3 ratio. . . . . . . . . ... ... L.
A.8 Calculated capacitance and specific capacitence for PBFDO with Lig-
nosolfunate in a 3:1 ratio. . . . . . . .. ... ... ...
A.9 EIS comparison of PBFDO and PBFDO with lignin blends in different
ratios. . . ... L

A11GCD of PBEDO . . . . . .o

16

20

I

XV



List of Figures

Xvi

A.12 GCD of PBFDO/Lignin 3:1 . . . . . . .. . ... ... ... ... \%
A.13 GCD of PBFDO/Lignin 1:1 . . . . . .. ... ... ... .. .. .. VI
A4 EISof PBFEDO . . . . . . o VI
A15 EIS of PBFDO/Lignin 1:3 . . . . . ... ..o VII
A.16 EIS of PBFDO/Lignin 3:1 . . . . . .. ... Lo VII
A7 EIS of PBFDO/Lignin 1:1 . . . . . . ... ... ... ... ... ... VIII
A.18 CV Comparison of PBFDO and PBFDO/Lignin in 1:1,3:1 and 1:3 . . VIII
A19CV of PBFDO . . . . .. IX
A20CV of PBFDO/Lignin 1:3 . . . . ... .. ... L. IX
A21CV of PBFDO/Lignin 3:1 . . . .. ... ... ... ... .. ... X
A.22 CV of PBFDO/Lignin 1:1 . . . . .. ... ... ... .. .. ... X



1

Introduction

1.1 The Demand for Advanced Energy Storage

The rapid depletion of global fossil fuel resources along with the rising severity of
environmental pollution and climate change, has led to a huge requirement for clean
renewable energy sources as well as efficient electrical energy storage devices. As
society transitions toward more sustainable energy sources, the need for efficient
and reliable energy storage technologies becomes increasingly important [1, 2]. In
this regard, supercapacitors, also known as electrochemical capacitors, have come
to function as a bridge between conventional dielectric capacitors and rechargeable
batteries due to their high potential to provide high power density along with high
rates of charge/discharge cycles, despite their low energy density compared to bat-
teries [3, 4]. To bridge this gap between energy density, current research is highly
focused on developing new types of pseudocapacitive materials that can store energy
through high-rate reversible Faradaic redox reactions [1, 2].

1.2 Conjugated Polymers and Biomass-Derived Ma-
terials

The electrochemical performance of supercapacitors is inherently related to their
electrode materials’ structural and chemical characteristics. Conjugated polymer
materials have been widely studied for their potential use as supercapacitor elec-
trode materials due to their high theoretical specific capacitance, tunable electrical
characteristics, low cost, and minimal environmental impact [5, 6]. Among these,
PEDOT:PSS derivatives have been widely studied as one of the best p-type mixed
ion-electron conductor materials, ensuring electroactive performance in organic de-
vices [7]. However, these materials have shown considerable degradation of their
structural integrity during charge-discharge cycling. Furthermore, there is a scarcity
of n-type conjugated polymers, which have historically shown lower electrical con-
ductivity compared to their p-type counterparts.

Recently, a novel self-doped n-type conjugated polymer, poly(benzodifurandione)
(PBFDO), was successfully synthesized using a cost-effective and scalable selenium
dioxide (SeOq)-catalyzed polymerization method. When the reaction is conducted
for 48 hours using 0.1 equivalents of SeOs,, it achieves a high monomer conversion
rate of 91%. Although the mixture forms a gel during the late stages of this pro-
cess due to increased viscosity, which prevents complete conversion, the resulting
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polymer exhibits unprecedented electrical conductivity exceeding 5000 10 S cm ™.

Furthermore, this catalytic method allows for straightforward purification using only
centrifugation and filtration, bypassing the need for expensive and time-consuming
dialysis [5, 8, 9].

To increase their energy storage capacity, these conjugated polymer materials could
incorporate redox-active biomolecules as additives. A prime candidate for this is
lignin, one of the most prevalent natural biopolymers occurring in nature with it
being present in approximately 15-25 wt% in wood. Among these, lignosulfonate,
a water-soluble form derived as a byproduct in the sulfite pulping process for wood
pulp production, is a low-cost and renewable material. In energy storage devices, the
quinone and hydroquinone groups in lignin have shown reversible electron and proton
transfer capability which gives rise to large pseudocapacitive effects. Lignosulfonate
can be combined with conducting polymer electrodes such as PEDOT and PBFDO.
This enables the wiring and confinement of lignin in its insulating state, thus making
full use of its potential for reversible redox reactions [2].

1.3 Substrate Engineering via Plasma Treatment

To examine such active materials, porous carbon paper is often used as an electrode
current collector because its porosity allows for high active material loading and
provides a unique interconnected network. However, there are certain drawbacks to
carbon fiber material, such as an insufficient amount of oxygen-containing groups
on the surface of the material and a high hydrophobic nature [10, 11]. This high
hydrophobic nature is a major problem in uniformly casting an aqueous dispersion
of polymers and lignin onto the electrodes.

Plasma treatment is an innovative and environmentally friendly solution to this
problem. When a carbon material is subjected to plasma treatment, essential oxy-
gen functional groups (OFGs) are introduced to the carbon structure, creating de-
fects on the material’s surface [12, 13]. This electrochemical activation improves
the hydrophilicity of the carbon paper, allowing a more efficient infiltration of the
electrolyte into the electrodes during cell operation[11, 13].

1.4 Scope and Objectives of the Thesis

The ultimate goal of this thesis is to construct, assemble, and analyze symmetrical
supercapacitor cells of lignosulfonate combined with each conjugated polymer. We
are interested in comparing a known p-type polymer (PEDOT and its derivatives
such as PEDOT:F and PEDOT:PSS) with a novel n-type polymer, PBFDO.

The methodology that this thesis will be based upon will include utilizing a plasma-
treated carbon paper substrate that will be used to optimize and ensure that a
polymer-lignosulfonate blend is deposited uniformly by drop-casting. The electrodes
will then be assembled into a symmetrical two-electrode cell design utilizing a glass
fiber separator and aqueous perchloric acid as the electrolyte solution. While a
three-electrode cell is commonly used in material characterization and testing, a two-
electrode cell design is universally accepted as being the most accurate and reliable
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method for determining and predicting a material’s performance in a packaged real-
world supercapacitor device [4].

The thesis investigates charge storage mechanisms of composites through detailed
electrochemical experiments which include Cyclic Voltammetry (CV), Galvanostatic
Charge-Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS). The
research will identify which conjugated polymer combinations produce the strongest
interactive effects with lignosulfonate while determining the lignin-to-polymer ra-
tio which produces maximum specific capacitance and cycling stability in aqueous
supercapacitors.
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Theory

2.1 Principles of Aqueous Supercapacitors

Supercapacitors function as essential energy storage devices which establish an en-
ergy storage performance standard that exists between conventional dielectric capac-
itors and rechargeable batteries. The system provides rapid power delivery through
its ability to charge and discharge quickly while maintaining operational perfor-
mance for extended periods. Supercapacitor systems develop their charge storage
functionality through two primary charge storage mechanisms which develop their
operational capabilities. The Electrical Double-Layer Capacitance (EDLC) system
stores electrical charge through electrostatic storage at the boundary between the
electrode and electrolyte interface. The use of materials with high specific surface
areas which include activated carbon and carbon nanotubes enables the maximum
accumulation of electrolyte ions. Pseudocapacitance systems store charge electro-
chemically through highly reversible, surface or near-surface Faradaic redox reac-
tions. This mechanism enables solvated electrolyte ions to engage with electrode
materials which include transition metal oxides and conjugated polymers to pro-
duce an energy density that exceeds EDLC systems [1].
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Electrical Double Layer Supercapacitor
(a) Charging Charged

e Positive lon
e Negative lon

Porous electrode Sepelalo\

surface
0.9, activated carbon Electrolyte @ Electron Electralyte
© Hole

Pseudocapacitor

Seperator

Figure 2.1: Schematic representation of storage mechanisms for a) EDLC and b)
Pseudocapacitors[14].

2.2 Conjugated Polymers in Energy Storage

As pseudocapacitive electrode materials, conjugated polymers have become very
desirable due to their tunable electrical conductivity, low environmental impact,
affordability, and flexibility [6, 15]. The conjugated polymers consists of a chain
of alternately single and double bonds which provide delocalized 7w-electrons for
efficient electron transport [6]. In the charge/discharge process, these polymers are
doped and dedoped reversibly, that the counterions from electrolyte move into and
out of the polymer backbone [1, 15].

Among p-type polymers, PEDOT:PSS and PEDOT:F, PEDOT (poly(3,4-ethyl-
enedioxythiophene)) derivatives are the most successful p-type conjugated poly-
mers because of their wide potential window, good stability, and high conductiv-
ity [1]. PEDOT:PSS is the most common form due to its water-dispersible prop-
erty and good film-forming performance [16]. Whereas p-type conjugated poly-
mers have been well developed, few n-type (electron-conducting) polymers, such
as poly(benzimidazobenzophenanthroline) (BBL), were studied and applied for en-

6
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ergy storage applications [17]. PBFDO is a newly synthesized self-doped n-type
conjugated polymer. Its electrical conductivity reaches up to approximately 5500
S em ™!, which is unprecedented among the n-doped conjugated polymers, with an
exceptionally low-lying Lowest Unoccupied Molecular Orbital (LUMO) level (near
-5.18 eV) [5, 18]. Because of this low LUMO level, the PBFDO shows remarkable
stability in oxygen and water, therefore, can work with aqueous electrolytes effi-
ciently. It has been shown that in supercapacitors, PBFDO possesses a high specific
capacitance (such as 202 F/g) and excellent rate capability which is dominated by
the surface mediated 1-electron reduction charging storage mechanism [17, 18].

2.3 Doping Mechanisms in p-type and n-type Con-
jugated Polymers

Unlike traditional inorganic semiconductors where doping involves the insertion of
trace elemental impurities into a crystal lattice, the "doping" of conjugated poly-
mers is a reversible electrochemical redox process. In their pristine state, conjugated
polymers behave as insulators or semiconductors with a moderate energy bandgap.
However, through electrochemical oxidation or reduction, electrons are respectively
extracted from or injected into the polymer backbone [6]. To maintain overall charge
neutrality during this process, counterions from the surrounding electrolyte are in-
serted into or expelled from the semiconducting polymer matrix[1, 15].

This injection or extraction of electrons disrupts the alternating single and dou-
ble bonds of the conjugated backbone, inducing a localized structural deforma-
tion—often transitioning from a benzoid to a quinoid geometric structure. These
structural deformations create highly mobile, delocalized charge carriers known as
polarons (a radical ion carrying a single charge) and bipolarons (a spinless ion car-
rying a double charge) [15, 18]. The movement of these polarons and bipolarons
along and between the polymer chains is what transforms the material into a highly
conductive, metallic-like state [3, 6].

2.3.1 p-Type Conjugated Polymers

p-Type Conjugated Polymers (PEDOT Derivatives) p-type (hole-doping) occurs
when the polymer is electrochemically oxidized. During this process, electrons are
removed from the polymer’s Highest Occupied Molecular Orbital (HOMO), leaving
behind positive charges (holes) on the backbone [6, 15]. To balance these positive
charges, anions from the electrolyte must intercalate into the polymer film, or pre-
existing cations must be expelled.

In the case of PEDOT:PSS, the polymer exists as a polyelectrolyte complex where
the poly(styrene sulfonate) (PSS) acts not only as a water-dispersible template but
also as a large, relatively immobile macromolecular counterion. However, because
PSS is intrinsically insulating, its presence in the resulting solid film acts as a perfor-
mance bottleneck that limits overall electronic conductivity The negatively charged
sulfonate groups of PSS balance the positively charged, p-doped PEDOT chains.
When a PEDOT:PSS electrode is operated in a supercapacitor during a forward

7



2. Theory

(charging) voltage sweep, additional positive holes are injected into the PEDOT
backbone. To maintain electroneutrality, mobile positive cations are expelled from
the PEDOT:PSS matrix into the electrolyte. During the reverse (discharging) sweep,
the hole density in the polymer decreases, and cations from the electrolyte migrate
back into the polymer film [1].

2.3.2 n-Type Conjugated Polymers

n-Type Conjugated Polymers relies on the electrochemical reduction of the polymer.
Electrons are injected from the external circuit into the polymer’s Lowest Unoccu-
pied Molecular Orbital (LUMO), generating negatively charged polarons and bipo-
larons. Consequently, positive cations from the electrolyte must insert themselves
into the polymer matrix to neutralize the negative backbone [6, 15].

Historically, developing stable n-type conjugated polymers for energy storage has
been highly challenging [3]. Most conventional n-type polymers possess relatively
high LUMO energy levels, making their negatively charged states highly reactive
and vulnerable to oxidative degradation by ambient oxygen and water [19]. This
ambient instability typically restricts their use in aqueous electrolytes. However, the
novel n-type polymer poly(benzodifurandione) (PBFDO) circumvents these issues.
PBFDO features a uniquely low-lying LUMO level of approximately -5.1 eV, which
is sufficiently deep to make the polymer thermodynamically and kinetically stable
against oxygen and water reduction reactions [19]. This allows PBFDO to operate
efficiently and stably even in aqueous acidic media.

Furthermore, PBFDO is characterized by a groundbreaking self-doping mechanism.
Rather than requiring complex external post-doping treatments, PBFDO achieves
an in-situ reductive n-doping simultaneously during its oxidative polymerization
synthesis. This creates an extraordinarily high intrinsic charge carrier density (up
to 0.86 charges per repeating unit), yielding a metallic coherent charge transport
and a breakthrough electrical conductivity of up to 2000 S/cm without the need for
insulating side chains [9].

During supercapacitor operation in an acidic electrolyte, PBFDO stores charge
through a unique surface-mediated proton-coupled mechanism. Upon charging (n-
doping), electrons are injected into the PBFDO backbone. Simultaneously, protons
(H™") that were bound to the polymer’s carbonyl groups deintercalate and are ex-
pelled into the acidic electrolyte to balance the incoming negative electrons, forming
negative polarons. Upon discharging, the process reverses: protons from the elec-
trolyte re-intercalate and bond to the PBFDO main chain, neutralizing the negative
charge as electrons are released back through the external circuit [5]. This rapid
exchange of protons facilitates exceptionally fast kinetics, contributing to the high
specific capacitance and power density of the material [5].

2.4 Lignosulfonate as a Redox-Active Biomolecule

Lignin is Earth’s second most abundant biopolymer behind cellulose and constitutes
the major structural constituent of wood. Lignosulfonate, a water-soluble technical
lignin produced as a byproduct in sulfite pulping, is a sustainable and inexpensive

8
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material for energy storage. The electrochemical activity of lignin is derived from the
abundant quinone/hydroquinone substructures present within the lignin backbone.
These functional groups are capable of undergoing readily reversible Faradaic reac-
tions, the consumption and release of electrons and protons (2e~/2H™) throughout
the discharge and charge processes. With the use of perchloric acid for this pro-
cess the abundance of protons (H™) in the aqueous electrolyte will be more than
adequate to facilitate this redox behavior. Despite its inherent potential, two pri-
mary problems exist for utilizing lignin: its electrically insulating nature and the
solubility of lignosulfonate in aqueous electrolytes which typically results in prompt
self-discharge and extensive capacity fade. These two limitations can be overcome
by electrically wiring and structurally confining lignin [2]. By mixing the ligno-
sulfonate with conjugated polymers such as PEDOT:PSS, PEDOT:F and PBFDO,
the conductive polymers act as both a physical scaffold and a three-dimensional
current collector to prohibit dissolution of lignin in the electrolyte and provide suf-
ficient electrically connectivity for the quinone functional groups to act as a highly
electrochemically active pseudocapacitive material [2, 15].

+2e", +2H*
“-—'
X o| -2e- -2H" |X OH
0 OH

Figure 2.2: Schematic of the reversible ortho-quinone/hydroquinone redox mech-
anism, 2e~ /2H ™, occurring on the lignosulfonate backbone. Adapted from [20].

2.5 Electrochemical Characterization Techniques

In order to ascertain the actual performance of the synthesized composite materials,
a 2-electrode symmetrical Swagelok cell is employed. 3-electrode beaker cells are
used to individually study the electrochemical behavior of a single material, while
a symmetrical 2-electrode Swagelok cell represents a more accurate representation
of how the material will perform in a packaged, commercial supercapacitor device
[4, 17]. All electrochemical tests are performed using the following three methods:
Cyclic Voltammetry (CV): The CV test detects how current changes when volt-
age increases at a constant scan rate. While pure EDLCs exhibit symmetrical,
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rectangular CV curves, pseudocapacitors, such as the polymer-lignin com-
posites, show quasi-rectangular shapes with wide anodic and cathodic peaks
because they contain reversible Faradaic redox reactions, which lead to the
observed pseudocapacitor behaviour [1, 15].

Galvanostatic Charge-Discharge (GCD): GCD measures voltage vs time un-
der a constant applied current. This method provides a direct measurement
of the specific capacitance, energy density, and power density of the cell. Ideal
capacitive behavior yields symmetrical, triangular curves, while any instanta-
neous voltage drop at the beginning of discharge (the IR drop) quantifies the
equivalent series resistance (ESR) of the cell [1, 4].

Electrochemical Impedance Spectroscopy (EIS): The EIS test uses a small
alternating current (AC) signal to evaluate the cell’s impedance across various
frequency ranges. The data is typically presented through Nyquist plots, which
show imaginary impedance versus real impedance. The x-axis high-frequency
intercept shows internal ohmic resistance. The size of the high-frequency
semicircle represents charge transfer resistance at the electrode-electrolyte in-
terface, and the low-frequency linear behavior (Warburg impedance) repre-
sents how effectively the ion is diffused through the porous structure of the
electrode[2, 11, 21].

(a) Ideal CV (b) Ideal GCD (c) Ideal Nyquist

Current (A)
Potential (V)
—Z7" (Imaginary)

Potential (V) Time (s) Z" (Real)

Figure 2.3: Theoretical ideal electrochemical behavior of an electric double-layer
capacitor (EDLC) in a 2-electrode cell. Demonstrates its performance through three
different tests which include (a) Cyclic Voltammetry that produces a rectangular
output pattern which demonstrates fast current changes, (b) Galvanostatic Charge-
Discharge test that produces a symmetrical triangular pattern which has no IR-drop,
and (c) Nyquist plot which shows the equivalent series resistance (ESR) at the x-
axis, followed by the 45° porous diffusion phase which follows the ideal 90° capacitive
line.
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Methods

3.1 Substrate Preparation and Surface Modifica-
tion

For current collection, carbon paper was chosen due to its 3D interwoven structure
combined with its great chemical stability. To prepare the substrates, plasma treated
carbon paper was punched into circular discs with a diameter of 12 mm.

3.2 Fabrication of Polymer-Lignosulfonate Elec-
trodes

The active electrode materials were prepared by mixing the selected conjugated
polymers (PEDOT:F, PEDOT:PSS, and PBFDO) with lignosulfonate. Since the
individual polymer dispersions used had different mass concentrations (w%) on their
own, individualized lignosulfonate solutions with matching concentrations needed to
be prepared for each particular polymer. Lignosulfonate was dissolved in dimethyl
sulfoxide (DMSO) at matching percentage by weight to the percentage weight of
the specific polymer that was going to be used [5, 16]. This step was important to
ensure that the volume mixing will result in the correct weight ratios of solids in the
final composite.

The specific lignin-to-polymer weight ratios were selected based on the type of poly-
mer. PEDOT:F and PEDOT:PSS were synthesized and analyzed at the specific
mass ratio of 1:1. For the newly synthesized n-type polymer PBFDO, a wider anal-
ysis range was applied and the lignin-to-PBFDO mass ratios of 1:1, 3:1 and 1:3 were
chosen. The polymer dispersion and the correct matching lignosulfonate solution
was mixed in a separate glass vial. In order to incorporate completely the poly-
mer matrix and achieve homogeneous distribution of the active redox lignosulfonate
component in the composite, the solutions were sonicated for 10 minutes at room
temperature and as a result breaking up all possible aggregates to obtain a highly
homogeneous mixture.

The homogeneous polymer-lignin dispersions were then deposited onto the plasma
treated carbon paper substrate by successive drop casting. In order to obtain uni-
form layer on the hydrophilic carbon fiber the amount of dropped liquid had to
be precisely 20 puL at a time. The electrodes were dried under vacuum at 50 °C
for one hour to ensure slow evaporation of the solvent, and particularly the rela-
tively high-boiling point DMSO, to successfully fuse the active material onto the
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substrate. The drop-casting-drying process was repeated until the total mass of the
active composite reached approximately 1 mg.

3.3 Symmetrical Swagelok Cell Assembly

In order to obtain realistic results regarding the composite electrodes’ actual perfor-
mance, they were integrated into a two-electrode symmetric Swagelok cell. Although
three-electrode cells are typically used in fundamental materials characterization,
they have a tendency to overestimate the measured capacitance due to their non-
uniform voltage distribution and unbalanced counter electrode [4]. Hence, a sym-
metrical two-electrode system was chosen to most closely correspond to the physical
arrangement, the internal voltages, and the charge transfer dynamics of a packaged
commercial supercapacitor.

A pair of identical polymer-lignin coated carbon paper electrodes was mounted di-
rectly opposing one another within the Swagelok cell. A 13 mm diameter glass fiber
separator was typically placed between the electrodes to prevent electronic short
circuits while allowing efficient ion transport. For certain optimized configurations,
three stacked separators were utilized. The two-electrode cell was activated by the
addition of an optimized volume of 180 uli of an aqueous solution of perchloric
acid to form the proton-rich electrolyte needed to accommodate the 2e~/2H ™ redox
reaction of the lignosulfonate.

3.4 Electrochemical Characterization

All electrochemical measurements were performed on a Gamry Interface 1010B Po-
tentiostat. The assembled Swagelok cells were characterized electrochemically by
CV, GCD and EIS in order to thoroughly evaluate the energy storage capability.

3.5 Data Processing and Specific Capacitance Cal-
culation

Custom Python scripts were created to automate the analysis of data produced by
the Gamry potentiostat. These scripts read in the raw data and generated the CV,
GCD and EIS (Nyquist) graphs. Additionally, Python scripts were written specifi-
cally to calculate the specific capacitance (Cy,) of active materials as measured via
GCD testing. The specific capacitance of individual electrodes has been calculated
according to such standardized methodologies for symmetrical two-electrode cell
configurations.

_4><C’

Mot

Csp (3.1)

In this equation:
o (C is the measured absolute capacitance of the two-electrode cell calculated

from the GCD discharge plot using C' = I/(dV/dt)
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e Myt 1S the combined total mass of the active material on both electrodes.
The multiplier of 4 is necessary to adjust the cell capacitance and combined mass
to represent the specific capacitance of a single electrode. In a symmetrical cell, the
two electrodes act as two equivalent capacitors connected in series (1/Ceen = 1/C1 +
1/C5). Because the electrodes are close to identical (C; = Cs), the capacitance of
a single electrode (C1) is twice the measured cell capacitance (2 x C'). To express
this per unit mass of a single electrode (Mgingle = Myot/2), the calculation becomes

2O which simplifies to 2€ [4]. This method ensures that the specific capacitance

mtot/2 ? m
reported accurately reflects the performance of the polymer-lignin composite.
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Results

4.1 Electrochemical Performance of Pristine Con-
jugated Polymers

To establish a baseline for comparative analysis, the pristine conjugated polymers,
the p-type derivatives PEDOT:F and PEDOT:PSS, and the novel n-type
poly(benzodifurandione), were first evaluated in symmetrical two-electrode Swagelok
cells using an aqueous perchloric acid electrolyte.

Cyclic Voltammetry (CV) was performed across a range of scan rates (5 to 100
mV/s) to evaluate the charge storage mechanisms. The CV curves for all three pris-
tine polymers (Figure 4.1b) exhibited the quasi-rectangular shapes featuring broad
redox peaks that are characteristic of pseudocapacitive materials [15]. However, the
current density responses varied drastically,. PBFDO demonstrated exceptionally
broad and symmetrical CV curves with a larger integrated area, corresponding to
a significantly higher capacitance compared to both PEDOT:F and PEDOT:PSS.
This indicates a highly reversible surface-mediated charge storage mechanism and
superior ion accessibility within the PBFDO matrix.

Galvanostatic Charge-Discharge (GCD) measurements were conducted at various
current densities to quantify the specific capacitance and evaluate the equivalent
series resistance (ESR). The initial portion of a GCD discharge curve typically ex-
hibits an instantaneous voltage drop (the IR drop), which correlates directly to the
internal resistance of the cell [4]. The pristine PBFDO electrode exhibited highly
symmetrical, triangular charge-discharge profiles with a minimal IR drop, indicating
excellent conductivity and efficient charge propagation. In contrast, PEDOT:F dis-
played a skewed triangular GCD profile with a noticeably larger IR drop, signifying
higher internal resistance.

By comparing the maximum energy storage capacities obtained at a low applied
current density of 0.25 A /g (Figure 4.1a), the specific capacitance of pristine PBFDO
reached a peak value of 158.2 F/g. Under these same prolonged discharge conditions,
PEDOT:F exhibited a slightly higher maximum capacitance 33.0 F/g compared to
PEDOT:PSS 28.8 F/g.

However, evaluating the materials across a broader range of current densities re-
vealed the severe kinetic limitations of PEDOT:F. Because PEDOT:F possesses
a significantly higher Equivalent Series Resistance (ESR), its capacitance faded
rapidly as the current demand increased. At higher, more practical current den-
sities, PEDOT:PSS consistently outperformed PEDOT:F, demonstrating superior
rate capability and lower internal resistance. Most importantly, the novel n-type

15



4. Results

PBFDO vastly outperformed both p-type derivatives across the entire tested spec-
trum. PBFDO not only delivered the highest absolute capacitance, but also main-
tained its structural and electrochemical efficiency at high current densities, un-
equivocally demonstrating the superior charge storage capability of its self-doped
network.

GCD Comparison at 0.25 A/g Cyclic Voltammetry Comparison (Mass Normalized)

—— PEDOT:PSS —— PBFDO
—— PEDOT:F PEDOT:PSS
—— PBFDO —— PEDOT:F

Voltage (V)
Current Density (A/g)

w0 150 200 0.0 02 04 0.6 08 10
Time (s) Potential (V vs Ref)

(a) GCD Comparison of PBFDO, PE- (b) CV comparison of PBFDO, PE-
DOT:F and PEDOT:PSS at 0.25 A/g DOT:F and PEDOT:PSS

Figure 4.1: GCD and CV comparison of the three conjugated polymers. (a)
GCD curves at a current density of 0.25 A/g. (b) Mass-normalized CV curves.
All electrochemical measurements were performed in a symmetrical two-electrode
Swagelok cell configuration using an aqueous perchloric acid electrolyte.

4.2 Influence of Lignosulfonate on PEDOT-Based
Supercapacitors

Following the baseline measurements, composite electrodes comprising lignosul-
fonate and the p-type conjugated polymers at a 1:1 mass ratio were evaluated. The
underlying hypothesis was that the quinone/hydroquinone substructures within the
lignin would undergo reversible 2e~ /2H ™ faradaic reactions, thereby providing ad-
ditive pseudocapacitance while being electrically wired by the conjugated polymer
network.

However, the electrochemical data revealed that the incorporation of lignosulfonate
severely impeded the performance of the p-type polymers. As observed in the CV
plots for both PEDOT:F+Lignin and PEDOT:PSS+Lignin (1:1), the total inte-
grated area under the curves collapsed significantly compared to their pristine coun-
terparts. Specifically, the PEDOT:F+Lignin composite exhibited highly resistive,
tilted CV curves with negligible current densities, indicating poor electron transfer
and restricted ion diffusion.

The GCD measurements confirmed this severe degradation. The PEDOT:F+Lignin
composite experienced a massive, near-instantaneous IR drop upon the initiation of
discharge, resulting in an extremely short discharge time and a negligible specific
capacitance. The PEDOT:PSS+Lignin composite fared marginally better but still
suffered a reduction in capacitance compared to pure PEDOT:PSS. These results
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suggest that the insulating nature of the lignosulfonate dominated the composite
matrix, disrupting the percolation pathways of the PEDOT derivatives and blocking
access to the electrochemically active sites.

GCD Comparison at 0.25 A/g GCD Comparison at 0.25 A/g
N —— PEDOT:F 10 —— PEDOT:PSS
PEDOT:F+Lignin 1:1 PEDOT:PSS+Lignin 1:1
.. s
B N B o e © )
(a) GCD comparison of PEDOT:F and (b) GCD comparison of PEDOT:PSS
PEDOT:F+Lignin 1:1 and PEDOT:PSS+Lignin 1:1
Cyclic Voltammetry Comparison (Mass Normalized) Cyclic Volt try Comparison (Mass Normalized)

—— PDOT:PSS+Lignin 1:1 0.6
15 PEDOT:F

Current Density (A/g)
Current Density (A/g)
°
S

-0.6 —— PDOT:PSS+Lignin 1:1

PEDOT:PSS

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

(c¢) CV comparison of PEDOT:F and (d) CV comparison of PEDOT:PSS and
PEDOT:F+Lignin 1:1 PEDOT:PSS+Lignin 1:1

Figure 4.2: GCD and CV comparison of PEDOTF, PEDOT:F+Lignin 1:1, PE-
DOT:PSS and PEDOT:PSS+Lignin 1:1.

4.3 Optimization of PBFDO and Lignosulfonate
Mass Ratios

Given the superior baseline performance of the n-type PBFDO polymer, a compre-
hensive ratio optimization study was conducted to determine if a specific polymer-to-
biomass ratio could unlock the synergistic effects of the lignosulfonate. Composites
were formulated and tested at PBFDO-to-Lignin ratios of 3:1, 1:1, and 1:3.

The mass-normalized CV comparison reveals a clear and systematic trend regarding
the composite formulation. The pristine PBFDO electrode enclosed the largest CV
area, directly corresponding to the highest charge storage capacity. The introduc-
tion of lignosulfonate resulted in a systematic decrease in the integrated CV area.
The PBFDO+Lignin 3:1 composite (polymer-rich) retained a relatively large, quasi-
rectangular CV profile, demonstrating the second-highest current density. As the
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lignin content increased to 1:1 and subsequently to 1:3 (lignin-rich), the CV area
progressively contracted.

Despite the overall contraction of the CV area with increasing lignin content, a
distinct new anodic signal emerges at approximately 40.6 V vs Ref. This peak
is attributed to the faradaic redox transition of surface-accessible quinone/hydro-
quinone moieties inherent to the lignosulfonate structure [22]. Interestingly, this
localized molecular redox wave is more sharply pronounced than the faradaic sig-
nals of the pristine PBFDO. This occurs because PBFDO stores charge via broadly
distributed energy states across its conjugated backbone, yielding a featureless pseu-
docapacitive envelope. In contrast, the quinone groups in lignin undergo localized,
two-electron transfers at a specific thermodynamic potential, concentrating their
current density into a discrete, distinct peak even as the bulk conductivity of the
composite decreases [20].

Cyclic Voltammetry Comparison (Mass Normalized)

—— PBFDO
—— PBFDO+Lignin 1:3
3 —— PBFDO-+Lignin 3:1
—— PBFDO+Lignin 1:1

Current Density (A/g)

0.4 0.6 0.8 1.0
Potential (V vs Ref)

Figure 4.3: CV comparison of PBFDO and PBFDO with lignin blends in different
mass ratios.

GCD Comparison at 0.25 A/g

—— PBFDO
PBFDO+Lignin 1:1
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Figure 4.4: Galvanostatic charge-discharge (GCD) curves of pure PBFDO and
PBFDO/lignin composites (mass ratios of 3:1, 1:1, and 1:3) evaluated at a current
density of 0.25 A/g.

The GCD analyses in Figure 4.4 corroborated the CV findings. FEvaluated at a
comparative current density of 0.25 A/g, all PBFDO blends maintained relatively
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symmetrical and triangular discharge curves, however, the discharge times sequen-
tially shortened as the lignin concentration increased. The specific capacitance of
pure PBDFO was calculated to be 158.2 F/g. This dropped to 93.0 F/g for the 3:1
composite, which declined further to 75.9 F/g for the 1:1 blend, and bottomed out
at 35.1 F/g for the 1:3 blend. Although the PBFDO polymer matrix proved far
more capable of accommodating the insulating lignin than the PEDOT derivatives,
evidenced by the lack of catastrophic IR drops seen in the PEDOT composites, the
biomass additive did not enhance overall capacitance. While cyclic voltammetry
revealed some electrochemical activity via a distinct new signal at +0.6 V| lignin
ultimately failed to act as a meaningful pseudocapacitive contributor within the
tested potential window..

4.4 Electrochemical Impedance Spectroscopy (EIS)
Analysis

To elucidate the fundamental causes of the performance degradation observed in the
polymer-biomass composites, Electrochemical Impedance Spectroscopy (EIS) was
performed. The data is visualized using Nyquist plots, where the high-frequency
x-axis intercept represents the equivalent series resistance (ESR), the diameter of
the high-frequency semicircle corresponds to the charge transfer resistance (Ret) at
the electrode-electrolyte interface, and the low-frequency linear tail represents the
Warburg impedance associated with ion diffusion [11, 21].

The Nyquist plot for pristine PBFDO exhibited a very small ESR (approximately
1 Q) and a nearly non-existent high-frequency semicircle, indicating highly effi-
cient charge transfer kinetics and excellent interfacial contact between the plasma-
treated carbon paper and the electrolyte. In stark contrast, the Nyquist plots for
the PBFDO-lignin composites displayed markedly larger semicircles, indicating hin-
dered charge transfer, with approximate R. values of 1.3 2, 2.3 2, and 2.7  for
the 1:1, 1:3, and 3:1 ratios, respectively. Interestingly, while the charge transfer
resistance increased, the introduction of lignin resulted in a slight decrease in ESR
for the composites (approximately 1.0 to 1.2 Q) compared to the pristine polymer."
For the PBFDO-lignin series, the EIS data provided a mechanistic explanation for
the trend observed in the CV and GCD tests. As the proportion of lignosulfonate
increased from 3:1 to 1:3, both the ESR and the charge transfer resistance (Rct) sys-
tematically increased. The water-soluble nature of the lignosulfonate likely caused
slight dissolution or swelling within the aqueous perchloric acid electrolyte, which,
combined with its electrically insulating polymer backbone, increased the interfa-
cial resistance and obstructed the rapid diffusion of protons (H™) into the highly
conductive PBFDO matrix. Therefore, while PBFDO is a highly robust and con-
ductive material for aqueous supercapacitors, this specific application highlights the
limitations of utilizing unmodified lignosulfonate as a redox-active additive.
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Figure 4.5: EIS comparison of PBFDO and PBFDO with lignin blends in ratios
3:1, 1:1 and 1:3.

20



O

Conclusion

The primary objective of this bachelor’s thesis was to evaluate and compare the
electrochemical performance of composites made from lignosulfonate and various
conjugated polymers (the established p-type PEDOT:F and PEDOT:PSS, and the
novel n-type PBFDO) as electrode materials for aqueous supercapacitors. Sym-
metrical two-electrode Swagelok cells with plasma-treated carbon paper substrates
were successfully assembled and tested using Cyclic Voltammetry (CV), Galvanos-
tatic Charge-Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS)
to determine their practical viability [4, 11]. Based on the experimental data and
comparative analysis, the following key conclusions can be drawn:

5.1 Superiority of Pristine PBFDO

In baseline testing of the pure polymers, the novel n-type PBFDO demonstrated ex-
ceptional electrochemical characteristics, vastly outperforming both PEDOT:F and
PEDOT:PSS. PBFDO exhibited a highly reversible surface-mediated charge storage
mechanism, minimal Equivalent Series Resistance (ESR), and high specific capac-
itance. This confirms recent literature highlighting PBFDO as a groundbreaking,
ultra-highly conductive n-type conjugated polymer that effectively addresses the
historical lack of stable n-type materials for organic energy storage [15, 18].

5.2 The Limiting Role of Lignosulfonate

The core hypothesis of this thesis was that the abundant quinone and hydroquinone
substructures within lignosulfonate would undergo reversible 2e~ /2H* Faradaic re-
dox reactions, thereby providing additive pseudocapacitance when structurally con-
fined within a conductive polymer matrix. While cyclic voltammetry did reveal
a distinct new signal at +0.6 V, confirming some degree of electrochemical activ-
ity, the experimental results clearly indicate that the incorporation of unmodified
lignosulfonate severely impeded the overall performance of the supercapacitor cells.
Rather than acting as a synergistic redox-active contributor, the lignosulfonate effec-
tively functioned as an electrochemically inactive, insulating dead weight. The high
solubility of lignosulfonate in the aqueous perchloric acid electrolyte likely caused
swelling and dissolution, which disrupted the electron transport pathways and in-
creased the charge transfer resistance across the electrode-electrolyte interface, over-
whelming any minor Faradaic benefits [2].
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5.3 Comparative Resilience of PBFDO vs. PE-
DOT Derivatives

While the addition of lignosulfonate negatively impacted all tested polymers, the
degree of degradation varied significantly. The p-type PEDOT:F and PEDOT:PSS
composites suffered catastrophic performance failures at a 1:1 polymer-to-lignin
mass ratio, evidenced by massive, near instantaneous IR drops and negligible dis-
charge times. In contrast, the n-type PBFDO polymer matrix demonstrated remark-
able resilience. Even though the specific capacitance of the PBFDO-lignin blends
decreased systematically as the lignin concentration increased (from 3:1 to 1:1, and
finally to 1:3), the PBFDO composites retained their basic quasi-rectangular CV
profiles and symmetrical, triangular GCD curves without the catastrophic internal
resistance spikes seen in the PEDOT cells. This suggests that the uniquely high
intrinsic electrical conductivity of PBFDO (up to 5500 S/cm) allows it to accom-
modate and wire insulating additives far better than traditional p-type derivatives
[11, 18].

5.4 Future Perspectives and Recommendations

The findings of this thesis demonstrate that while utilizing cheap, abundant biomass
like lignin is an attractive route for sustainable energy storage, physical blending and
drop-casting with conjugated polymers is insufficient to overcome lignin’s inherent
insulating nature and tendency to dissolve [2]. Future research should focus on:

1. Chemical Cross-linking: Instead of simple physical mixing, chemically
grafting or cross-linking the lignin molecules to the conjugated polymer back-
bone could prevent dissolution and improve the electron transfer to the quinone
groups [2, 6].

2. Alternative Carbon Composites: Given the outstanding baseline perfor-
mance of PBFDO, future optimization of this material should explore pairing
it with highly conductive, high-surface-area carbonaceous nanomaterials (such
as reduced graphene oxide or carbon nanotubes) rather than raw biomass,
which has been shown to yield significant synergistic improvements in energy
density and cycling stability [3, 17].

3. Utilization of Kraft Lignin: As an alternative to lignosulfonate, future
studies should investigate the use of kraft lignin, which is another major form
of technical lignin obtained as a byproduct from alkaline pulping processes[2].
Preliminary internal testing has shown much better electrochemical results
when using kraft lignin. Its distinct solubility profile may offer superior struc-
tural stability in aqueous acidic environments and better synergy with the
highly conductive PBFDO matrix, making it a promising candidate for fur-
ther composite optimization.

Ultimately, while the polymer-biomass composites did not yield the desired synergis-
tic capacitance, this comparative analysis successfully highlights the limitations of
raw lignosulfonate and rigorously establishes the novel PBFDO as a premier, highly
robust n-type conjugated polymer for next-generation energy storage applications.
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Appendix

GCD MBP8+Lignin 1:3
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Figure A.10: GCD of PBFDO/Lignin 1:3
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Figure A.1: Calculated capacitance and specific capacitence for PDOT:F.
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FINAL RESULTS ===
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Figure A.2: Calculated capacitance and specific capacitence for PDOT:F with
Linosolfunate in a 1:1 ratio.
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Figure A.4: Calculated capacitance and specific capacitence for PDOT:PSS with
Lignosolfunate in a 1:1 ratio.
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Figure A.5: Calculated capacitance and specific capacitence for PBFDO
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Figure A.6: Calculated capacitance and specific capacitence for PBFDO with
Lignosolfunate in a 1:1 ratio.
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=== FINAL RESULTS ===

Figure A.7: Calculated capacitance and specific capacitence for PBFDO with
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Figure A.8: Calculated capacitance and specific capacitence for PBFDO with

Lignosolfunate in a 3:1 ratio.
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Figure A.9: EIS comparison of PBFDO and PBFDO with lignin blends in different
ratios.
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Figure A.11: GCD of PBFDO
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Figure A.12: GCD of PBFDO/Lignin 3:1
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Figure A.13: GCD of PBFDO/Lignin 1:1
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Figure A.15: EIS of PBFDO/Lignin 1:3
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Figure A.16: EIS of PBFDO/Lignin 3:1
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Figure A.17: EIS of PBFDO/Lignin 1:1
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Figure A.18: CV Comparison of PBFDO and PBFDO/Lignin in 1:1,3:1 and 1:3
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Figure A.19: CV of PBFDO
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Figure A.20: CV of PBFDO/Lignin 1:3
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Cyclic Voltammetry MBP8+Lignin 3:1
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Figure A.21: CV of PBFDO/Lignin 3:1
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Figure A.22: CV of PBFDO/Lignin 1:1
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