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PTMA Coated Carbon Fibers:

Characterization and Development Toward High Power
Structural Battery Positive Electrode

SHREEYESH SREENIVASANN

Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

Traditional batteries are often seen as structural parasites: they add weight without
contributing to structural strength. Structural batteries represent a new generation
of energy storage that actively reinforces structures while carrying both electrical
and mechanical loads, creating multifunctional composites.

However, most multifunctional composite batteries rely on lithium-based chemistries,
which are inadequate for future demands in safety, sustainability, and performance.
To address these limitations, this thesis develops carbon fibers coated with poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA), an organic free radical poly-
mer as a lithium-free alternative for next-generation structural batteries.

To investigate this approach, PTMA was synthesized and coated onto carbon fibers
using optimized polymerization techniques. Electrochemical performance was eval-
uated via half-cell voltammetry and cycling testing, while microstructural analyses
(SEM, FTIR, 'H NMR and '3C NMR) assessed coating quality and stability.

The systematic evaluation of carbon fiber electrodes with varying PTMA content
(30-60 wt%) yielded promising results. Spectroscopic analysis confirmed success-
ful PTMA synthesis and nitroxide radical formation. Cyclic voltammetry revealed
that formulation F1 (30% PTMA) achieved optimal electrochemical reversibility
with AE, = 59 mV, meeting theoretical criteria for reversible one-electron transfer.
High-loading formulations demonstrated near-reversible behavior with AE, = 119
mV. Galvanostatic testing showed excellent capacity retention (> 90%) and sta-
ble cycling performance. SEM analysis revealed successful thermal crosslinking at
175°C, transforming discrete particles into consolidated, uniform coatings with im-
proved interfacial adhesion.

These findings demonstrate the first successful integration of PTMA with carbon
fiber substrates for structural batteries. The optimized electrodes achieve reversible
electrochemical behavior while maintaining mechanical integrity, establishing a foun-
dation for sustainable, high-power structural energy storage systems and opening
pathways for lightweight, multifunctional composites in aerospace and automotive
applications.

Keywords: Structural Batteries, Organic Radical Batteries, Multifunctional Com-
posites, Electrochemical Characterisation, Carbon Fibers.
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PTMPM 4-methacryloyloxy-2,2,6,6-tetramethylpiperidine
PVDF Polyvinylidene Fluoride

rGO reduced Graphene Oxide

SEM Scanning Electron Microscopy






Nomenclature

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

Indices
n Number of electrons transferred
t Time index
Sets
F1-F5 Set of electrode formulations
SS01-SS20 Set of sample identifications
Parameters
A Electrode area (cm?)
C Bulk concentration (mol/cm?)
D Di [udion coe Lcieht (cm?/s)
F Faraday’s constant (96,485 C/mol)
| Applied current (A)
m Active material mass (g)
Q Charge capacity (C)
Qnominal Nominal capacity
Qsp Specific capacity
R Gas constant (8.314 J mol! K1)
T Absolute temperature (K)

Scan rate (V/s)
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wt% Weight percentage

Variables
E Electrode potential (V)
EC Standard electrode potential (V)
E Formal potential (V)
Epa Anodic peak potential (V)
Epc Cathodic peak potential (V)
Ep Peak separation (V)
I pa Anodic peak current (A)
I pc Cathodic peak current (A)
ip Peak current (A)
[OX] Concentration of oxidized species (mol/ci)
[Red] Concentration of reduced species (mol/ci)
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1

Introduction

The integration of energy storage and structural functionality in a single mate-
rial represents a signi cant advancement in the eld of multifunctional composites.
This study focuses on developing PTMA-coated carbon bers for use in structural
batteries as a positive electrode, aiming to enhance both the electrochemical per-
formance and mechanical properties of these materials. While structural batteries
utilizing carbon ber composites have demonstrated simultaneous energy storage
and load-bearing capabilities, our work introduces a critical advancement through
the implementation of redox-active PTMA as an organic radical cathode. Unlike
conventional lithium-ion cathodes (e.g., LFP, NMC) that rely on slow solid-state ion

di usion, PTMA's rapid nitroxide radical redox reactions are capable of exceptional
power densities. This paradigm shift in charge transfer kinetics allows structural
batteries to meet high-power demands in aerospace and electric vehicle applications
while maintaining mechanical functionality, a dream combination unattainable with
traditional intercalation cathodes.

1.1 Background

Structural batteries are multifunctional composites that store electrical energy while
bearing mechanical loads. They use carbon bers as negative electrodes and struc-
tural components, combined with a polymer electrolyte matrix that facilities ion
transport and e ciently transfers structural loads. This integration allows struc-
tures to act as energy storage media, o ering signi cant advantages in weight-
critical applications like vehicle chassis and consumer electronics. Traditionally,
lithium iron phosphate (LiFePQO,, LFP) has been the primary cathode material in
structural batteries. However, LFP's limitations such as its lower energy density,
relatively heavier weight, bulkier dimensions, and poorer electrical conductivity have
led to exploring alternatives. One promising alternative is organic based conductive
electrode materials instead of inorganic ones. For example, PTMA (poly(2,2,6,6-
tetramethylpiperidinyloxy-4-yl methacrylate)), a polymer-based cathode material,
is known for its stable nitroxide radicals that enable rapid charge/discharge cycles
in lithium-ion batteries. However, the development of PTMA-coated carbon bres
for structural batteries involves challenges such as particle agglomeration, coating
thickness control, and conductivity issues. There needs work to be done on reliable
methods for coating carbon bres with PTMA using drop casting or electrophoretic
deposition (EPD) techniques (whichever is suitable for maximum coating e ciency).
This approach aims to improve the performance of structural batteries, addressing

1



1. Introduction

the limitations of traditional cathode materials.

1.2 Aim

The overarching goal of this Master's thesis is to explore the development of PTMA-
coated carbon bres as positive cathodes for structural battery applications. This
work will focus on synthesizing the PTMA polymer and integrating it onto carbon
ber substrates through optimized coating techniques. By addressing key chal-
lenges such as achieving uniform coatings and ensuring good electrical properties,
the project aims to create functional electrode materials. The electrochemical behav-
ior of these PTMA-coated bers will be systematically evaluated, alongside a thor-
ough investigation of their microstructure using advanced characterization methods.
Ultimately, this research aspires to contribute new insights into the design and per-
formance of high-power multifunctional materials that combine structural integrity
with energy storage capabilities.

1.3 Limitations

This work, while comprehensive, is subject to certain limitations. The focus on
PTMA-coated carbon bres may not fully represent the behavior of other poten-
tial electrode materials for structural batteries. The laboratory-scale synthesis and
coating processes may not accurately re ect industrial-scale production challenges.
Environmental factors such as temperature and humidity, which could a ect bat-
tery performance in real-world applications, are controlled in our experimental setup
and may not capture all operational scenarios. Additionally, the long-term aging ef-
fects on the PTMA coating and its interaction with the carbon bre substrate over
extended periods (beyond our cycling tests) remain uncertain. These limitations
should be considered when interpreting the results and extrapolating to broader
applications in structural battery development.
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Literature Review

The development of structural batteries or multifunctional composites capable of
simultaneously bearing mechanical loads and storing electrical energy, has garnered
signi cant attention due to their potential to revolutionize lightweight, energy-
storing components for transportation and aerospace applications. A critical area of
innovation within this eld is the integration of organic electrode materials, particu-
larly poly(2,2,6,6-tetramethylpiperidine-1-oxyl methacrylate) (PTMA), onto carbon
bers to enhance both electrochemical performance and mechanical integration.

2.1 Structural Batteries: Concept and Recent Ad-
vances

Recent research on structural batteries has focused on combining high energy den-
sity with robust mechanical properties. State-of-the-art systems, such as those de-
veloped by Asp et al. [1], demonstrate composites achieving energy densities up to
24 Wh kg 1, elastic moduli of 25 GPa, and tensile strengths exceeding 300 MPa.
These results are achieved through the use of multifunctional carbon bers, struc-
tural electrolytes, and lithium-iron-phosphate cathodes, highlighting the feasibility

of structural batteries for practical applications.

Further advancements include multicell laminate architectures, which maintain elec-
trochemical performance under mechanical loading and enable higher voltage out-
puts, as shown by Xu et al. [2]. Sustainable fabrication methods have also emerged,
such as the use of electrophoretic deposition (EPD) with graphene additives in
ethanol, which provides a greener alternative to conventional solvent-based pro-
cesses and delivers high speci ¢ capacity and cycling stability [3]. Additionally, the
integration of reduced graphene oxide and LiFePfonto carbon bers has resulted

in electrodes with both high speci ¢ capacity and superior mechanical modulus, un-
derscoring the promise of multifunctional electrode designs [4, 5].

2.2 PTMA: Synthesis, Properties, and Applica-
tion in Batteries

PTMA stands out among organic cathode materials due to its high redox potential,
rapid charge transfer, and cycling stability. As a p-type redox polymer, PTMA

3



2. Literature Review

undergoes fast and reversible electron transfer, making it suitable for high-power
applications. However, the redox process involves anion transport, which introduces
unique challenges in electrode design, particularly regarding electrolyte selection and
electrode porosity. High mass loading PTMA electrodes can achieve areal capacities
exceeding 1 mAh cm?, but require careful optimization of porosity and electrolyte
content to ensure full utilization of active material and stable cycling performance.

To address PTMA's inherent solubility and adhesion issues, strategies such as ther-
mal crosslinking have been employed. For example, PTMA-based slurries can be
crosslinked on structural current collectors composed of reduced graphene oxide and
aramid nano bers, resulting in electrodes that resist delamination and maintain me-
chanical integrity during cycling [9]. These approaches have enabled PTMA-based
structural electrodes to exhibit high rate capabilities (up to 25C), excellent speci c
power, and a speci ¢ modulus superior to many commercial systems. Furthermore,
PTMA's compatibility with aqueous and non-aqueous systems, and its a nity for
carbon-based additives, support its versatility as a cathode material [7].

Despite these advances, PTMA-based batteries still face challenges in upscaling,
cost, and practical energy density compared to inorganic cathodes. The need for
highly concentrated electrolytes, driven by the anion-dependent redox mechanism,
increases both cost and weight, while the lower density of PTMA limits volumet-
ric energy density. Nonetheless, the environmental bene ts and rapid kinetics of
PTMA continue to drive research into its integration within structural battery de-
signs [8, 10].

2.3 Addressing the Research Gap

While the electrochemical performance and synthesis of PTMA are well documented,
a signi cant gap remains in understanding the mechanical integration of PTMA-
based electrodes within load-bearing composites. A critical gap exists in the liter-
ature regarding the integration of PTMA with carbon bers for structural battery
applications. Most existing studies focus either on the electrochemical optimization
of PTMA or on the mechanical properties of structural batteries using conventional
inorganic materials. There is a lack of comprehensive research addressing the inter-
face, long-term stability, and multifunctional optimization of PTMA-coated carbon
bers in structural battery con gurations. Speci cally, systematic studies are needed
to evaluate how PTMA adhesion, crosslinking strategies, and composite architecture
impact both the mechanical and electrochemical performance over prolonged use.

Bridging this gap is crucial for the realization of lightweight, multifunctional compo-
nents that can meet the demanding requirements of next-generation transportation
and aerospace systems. Future research must therefore focus on the co-optimization
of PTMA electrode chemistry and mechanical integration, enabling the deployment
of organic radical batteries as viable alternatives to traditional metal-based systems
in structural battery applications.
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Theory

3.1 Fundamentals of Structural Batteries

A structural battery is a composite material that simultaneously performs two dis-
tinct functions: storing electrical energy and bearing mechanical loads. Unlike con-
ventional battery systems where the battery is a separate component that adds
weight to a structure, a structural battery becomes an integral part of the structure
itself. The battery material literally replaces structural elements like panels, beams,
or chassis components while maintaining the ability to store and deliver electrical
energy.

Figure 3.1: A detailed roadmap for the development and implementation of All-
Fiber Structural Batteries. Reproduced from Chaudhary et al. [5].

The concept of multifunctionality is central to structural batteries. Multifunctional-

ity means that a single material or component performs multiple engineering func-
tions simultaneously rather than requiring separate components for each function.
In the case of structural batteries, the multifunctionality combines two primary
functions: electrochemical energy storage (like a conventional battery) and mechan-

5



3. Theory

ical load-bearing capability (like structural materials such as aluminum or steel).
This dual functionality eliminates the need for separate battery housing and struc-
tural framework, potentially reducing overall system weight and volume. The key
advantage lies in replacing "dead weight" components that only provide structure
with "active" components that provide both structure and energy storage, leading
to more e cient use of materials and space in weight-critical applications such as
vehicles, aircraft, or portable electronics.

3.2 Electrochemistry of Batteries

Battery operation fundamentally relies on electrochemical processes that convert
chemical energy into electrical energy through controlled redox reactions. A battery
consists of four essential components: the anode (negative electrode), cathode (pos-
itive electrode), electrolyte, and separator (Figure 3.2). During discharge, oxidation
occurs at the anode where electrons are released, while reduction takes place at
the cathode where electrons are consumed. The electrolyte facilitates ionic trans-
port between electrodes while remaining electronically insulating, forcing electrons
to travel through an external circuit to complete the electrochemical reaction and
generate useful electrical current. The separator prevents direct contact between
electrodes while allowing ion passage, maintaining charge balance and preventing
short circuits.

Key performance parameters de ne battery e ectiveness and include voltage, ca-
pacity, e ciency, and cycling stability. The cell voltage results from the potential

di erence between anode and cathode, determined by their respective electrochem-
ical potentials and the thermodynamics of the redox reactions. Capacity represents
the total charge storage capability, typically expressed in ampere-hours (Ah) or
milliampere-hours per gram (mAh/g) for specic capacity. Coulombic e ciency
measures the ratio of discharge to charge capacity, indicating the reversibility of
electrochemical processes, while cycling stability quanti es capacity retention over
repeated charge-discharge cycles, re ecting the long-term viability of the battery
system.

The conversion of chemical energy to electrical energy in batteries is governed by
fundamental thermodynamic principles that determine both theoretical limits and
practical performance [11]. The maximum voltage achievable by a battery is dic-
tated by the Gibbs free energy change (G) of the overall redox reaction, related

to cell potential through the equation G = nFE, wheren is the number of
electrons transferred,F is Faraday's constant (96,485 C mot), and E is the cell
potential [17]. However, actual energy output is in uenced by kinetic factors such
as activation overpotentials, concentration gradients, and ohmic losses within the
cell [15]. Temperature plays a critical role in battery performance, as lower tempera-
tures reduce both cell voltage and internal di usion rates of ions, while elevated tem-
peratures can accelerate unwanted side reactions and electrolyte degradation [16].
The rate at which current can be drawn from a battery is ultimately limited by
the di usion rates of ionic species through the electrolyte, establishing fundamental
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3. Theory

constraints on power delivery capabilities.

Figure 3.2: Components of a rechargeable Li-ion battery showing the main struc-
tural elements and their functions. Reproduced from Goodenough [21].

3.3 PTMA

Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA) represents a pi-
oneering achievement in organic radical battery technology, rst demonstrated as
a viable rechargeable battery cathode material by Nakahara et al. in 2002 [20].
This groundbreaking work at NEC Corporation revealed that nitroxide radical
polymers could achieve reversible electrochemical cycling with remarkable stability.
PTMA features a methacrylate polymer backbone with pendant 2,2,6,6-tetramethyl
piperidinyloxy (TEMPO) groups that serve as electroactive centers (Figure 3.3).
The TEMPO moiety contains a stable nitroxide radical (N-O) that undergoes re-
versible one-electron oxidation to an oxoammonium cation (N-Q according to the
reaction:

TEMPO + A TEMPO* + A +e (3.1)

where A represents the electrolyte anion. This mechanism involves anion inser-
tion/extraction rather than cation intercalation, distinguishing PTMA from con-
ventional inorganic cathodes and enabling exceptionally fast kinetics due to the
surface-localized nature of the redox reaction.

PTMA synthesis typically employs free radical polymerization of the 4-methacryloyl
oxy-TEMPO monomer using conventional initiators such as AIBN. Copolymeriza-
tion with comonomers such as glycidyl methacrylate (GMA) introduces crosslinking
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capabilities through epoxide groups, enhancing mechanical properties while main-
taining electrochemical activity [9]. PTMA o ers several compelling advantages as
a cathode material: environmental sustainability through earth-abundant elements
(C, H, N, O) with no con ict minerals, high power capability enabling stable cycling

at rates up to 25C, processing exibility due to good solubility in organic solvents,
and excellent thermal stability. The theoretical speci ¢ capacity of 111 mAh ¢t
based on one-electron transfer per TEMPO unit, combined with operating potentials
of 3.6 3.8 V versus Li/Li*, makes PTMA particularly attractive for structural bat-
tery applications where simultaneous energy storage and load-bearing capabilities
are required.

Figure 3.3. Reversible redox mechanism of PTMA showing the one-electron trans-
fer between neutral nitroxide radical (N-O) and oxoammonium cation (N-O)
states, with anion insertion/extraction (A ) for charge balance during battery op-
eration. Reproduced from Wang et al. [9].

3.4 Electrochemical Characterization Techniques

3.4.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a very useful technique that provides deep insight about

the thermodynamic and kinetic properties of redox-active materials. The technique
involves applying a voltage waveform to the electrode while recording the resulting
current response.

3.4.1.1 Fundamental Principes

In cyclic voltammetry, the potential is swept linearly from an initial value to an
already set limit, then reversed and swept back to the initial potential. This creates
a special current-voltage pro le that reveals the electrochemical behavior of the
active material. The resulting voltammogram exhibits distinct anodic and cathodic
peaks corresponding to oxidation and reduction processes, respectively [12].

For a simple one-electron transfer reaction:

O+e R (3.2)

8
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Where, O is the oxidised species, which on gaining one electron becomes the reduced
species and it is reversible.

The Nernst equation describes the thermodynamic relationship between electrode
potential and the concentrations of redox species in solution. For a general redox
reaction of the form Ox+ ne Red, the electrode potentialE is given by:

|
E=g0+ Ry 19X
nF [Red|
where E? is the standard electrode potentialR is the gas constant (8.314 J mot
K 1), T is the absolute temperaturen is the number of electrons transferredf is
Faraday's constant (96,485 C mol'), and [Ox] and [Red] are the concentrations of
the oxidized and reduced species, respectively. At Z5 the equation simpli es to
E=E%+ %mlog [[Sg‘c} when using base-10 logarithms. This fundamental rela-
tionship is essential in eiectrochemistry as it allows prediction of electrode potentials
under non-standard conditions. The equation also governs the peak potentials ob-
served and explains how experimental conditions such as concentration and pH can

change the potential of active material.

(3.3)

The peak current for a reversible system is described by the Randles-Sevcik equation:
ip=2:69 10°n*?AD ™Cv!* (3.4)

wherei, is the peak current (A), n is the number of electrons transferredA is the
electrode area (crfi), D is the di usion coe cient (cm ?/s), C is the bulk concentra-
tion (mol/cm %), and v is the scan rate (V/s) [13].

3.4.1.2 Reversibility Determination

The degree of how much the electrochemistry is reversible is a critical parameter
that highlights the electron transfer abilities and the presence of associated reactions.
The assessment is primarily based on the peak-to-peak separationH) and the
peak current ratio [14].

3.4.1.3 Reversible Systems

For an electrochemically reversible system at 26, the theoretical criteria are:
Peak separation: E, = % (not depends on scan rate)
Peak current ratio: '% =1

Peak current proportional to v=2
Formal potential: E% = Eea’Eec

3.4.1.4 Classication Criteria

The electrochemical reversibility is classi ed based on the peak separation [15]:
" Reversible : E, 59mV for single-electron transfer

Quasi-reversible : 59<  E, 100mV

Irreversible : E, > 100mV

N
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3.4.1.5 Signi cance

Reversible systems indicate fast electron transfer activity. These systems exhibit
Nernstian behavior and are ideal for applications requiring e cient charge transfer,
such as in energy storage devices [16].

Quasi-reversible systems demonstrate moderate electron transfer rates. The
peak separation increases with scan rate, re ecting nite electron transfer rate con-
stants.

Irreversible systems are characterized by slow electron transfer kinetics, often
accompanied by coupled chemical reactions or signi cant activation barriers. These
systems show scan rate-dependent peak potentials and may exhibit only one observ-
able peak at moderate scan rates [17].

3.4.1.6 Quantitative Analysis

The formal potential (E%°) represents the thermodynamic driving force for the redox
system and is calculated as:

_ Epat Epc
B 2

For reversible systems, this value is independent of scan rate and provides insight
into the relative stability of the oxidized and reduced forms [18].

The peak current ratio provides information about the chemical stability of the
electrogenerated species and the presence of follow-up chemical reactions:

E® (3.5)

jipal : . .
jlp"": =1 (reversible, no side reactions) (3.6)
pc.
Deviations from unity indicate either irreversible electron transfer or coupled chem-
ical processes such as dimerization, protonation, or decomposition reactions [19].

3.4.2 Galvanostatic Charge Discharge

Galvanostatic Charge Discharge is a widely used technique for battery characteri-
zation that combines constant current with voltage limitations to ensure safe and

controlled testing setups. In GCD, the battery is cycled between xed voltage limits

(Vmax @and Viin) under constant current, thereby allowing for a decent evaluation of

electrochemical performance, capacity, and cycleability. The technique works by
applying a constant current! during charging and discharging phases, with the

relationship between current, capacity, and time given by:

VA t
Q= . Idt =1 t (for constant current) (3.7)

where Q is the accumulated charge capacity, is the applied current, andt is the
time duration. The speci c capacity is calculated afQs, = Q=m, wherem is the
active material mass.

10
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3.4.2.1 C-Rate and its E ects on Battery Performance

The C-rate is a fundamental parameter in battery testing that de nes the charge or
discharge current relative to the battery's theoretical capacity, expressed as:

C-rate =

Qnominal (3.8)
wherel is the applied current andQnominai IS the nominal capacity of the battery.
A 1C rate corresponds to a current that would theoretically charge or discharge the
battery in one hour, while 0.1C and 10C rates correspond to 10-hour and 6-minute
durations, respectively. The C-rate signi cantly a ects battery performance through
several mechanisms: at higher C-rates, increased polarisation losses lead to reduced
available capacity due to kinetic limitations and resistance.

3.4.2.2 Specic Capacity

Speci ¢ capacity represents the amount of electrical charge that can be stored per
unit mass of active material, serving as a fundamental metric for evaluating electrode
performance. For battery applications, specic capacity is typically expressed in

milliampere-hours per gram (mAh g?!) and is calculated using:

R
Ou = Q _ (Zldt
P Mactive Mactive
where Qsp, is the speci ¢ capacity (mAh g ), Q is the total charge passed (mAh),
| is the current (mA), and M. IS the mass of active material (g). For PTMA-

based electrodes, the theoretical speci ¢ capacity is 111 mAhg calculated from
the molecular weight and one-electron transfer per TEMPO unit according to:

(3.9)

n F
Qtheoretical = m (3.10)

where n is the number of electrons transferred per molecule (1 for PTMAY: is
Faraday's constant (96,485 C mol'), M,, is the molecular weight of the repeating
unit (241.3 g mol * for PTMA), and 3.6 is the conversion factor from C g* to mAh

1

g

3.4.2.3 Capacity Retention

Capacity retention quanti es the cycling stability of an electrode material by mea-
suring the percentage of initial capacity maintained after repeated charge-discharge
cycles. This parameter is crucial for assessing the long-term viability of battery
systems and is calculated as:

Capacity Retention (%) = _Qcyclen 100 (3.11)
Qcycle,initial
where Qgycien is the discharge capacity at cycle and Qcyce,iniiar 1S the discharge
capacity of the rst cycle (or a reference cycle after formation). High capacity
retention (>80% after hundreds of cycles) indicates stable electrochemical processes

11
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with minimal degradation mechanisms such as active material dissolution, structural
changes, or side reactions.

3.4.2.4 Coulombic E ciency

Coulombic e ciency (CE) measures the reversibility of charge storage and is de ned
as the ratio of discharge capacity to charge capacity for each cycle. This parameter
indicates the presence of irreversible side reactions and is fundamental for evaluating
battery performance:

- Qdischarge
Qcharge

where g is the coulombic e ciency (%), Quischarge IS the capacity delivered during
discharge (mAh), andQcharge IS the capacity consumed during charge (mAh). Ideal
systems exhibit coulombic e ciencies approaching 100%, indicating complete charge
recovery with minimal parasitic reactions. For PTMA-based systems, high coulom-
bic e ciency (>95%) demonstrates the reversible nature of the nitroxide radical
redox reaction and minimal electrolyte decomposition or active material dissolu-
tion.

The cumulative coulombic e ciency over multiple cycles can be calculated as:

ce 100% (3.12)

Y Qdischarge,i (3 13)

cumulative =
i=1 Qcharge,i

This metric provides insight into long-term charge retention and helps identify grad-
ual capacity fade mechanisms that may not be apparent from single-cycle measure-
ments.
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Methodology

This chapter delves into the precise methodology adopted for synthesis, characteri-
zation, analysis and mechanical testing of the PTMA-coated carbon bers.

4.1 Synthesis

The synthesis of electroactive PTMA-co-GMA followed a two-step free radical poly-

merization methodology, as illustrated in Figure 4.1. This approach was selected af-
ter unsuccessful attempts with anionic polymerization methods, which failed due to

the harsh reaction conditions required and the hygroscopic nature of the TEMPO-

containing monomers that compromised the stringent moisture-free environment
necessary for living anionic polymerization.

4.1.1 Step 1. Free Radical Copolymerization

PTMPM-co-GMA copolymer was synthesized via free radical polymerization using
4-methacryloyloxy-2,2,6,6-tetramethylpiperidine (TMPM, TCI Chemicals, Tokyo)
and glycidyl methacrylate (GMA, 97.0% GC, Sigma-Aldrich) as co-monomers.
The reaction mixture contained TMPM (22 mmol, 5.0 g), varying amounts of GMA
(1 5 mol%), and azobisisobutyronitrile (AIBN, 0.67 mmol, 0.109 g) as the radical
initiator in anhydrous toluene (10 mL) solvent.

The polymerization was conducted at 6 for 48 hours under nitrogen atmosphere
to prevent oxygen inhibition of the radical process (Figure 4.2a). AIBN was selected
as the initiator due to its clean decomposition mechanism, which generates two
2-cyanoprop-2-yl radicals and nitrogen gas at temperatures above°@) avoiding
oxygenated byproducts that could interfere with the electrochemical properties. The
reaction yielded approximately 85% of a clear, viscous copolymer that remained
soluble in common organic solvents including chloroform and toluene (Figure 4.2b).

4.1.2 Step 2: Oxidation to Nitroxide Radicals

The electrochemically inactive PTMPM-co-GMA was converted to electroactive
PTMA-co-GMA through oxidation using meta-chloroperoxybenzoic acid (MCPBA,
77%, Sigma-Aldrich) as the oxidizing agent (Figure 4.2c-d). The copolymer was
treated with 2 equivalents of mMCPBA for 3 hours at room temperature, converting
the TEMPO NH groups to active nitroxide radicals (N-O). This oxidation step typ-
ically achieved 65 81% radical conversion. The oxidation yield was approximately
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50%, consistent with literature reports for mCPBA oxidation of TEMPO-containing
polymers (Figure 4.2e-f).

4.1.3 Material Sourcing and Quality Control

All chemicals were used as received without further puri cation. TMPM was sourced
from Tokyo Chemical Industry (TCI) due to their high-purity specialty chemical
portfolio. GMA ( 97.0% GC purity) and mCPBA ( 77% active oxygen content)
were obtained from Sigma-Aldrich. AIBN was available from the composite labo-
ratory stock. The choice of high-purity starting materials was critical for achieving
reproducible electrochemical performance and minimizing side reactions during both
polymerization and oxidation steps.

Figure 4.1: Synthesis scheme for PTMA-co-GMA copolymer showing (a) free rad-
ical polymerization of TMPM and GMA monomers and (b) oxidation of PTMPM-
co-GMA to electroactive PTMA-co-GMA using mCPBA. Adapted from Wang et
al. [9].

4.1.4 Failed Synthesis Approaches

Initial attempts using anionic polymerization techniques, following protocols similar
to those reported by Vetter et al. [10], were unsuccessful. The failure was attributed
to two primary factors, one being the harsh reaction conditions required for anionic
polymerization (such as high vacuum and extremely dry conditions) were incompati-
ble with the TEMPO-containing monomers, and secondly, the hygroscopic nature of
PTMA Free radical compromised the moisture-free environment essential for con-
trolled anionic polymerization. These challenges led to the adoption of the more
robust free radical polymerization approach that demonstrated excellent tolerance
to trace moisture and ambient conditions.

4.2 Electrode Fabrication

4.2.1 Carbon Fiber Substrate Preparation

T800-50SC-12K carbon bers from Toray, which had been spread to a 15 mm width

by Oxeon AB, were cut to 60 mm lengths to match the dimensions of microscopy
glass slides, providing a standardized substrate for electrode fabrication. To ensure
optimal polymer adhesion and remove commercial sizing agents, the carbon ber
substrates underwent desizing treatment using Soxhlet extraction with acetone for

18 hours. This process eliminated surface contaminants and activated the ber

surface for improved polymer-substrate interaction.
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