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RESUME

Les technologies de stockage d'énergie électrochimique sont devenues un catalyseur essentiel pour
accélérer la transition énergétique verte en promouvant l'intégration des sources d'énergie
renouvelables. Cependant, I'adoption des stratégies de décarbonisation, ainsi que la hausse de la
demande mondiale pour les appareils électroniques portables, exerce une pression considérable sur
la chaine d'approvisionnement des matériaux stratégiques et critiques (par ex., Co et Li). La chaine
d'approvisionnement de ces éléments critiques, depuis I'extraction minicre et le traitement jusqu'a
la gestion des déchets, présente des défis environnementaux, sociaux et géopolitiques importants.
Par ailleurs, l'accumulation mondiale des déchets d'équipements électriques et électroniques
(DEEE) exacerbe cette problématique, notamment dans les pays ou les cadres économiques actuels
limitent des solutions de recyclage viables. Par conséquent, la transition vers des systémes de

stockage d'énergie éco-congus s'aveére impérative.

L'éco-conception dans les systémes de stockage d'énergie électrochimique repose sur plusieurs
principes clés, parmi lesquels : 1) la sélection de matériaux bio-sourcés et abondants dans la crotite
terrestre (par ex., extraits de la biomasse) pour remplacer les substances critiques; ii) I'application
de techniques de fabrication avancées pour minimiser le embedded energy ; et iii) I'évaluation des

scénarios de fin de vie dispositifs.

Les molécules organiques bio-sourcées redox-actives présentent des avantages significatifs pour
I'éco-conception de systémes de stockage d'énergie durables, notamment leur abondance, leur
faible coft, leur processabilité en solution et leur potentielle biodégradabilité. Lorsqu'elles sont
intégrées a des ¢€lectrodes a base de carbone, ces molécules améliorent la capacité de stockage
d'énergie via des mécanismes de transfer de charge Faradaiques. Cependant, I’optimisation des
performances de ces systémes nécessite une ingénierie minutieuse des surfaces/interfaces de
I'¢lectrode avec les molécules redox et 1'¢lectrolyte, afin d'améliorer, entre autres, la capacité de

charge rapide et la stabilité au cyclage.

Dans cette thése de doctorat, nous étudions l'utilisation de matériaux organiques moléculaires bio-
sourcés dans le développement de dispositifs de stockage d'énergie éco-congus, en adoptant les
principes de la chimie verte pour minimiser 1I’embedded energy et I'empreinte environnementale,
tout en assurant des performances électrochimiques favorables. Notre étude se concentre sur deux

molécules bio-sourcées importantes a base de quinones : la Sépia mélanine et la Catéchine. La
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Sépia mélanine peut étre extraite de l'encre de seiche, tandis que la Catéchine, un membre de la
famille des Tannins (c'est-a-dire une large classe de biomolécules polyphénoliques), peut étre
obtenue a partir de composants d'arbres (par ex., écorce ou feuilles), de résidus de fruits ou comme
sous-produit de l'industrie du bois ou de l'alimentation. Ces deux matériaux moléculaires sont
abondants, non toxiques et biodégradables, ce qui en fait des candidats prometteurs pour le

développement de systémes de stockage respectueux de 1'environnement.

Dans le Chapitre 1, nous définissons le contexte de cette recherche, en mettant en évidence les
principaux facteurs accélérant la transition vers 1'électronique éco-congue. Compte tenu de
l'importance des molécules bio-sourcées a base de quinones dans le développement de dispositifs
de stockage d'énergie durables, le premier objectif de cette recherche doctorale est d'examiner les
propriétés redox de la Catéchine, une molécule redox-active de la famille des Tannins, et son
impact sur les performances de stockage de charge du papier carbone préalablement traité
chimiquement. De plus, en raison de l'importance de l'ingénierie des interfaces/surfaces pour
optimiser les propriétés de stockage de charge des supercondensateurs a base de quinones, le
deuxieme objectif est d'étudier les performances électrochimiques de nouveaux matériaux
d'¢lectrodes composites a base de nanotubes de carbone multi-parois et de Sépia mélanine, déposés
sur des collecteurs de courant en tissu de carbone flexible via un processus d'ultrasonication éco-

énergétique et sans déchets.

Dans le Chapitre 2, nous présentons une revue de la littérature sur les supercondensateurs a base
de quinones bio-sourcées, en mettant en avant les stratégies les plus efficaces pour améliorer leurs
performances de stockage de charge. Dans le Chapitre 3, nous détaillons méthodes et techniques
employées dans cette recherche, en mettant l'accent sur les techniques de caractérisation
¢lectrochimique et les processus d'ultrasonication utilisés pour atteindre nos objectifs de recherche.
Dans le Chapitre 4, nous démontrons un supercondensateur symétrique semi-solide utilisant la
catéchine comme molécule redox-active a base de quinones, déposée sur du papier carbone traité
hydro thermiquement via un procédé en solution sans ajout d'additifs conducteurs ni de liants. Les
résultats ont montré que la grande surface spécifique et l'architecture poreuse du papier carbone
traité¢ ont facilité¢ les interactions électrostatiques et I'accumulation d'ions, améliorant ainsi la
contribution de la capacité de double couche électrique. Le traitement hydrothermal de la surface
du carbone, qui introduit des sites redox-actifs (c'est-a-dire des fonctionnalités contenant de

'oxygéne et de 1'azote), ainsi que la modification de surface par la catéchine, ont significativement
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amélioré les propriétés de stockage de charge des électrodes via des mécanismes Faradaiques. De
plus, les supercondensateurs symétriques semi-solides a base de catéchine ont démontré une
remarquable capacité, densit¢ d'énergie et densit¢é de puissance, ainsi qu'une stabilité
exceptionnelle au cyclage. Les résultats ont montré que 1'électrolyte a base d'hydrogel de PVA
limite efficacement la diffusion des molécules de catéchine dans I’¢lectrolyte, contribuant ainsi a

la haute stabilité au cyclage des dispositifs.

Dans le Chapitre 5, nous rapportons l'utilisation d'un processus d'ultrasonication en une seule étape
comme technique d'ingénierie de surface écoénergétique et sans déchets pour la modification de
surface du tissu de carbone avec de la Sépia mélanine et des nanotubes de carbone multi-parois
(MWCNTs) pour des applications de stockage d'énergie, sans l'utilisation de tensioactifs ou de
liants. Les résultats ont montré que le processus d'ultrasonication dans I'eau augmente la surface
spécifique et la porosité du tissu de carbone, tout en induisant une fonctionnalisation redox (c'est-
a-dire des especes contenant de 1'oxygene). La combinaison de la Sépia mélanine redox-active avec
des MWCNTs conducteurs a significativement amélioré les propriétés de stockage de charge des
¢lectrodes via un mécanisme Faradaique, en plus de l'activité électrostatique conventionnelle. De
plus, les supercondensateurs symétriques semi-solides a base de MWCNT-mélanine ont atteint une
haute capacité, densité d'énergie et densité de puissance, avec une remarquable stabilité au cyclage.
Les supercondensateurs ont également démontré une performance constante lorsqu'ils ont été
soumis a des flexions mécaniques sous différents angles. Dans le Chapitre 6, nous présentons des
discussions détaillées sur I'Article 1 et I'Article 2, en soulignant comment cette recherche atteint

les objectifs de cette étude doctorale.

Dans le Chapitre 7, nous concluons en résumant les enseignements tirés de cette étude et en
soulignant 1'originalité de l'approche d'ingénierie de surface proposée dans les applications de
stockage d'énergie éco-congues. En outre, nous formulons des recommandations pour les futurs
chercheurs afin de faire progresser le développement de systémes de stockage d'énergie durables

bio-sourcés.
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ABSTRACT

Energy storage technology has emerged as a critical enabler in advancing the green energy
transition by facilitating decarbonization and promoting the integration of renewable energy
sources into the global energy landscape. However, the widespread adoption of decarbonization
strategies in all sectors, along with the surge in global demand for consumer electronics and
portable devices, places considerable strain on the supply chain for strategic and critical battery
materials (e.g., Co and Li). The entire supply chain of these critical elements, from mineral
extraction and processing to waste management, presents substantial environmental, social, and
geopolitical challenges. On the other hand, the global accumulation of waste electrical and
electronic equipment (WEEE), and its powering components exacerbates this challenge, especially
in countries where current economic frameworks hinder viable recycling solutions. Therefore, the

transition to eco-designed energy storage systems is imperative.

Eco-design in electronics and their powering components emphasizes environmental
considerations across the device lifecycle. Key principles include: (i) choosing earth-abundant, bio-
sourced materials to replace critical or hazardous substances; (ii) employing advanced fabrication
techniques to lower embodied energy; and (iii) evaluating end-of-life scenarios to minimize

devices' environmental impact.

Organic bio-sourced redox-active molecules present key advantages for eco-design of sustainable
energy storage systems, including abundance, cost-effectiveness, solution processability, and
potential biodegradability. When integrated with carbon-based electrodes, these molecules enhance
energy storage capacitance via Faradaic charge storage mechanisms. Optimizing the performance
of these systems requires meticulous surface/interface engineering of the electrode, the redox-

active molecule, and the electrolyte to improve among others rate capability and cycling stability.

In this PhD thesis, we investigate the use of organic bio-sourced materials in the development of
eco-designed energy storage devices, adopting green chemistry principles to minimize embodied
energy and environmental footprint of such devices, while ensuring favorable electrochemical
performance. Our study focuses on two important bio-sourced quinone-based redox-active
molecular materials: Sepia melanin and Catechin. Sepia melanin can be extracted from the ink sac
of cuttlefish, while Catechin, a member of the Tannin family (i.e., a broad class of polyphenolic

biomolecules), can be sourced from tree components (e.g., bark or leaves). Both molecules are
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abundant, non-toxic, and biodegradable, making them promising candidates for the development

of environmentally benign storage systems.

In Chapter 1, we outline the context of this research, emphasizing the key drivers potentially
accelerating the shift toward eco-designed electronics. Given the significance of bio-sourced
quinone-based molecules in the development of sustainable energy storage devices, the first
objective of this PhD research is to investigate the redox properties of Catechin, and its impact on
the charge storage performance of chemically treated carbon paper. Moreover, considering the
importance of surface/interface engineering to optimize the charge storage properties of quinone-
based supercapacitors, the second objective is to investigate the electrochemical performance of
novel composite electrode materials composed of multiwalled carbon nanotubes and Sepia
melanin, deposited onto flexible carbon-based current collectors via an energy efficient and waste-

free ultrasonication process.

In Chapter 2, we present a comprehensive literature review on bio-sourced quinone-based
supercapacitors, highlighting the most effective strategies for enhancing their charge storage
performance. In Chapter 3, we detail the methods and techniques employed in this research,
focusing on electrochemical characterization techniques and ultrasonication processes utilized to
achieve our research objectives. In Chapter 4, we demonstrate a semi-solid symmetric
supercapacitor utilizing Catechin as a redox-active quinone-based molecule, deposited on
hydrothermally treated carbon paper through solution processing without involvement of any
conductive additives or binders. The results indicated that the high surface area and porous
architecture of the treated carbon paper facilitated electrostatic interactions and ion accumulation,
thereby enhancing the electric double layer capacitance contribution. The hydrothermal treatment
of the carbon surface, which introduced redox-active sites (i.e., O and N-including functionalities),
along with surface modification using Catechin, significantly enhanced the charge storage
properties of the electrodes through Faradaic mechanisms. Furthermore, Catechin-based semi-solid
symmetric supercapacitors demonstrated remarkable capacitance, energy density, and power
density, as well as exceptional cycling stability. The findings indicated that the PVA-based
hydrogel electrolyte effectively restricts the diffusion and leaching of Catechin molecules, thereby

contributing to the high cycling stability of the devices.
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In Chapter 5, we report on the utilization of a one-pot ultrasonication process as an energy-
efficient and waste-free surface engineering technique for surface modification of carbon cloth
with redox-active sepia melanin and multiwalled carbon nanotubes (MWCNTs) for energy storage
applications, without the use of surfactants or binders. The results indicated that the ultrasonication
process in water enhances the surface area and porosity of the carbon cloth, while also inducing
redox functionalization (i.e., O-containing species). The combination of redox-active sepia melanin
with conductive MWCNTs significantly improved the charge storage properties of the electrodes
via Faradaic mechanism, in addition to the conventional carbon-based electrostatic activity.
Moreover, MWCNT-sepia-based semi-solid-state symmetric supercapacitors achieved high
capacitance, energy density, and power density, along with remarkable cycling stability. The
supercapacitors also demonstrated consistent performance when subjected to mechanical bending
at various angles. In Chapter 6, we provide comprehensive discussions on Article 1 and Article 2,

highlighting how this research fulfills the objectives of this PhD study.

In Chapter 7, we conclude by summarizing the insights gained from this study and underscoring
the originality of the proposed surface engineering approach in eco-designed energy storage
devices. Furthermore, we provide recommendations for future researchers to further advance the

development of sustainable bio-sourced electrochemical energy storage systems.
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CHAPTER 1 INTRODUCTION

1.1 Context of the research

The availability of raw materials has become a crucial economic and geopolitical concern in the
21% century. The energy transition toward renewable sources is a key driver for the demand of
several critical minerals, since it requires the intensive use of minerals and metals, for the
production of solar panels, wind turbines, batteries, and other technologies[1-3]. At the same time,
the rapid expansion of the Internet of Things (IoT) results in the proliferation of billions of

electronic devices globally[4].

The need for critical elements is a challenge in the fabrication of electronic devices, and their
powering elements (i.e., batteries and supercapacitors). Elements like gallium, cobalt, lithium, have
limited and unstable supply chains, with associated significant geopolitical and environmental risks
[5, 6]. Manufacturers face the growing need to find alternatives, recycle materials, or reduce
reliance on these critical elements, as their limited availability could threaten the production of key

technologies like semiconductors, batteries and supercapacitors.

Apart from the materials availability, a significant manufacturing challenge is the high embodied
energy (i.e., energy spent in the production phase and stored in inner constituents) required to

ensure the quality and miniaturize electronics and their powering components[7].

Finally, as electronic devices become increasingly prevalent in modern lifestyles, the generation
and management of waste electrical and electronic equipment (WEEE) at their end of life are
emerging as significant environmental challenges. Globally, the production of electronic waste (e-
waste) is rising by 2.6 million tonnes annually, a picture expected to rise to 82 million tonnes by
2030[8, 9]. Sadly, a substantial portion of this waste is exported to developing nations, where
improper disposal and recycling processes release toxic substances into the environment,
threatening ecosystems and human health[9, 10]. E-waste and spent energy storage devices, often
contains hazardous metals and chemicals that are non-biodegradable, leading to their long-term

persistence in the environment and subsequent harmful ecological and health impacts[11].

In this context, a paradigm shift in how we manage resources, mineral extraction, and electronics
disposal is crucial, minimizing the environmental footprint and ensuring sustainability for future

generations. This requires a comprehensive rethinking of the entire life cycle of electronic devices



to promote circular economy (CE) and reduce the adverse environmental impacts of e-waste[12,
13]. A key aspect of this shift is the adoption of “eco-design” principles, which emphasize the
importance of material efficiency and recyclability, not just at the end of a product's life but, more

importantly, incorporating environmental considerations at the initial stage of design[14].

The eco-design approach integrates sustainability from the outset and into every phase of the
electronic product life cycle. All in all, eco-design encompasses conducting environmental impact
assessments, selecting biodegradable and earth-abundant materials (such as bio-sourced materials
from biomass feedstock) to replace critical metals and hazardous substances, and utilizing

advanced fabrication technologies to reduce embodied energy[14, 15].

Sustainable organic (i.e., carbon-based) energy storage devices offer a promising approach for the
eco-design of powering elements in electronics and reducing the environmental impact of waste
electrical and electronic equipment (WEEE). This strategy encompasses: (i) using abundant, low-
cost, and solution-processable organic precursors, (ii) employing innovative production schemes
with non-toxic solvents and reagents, adhering to green chemistry principles to minimize toxic
waste, and (iii) designing devices with environmentally acceptable end-of-life scenarios (e.g.

biodegradable devices)[16, 17].

Quinones are a diverse class of organic molecules that are widely found in nature. Quinones
undergo rapid two-electron redox reactions via proton-coupled electron transfer in aqueous media.
The redox activity of quinone-based molecules permits higher charge storage performance through
pseudocapacitance in supercapacitors[18, 19]. Given their redox activity, solution processability,
abundance, non-toxicity, and potential biodegradability, quinone-based bio-sourced molecules are
promising candidates for eco-designed -electrochemical capacitors operating in aqueous

solutions[20].

Several studies have investigated the integration of bio-sourced quinone derivatives into
pseudocapacitors (please see Table 2.1 in literature review). Unfortunately, despite intensive
studies, quinones often exhibit high contact resistance at their interface with carbon current
collectors. This results in limited rate response (i.e., loss of capacitance at higher current densities)
and poor cycling stability (i.e., loss of capacitance over long-term charging/discharging cycles) in

the corresponding supercapacitors[19, 21].



The need to enhance cycling stability while preserving the mechanical integrity and flexibility of
quinone-based electrochemical capacitors favors semi-solid-state gel polymer electrolytes over
liquid or solid electrolytes. However, achieving a seamless electrode/electrolyte interface that
effectively limits redox-active materials dissolution and ensures optimal ionic conductivity is a

challenge.

Carbon-based materials are considered as primary choice for current collectors in energy storage
devices due to their low cost, favorable electrical conductivity, and electrochemical stability.
However, their inherent limitations, such as low specific surface area and poor electrolyte
wettability, necessitate surface treatment processes to optimize their pore structure and modify their

surface chemistry, thereby enhancing their electrochemical performance.

However, conventional surface treatment processes are often highly energy-intensive and may
involve toxic reagents and strong acid treatments (please see Table 2.2 in the literature review).
Consequently, developing energy-efficient and environmentally friendly surface engineering
techniques for carbon-based electrodes, without compromising their capacitive performance, poses

a substantial challenge.

All in all, if we wish to produce large scale, eco-designed energy storage devices, there is a need
to develop sustainable surface engineering approaches that enhance energy storage performance
by optimizing the carbon electrode surface and the interfaces between the electrode, the quinone

molecules, and the electrolyte.
1.2 Research objectives

Given the importance of bio-sourced redox active molecules in the development of sustainable
energy storage devices and the need to minimize the environmental footprint of spent powering
components in e-waste, this PhD research focuses on two important quinone-based bio-sourced
redox-active (macro)molecules: Sepia melanin and Catechin (i.e., a member of the Tannin family),

selected for their abundance, non-toxicity, and biodegradability.
the first specific objective of this PhD thesis is:

1) Investigating the redox properties of Catechin, a quinone-based, bio-sourced molecule, to
enhance the charge storage performance of carbon-based electrodes in semi-solid-state

electrolytes (Article 1, chapter 4).



Considering the low electronic conductivity of bio-sourced quinone-based molecules and their
poor electronic coupling at the interface with carbon-based electrodes, along with the need for
the development of energy-efficient and sustainable surface engineering processes, the second

objective is

2. Investigating the effect of conductive additives on the electrochemical charge storage
of Sepia melanin, (i.e., bi-sourced redox-active macromolecules), in a novel composite
electrode material prepared through an eco-designed surface engineering process

utilizing ultrasonication technique (Article 2, chapter 5).

The impact of this research is expected to significantly contribute to the development of eco-
designed energy storage devices by showcasing the potential of bio-sourced redox-active electrode
materials and leveraging innovative surface/interface engineering techniques. Our original insights
into the modification processes of carbon-based electrodes through ultrasonication underscore a
key paradigm shift that integrates electrochemical performance with sustainability, taking into

account the environmental impacts of modification processes.
1.3 Structure of the thesis

This PhD thesis is arranged into eight chapters that go as follows:

Chapter 1 provides the research context and thesis' objectives. Chapter 2 presents a literature review
on electrochemical energy storage systems, focusing on state-of-the-art bio-sourced quinone-based
supercapacitors. It also discusses the most effective strategies for improving their electrochemical
performance, particularly melanin-based and Tannin-based supercapacitors. Additionally, this

chapter includes a review of biodegradable and compostable supercapacitors.

Chapter 3 details the methodological framework of this research, with a focus on electrochemical
characterization techniques. These include cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy (EIS), alongside a discussion of
the electrochemical signatures of pseudocapacitive and battery-like behaviors. This chapter covers
the working principles of the ultrasonication technique used for electrode modification, as applied
in Article 2. Chapter 4 presents the first publication of this Ph.D. thesis (Article 1), entitled
“Tannins for Sustainable Semi-solid-state Supercapacitors”, published in Waste and Biomass

Valorization in 2023.



Chapter 5 includes the second publication of this PhD thesis (Article 2) entitled “Ultrasound-
Assisted Deposition of Sepia Melanin and Multiwalled Carbon Nanotubes on Carbon Cloth:
Toward Sustainable Surface Engineering for Flexible Supercapacitors”, published in Advanced
Sustainable Systems in 2024. Chapter 6 provides a general discussion of the results and insights
presented in Chapters 4, 5. Chapter 7 concludes the PhD thesis by summarizing the
accomplishments in meeting the research objectives and offering perspectives for future

investigations in the eco-design of sustainable bio-based energy storage systems.



CHAPTER 2 LITERATURE REVIEW

2.1 Energy issue and sustainable resources

The World Energy Council (WEC) projects that global energy consumption will double by 2050
compared to current levels [22]. Rising global energy demands, coupled with increasing
greenhouse gas emissions, have accelerated the shift toward energy transition, emphasizing low-
carbon approaches and the use of renewable energy sources. The inherent intermittency of these
renewable sources underscores the need for energy storage systems. Additionally, rapid
advancements in electronics, especially the miniaturization and functional integration of smart
devices (e.g., laptops, smartphones, sensors, and implantable medical technologies) further push
the growing demand for the development of novel, biocompatible, low-cost, and sustainable energy
storage solutions beyond conventional electrochemical energy storage devices (EESDs). Such
miniaturized devices require compact, high energy and power density, safe, and environmentally
benign energy storage systems that conventional EESDs alone are unable to adequately provide

[23-25].
2.2 Electrochemical energy storage systems

The primary goal of developing an energy storage system is to capture energy and effectively
deliver it for future use [26]. Two main systems for electrochemical energy storage are 1) batteries,

and 1) electrochemical capacitors (ECs), also known as supercapacitors (SCs).

From an electrochemical point of view, the major similarities of these two systems are that both
systems go through the storage and shuttling of ions between two electrodes along with the flow
of electrons in an external circuit. Moreover, electron and ion transport occur independently. In
other words, the electrolyte facilitates the efficient transfer of ions into the electrode, while the
electrode provides a conductive pathway for electrons to the external circuit [27, 28]. Ideally, an
electrochemical energy storage device should exhibit both high specific energy (i.e., its capacity to
store substantial amounts of energy), and high specific power, (i.e., enabling rapid charge and

discharge cycles)[29].

To get a better grasp of the opportunities for ECs development, it is important to consider
power vs. energy diagrams for each type of devices (Figure 2.1). ECs are seen as a middle ground

between traditional capacitors, characterized by high power density but low energy density, and



batteries, which offer moderate power density alongside high energy density. In this context, ECs
function as a middle ground between traditional dielectric capacitors and batteries. [24, 30, 31].
Batteries are employed in a diverse range of short- to mid-term energy storage applications, such
as power distribution to remote locations, electric vehicles, off-grid storage for residential or
commercial buildings, and portable electronic devices, etc. In contrast, ECs are classified as high-
power density devices, making them particularly suitable for short-term applications that often
require bursts of energy. These applications include, but are not limited to, regenerative braking
systems in electric vehicles, grid stabilization, backup power for uninterruptible power supplies

(UPS), energy harvesting systems, and pulse power applications in telecommunications[32].

Compared with conventional dielectric capacitors, supercapacitors current collectors or electrodes
are typically built of large specific surface areas, and hollow and porous conductive materials, such
as carbon-based materials. Thus electrode/electrolyte interfaces are significantly larger than

conventional capacitors resulting in greater specific capacitance and energy density[32, 33].

10°

Capacitors

10* +

10° -

Supercapacitors

Power density (Wkg™') &

Li-ion
Batteries

10 T — Ty
10~ 10”7 10° 10 10° 10
Energy density (Wh kg"’)

3

Figure 2.1 Power density vs. energy density for
various electrochemical energy storage devices [24].

2.3 Electrochemical capacitors (ECs)

ECs, also known as supercapacitors (SCs) or ultracapacitors, have significantly higher capacitance

and energy density than conventional dielectric capacitors [34]. SCs are made up of two electrodes



separated by an ion-permeable separator membrane and an electrolyte that connects the two
electrodes ionically [35]. SCs have a higher specific power (1000-1500 W kg™!) and a longer cyclic

life (up to 100 000 cycles) than batteries, but they have a lower energy density (up to 10 W h kg™)
than batteries [36].

Based on energy storage mechanisms, SCs generally can be classified into three types 1) electrical
double layer capacitors (EDLCs) 1ii) pseudocapacitors and, iii) hybrid capacitors. These
mechanisms are referred to i) electrostatic, ii) Faradaic and iii) combination of Faradaic and non-

Faradaic, respectively [37, 38]. Figure 2.2 compares schematically the energy storage mechanisms

of EDLCs, pseudocapacitors and batteries.
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Figure 2.2 Schematic of working principles of electrochemical
energy storage systems [39].

2.3.1 Electric double layer capacitors (EDLCs)

Electrostatic interactions between ions and polarised electrodes are the basis of EDLCs. In EDLCs,
ions accumulate in a thin layer (i.e., a few nanometers) to counterbalance the charge of an electrode
that is oppositely polarised. In other words, surface charges are distributed at the interface between
the surface of the conductive electrode and the electrolyte without contribution of any chemical
processes or Faradic reactions [31, 39]. Typically, carbon-based porous materials such as activated

carbon, xerogels, carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphene, and its



derivatives exhibit EDLC-type behavior due to their high specific surface area and excellent

conductivity[40].
2.3.2 Pseudocapacitors

The term pseudocapacitor originates from the ancient Greek word pseudés, meaning “false” or
“appears like”. This term captures the unique nature of pseudocapacitors, which mimic the
behavior of traditional capacitors. Actually, pseudocapacitors exhibit electrochemical
characteristics similar to those of capacitive electrodes, specifically showing a linear or dependence
of stored charge on the applied potential within a defined potential window. However, in
pseudocapacitors, charge storage is driven by electron-transfer reactions rather than solely by ion

accumulation, as observed in EDLCs[41, 42].

Pseudocapacitors are a type of electrochemical capacitor in which reversible Faradaic reactions
take place at or near the electrode/electrolyte interface due to the presence of redox-active materials
(e.g., transition metal oxides/hydroxides, conducting polymers, MXenes, heteroatom-based
functionalities, etc.) in which higher capacitance and energy density can be attained in comparison
to EDLCs [43, 44]. This means that pseudocapacitors can store charge by electrostatic, redox
reactions, and/or intercalation, due to ions moving through (or diffusing into) the electrode
materials without any phase transformation. Such that, electrochemical features of

pseudocapacitive materials are neither purely capacitive nor bulk Faradaic process[45].

The charge storage mechanisms in pseudocapacitive materials can involve various Faradaic

processes (Figure 2.3) including:

I.  Underpotential deposition, where ions are adsorbed onto the electrode surface (i.e., form
an adsorbed monolayer) at potential less negative than their redox potential (e.g., deposition
of Pb on Au or Pt electrodes, Figure 2.3a).

II.  Redox pseudocapacitance, which involves fast and reversible redox reactions at or near the
electrode surface and is the most common pseudocapacitive charge storage mechanism in
metal oxides (e.g., RuO>, MnOy, etc., Figure 2.3b).

III.  Intercalation pseudocapacitance, where ions are intercalated into the electrode material's
structure accompanied by Faradaic charge-transfer with no crystallographic phase

transformations (Figure 2.3¢)[40, 43].
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Figure 2.3 Various Faradaic processes contribute to pseudocapacitance; a)
underpotential deposition; b) redox pseudocapacitance; c) intercalation
pseudocapacitance [43].

In the case of redox pseudocapacitance, the total charge stored results from a combination of
mechanisms, including pseudocapacitive contribution from surface redox reactions, and EDL
contribution arising from electrostatic ion adsorption/desorption at the electrode/electrolyte
interface[42, 46]. This case is pivotal to this PhD research and will be discussed in detail in Article
1 and Article 2.

2.3.3 Hybrid capacitors

As indicated by their name, hybrid capacitors combine the features of both EDLCs and
pseudocapacitors, typically demonstrating performance characteristics that reside between these
two types. Based on their electrode configuration, they can be categorized into three types:
asymmetric hybrids, battery-type hybrids, and composite hybrids. Charge storage in hybrid
supercapacitors are based on both Faradaic and non-Faradaic mechanisms[47, 48]. For example,
in battery-type hybrid capacitors, the intercalation mechanism involves crystallographic phase
transitions, which extend charge storage from the electrode surface into the electrode bulk,

resulting in an increase in energy density [38, 49].

It is worth noting that to differentiate between battery-like energy storage processes (i.e., involving
crystallographic phase transformations of the electrode materials during charge/discharge),

pseudocapacitive mechanisms, and EDLCs, specific electrochemical signatures (e.g., CV and GCD
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curves), along with quantitative kinetic analyses, should be considered. These distinctions are

discussed in detail in section 3.2.
2.4 Quinone-based molecules for supercapacitors

Quinones are a diverse class of organic molecules commonly found in nature, known for their
redox activity, consisting in rapid two-electron redox processes through proton-coupled electron
transfer in aqueous media[20, 50]. The primary motivation for incorporating bio-sourced quinone
derivatives into supercapacitors is to enhance their charge storage performance by integrating

Faradaic contributions to the electrostatic one.

Modifying carbon-based electrodes with quinone-based molecules combines non-Faradaic and
Faradaic mechanisms, resulting in a hybrid electrode with improved energy density [25, 51].
Tunable redox-activity with the molecular structure, abundance, low cost and environmentally
friendliness, make quinone-based species relevant materials for the development of sustainable

energy storage devices[32, 52].

The application of quinone molecules as electroactive materials in supercapacitors was first
proposed by Naoi et al.[53] in 2000. They prepared a polymer using the 1,5-diaminoanthraquinone
monomer and suggested that quinone-based moieties could serve as potential candidate for

electrochemical capacitors.

Milczarek et al.[54] in 2012 explored the redox-active quinone groups found in lignin derivatives
(extracted from by-products of pulp and paper industry) for potential use in electrochemical energy
storage. Subsequently, numerous researchers have reported significant advancements in utilizing
bio-sourced quinone-based materials (e.g., emodin, juglone, humic acid, lignin, Tannins, and

melanin) to modify carbon electrodes (Table 2.1) [21, 55-59].

Although quinone-based molecules have garnered considerable interest, they still exhibit several
limitations: (i) high contact resistance at its interface with carbon current collectors, resulting in
poor rate capability (i.e., capacitance loss at high current densities), and (ii) dissolution in the

electrolyte, bringing about cycling stability losses [25, 50, 60].

For the large scale production, it is essential to meticulously control various aspects of both
materials and devices, including: (i) the supramolecular aggregation of the redox-active molecules,

to ensure electronic conductivity and ion transport, (ii) the carbon electrode surface where the
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quinones are deposited, in terms of surface area, porosity and electrolyte wettability, and (iii) the

quality of the immobilization of the quinone at the carbon surface, to limit the leaching of the

molecules in the electrolyte[61, 62]. Thus, the development of versatile structural design strategies

is deemed imperative to optimize the utilization of quinone and its derivatives in energy storage

systems.

Table 2.1 Electrochemical performance of state-of-the-art of bio-sourced-based supercapacitors
in the literature.

Performance .
Electrode Capacitance
Electrolyte Chargin . Year | Ref.
material Capacitance Energy Density | Power density retention
g voltage
Juglone 800,
0
modified H2SO4/PVA 40 W h kg™ 1000 W kg!
) NA 2V after 10 000 | 2020 | [58]
CNT/bacterial hydrogel at10A g at10 A g! |
cycles
cellulose
Juglone
modified . . | 77%
] 66 F g 12 W hkg 180 W kg~
activated H.SO4 1M 1.2V after 3000 | 2019 | [63]
at03Ag! at3Ag! at3Ag!
carbon/activated cycles
carbon
Emodin and
graphene 80%
0
nanosheet/ 88Fg! 33Whkg! 800 W kg
o H>S04 1M 1.8V after 7000 | 2021 | [64]
Caffeic acid- at 10 mV s’ at0.5Ag! at0.5Ag! |
cycles
graphene
hydrogel
Lignin-based W h ke ! 451 W k! 91%
carbon NaxSO4 1M NA 1.8V £ s after 10 000 | 2020 | [65]
at1Ag! at1Ag!
nanofiber-SnO» cycles
Polydopamine 810
0
supported on H2SO4/PVA 61 Fg'lat 11 Whkg! 6400 W kg™
o 1.2V after 10 000 | 2021 | [57]
functionalized hydrogel 1Ag! at1 Ag! at1Ag! |
cycles
carbon cloth Y
Tannic acid/ H>SO4 /PVA 195F ¢! v 37 Whkg! 4476 W kg 84% 2018 | [66]
graphene hydrogel at0.5A¢g! at20A g at20A g! after 8 000
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Performance
Electrode Capacitance
Electrolyte Chargin Year | Ref.
material Capacitance Energy Density | Power density retention
g voltage
cycles
Tannic 91%
EMIMBF;4 525 mF cm? 72 mWh cm? 250 mW cm?
acid/reduced 3V after 10000 | 2024 | [67]
2M at 0.5 mA cm™ at0.5mAcm? | at0.5 mAcm?
graphene oxide cycles
Tannin/reduced | HaSO4/PVA 40 mF cm2 3.6 Whem™? 107 W cm™2 92% after
) 0.8V 2021 | [68]
graphene oxide hydrogel at 0.5 mA cm™ at0.5mAcm? | at0.5mAcm? | 10000 cycles
PANI and
Tannic acid/ H2SO4 /PVA 56 Fg! 1.6 Whkg! 115 W kg™!
1.6V NA 2019 | [69]
reduced hydrogel at0.5Ag! at0.5Ag! at0.5Ag!
graphene oxide
Catechin and
100% after
tannic Na2S04 300Fg! 23 Whkg! 26 kW kg !
1.6V 10 000 2022 | [19]
acid/treated 0.5M at10A g at10A g! at10A g
cycles
carbon paper
Sepia 100% after
Na2S04 452F g! 20Wh kg™ 46 kW kg !
melanin/treated 1.6V 50 000 2022 | [19]
0.5M at10A g! at10A g at10A g
carbon paper cycles
Sepia melanin
and carbon 92% after
Na>S0q4 180 mF cm 2 11 Whem? 102 W cm 2
Quantum v 10 000 2021 | [70]
0.5M at 0.5 mA cm™ at0.5mA cm? | at0.5 mA cm?
dots/carbon cycles
paper

2.5 Carbon electrodes for quinone-based supercapacitors

The conductivity of carbon, combined with its tunable porosity and electrochemical stability,

makes it a key component in energy storage. The deposition of quinone-based materials on

conductive carbon substrates (e.g., activated carbon, carbon paper, 2D graphene and its derivatives,

carbon clothe, etc.) leads to enhanced energy storage performance. This enhancement arises from

the synergistic effect of superimposing pseudocapacitance on the traditional electrical double-layer

capacitance (EDLC)[60].
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The EDLC of the carbon materials is typically low due to the rather low capacitance contribution
per surface area (i.e., specific areal capacitance)[62]. The formation of EDLC in carbon materials

is primarily governed by the kinetics of in-pore ion transport.

Materials such as graphene and other nanocarbons derive much of their surface area from their
unique morphology, often referred to as the outer surface area[71]. For instance, the theoretical
specific areal capacitance of graphene is calculated to be only about 0.21 F m 2 [72]. This relatively
low value highlights the challenge in maximizing capacitance in carbon-based materials, despite

their high surface area and conductivity.

Moreover, from the electron transport point of view, porous or activated carbons exhibit relatively
low conductivity due to their amorphous structures and presence of numerous defects. The
formation of pores in these materials disrupts the sp? conjugated carbon structure, further hindering
fast electron transport and limiting the efficient utilization of energy storage sites. As the mass
loading of active materials on electrode or electrode thickness increases, the conductivity becomes

even more an issue[62, 73].

To address these challenges, many strategies have been developed, including: (i) introducing
surface electroactive sites on the carbon (e.g., functional groups, heteroatoms) and (ii) compositing
the conductive carbon materials (e.g., carbon nanotubes (CNTs), conductive polymers, etc.) with

redox-active moieties.
2.5.1 Design of active sites

In order to enhance the capacitance of the carbon substrate beyond its EDLC, it is crucial to control
its surface chemistry. The introduction of heteroatoms and functional groups has been extensively

investigated.

Doping carbon materials with certain heteroatoms (e.g., N, O, B, P, S, etc.) influences
physicochemical properties such as, (i) surface wettability (i.e., electrolyte affinity), (ii) electronic
conductivity, and (iii) pseudocapacitive behavior of the electrodes, owing to the electron donor-

acceptor characteristics [74-76].

A summary of the most prevalent oxygen- and nitrogen-containing surface functional groups that
enhance the electrochemical performance of carbon-based electrodes in supercapacitors is

provided in Figure 2.4.
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Figure 2.4 O and N-including functionalities associated with the charge
storage in carbon-based electrodes in aqueous medium [32].

N-doped carbon electrodes can achieve significant capacitance values despite having relatively low
surface areas. Given that N possesses a higher electronegativity (x = 3.04) than carbon (y = 2.55),
N-doping enhances the asymmetric valence charge, thereby improving the electron transfer
capabilities of carbon materials [76, 77]. Moreover, the pyridinic-N and pyrrolic-N placed at the
edges of carbon plane, can provide additional pseudocapacitance contribution through protonation

and deprotonation, as represented by reactions (1) and (2) [78].

H+
N

N
O + H,0f = O + H,0 (1)
Z e
\J " \ / e
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Huang et al.[79] synthesized N-doped, ordered, mesoporous, few-layer carbon (OMFLC-N) via
chemical vapor deposition (CVD). The incorporation of pyrrolic-N (N-5) and pyridine-N (N-6)
resulted in an N-doped carbon electrode with improved electronic conductivity (¢ = 360 S cm™!),
hydrophilicity and specific capacitance of 790 F g ' at 1 A g”!ina 0.5 M H2SOs electrolyte (Figure
2.5).

Ordered Mesoporous
Few-layer Carbon

OMFLC 2t

‘_A

i OMFLC

| oMC

-t

c

e 4t

OMFLC-N 5 >
(6] 2 SM

02 00 02 04 06 08
Potential (V)

Figure 2.5 Schematic illustration of nitrogen functionalities on a carbon
substrate; b) Contact angles of 0.5 M H2SO4 droplet on OMFLC and OMFLC-N;
¢) CV profiles of corresponding electrodes at 2 mV s™! [79].

O-functionalities are commonly present in porous carbon materials. O-functionalities can be
introduced into the carbon matrix through treatment of the carbon electrode, including chemical
oxidation treatments, thermal activation under controlled atmosphere, hydrothermal activation,
electrochemical treatment, microwave irradiation, plasma functionalization, etc. Table 2.2 provides
a summary of the electrochemical performance of carbon cloth electrodes treated with

conventional methods.
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Table 2.2 Summary of the electrochemical performance of carbon cloth electrodes treated with
some conventional methods.

Electrode Energy density
Activation method Electrolyte Potential (V) Ref.
capacitance of the device
Electrochemical ) -1to 0 Vs,
o 5MLiCl 756 mF cm™ 2 1.5 mW h cm™ [80]
oxidation at 3V Ag/AgCl
Electrochemical
o -1to 1 Vs 1548 mF cm™
oxidation (CV rate 5 1 M NazSO4 239 mW h cm? [81]
Ag/AgCl
mV s
Electrochemical
o -0.8t0 0 V vs. 143 mF cm™
oxidation (CV rate 5 M LiCl NA [82]
Ag/AgCl
20 mV s)
Hummer’s oxidation
and two-step -1to1Vyvs. 88 mF cm™
o 1 M Ha2SO4 31 mW h cm™ [83]
reduction in Ag/AgCl
hydrazine and NHs
o -0.5t0 1V vs. 5310 mF cm™
Hummer’s oxidation IM NazSO4 31 mW h cm? [84]
Ag/AgCl
Plasma 0t0 0.6 Vvs.
1 M KOH 391 mF cm™? NA [85]
functionalization Ag/AgCl
o OtolVvs.
Thermal activation 6 M KOH 1136.7 mF cm ™2 70 mW h cm™ [86]
Ag/AgCl

The incorporation of oxygen-including groups enhances surface wettability by increasing the
number of hydrophilic polar sites, thereby improving carbon electrode-electrolyte interactions in
aqueous electrolytes. More importantly, oxygen functionalities (e.g., C—OH and O=C-OH)
contribute to pseudocapacitance through redox reactions with OH™ ions in the electrolyte. The

potential redox reactions are represented by reaction (1) and (2) below:

+ OH <« (1)

+ H,0
o
+ OH - + H,0
2
COO-

7
o)

COOH
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Notably, an excess of oxygen groups, particularly epoxy (C-O) groups, can reduce the electronic
conductivity of carbon materials by trapping localized electrons [87]. Therefore, it is crucial to

precisely regulate the type and distribution of O-functionalities on carbon surfaces.

Doping carbon with heteroatoms such as F, B, P, and S significantly enhances the charge storage
capability of carbon-based supercapacitors, owing to the distinct electronegativities and atomic
sizes of these elements relative to carbon. In comparison to N-doping, F, B, P, and S exhibit
stronger electron-donating capabilities and pronounced n-type behavior, making them good
candidates for doped carbons. Moreover, co-doping strategies (dual-element, triple-element), such
as N/S [88], N/B[89], and N/P/O[90] co-doping, have been widely studied and demonstrate
superior electrochemical properties over single-atom doping due to the synergistic interactions
between the different heteroatoms[91]. Figure 2.6 illustrates a schematic representation of the

carbon structure doped with different heteroatom.

o Carbon
Boron
o Nitrogen
Sulphur
Q Phosphorus
N-doped cu% \l"‘»pod carbon

B-doped carbon \ Carbon { P-doped carbon

Dual-element doped carbons Triple-element doped carbons

Figure 2.6 Schematic illustration of carbon structure doped with
different heteroatom [91].

Liet al. [92] fabricated N, P co-doped carbon quantum dots (CQDs)/reduced graphene oxide (rGO)
composite aerogels (N, P-CQDs/rGO) using a hydrothermal method (180 °C, 24 h) with
(NH4).HPO4 serving as the N and P source (Figure 2.7). Thanks to the synergistic effect of N and
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P co-doping, the electrodes demonstrated a remarkable enhancement in specific capacitance,
achieving 453.7 F g~ at 1 A g This value significantly surpassed the capacitances of GO (110.4
F g, rGO (2174 F g), N, P-rGO (2729 F g"), and CQDs/rGO (297.4 F g™).

OV i P
X t:;\_ Chemical oxidation method
~
a o 110°C, 24 h

CQDs Graphite powders

O
Hydrothermal method Freeze-drying
180°C,24 h
N, P-CQDs/rGO hydrogel N, P-CQDs/rGO aerogel
P~ ~
/,’ 0 \\\
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Figure 2.7 a) Schematic of the fabrication process of the N, P-CQDs/rGO composite
aerogel; b) CV profiles at 10 mV s™!, and (c) GCD curves at 1 A g1 of the GO, rGO,
N, P-rGO, CQDs/rGO, and N, P-CQDs/rGO eclectrodes [92].

It is worth noting that while the treatment processes of carbon electrodes could potentially improve
their electrochemical performance, such treatment processes are often highly energy-intensive
(e.g., prolonged high-temperature treatment in controlled atmosphere) and sometimes rely on toxic
reagents and strong acid treatments. As a result, developing energy-efficient and environmentally
benign surface engineering techniques for carbon-based electrodes, without compromising its

capacitive performance, is essential.
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2.5.2 Design of conductive network

Given the high contact resistance between redox-active molecules and carbon current collectors, it
is essential to not only design porous structures and dope carbon electrodes but also to build highly
conductive networks throughout the electrode materials. This approach will help achieve high
power densities and improve the rate capability of supercapacitors. Recently, composite electrode
materials combining quinone moieties with highly conductive carbon-based materials have been
developed, specifically for flexible supercapacitors [93, 94]. To enhance charge transport within
quinone-based electrode materials, a three-dimensional conductive network can be established by
incorporating high aspect-ratio nanocarbons, such as graphene derivatives, CNTs and carbon
quantum dots (CQDs)[94, 95]. Compared to traditional carbon black or graphite, these nanocarbons
provide more contact sites at their interface due to their larger surface area, leading to enhanced
electrical conductivity and overall improved electrode performance. In such systems, quinones can

hybridize with carbon structures through non-covalent interactions [62, 96].

However, this approach faces several challenges, such as the agglomeration or entanglement of
conductive nanocarbons, which results in inhomogeneous dispersion of active materials and
conductive agents within the electrode materials leading to poor cycling stability and rate

capability[93, 97].

Jia et al.[98] reported on flexible electrodes composed of carbonized cotton fiber, graphene oxide
hydrogel, and juglone (CCF/GH-JUG) through carbonization (900 C°, 2 h) and a hydrothermal
(180 C°, 12 h) process for supercapacitor applications (Figure 2.8 ). Juglone was immobilized
onto reduced graphene oxide sheets via non-covalent bonding (i.e. m-m interactions between its
aromatic structure and the carbon scaffold). The integration of juglone's redox activity with
graphene's high electrical conductivity led to a conductive, redox-active electrode material. The
cyclic voltammogram of the CCF/GH-JUG 8:3 (mass ratio) electrode exhibited two distinct redox
peaks within the potential range of -0.05 to 0.4 V vs Ag/AgCl, corresponding to double-
electron/proton redox reaction (Figure 2.7). Symmetric supercapacitors utilizing CCF/GH-JUG
8:3, 316L stainless steel fabrics (as current collectors), and a Polyvinyl alcohol (PVA)/H2SO4
electrolyte, exhibited capacitance of 453 F g! (based on the total mass of active material).
However, the cycling stability was relatively low, with capacitance retention of 87% after 10,000

cycles.
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Figure 2.8 a) Schematic of fabrication process of carbonized cotton fiber, graphene
oxide hydrogel, and juglone (CCF/GH-JUGQG) electrodes; b) CV curves of fabricated
electrodes at 25 mV s!; d) GCD curves of fabricated electrodes [98].
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The observed poor cycling stability, as reported in several studies involving quinones combined

with conductive additives (please see Table 2.1), is attributable to the interactions between the

electroactive molecules, rich in oxygen-containing functional groups, and the organic solvent-

based electrolytes[32, 93].

The solubility issues of quinone compounds can be effectively addressed through several strategies,

including but not limited to: i) surface engineering (e.g., the incorporation of specific

functionalities), ii) the use of semi-solid-state or all-solid-state electrolytes, and iii) modifications

with binders or separators[25, 99, 100].
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2.6 Melanin-based supercapacitors

Melanin, a class of naturally occurring polyphenolic bio-pigments, found in various biological
systems from bacteria to mammals, exhibits unique physicochemical properties such as UV
absorption, metal ion-binding affinity, hydration-dependent electrical response, and redox activity

[101, 102].

Natural melanins are categorized into five primary types: (i) eumelanin, responsible for black and
brown pigmentation; (ii) pheomelanin, associated with red and yellow hues; (iii) neuromelanin,
found in specific brain regions, including the substantia nigra; (vi) allomelanin, derived from plant

and fungal sources; and (v) pyomelanin, produced by certain bacteria[101, 103].

Each type of melanin exhibits distinct structural and functional characteristics. Despite decades of
research, the structure-property-function relationship of melanins is still not fully elucidated.
Nevertheless, this complexity enables melanin to be adapted for a wide range of applications,
including biosensors[104], gating medium in transistors[105], pH sensors[106], and energy

storage[107].

The type of melanin that has been studied extensively by materials scientist is eumelanin, which
will be referred to as melanin for simplicity. Melanin results from of 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole carboxylic acid (DHICA) building blocks that, in parallel with covalent
polymerization, hierarchically assemble through n—nr stacking and hydrogen bonding interactions
to form granules approximately of 150-200 nm in size. The building blocks of the melanin
macromolecule can adopt various redox states, including hydroquinone (reduced form),

semiquinone (intermediate form), and quinone (oxidized form) (Figure 2.9)[102, 103].

HO O e o
N\, He N\ _He N\
| Re——> | R e——> R
HO N HO N N
H H o H
Hydroquinone form Semiquinone form Quinone form
R=H, COOH

Figure 2.9 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA)
building blocks of Sepia in their different redox states: hydroquinone, semiquinone, and
quinone. R is -H in DHI whereas R is the -COOH group in DHICA [103].
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The synergy between the intrinsic redox activity of melanin's building blocks and its ability to
reversibly bind multivalent cations forms the foundation for its application in pseudocapacitive

energy storage systems.

In contrast to conventional capacitors that utilize carbon electrodes and store energy exclusively
through electrostatic mechanisms, the integration of redox-active melanin with carbon electrodes
introduces pseudocapacitive behavior, leading to significant improvements in both specific

capacitance and energy density.

In 2013, Bettinger et al. [107] reported the first use of biologically derived melanin pigments,
isolated from Sepia officinalis, as anode materials for aqueous sodium-ion energy storage devices.
The charge storage capacity of melanin anodes with sodium ions (NatMel-Na), measured at the
discharge rate of 10 mA g, was 30 mAh g'. This value was comparable to those of
polyaniline/carbon nanotube composite electrodes (i.e., 12 mAh g') and PPy/carbon fiber
electrodes (i.e., 23 mAh g™'). These results suggested that naturally occurring melanin, with
minimal post-processing, could be used for energy storage applications, offering the key advantage

of eco-friendliness for green energy storage systems.

Several studies have since explored melanin-based supercapacitors [70, 100, 103, 108-110].
Generally, two main approaches have emerged for incorporating natural melanin into
supercapacitors: (i) converting natural melanin to carbonaceous electrode materials through
carbonization, and (ii) directly using purified natural melanin as the redox-active electrode material

without further carbonization.

Liu et al. [108] reported the preparation of supercapacitor electrode materials by extracting melanin
from squid ink (Figure 2.10). After carbonization (700°C, 1 h in N»), followed by activation using
potassium hydroxide (KOH), the resulting carbon materials exhibited a hierarchically porous
structure with 2 wt% nitrogen doping. When used as electrode materials for supercapacitors, the
as-obtained samples demonstrated a capacitance of 329 F g™' (at 0.50 A g'), maintaining nearly
100% retention over 10,000 cycles. While the electrochemical performance is notable, the report

highlighted the need for more energy-efficient processes carried out at room temperature.
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Figure 2.10 Illustration of fabrication process of hierarchically porous bio-carbon materials
(HPBC) extracted from squid inks; b) GCD curves of HPBC, spherical bio-carbon materials
(SBC) and activated carbon (AC); ¢) Capacitance retention vs. cycle number for HPBC at
5 A g'!; The inset of (c) shows the GCD curves in the last 8 cycles [108].

Our group has conducted several studies where the redox properties of natural melanin have been
leveraged for the development of flexible micro supercapacitors light-assisted supercapacitors
[109], electrochemical capacitors operating in aqueous solutions[70, 100]. Natural melanin
extracted from the ink sac of cuttlefish can be solution-processed at ambient conditions, enabling

its direct application to modify the surface of the carbon-based current collectors.

Kumar et al.[103] investigated the charge storage properties of natural melanin (commercially
available eumelanin polymers) in supercapacitor configurations without any thermal treatment. A
gravimetric specific capacitance of up to 167 F g™!, was reported for melanin deposited on carbon
paper electrodes in NH4CH3COOH(q) electrolyte. The capacitance of melanin-based
supercapacitors can be enhanced through surface engineering by introducing additional active sites
on carbon paper (as discussed in detail in the section 2.5.1). To further enhance the capacitance of
carbon paper electrode beyond its EDLC, Gouda ef a/.[100] employed a two-step treatment process
on carbon substrate. First, the carbon paper was subjected to hydrothermal treatment with sulfuric

acid and nitric acid (120 °C, 2 h, in autoclave), followed by a secondary hydrothermal treatment
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with ammonium phosphate ((NH4);POs4, 180 °C, 24 h, in an autoclave). Melanin processed in
dimethyl sulfoxide (DMSQO) and deposited on as-prepared hydrothermally treated carbon paper
electrodes, exhibited a capacitance of 452 F g™! in Na2SO4q) electrolyte.

Unfortunately, like many other bio-sourced redox-active molecules, melanin typically suffers from
high contact resistance at the interface with carbon current collectors, limiting its rate performance
and cycling stability. Therefore, designing a conductive network within electrode materials is
crucial (as described in detail in section 2.5.2). For example, Gouda et al.[70] demonstrated that a
composite of melanin and N- and S-doped graphitic carbon quantum dots (N, S GCQDs) deposited
on carbon paper electrodes achieved a notable areal capacitance of up to 180 mF cm ™2 in Na2SQuag)
(Figure 2.11). Additionally, the melanin/N,S GCQD symmetric supercapacitor, when operated in
Naz2SO0sq), demonstrated 92% capacitance retention and 100% coulombic efficiency over 10,000

cycles at a current density of 5 A g™'.
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Figure 2.11 a) sepia/N,S GCQD composite electrode materials on carbon fiber; b) TEM images of
sepia/N,S GCQD; c) CV curves of sepia melanin, sepia/N,S GCQDs, and bare carbon paper at 5
mV s7!; d) areal capacitance for both sepia and sepia/N,S GCQDs at different scan rates; ¢)
schematic illustration of the symmetric supercapacitor; f) capacitance retention and coulombic
efficiency for 10,000 cycles of GCD at 5 A g 1; Insets (a) contact angle measurements for
sepia/N,S GCQD mixture [70].
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2.6.1 Working principle of melanin-based supercapacitors

The working principle melanin-based supercapacitors in a symmetric configuration consists of
identical positive and negative carbon paper electrodes operating in an aqueous electrolyte (e.g.,

NH4CH3COOHaq)), can be described as follows (Figure 2.12).

During the charging process, at the positive electrode, hydroquinone (H2Q) and semiquinone (SQ)
groups are rapidly oxidized, leading to an increase in quinone (Q) groups. Simultaneously, H" and
NH4" are released into the solution, while anions are absorbed into the electrode material. At the
negative electrode, Q and SQ groups are reduced, resulting in a higher concentration of H2Q
groups. Anions are released into the solution, and H" and NH4" are incorporated into the electrode

material. These processes are reversible during discharge[103].

harai
charging discharging

b) negative electrode positive electrode negative electrode  positive electrode

A iy

Figure 2.12 Working principle of melanin-based symmetric supercapacitors operating in
NH4CH3COOHaq); a) before applying potential; b) during charging; c) during
discharging [103].



27

2.7 Tannins

Tannins are abundantly available in nature and considered among nature's most versatile redox
active biopolymers, created through natural plant biosynthesis[111]. Tannins can be extracted from
tree bark (e.g., pine, oak, mimosa), fruit residues (e.g., persimmon, grape) or by-product of wood
or food industries by using eco-friendly and sustainable process in aqueous solvents (e.g., solid-

liquid extraction) allowing isolate Tannin fractions with a high phenolic content [55, 112].

The solid-liquid extraction method entails dissolving Tannins in water at a moderate temperature
(60-70 °C). Subsequently, the solution is concentrated and spray-dried to yield a red/yellow powder
rich in phenolic content [32, 113]. The chemical composition of the final powder is greatly
influenced by the plant species and the specific part of the plant from which the Tannin is extracted.
Tannins exhibit molecular weights ranging from 500 to 20,000 Da and possess the highest phenol
concentration (5.56 mol g'!) among natural phenolic biopolymers, even up to 5,000 times more

than lignin[111].

The Tannin family exhibits significant structural diversity and based on their structural
characteristics, Tannins can be categorized into four major groups: gallotannins, ellagitannins,

complex Tannins, and condensed Tannins (Figure 2.13)[114].

Tannins
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Figure 2.13 Classification of Tannins based on their structural characteristics [114].
Tannins have a variety of structural features, including phenolic, hydroxyl, ester, and ether

functional groups. These diverse components play a crucial role in determining their unique

chemical properties and reactivity[115]. Gallotannins, ellagitannins and complex Tannins are
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considered as hydrolysable Tannins and naturally occur as single molecules. In contrast, condensed

Tannins occur as oligomers composed of their constituent Tannin units [116].

Gallotannins are found in berries, grapes, persimmons, and pomegranates, whereas ellagitannins
are abundant in coffee, fruits, nuts, tea, and wine fermented in oak barrels [117]. Tannic Acid is
another example of hydrolysable Tannin and can be found in practically all plant tissues [118].
Examples of condensed Tannins are Catechin, epicatechin, and gallocatechin. They can be
extracted from chocolate, cocoa, coffee, cranberries or tea [117]. Condensed Tannins (i.c.,
composed of flavonoid units linked together by carbon-carbon bonds) are of significant interest for
the synthesis of carbon-based materials due to their high polyflavonoid content (i.e., 70-80 %) and
their notable carbon yield of approximately 50% through pyrolysis[32]. Condensed Tannins
currently account for over 90% of the global industrial extraction of tannins, which exceeds

220,000 tons annually[119].

Tannins generally have a wide range of applications, including their traditional use in the tanning
of leather, as additives in wine and food to improve flavor and stability, and as active ingredients
in the cosmetic industry due to their antioxidant[115]. Tannins are also employed in water
treatment for their ability to bind heavy metals, in the production of adhesives and resins, as natural

dyes in textiles[120].
2.7.1 Tannin-based supercapacitors

Tannins are rich in phenolic content, providing them with active functional groups that facilitate
redox reactions. Tannins may undergo two-electron proton-coupled electron transfer in aqueous
media [21, 55]. Figure 2.14a represents chemical structure of ellagitannins and figure 2.14b
demonstrates reversible redox reaction between phenol and quinone during charge and discharge
process. Given their redox activity, abundance, accessibility, and non-toxicity, Tannins are

excellent candidates for eco-friendly electrochemical energy storage solutions [32, 100].

The diversity within the Tannin family and the heterogeneity in their structures depending on the
source, present both opportunities and challenges. Each Tannin is expected to have its own redox
activity and electrochemical signature. Tannins offer a broad selection of potential molecules and
sources, but also make complicate the choice of the ideal candidate in energy storage applications

in terms of electrochemical performance.
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Generally, the theoretical capacitance of organic molecular electrode materials is highly influenced
by the number of redox-active sites available per unit of molecular weight [60, 121]. It means that,

enabling multi-electron Faradaic reactions at lower molecular weights enhances electron transfer
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Figure 2.14 representative of possible redox reaction in tannin; a) the
molecular structure of ellagitannins; b) redox reaction between
phenol and quinone in aqueous medium [55].
per unit mass, thereby increasing energy density. Although the presence of more oxygen-containing
functional groups in the molecular structure may theoretically enhance redox activity in aqueous

electrolytes, it also increases water solubility, resulting in poor cycling stability[122-124].

Many studies have explored the redox activity of Tannins, as redox active electrode materials in
supercapacitors and as cathode in lithium-ion and or sodium-ion batteries [21, 54, 55, 68, 125,
126]. Mukhopadhyay et al. [55] in 2017 reported Tannin-based electrodes based on extracted
Tannin from bark and polypyrrole (PPy) on carbonized wood as a freestanding electrode. An areal
capacitance of 4.6 F cm 2 at 0.5 mA cm 2 was reported for the composite electrode in HC1O4 0.1
M aqueous electrolyte. The observed improvement in electrochemical performance of the electrode
compared to bare carbonized wood electrode was attributed to three contributing factures
including: (i) high surface area and cellular porosity of wood-derived substrate, (ii) presence of the
conductive polymer PPy and (iii) pseudocapacitive contribution from Tannin. However, the
electrode exhibited poor cycling stability, and a notable decline in capacitance was observed during

the stability test, likely due to the leaching of Tannin in aqueous electrolytes.
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Given the potential of Tannins as bio-sourced redox-active molecules for the development of
sustainable supercapacitors, our group has investigated the electrochemical properties of various
tannins. For example, Lemieux et al. [21] studied electrochemical performance of the two Tannins
namely Tannic acid (TA) and Catechin (Ctn) deposited on galvanostatically treated carbon paper
(gCP) as current collector, in 0.5 M H>SOg4 electrolyte (Figure 2.15). A capacity increase of 32%
compared to that of bare activated CP electrodes was reported due to pseudocapacitive contribution
of tannic acid and Catechin deposited on activated carbon paper (TA/pre-gCP and Ctn/pre-gCP).
Interestingly, over 5,000 cycles, the capacity retention dropped rapidly to around 80% and 76%,
for TA/pre-gCP and Ctn/pre-gCP, respectively. This capacity loss and the limited cyclability of
Tannin-based electrodes were anticipated, primarily due to the high solubility of Tannin.
Additionally, the anchoring mechanism of these molecules on the carbon surface, which is assumed

to be through weak n—m interactions of the aromatic rings, further contributes to leaching in aqueous

electrolytes.
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Figure 2.15 Schematic representation of the molecular structure of (a) tannic acid(TA) and (b)
catechin (Ctn); CV profiles of (c) Ctn/gCP; (d) TA/gCP, at different scan rates in 0.5 M H2SOy; e)
Coulombic efficiency of samples [21].
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One approach to reducing the solubility of Tannins and simultaneously increase conductivity within
electrode materials is utilizes graphene sheets to stabilize tannic acid by n—r interactions. Meng et
al. [127] reported the fabrication of a composite electrode materials made of graphene, carbonized
paper, and tannic acid (GN/CP/TA) for energy storage applications. The composite electrode
demonstrated around 86% capacitance retention over 10,000 cycles. Additionally, the
corresponding supercapacitors achieved an energy density of 36.82 uW h cm 2 and power density

of 1372.73 uyW cm 2.

Another study reported that modifying reduced graphene oxide (rGO) sheets with tannic acid
enhanced the overall electrochemical performance of the electrode[67]. The abundant redox-active
functional groups in tannic acid not only help prevent the restacking of rGO sheets in aqueous
media and promote the in-situ reduction of graphene oxide (GO), but also provide additional
pseudocapacitance to the electrode. Specifically, symmetric supercapacitors making use of tannic
acid and GO in a 6 M KOH electrolyte delivered an areal capacitance of 525 mF cm™ at 0.5 mA
cm™?, energy density of 72 uWh cm™ and, power density of 250 uW cm™. The device also showed

improved capacitance retention up to 91% after 10,000 charge/discharge cycles.

Following the same strategy, in the study by Oh et al.[128], it was demonstrated that tannic acid
can also self-assemble on the surface of carbon nanotubes (CNTs) through the formation of metal-
phenolic coordination bonds (Figure 2.16). Specifically, the phenolic groups of tannic acid undergo
dehydroxylation, forming a tannic acid-Fe** complex. This complex generates metal-phenolic
compounds on the surface of single-walled carbon nanotubes (SWNTSs) via n—r interactions
between the aromatic rings of the tannic acid and the carbon nanotubes. The resulting flexible
metal-phenolic carbon nanocomposites electrode exhibited a gravimetric capacitance as high as

147.4 F g7" and retained 97% of its capacitance over 1000 cycles.

Tannic acid plays two key roles in this system, (i) it acts as both a dispersant and a cross-linker,
while simultaneously (ii) providing redox-active sites, improving the overall electrochemical

performance of the electrode.

Our group investigated Catechin-based electrodes in aqueous medium[100]. Catechin (Ctn), a
member of the Tannin family and classified as a condensed Tannin, was mixed with tannic acid as
a binder -following the previous strategy-and deposited on hydrothermally treated carbon paper

(TCP) electrodes. These electrodes exhibited a capacitance of approximately 300 F g in aqueous
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Figure 2.16 Schematic representation of tannic acid (TA) on the conductive single-walled nanotubes
(SWNTs); b) representation of the redox reaction in TA; ¢) CV profiles at a scan rate of 10
mV s~ and d) GCD plots at 1 A g™! for samples at different mass ratio [128].

electrolyte (0.5 M Na:SO.uq) thanks to pseudocapacitive contribution of Tannins. Interestingly,
Catechin/Tannic acid (Ctn/TA)-based supercapacitors exhibited 100% capacitance retention and
100% coulombic efficiency over 10,000 cycles at a current density of 10 A g™'. This improved

cycling stability is attributable to the introduction of tannic acid as a binder with hydrogen-bonding

capability, which helps to limit the solubility of Catechin in aqueous electrolytes. This underscores

the dual functionality of tannic acid as an organic bio-sourced binder, along with its redox activity.

Despite the great potential of Tannin molecules in the development of sustainable electrochemical
energy storage applications, the electrochemical characteristics of the Tannin family are not well

understood due to the large variety of molecular structures and arrangements.
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CHAPTER 3 METHODOLOGICAL ASPECTS

3.1 Electrochemical characterization

Electrochemistry probes electron transfer processes at interfaces between metal or semiconductor
electrodes and electrolytes. Various electrochemical methods have been developed to investigate
the behavior of electrode materials and energy storage devices, with each technique relying on
different input parameters such as current, voltage, resistance, frequency, and power. Based on the
specific application needs, common methods are cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS)[129, 130]. In this
PhD project, CV, GCD and EIS techniques have been utilized to evaluate the electrochemical
energy storage performance of the electrode materials and their corresponding symmetric

supercapacitors.
3.1.1 Cyclic voltammetry

CV test can be applied in both three-electrode setup and two-electrode configurations (e.g., in

device configuration). Figure 3.1 shows the schematic of a CV experimental setup[131].

Cyclic Voltammogram

Working W Counter
Electrode Electrode

Reference

.‘ Electrode

Electrolyte

Figure 3.1 Schematic representation of an electrochemical cell used for
cyclic voltammetry (CV) [131].
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The three-electrode configuration include: (i) the working electrode (WE, i.e., where the
electrochemical process under investigation occurs), (ii) the counter electrode (CE, the current
flows between the working and counter electrodes); (iii) the reference electrode (RE, to provide a

reference point against which the potentials of other electrodes can be measured).

During a CV experiment, the potential is repeatedly swept between two extremes (i.e., operating
potential or potential window) at a given scan rate (i.e., sweeping rate at which the potential
changes). During CV, the electron transfer takes place while electroneutrality is maintained through
the movement of ions in the electrolyte solution (i.e., a mixture of solvent and salt). As electrons
move from the analyte (i.e., the substance being studied, usually immobilized on the working
electrode) to the electrode, electron transfer occurs in the external circuit, while ions move within

the solution to balance the charge and complete the electrical circuit[129].

During a CV test, the electrochemical potential is varied between RE and WE, while the
corresponding change in current through the outer circuit is measured. The current plotted versus
the potential is known as a CV profile or cyclic voltammogram[132]. CV analysis relies on the
characteristics of the CV profile, including but not limited to (i) the shape of the CV, (ii) the
enclosed area of the CV, (iii) peak currents values, and iv) peak position[131, 133]. Moreover, CV

analysis is used to determine the potential window for a specific electrode material.

By integrating enclosed area under the CV curve, the gravimetric specific capacitance (C, F g™1)
can be calculated using equation 3.1[40]:

_ J1av

= 3.1
S 2VAVm

where [ 1dV is the integral area of the CV curve, v is the scan rate (mV s~1), m is active material

on the current collector (g) or, and AV is the potential window (V).

3.1.2 Galvanostatic charge/discharge (GCD)

During GCD in two-electrode configurations, the electrodes are alternately charged and discharged
between two defined potentials (i.e., cut-off potentials) under a constant applied current. GCD is

the most widely used method for calculating the specific capacitance of a device (Cocp , F g7 1),
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as well as its energy density (E, Wh kg™1), power density (P, W kg~1), and cycle stability (i.e.,

running GCD over thousands of cycles) as follows:

1
C =][(—])dt 3.2
wer =11 ()
_ Idisfvdt
T 3600 3.3
p=Lt 3.4
tdis

where [ is the applied constant-current density, t is the discharge time, and V, is the potential as a

function of t, Iqis represents the constant discharg current density (A g2), fvdt is the integral area

of the GCD discharge cycle, and tais denotes discharge time (s) [134, 135].
3.1.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is one of the most versatile electrochemical
techniques, widely employed in various fields such as energy storage, corrosion studies, and
sensors. In EIS, a low-amplitude alternating potential is applied to the system, and the resulting
changes in both the amplitude and phase of the current are measured across a range of frequencies
(e.g., from 0.01 to 100 kHz). The impedance spectrum (i.e., Nyquist plot), illustrates the
relationship between the imaginary component of the impedance (Zim) and the real component
(Z:e)[136, 137]. In a Nyquist plot of a typical pseudocapacitor, each frequency range is attributable
to a distinct process. The low-frequency range reveals processes related to mass transport, such as
ion diffusion (e.g., pure capacitive behavior). The medium-frequency range (10 mHz to 1 kHz)
typically reflects processes occurring at the electrode/electrolyte interface, including charge
transfer process and EDL formation. The high-frequency range (=1 kHz) primarily is attributable

to total cell resistance, including electrolyte and electrode resistances (Figure 3.2)[44, 138].

By fitting the impedance data to an equivalent circuit model, various impedance elements can be
distinguished, enabling a more detailed understanding of the contributions of each component to

the overall electrochemical behavior.
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The appearance of a semicircle in the high-frequency region of a Nyquist plot indicates charge
transfer resistance and can be associated to a pseudocapacitive behavior. This phenomenon was
observed during the EIS characterization of semi-solid-state devices in this PhD project and is

discussed in Articles 1 and 2.

' equilibrium’ : g
differential :
capacitance C,, I |
increasing h
=+ frequency f -
diffuse |,
s internal I_ayer E
N [ resistance _ resistance
i p
T 1 [
electrode electrolyte ! :
resistanceI resistance > \ :
1 a
: EDL formation
: (s*Feep §|op§)
! } vs. ion diffusion
v/ (low slope)

Figure 3.2 Schematic illustration of a typical
Nyquist plots of a pseudocapacitor [136].

3.2 Electrochemical signature of pseudocapacitive and battery-like behavior

To differentiate between the energy storage mechanisms (EDLC, pseudocapacitive and battery-
type behavior), it is essential to analyze the electrochemical signatures obtained from CV and GCD

tests.

In EDLCs, the cyclic voltammogram typically displays a rectangular shape with constant current
plateaus and absence of redox peaks, signifying purely capacitive charge storage mechanism. The
GCD profile of EDLCs consistently displays a triangular shape and a linear voltage-time response,

with a constant slope during both charging/discharging (Figure 3.3)[138, 139].

For an ideal EDLC, the Helmholtz model provides the simplest representation of this process,

applying the parallel-plate capacitor equation for specific capacitance (C, F g™).

Eo&rA
C = 3.5
d
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Where & represents the relative permittivity, &, denotes the absolute permittivity (F m™) in a
vacuum, A (m? g'!) indicates the specific surface area of the electrode accessible to the ions, and d

(m) refers to the effective thickness of the EDL[42].

Unlike EDLCs, pseudocapacitive materials exhibit a semi-rectangular CV curve with multiple
superimposed broad peaks, corresponding to charge generation from redox reactions. The GCD

profile of pseudocapacitive materials typically shows a nearly triangular shape with slight
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Figure 3.3 The electrochemical signatures for different charge storage
mechanisms, a) Cyclic Voltammetry (CV), b) Galvanostatic charge/discharge
(GCD), ¢) Power law analysis [24].

deviations from linearity, indicating the occurrence of surface redox reactions (Figure 3.3)[29,
131]. As discussed earlier in Section 2.3.2, the similarity of the cyclic voltammograms and GCD
profiles of the electrode materials in both Article 1 and Article 2 features pseudocapacitive
signatures, indicating that the charge storage mechanism in both cases involves a combination of

surface redox reactions and electrostatic contributions.

A battery-type electrode exhibits distinct and sharp peaks in its CV profile, indicative of Faradaic
reactions, and shows plateaus in the corresponding GCD profiles, which are attributed to phase

transitions or specific redox reactions occurring within the material (Figure 3.3). These features
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highlight a storage mechanism that is fundamentally different from electrostatic or
pseudocapacitive processes, reflecting the electrode's capacity to store and release energy through
bulk diffusion-controlled reactions, which are characteristic of battery-like energy storage

mechanisms[49, 140].

The power law method provides a complementary tool for investigating charge transfer processes
occurring at the electrode, enabling distinction between surface-controlled and diffusion-limited
contributions in a charge storage system. In this method, the current is assumed to vary with the

scan rate according to the following:
i = av? 3.5

Where, i is the current (mA), and v is the scan rate (mV s!). The value of b lies between 0.5 and
1. If the b value is close to 0.5, stands for the diffusion-controlled reaction (i.e., battery-type
behavior) where the charge storage mechanism relies on the bulk diffusion of ions within the
electrode material. This behavior suggests that the rate of charge transfer is limited by the
movement of ions through the electrolyte and the solid-state diffusion in the electrode, leading to

slower charge and discharge rates [43, 47].

Conversely, if b is close to 1, it signifies a surface-controlled reaction, typical of capacitive or
pseudocapacitive processes. In this case, charge storage occurs predominantly at the electrode
surface, where fast electrochemical reactions can take place without the need for significant ion
diffusion into the bulk of the electrode material, resulting in rapid charge and discharge capabilities

compare to that of diffusion-controlled systems (i.e., battery-type behavior).
3.3 Ultrasonication

Ultrasonication is recognized as a green technology with diverse applications across several
domains, including food processing, metal extraction, stabilization, cleaning processes, and large-
scale production of organic and inorganic 2D mono/multilayer materials, etc. The ultrasonication
process is non-invasive, energy-efficient and up-scalable and as such it is attractive for sustainable

practices[141, 142].

The ultrasonication is based on utilizing ultrasound waves to induce physical and mechanical
effects in the liquid. Through ultrasonic irradiation in a liquid medium, sound waves interact with

micro/nanobubbles, triggering the process of acoustic cavitation[143]. During this process,
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cavitation bubbles expand and eventually collapse implosively within the medium, generating
shock waves and microjets, which in turn lead to intensified shear forces. Such significant locally
concentrated energy leads to the formation of local hotspots, reaching local temperature up to
10,000 K and pressure up to 10 000 atm, inducing the generation of radicals (e.g., H and OH
radicals) through the homolytic cleavage of water molecules[144]. Figure 3.4 schematically

represents an ultrasonication setup[145].
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Figure 3.4 Schematic representation of an ultrasonication setup [145].

The effect of cavitation is governed by several key parameters, including, but not limited to,
temperature, ultrasonication frequency, and time. Therefore, careful optimization of these

parameters is essential to obtain the desired outcomes based on the ultrasonication application.

In this PhD thesis, we utilized the ultrasonication process for the surface modification of carbon
cloth using sepia melanin (i.e., a redox-active bio-sourced molecule) and multi-walled carbon
nanotubes (MWCNTs) as electrode materials (please see Article 2). This study represents the first
report of employing ultrasonication in an aqueous medium (i.e., deionized water) for the surface

activation of electrode materials for energy storage application.
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During the process, Sepia melanin granules and MWCNTs were anchored onto the carbon fibers
of the carbon electrodes without the use of any binders or surfactants. Moreover, the cavitation-
induced shear forces inhibited the agglomeration of sepia melanin granules and MWCNTs during
ultrasonication. Additionally, cavitation-induced radicals facilitated the generation of oxygen-
containing functionalities on the surface of carbon electrodes, enhancing their wettability and redox

activity.

We optimized the ultrasonication conditions (time, temperature, and output power) to achieve the
highest capacitance in the resulting modified carbon cloth (supplementary note of Article 2)The
results of this PhD thesis confirmed that employing the ultrasonication technique for the activation
of carbon-based electrodes can significantly reduce operating time and energy consumption while

also mitigating chemical usage.



41

CHAPTER 4 ARTICLE 1: TANNINS FOR SUSTAINABLE SEMI-
SOLID-STATE SUPERCAPACITORS

Article 1 was published in the Waste and Biomass Valorization on April 07, 2023. The

supplementary information is provided in Appendix A.
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4.2 Abstract

Organic redox-active molecules extracted from natural sources (bio-sourced) are relevant for
sustainable storage of renewable, yet intermittent, energy. When deposited on electrode surfaces,
redox-active molecules bring about an increase of the energy density of the electrodes since the
Faradaic storage mechanism adds to the electrostatic one. The engineering of the electrode surface
and the interfaces between the electrode surface with the molecules and the electrolyte is key to
optimization of storage. Here, we report on (i) electrodes prepared by depositing onto chemically
modified surfaces of carbon paper solutions of the redox-active Catechin (Ctn) molecule, a member
of the Tannin family, and (ii) its use in symmetric electrochemical capacitors assembled by
interfacing them to the polyvinyl alcohol (PVA)-based hydrogel electrolyte. Ctn-based

supercapacitors reach capacitance values as high as 202 F g 1 at 1 A g~ (based on the mass of
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Ctn). They feature 99.6% capacitance retention and 99.8% Coulombic efficiency, after 20 000
cycles. The devices exhibit an energy density of 55 Whkg™! and power density of 660
W kg~ (based on the mass of Ctn). Our work contributes to the development of eco-designed,
low-cost, and potentially biodegradable electrochemical supercapacitors based on redox-active

Tannin materials.

4.3 Graphical abstract
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Figure 4.1 Graphical abstract of Articlel.
4.4 Statement of Novelty

Carbon-based electrode materials surface-modified with abundant and biodegradable redox-active
organic molecules are relevant to the development of sustainable electrochemical devices to store
renewable, intermittent, energy. We report on electrochemical capacitors (supercapacitors) based
on electrodes made up of chemically treated carbon paper surface-modified with Catechin, a redox-
active molecule member of the Tannin family. No toxic or expensive binder or conductive additive
was used in this process. Electrostatic and Faradaic (charge transfer) processes occur together in
the supercapacitors. The use of a semi-solid-state electrolyte (hydrogel) that effectively prevents
leaching of the water-soluble Catechin molecules into the electrolyte is key to the cycling stability

of the supercapacitors.
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4.5 Introduction

Reliance on fossil fuels is driving global warming to a critical level. Renewable energy sources,
such as solar and wind, are essential for net-zero greenhouse gas emissions by 2050[146, 147].
Considering the intermittency of renewables, it is imperative to couple them to energy storage
technologies, such as electrochemical ones. The increasing demand for electric vehicles and
wearable electronics further drives the development of sustainable and biocompatible
electrochemical energy storage devices (EESDs) [148, 149]. EESDs can be divided into two main
categories: (1) electrochemical capacitors also known as supercapacitors or ultracapacitors, and (2)
batteries. The former exhibit high power density and low energy density, while the latter exhibit
moderate power density and high energy density[30, 150].

Electrochemical double layer capacitors (EDLCs) are an important category of electrochemical
capacitors. Their working principle relies on the formation of electrical double layers at the
electrode/electrolyte interfaces. They exhibit excellent cycling performance (up to 500 000 cycles)
and fast charge/discharge rates (up to 10 times faster than commercially available lithium-ion

batteries). Unfortunately, their energy densities are quite low (5 to 10 Wh kg~1)[151, 152].

Carbon-based materials have been extensively used as electrode materials in EDLCs since they
feature good chemical and thermal stability, electronic conductivity, and porosity[32, 153].
Further, they do not require the use of critical or toxic elements for electrodes’ fabrication. The
charge storage performance of EDLCs can be dramatically enhanced if Faradaic processes take
place along with the electrostatic processes. This can be achieved through the modification of the
surface of the electrodes of the capacitor by redox-active species, such as transition metal
oxides/hydroxides[154, 155], conducting polymers[156], MXenes[157] and heteroatom-based
functionalities[25, 52, 158]. Pseudocapacitors are electrochemical capacitors in which fast and
reversible Faradaic reactions occur at the electrode/electrolyte interface and the bulk electrode
materials such that their energy density and specific capacitance increase with respect to

EDLCs[43, 51, 70].

Efforts are currently ongoing to eco-design of pseudocapacitors, making use of abundant, organic
redox-active electrode materials, rather than critical and toxic elements. Such devices are
potentially biodegradable and may be employed along with aqueous-based electrolytes[16, 70,
159].
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Quinones are a class of redox-active organic compounds containing two carbonyl groups in an
unsaturated six-member ring structure[20, 50, 160]. Milczarek et al. investigated the redox-active
quinone moiety present in lignin derivatives for electrochemical energy storage [54]. Several
studies which followed reported on the integration of bio-sourced quinone derivatives into
pseudocapacitors[21, 55, 66, 70, 103]. Unfortunately, despite intensive studies, the quinone layers
usually exhibited low electronic conductivity, and the supercapacitors incorporating them exhibited
limited cycling stability[32, 70]. If we wish to produce large scale, commercial devices, it is
imperative to control several aspects of the materials and of the devices incorporating them,
including: (i) the supramolecular aggregation of the redox-active molecules, to improve electronic
conductivity, (ii) the electrode surface, to optimize surface area, porosity and electrolyte
wettability and impart Faradaic activity, and (iii) the quinone/electrolyte interface, to limit the

leaching of the redox-active molecules in the electrolyte [100, 161].

Tannins are quinones that can be found in a wide variety of natural materials throughout the plant
kingdom, such as tree bark (e.g., pine, oak, mimosa)[56, 111, 113], leaves (e.g., tea leaves)[162,
163], fruit residues (e.g., persimmon, grape)[112, 164] and typically are extracted as by-product of
wood or food industries[55]. Tannins have been used in leather processing[165], as wine additives,
food supplements, and cosmetic ingredients[25, 166]. Tannins are diverse, with molecular weights
ranging from 200 to 20 000 Da. They have the highest phenol concentration (5.56 mol g'!) of any
phenolic biosourced polymer, 5 000 times higher than lignin[21, 32]. Based on their structural
characteristics, they are divided into major groups: gallotannins, ellagitannins, complex Tannins,
and condensed Tannins[114]. Catechin (Ctn, molecular weight of about 290 Da) is a basic unit
of condensed Tannins (Figure 1). Its molecular structure includes O-containing functional groups,
which may undergo two-electron proton-coupled electron transfer in aqueous media[117, 167].
Hydroquinone (H2Q), semiquinone (SQ), and quinone (Q) are the redox forms of Ctn (Figure 1).
Considering redox activity, abundance, accessibility and non-toxicity, Tannins are attractive
candidates for eco-designed EESDs. Our group has studied Ctn-based electrodes for
electrochemical capacitors operating in aqueous solutions[21, 100]. When mixed with a binder
(tannic acid), Catechin, deposited on chemically treated carbon paper electrodes, exhibited
capacitance of ca. 300 F g~! in aqueous electrolyte (0.5M Na>SOaxaq) )[100], whereas in absence of
binder, cycling stability was limited, due to dissolution in the water-soluble Catechin in the

electrolyte.
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Figure 4.2 Hydroquinone (H2Q), semiquinone (SQ), and quinone(Q) redox forms of Catechin.

The need to extend cycling stability, while simultaneously ensuring mechanical integrity and
flexibility of the quinone-based EESDs, point to the use of semi-solid state gel polymer, rather than
liquid or solid electrolytes[168, 169]. Gel polymer electrolytes are expected to form seamless
interfaces with the electrodes. Environmental considerations favor hydrogels (water-based gels)
compared to organic solvent-containing gel polymers[170, 171]. Several polymer hosts have been
investigated for formulating gel polymer electrolytes. Among those, polyvinyl alcohol PV A-based
hydrogels offer good ionic conductivity and biodegradability by certain microorganisms in aerobic

and anaerobic conditions[57, 172-174].

Here, we report on the integration of Catechin as a redox-active molecule from the Tannin family
on chemically treated carbon paper in the fabrication of semi-solid-state symmetric supercapacitors
making use of a PVA-based hydrogel for the electrolyte. The long-term objective of our study is
to fabricate biodegradable energy storage devices based on abundant, bio-sourced materials. The
treatment of the carbon paper is expected to increase the surface area available for ion
adsorption (and then charge stored) and introduce redox active heteroatoms at the surface. From
the methodological point of view, the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) techniques were employed to determine the surface area, pore size, and pore volume
distribution of electrodes. Afterward, the morphology of electrode materials was studied by
scanning electron microscopy (SEM). Energy dispersive X-ray spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS) were used for the elemental and chemical characterization of
the electrodes. Finally, the electrochemical energy storage performance of the electrode materials
and corresponding symmetric supercapacitors were investigated via cyclic voltammetry (CV),

galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS). The
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use of biodegradable gel polymer electrolytes is expected to ensure the mechanical integrity of the
devices and prolonged cycling stability. The latter is an essential aspect toward the demonstration
of a novel, high-performance sustainable energy storage devices that avoid the use of critical and

toxic chemical compounds.

4.6 Experimental

4.6.1 Carbon paper

Commercial carbon paper Spectracarb 2050A-1550 (electrical resistivity 5.4 m Q cm and density
of 0.50 g/cm?) was purchased from Fuel Cell Store. After cleaning in acetone (Honeywell, VLSI,
100%) and ethanol (Commercial Alcohols, Ontario, Canada) in an ultrasonic bath (Eumax-4L) for
10 min at 40 kHz, it was dried under vacuum for 30 min at 60 °C. Then, the surface underwent a
three-step chemical treatment[92, 100]: (i) immersing and sonicating the paper for 2 h in an acidic
solution 3:1 (v/v) sulphuric acid (Sigma-Aldrich ACS reagents 98%):nitric acid (16M Fischer
Chemical, ACS plus); (ii) transferring the paper into an autoclave for thermal treatment in the same
acidic solution, at 120 °C, for 20 min, then allowed to cool overnight; (iii) immersing the paper in
ammonium phosphate 7M (NH4)3PO4 (Sigma-Aldrich, ACS reagents > 98%), in the autoclave at
180 °C, for 24 h, followed by cooling down to room temperature (5 h). Finally, the paper was rinsed
with deionized water and dried under vacuum for 6 h at 60 °C. The resulting material is indicated

in what follows as treated carbon paper (TCP), and compared with untreated carbon paper (CP).

4.6.2 Catechin solution

Catechin (Ctn) was purchased from Sigma-Aldrich (ACS reagents > 98%) and used as received.
Solutions of Ctn (40 g L") were prepared using a mixture of water:ethanol 2:1 (v/v). Ctn solution
(50 uL) were deposited on the surface of CP and TCP (5 cm*0.5 cm) via drop casting (mass loading
of 0.8 mg cm™). Catechin-loaded TCP (Ctn/TCP) and TCP were vacuum dried for 30 min at 60 °C

before morphological, chemical, and electrochemical characterizations.

4.6.3 Hydrogel fabrication

Polyvinyl alcohol (PVA) was purchased from Sigma-Aldrich (purity > 99% hydrolyzed, molecular
weight 89,000-98,000 Da) to prepare a hydrogel, according to previous study[175], 2 g of PVA
were dissolved in 80 mL of deionized water at 90 °C and stirred for 30 min to obtain a homogeneous

and transparent solution. Then, 20 mL of 2.5M Na>SOsq) (Sigma-Aldrich, purity > 99%) were
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added to the solution to obtain 100 mL of 0.5M NazSOuq) and form the hydrogel. A thin film
(~ 0.5 mm-thick) of hydrogel was fabricated under a pressure of 700 Pa, then cut into 0.5 cmx5

cm and sandwiched between the two electrodes of the supercapacitor.

4.6.4 Electrochemical characterization

Electrochemical characteristics were investigated by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS), using a biologic
potentiostat (SP-300). A three-electrode cell configuration was used for the electrochemical
characterization of single electrodes. CP and TCP were modified with Ctn and used as working
electrodes, platinum (Pt) mesh as the counter electrode, and Ag/AgClag) in 3M NaCl as the
reference electrode[129]. For the electrochemical characterization of symmetric semi-solid-state
supercapacitors, EIS measurements were conducted in a two-electrode configuration in the
frequency range 10! — 10° Hz, with a 10 mV sinusoidal perturbation, at 0 V bias. The electrode
gravimetric specific capacitance (Cs, Fg~!) was calculated at 5mVs™1, based on the cyclic
voltammetry, using equation (1):

C, = L1 (4.1)

2u AV m
where [ Idv is integral CV curve area, u is the scan rate (mV /s), m is the mass (g) of the active
material on the electrode, and AV (V) is the potential window. Full device specific capacitance
(Coep, Fg™1), energy density (E, Wh kg™1), power density (P, Wkg™1), and Columbic efficiency

(CE) were estimated from the GCD curves, as in Equation 2.

Cs = If(l/[/(t))dt E = M,P = Land CE = [1g;sdt

3600 tdis [ Icpdt

4.2)

where I is the applied constant-current density, t is the discharge time, and V(t) is the potential as
a function of t. I and I4;s represent the current of charge and discharge (mA), [vdt is the integral
area of the GCD discharge cycle, and tais denote discharge time (s), respectively[134, 135]. We
note that calculating the energy and power density based on the mass of the active material alone
might not provide a realistic assessment of the performance of an assembled supercapacitor: the
weight of other device components (e.g. current collectors, electrolyte and packaging) should be
considered, as well[176]. For commercial carbon-based supercapacitors, the carbon-based

electrode accounts for approximately 1/3 of the total device weight. Consequently, active material-



48

based values need to be reduced by a factor of 3 to get the energy and power density of the device
(device-level performance) from the performance of the electrode (material-level

performance)[135].

4.6.5 Morphological and structural characterization

The morphology of the electrodes was examined using scanning electron microscopy (SEM, JEOL
JSM7600F) at an acceleration voltage of 5 kV in backscattered electron (BSE) and secondary
electron (SE) imaging modes. Ctn on carbon cannot be easily identified by SEM due to the lack
of contrast between Ctn and carbon[55]. Tannins can chemically reduce metallic cations like Ag*
[177]. Therefore, after drop casting of the Ctn solution on TCP, the sample was immersed in
AgNO; 0.1M (ACS reagent > 99%) for 24 h. Reduced Ag atoms on Ctn provide the required
contrast for SEM imaging of Ctn on carbon. For chemical characterization of the electrode surface,
we employed energy dispersive X-ray spectroscopy (EDS) using the same SEM equipment
described above, with Aztec software (detector x-Max, Oxford, 80 mm?, 5 kV). We utilized X-ray
photoelectron spectroscopy (XPS) (VG ESCALAB 250Xi) for surface chemical analysis of CP and
TCP electrodes. The X-ray source was monochromatic Al Ko, and pressure in the analysis chamber
was 1078 Torr. Survey scans and high-resolution scans were carried out with 1 eV and 0.1 eV
energy steps, respectively. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
techniques were used to determine the surface area, pore size, and pore volume distribution of CP
and TCP by N> adsorption/desorption measurement (Micromeritics, model TriStar 3000). Samples
were degassed at 120 °C under vacuum overnight, while analysis was carried out using N> as an
adsorbate gas at -196 °C; the volume of the adsorbate gas was determined at standard temperature
and pressure (STP, 273 K and atmospheric pressure). We performed contact angle measurements
for CP and TCP, according to sessile methods, using a Data Physics contact angle measuring

device, with deionized water droplets (2 uL).

4.7 Results and discussion

4.7.1 Morphological characterization of Carbon Paper (CP) and Treated
Carbon Paper (TCP)

Initially, we proceeded with the morphological characterization of the carbon surfaces prior to

deposition of the redox-active Tannins. SEM images of CP and TCP reveal that the chemical
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treatment causes grooves on the carbon surface, potential adsorption sites for grafting of bio-

sourced molecules (Figures Ala and Alb in Appendix A).

BET and BJH techniques show that surface area increases from 0.13 m?g~?! to 83.20 m?g~! and
the total pore volume increased by 65% after treatment (Table Al in Appendix A). The higher
surface area available for ion adsorption in TCP compared to CP is expected to bring about an
increase in the charge stored in TCP[64, 178]. N> adsorption/desorption measurements revealed
the co-existence of micropores (pore width, w, <20 A) and mesopores (20 < w < 500 A, Figure
A2a), in TCP,[179] along with a small number of macropores (w > 500 A, Figure A2b). We note
that the average pore width of TCP (about 33 A) is appropriate to enable hosting of hydrated sodium
ions (3.6 A)[180] and hydrated sulfate ions (3.8 A)[32, 181]. Micropores provide sites for ion
adsorption and charge accumulation[182]. Mesopores act as short pathways or channels for rapid
ion diffusion onto the inner surface of the porous electrode and may serve as reservoirs for
electrolyte, enabling high-rate capability[52]. Macropores serve as ion-buffering reservoirs and

minimize ion diffusion distances to the internal surfaces [183].

Water contact angle measurements show that while CP has a hydrophobic surface with contact
angle of 130°, water drops are absorbed rapidly by TCP, indicating hydrophilic behavior (inset
Figure Ala, movie Al).

4.7.2 Elemental analysis and surface chemistry characterizations of CP and

TCP

EDS mapping of TCP reveals the uniform distribution of O and N heteroatoms on the carbon
surface, after chemical treatment (Figure A3). The presence of such heteroatoms is expected to
increase charge storage performance of the electrodes in at least two ways: enhanced wettability
(electrolyte affinity) of the carbon surface and charge transfer processes involving heteroatoms[32,
76].

CP, TCP and Ctn/TCP were also characterized by XPS to gain insight into the effect of the
treatment on the surface chemical composition and bonding. Survey and core level spectra (Figures
A4, A5, A6 and Table A2 in Appendix A) show that CP contains carbon (96.5 at.%) and oxygen
contamination (3.5 at.%). In contrast, the surface of TCP includes nitrogen (8.9 at.%) and oxygen
(15.5 at.%), in addition to carbon. For TCP, the high resolution C1s peak may be deconvoluted into
seven components, attributable to graphitic carbon (284.4 eV), sp3 carbon (285.0 eV), C-N (286.1
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eV), O=C-N and C=0 (287.7 eV), O-C=0 (288.8 eV), RCO; (290.1 eV), and a shake-up satellite
peak (291.1 eV) (Figure A5)[70]. The high resolution N1s XPS peak for TCP can be curve-fitted
with three components, including pyridine (398.8 eV), lactam (399.9 eV), and quaternary N and/or
N substituting carbon and/or protonated pyridine (401.6 eV) (Figure A5)[184]. The Ols peak can
be deconvoluted into seven components, including O=C-N (530.9 eV), O=C (531.0 ¢V), O-C=0*
(531.5 eV), O-(C=0%*)-0 (531.8 eV), O*-C=0 (532.9 eV), O*-(C=0)-O* (534.0 eV) and a shake-
up satellite at 536.7 eV (stars indicate the position of the associated bonding)[100].

4.7.3 Catechin-loaded treated carbon paper (Ctn/TCP)

After the morphological characterization of CP and TCP, we considered Catechin (Ctn) on TCP.
To observe the presence of Ctn on TCP, the Catechin moieties were stained with a silver nitrate
solution. SEM images of TCP and stained Ctn/TCP electrodes show the open networked structure
of the carbon fibers making up the TCP (Figure 4.3a) and the homogeneous distribution of Ctn on
TCP (Figures 4.3b and 4.3c¢).

B Spectrum 2

10urm

Figure 4.3 SEM images of a) Treated Carbon Paper (TCP); b) and c) stained (with silver nitrate,
AgNO3) Catechin-loaded TCP, at 5 kV.
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The presence of (stained) Ctn is observable as bright spots of metallic silver obtained from the
chemical reduction of silver cations by Ctn (see Experimental). The XPS survey of Ctn/TCP (Table
A2 in Appendix A) shows 3.5 at.% N and 20.1 at.% of O, compared to that of TCP (8.9 at.% of N
and 15.5 at.% of O. A lower content of N and a higher one of O are expected considering the

surface modification with the polyphenolic Ctn molecules[21].
4.7.4 Electrochemical characterization of bare CP and TCP

We performed a series of cyclic voltammetry characterizations using a three-electrode cell
configuration and 0.5M NaxSOa4aq) as the electrolyte. The cyclic voltammograms obtained with CP
at a scan rate of 5 mV/s show a smaller area compared to that of TCP bringing about specific
capacitances of 0.24 and 103 F/g, respectively (based on the mass of electrode, Figure 4.4a). The
increased surface area, suitable porosity, and hydrophilicity of TCP with respect to CP contribute
to the enhanced charge storage performance of TCP through the electrostatic capacitive
mechanism. In addition, N and O surface functionalities serve as redox-active sites, resulting in the

pseudocapacitance contribution of TCP[70, 100].
4.7.5 Electrochemical characterization of Ctn/TCP

The cyclic voltammogram of Ctn/TCP shows a sloped quasi-rectangular shape with a larger area
compared to TCP onto which are superimposed oxidation and reduction waves at 0.5 and 0.3 V vs.
Ag/AgCl, at 5 mV/s, respectively (Figure 4.4a). The latter can be associated with the redox activity
of the quinone/hydroquinone couple of Ctn [21, 55, 70].

The adsorption of quinone moieties on carbon is due to a combination of hydrogen bonding and n-
7 interactions between the treated carbon surface and the quinone-based molecules [20, 185]. The
affinity of Ctn for the carbon surface, among other factors, affects the mass loading of Ctn. It is
important to prevent the agglomeration of the Ctn molecules to achieve low charge transfer

resistance within the Ctn-based molecular material deposited on TCP [186].

As expected for surface-bound redox species, the peak current for Ctn/TCP rises with the increase
of the scan rate[187]. The relatively large peak-to-peak potential separation suggests slow redox
kinetics of Ctn/TCP electrode at high scan rates (Figure 4.4b)[51]. The specific capacitance
obtained at 5 mV/s is as high as 287 F g'! (based on mass of Ctn) for Ctn/TCP, indicating the

beneficial Faradaic contribution of Ctn on the charge storage performance of TCP (Figure 4.4a).
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Figure 4.4 a) Cyclic Voltammetry (CV) for Carbon Paper (CP), Treated Carbon Paper
(TCP) and Catechin-loaded TCP (Ctn/TCP) in a three-electrode cell set-up, at scan rate
5 mV/s; b) CV of Ctn/TCP at different scan rates; c) Plots of log (current) against log
(scan rates in the 0.5M Na»SO4(q); d) Percentage of the capacitance contribution
evaluated for Ctn/TCP electrodes at different scan rates and based on Trasatti analysis.

To shed light onto the charge transfer processes taking place at the Ctn/TCP electrode, we explored

the relationship between the peak current (i) and the scan rate (v) using the power-law equation as

in equation (4.3):

i=av (4.3)
where a and b are constants. A value of b close to 1 indicates a surface-controlled processes,
whereas a value of b close to 0.5 indicates the presence of diffusion-controlled charge transfer

processes[43]. The calculated b values are 0.81 and 0.91, for the cathodic and anodic peaks,
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respectively (Figure 4.4c). These results indicate that the behavior is dominated by surface-

controlled processes (electrostatic and faradic mechanisms).

To deconvolute faradaic versus non-faradaic contributions to the total charge stored in the Ctn/TCP
electrodes, we used the Trasatti method (please see supplementary note 2 in Appendix A and Figure
A8)[188]. The results indicate that the pseudocapacitance (PC) contribution (i.e., mainly from
Catechin) to the total capacitance is about 50%, at 2 mV/s (Figure 4.4d, the difference being
attributable to the electric double layer capacitance (EDLC) from TCP). The pseudocapacitance
contribution decreases with scan rate increases and drops to 22% at 50 mV/s likely due to sluggish

redox kinetics at the Ctn/TCP electrode.

4.7.6 Electrochemical characterization of Ctn-based symmetric semi-solid-

state supercapacitors

Following the electrochemical characterization of the Ctn/TCP electrodes, we proceeded to the
fabrication of symmetric semi-solid-state supercapacitors using them. The electrochemical
performance of supercapacitors was evaluated in a two-electrode set-up. The cyclic voltammogram
of Ctn/TCP-based supercapacitors, at 5 mV/s, exhibits a quasi-rectangular shape with two broad
oxidation and reduction peaks attributable to the quinone/hydroquinone redox couple (Figure 4.5a).
These redox peaks are not observed for the TCP-electrode device. Figure 4.5b reports the cyclic
voltammograms at different scan rates where the broad redox waves are absent at high scan rates,
possibly due to the relatively low surface concentration of the Catechin molecules and slow redox

kinetics of Ctn/TCP electrode at high scan rates (Figure 4.4d).

The broad anodic peak centered at about 1.0 V for the 2-electrode device (Figure 4.5a) is related
to the oxidation peak observed at 0.5 V in the three-electrode configuration. In this case, the
potential of the negative electrode would be about — 0.5 V (Figure 4.4a). An additional feature of
the cyclic voltammograms of the 2-electrode device is their sloped shape due to resistive effects
and the significant increase of the current at the positive voltage limit at high scan rates (Figure
4.5b). This increment is related to those observed at the positive potential of the 3-electrode system
(Figure 4.4b). This demonstrates that a slightly lower cell voltage limit (1.5 V) should be set for
GCD tests (Figure 4.5¢).
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Figure 4.5 Electrochemical characterization of semi-solid-state symmetric
supercapacitors: a) Cyclic Voltammograms of Treated Carbon Paper (TCP) and
Catechin-loaded TCP (Ctn/TCP) at scan rate 5 mV s’ ; b) Cyclic Voltammograms of
Ctn/TCP symmetric supercapacitors at different scan rates; c) Nyquist plot of TCP and
Ctn/TCP symmetric supercapacitors in the frequency range 10° and 10! Hz at an
applied voltage of 0 V; the insets show an expanded view of the Nyquist plot for high
frequency (left hand side) and the equivalent circuit (right hand side); d) Galvanostatic
charge/discharge of Ctn/TCP symmetric supercapacitor curves at different current
densities.

Ctn/TCP devices employing PVA-Na;SOs-based hydrogel as the electrolyte can reach a potential
window of 2 V (Figure A10). However, we restricted the operating potential window to 1.7 V to
prevent cycling-induced oxidation/reduction processes involving the electrolyte that could

compromise long-term stability.

EIS measurements were carried out to investigate charge transfer kinetics at the

electrode/electrolyte interface. The Nyquist plot of Ctn/TCP supercapacitors between 10° to 107!
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Hz features a semicircle in the high-frequency region attributable to Faradaic processes associated
with quinone/hydroquinone couple in Ctn and chemical species including the O and N heteroatoms
(Figure A9 and inset of Figure 4.5c). The charge transfer resistance (Rct), estimated from the
semicircle diameter of the Ctn/TCP device, is about 0.2 £2. The Nyquist plot of the TCP devices
shows the typical behavior for a capacitive electrode. The steep slope (>75°) of Nyquist plots of
TCP and Ctn/TCP in the low-frequency region indicates the capacitive behavior of the
devices[189]. The solution resistance (Rs) retrieved from the high-frequency intercept of the
Nyquist plots (affected by the electronic resistance of the electrode, bulk electrolyte resistance, and
device geometry) for Ctn/TCP is 8.8 (2. In turn, TCP possesses lower R of about 5.2 £2. Given that
the electrolyte and device geometry for Ctn/TCP and TCP are identical, the higher solution
resistance of Ctn/TCP device could originate from low electronic conductivity and high contact

resistance of Ctn on carbon substrates[55, 103].

GCD curves of Ctn/TCP supercapacitors at different current densities (1, 2, 4, 8, and 10 Ag™1)
exhibit a nearly triangular shape with a small ohmic drop (Figures 4.5d and S11). The slight
deviation from the linear behavior in GCD charge/discharge profiles comes from pseudocapacitive
electrodes, in agreement with the occurrence of redox reactions[55]. Further, the symmetric
charge/discharge profiles are in agreement with the symmetric cyclic voltammograms of the

devices (Figure 4.5a), both indicating the reversibility of the charge/discharge behavior.

The specific capacitance of Ctn/TCP devices was calculated from the GCD profiles using
integration area under the discharge line at different current densities (equation 4.2, Figure 4.6a).
The highest specific capacitance is 202 Fg!, based on the Ctn mass only, and 70 Fg~!, based on
the total mass of electrode, observed, at 1 Ag~'. However, the specific capacitance decreases with
increasing current density, due to sluggish kinetics of ion diffusion within the hydrogel electrolyte

at high current densities (Figure 4.6a)[21, 190].

Energy density and power density are key metrics to evaluate the performance of supercapacitors.
The Ragone plot of Ctn/TCP supercapacitors indicates that the device achieved an energy density
as high as 55 Wh kg ! (about 18 Wh kg!, based on the total mass of the electrode) and power
density of 660 W kg ! (about 220 W kg!, based on the total mass of the electrode) evaluated at 1
Ag~1(Figure 4.6b).
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Figure 4.6 Relationship between specific capacitance and corresponding current
density evaluated from galvanostatic charge/discharge curves of Catechin-loaded
Treated Carbon Paper (Ctn/TCP) symmetric supercapacitors; b) Ragone plots
extracted from galvanostatic charge/discharge cycles at different current densities; c)
Coulombic efficiency and capacitance retention for 20 000 cycles of galvanostatic
charge/discharge at 10 A g! and the picture of two all-solid-state supercapacitors
connected in series lighting up a LED (insets).

As may be concluded from Figure 5.6b and Table A3 in Appendix A, the device described here
outperforms both recently reported bio-sourced molecule-based supercapacitors and symmetric
solid-state supercapacitors making use of metal oxide redox species[57, 191-194]. All reported

energy and power densities in the Ragone plot are based on the mass of the active materials.

We propose the following two mechanisms for charge storage in Ctn-based supercapacitors. At the

positive electrode, during charging, the redox-active groups that are in the (semi) reduced form



57

(semiquinone (SQ), hydroquinone, (H2Q), and O and N-including species) are oxidized, leading
to an increase in the density of oxidized species (e.g., quinones). At the same time, protons and
sodium cations move towards the gel electrolyte and anions and are incorporated into the electrode
material. At the negative electrode, Q, SQ, and oxidized O and N-including species are reduced,
anions (sulfate) are released into the hydrogel and cations are incorporated into the electrode

material. These processes are reversed during discharging (Figure 4.7).

& Nat
. 3041.
@ N-or O-including species at the surface

’\-r\-\ PVA Polymer chain

Figure 0.1 Working principle of Catechin based
supercapacitors (a) before applying potential; (b) during
charging; (c) during discharging.
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The second charge storage mechanism that co-occurs is by compensation of the electrode charge
by electrolyte ions at the carbon/electrolyte interface. The simultaneous pseudocapacitive and

electrostatic mechanisms are responsible for charge storage in Ctn/TCP supercapacitors.

The stability test of the Ctn/TCP semi-solid-state supercapacitors carried out at 10 Ag~! (Figure
4.6¢c) exhibits a 99.6% capacitance retention and Coulombic efficiency of 99.8% over 20 000
charging/discharging cycles. The cycling stability could be ascribed to the affinity of Ctn for the
surface of TCP and to the semi-solid nature of the hydrogel electrolyte that likely limits the loss of
Ctn into the electrolyte[64]. Intra-gel diffusion models based on obstruction effects describe how
cross-linked polymer chains retain the diffusion of molecules. Solute particles must detour around
the gel scaffold or threads, thereby causing an effective increase in path length for the diffusing
solute and/or an effective decrease in the coefficient of diffusion[195, 196]. Accordingly, polymer
chains would effectively hinder the dissolution of quinone-based molecules into the hydrogel over
prolonged cycling, enabling the device to sustain 20 000 cycles with a negligible drop in

capacitance retention (0.4%) and Coulombic efficiency (0.2%).

Based on the electrochemical performance of Ctn/TCP semi-solid-state supercapacitors, we
connected in series two of them to power a LED bulb (2 V), as an example for their practical

application (inset of Figure 4.6c¢).
4.8 Conclusions and Perspectives

We have demonstrated a semi-solid symmetric supercapacitor making use of Catechin (Ctn) as a
redox-active quinone-based Tannin bio-sourced molecule deposited on chemically treated carbon
paper by solution-processing from a Ctn aqueous solution. No conductive additives or binder were
used to fabricate the electrode material. The high surface area and porous architecture of treated
carbon paper promote electrostatic interaction and ion accumulation at the electrode/hydrogel
interface, supporting high EDLC contribution. The modification of the carbon surface with redox
active chemical species including O and N heteroatoms, followed by the deposition on the surface
of Ctn, increase the charge storage properties of the electrodes via Faradaic reactions. Ctn-based
semi-solid symmetric supercapacitors reach capacitance values as high as 202 F g 'at1 A g'.
Devices featured notable energy density (55 Wh kg~1) and power density (660 W kg~1). Devices
also feature remarkable cycling stability: their capacitance retention and Coulombic efficiency are

as high as 99.6% and 99.8%, over 20 000 cycles. The PVA-based hydrogel electrolyte not only
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allow to sustain a wide operating electrochemical potential window of the devices but also limits
diffusion and leaching of Ctn molecules in the electrolyte enabling, among others, high cycling

stability.

Work is in progress to assembly and characterize EESDs based on bio-sourced Catechin extracted
from oak bark and printed over large area flexible carbon cloths, and to explore the EESDs’
compostability at the end-of-life. With the aim to assess the interest of the Tannin family (beyond
Catechin) of molecules for electrochemical energy storage applications, we plan to extend the

Catechin studies to other members of the Tannin family, such as pyrogallol and epicatechin gallate.
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5.4 Abstract

The rising global demand for energy requires, among others, sustainable energy storage devices.
Bio-sourced redox-active molecules are interesting for eco-designed electrochemical energy
storage as they increase the energy density of the electrodes adding the Faradaic (redox) storage
mechanism to the electrostatic one. The engineering of the electrode surface and electrode
surface/molecule interface is key to optimizing storage. Here, we report on (i) electrodes prepared
by ultrasound-assisted modification of carbon cloth in the presence of Sepia melanin, a quinone
macromolecule, and multiwalled carbon nanotubes (MWCNTSs) and (ii) their use in flexible
symmetric electrochemical capacitors assembled with polyvinyl alcohol (PVA)-based hydrogel
electrolyte. Electrodes exhibit an areal capacitance as high as 274 mF cm™. Corresponding semi-
solid-state symmetric supercapacitors feature high energy density of 18 Wi kg™!, power density up
to 221 W kg ! (evaluated at 0.5 Ag™!), outstanding cycling stability (100% capacitance retention
and 100% Coulombic efficiency after 10,000 cycles) along with excellent flexibility. Our work
contributes to the development of sustainable surface engineering approaches for environmentally

benign electrochemical energy storage devices.
5.5 Introduction

The global energy landscape is shifting towards renewable sources, such as solar and wind[147,
197]. However, these energy sources are intermittent, such that it is important to coupling them

with energy storage devices, such as electrochemical energy storage devices (EESDs)[198].

The burgeoning demand for wearable and portable electronics further accelerates the development

of flexible EESDs combining charge storage capacity and appropriate mechanical properties[199].

Carbon-based materials are attractive for flexible electrodes. They feature low cost, high surface
area, and electrical conductivity[200]. Among carbon-based electrodes are carbon paper[61, 100],
porous carbon nanofibers[201], carbon nanotubes[202-204], exfoliated graphite sheets[205], and
carbon cloth (CC). Despite their flexibility[206], pristine CC electrodes exploiting the principle of

electrical double-layer capacitance (EDLC), suffer from limitations, including low specific surface



62

area (10 m? g'!) and electrolyte wettability, leading to relatively low areal capacitances (0.1 to 5
mF ¢m?)[207],[208]. Various techniques have been developed to increase the surface area of CC
and introduce surface functional groups (e.g., O, N, etc.) including chemical oxidation[57, 209],
electrochemical oxidation/exfoliation[81, 210], thermal activation[86, 208], plasma

modification[85, 211], and strain modulation[212].

Shen et al.[213] fabricated wearable supercapacitors by a two-step chemical (20 M KOH) and
thermal (800°C, 30 min in N atmosphere) activation process of CC, and observed an areal
capacitance of 300 mF cm ™2, corresponding to an energy density of 42 pyWh cm 2. Wang et al.[214]
employed combined thermal (400 °C, 12 h in air) and electrochemical activation (2 V, 1 M

Na»SO4aq)) processes to obtain a capacitive performance of 1548 mF cm ™2,

Despite the improved technical performance, the environmental impact of those modifications is
often overlooked. Further, CC modifications often involve conductive additives, requiring the use
of toxic reagents and solvents[209, 215, 216]. Hence, there is a need to develop sustainable surface

engineering approaches for CC, while simultaneously ensuring its high capacitive performance.

Ultrasound-assisted Liquid Phase Exfoliation (ULPE) in water can be a quasi waste-free surface
engineering approach. ULPE has been employed for the scalable production of graphene and other
2D large-size monolayer or multilayer sheets[217, 218] and to increase the surface area of layered-
graphitic materials[219]. Ultrasound waves induce cavitation bubbles in liquids, and their
implosion generates shear forces weakening van der Waals interactions, thus facilitating the
exfoliation[220]. Further, the rapid collapse of cavitation bubbles (generates high temperatures
(10,000 K) and high pressures (up to 10,000 atm) at localized spots, promoting water homolysis
with the generation of reactive H- and OH- radicals. Using ULPE, we expect to increase the surface

area and wettability of the CC, bringing about improved EDLC[144, 221].

To further enhance capacitance while keeping in mind sustainability, electrode surfaces can be
modified with abundant and potentially compostable organic materials featuring redox-active
groups, such as quinone and amine[21, 50, 55, 70]. Melanins, lignins, Tannins, emodin, juglone,
and humic acid are examples of bio-sourced quinone-based molecules whose redox properties have

been exploited in pseudocapacitors[66, 100][16, 222].

Sepia melanin is a quinone-based member of the melanin family of biopigments. It is extracted

from the ink sac of cuttlefish[102]. Melanin builds up from 5,6-dihydroxyindole (DHI) and 5,6-
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dihydroxyindole carboxylic acid (DHICA) building blocks (monomers)[223], that can be found in
different redox states (Figure 5.2). Sepia melanin develops hierarchically from the building blocks
to form about 150-200 nm-sized granules[102]. It is notable for its array of distinctive properties,

such as redox activity, hydration-dependent electrical response, and thermal and photo-stability

[224, 225].
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Figure 5.2 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid
(DHICA) building blocks of Sepia in their different redox states: hydroquinone
(H2Q, reduced redox form), semiquinone (SQ, intermediate redox form), and
quinone (Q, oxidized form). R is R is -H in DHI and R is the -COOH in DHICA.

The hydroquinone-quinone redox couple in Sepia melanin (indicated as Sepia from here on) and
its ability to reversibly bind multivalent cations, along with its potential biodegradability, motivate

its use in eco-designed electrochemical energy storage systems.

Our group studied Sepia-based electrodes for flexible micro supercapacitors[103], light-assisted
supercapacitors[109, 226] and electrochemical capacitors operating in aqueous solutions[70, 100].
Sepia processed in dimethyl sulfoxide (DMSO) and deposited on hydrothermally treated carbon
paper electrodes, exhibited a capacitance of ca. 452 F g ! in 0.5 M Na>SO4(aq)[ 100]. Unfortunately,
Sepia commonly exhibits high contact resistance at its interface with carbon current collectors,
resulting in limited rate response and cycling stability[70, 100]- such that the engineering of such
interfaces is deemed imperative. For instance, we reported on Sepia combined with nitrogen- and
sulfur-doped graphitic carbon quantum dots (N, S GCQDs) deposited on carbon paper electrodes,
featuring an areal capacitance as high as 180 mF cm ™2 in 0.5 M Na»SOuaq) [70].
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Recently, composite electrode materials made up of (i) high-electronic conductivity carbon
nanotubes (CNTs) and (ii) redox-active molecules have been developed for flexible

supercapacitors [227-229].

In this work, we present a novel pseudocapacitive electrode material based on a composite from
biosourced, redox-active Sepia melanin and conductive MWCNTs, deposited on CC through
ULPE in water. The composite Sepia melanin:MWCNTs has been designed to promote (i) the
formation of efficient conductive pathways between Sepia granules thanks to the presence of
MWCNTs, and (ii) the efficiency of the electronic coupling between the CC and the Sepia melanin
granules. The fabrication process of the composite electrode material has been eco-designed in
terms of energy-efficiency, chemical waste mitigation and absence of surfactants and
organic/inorganic binders. Furthermore, the MWCNTs used in this study are by-products of a
photocatalytic process. From the methodological point of view, we initially determined the surface
area, pore size, and pore volume distribution of the electrodes. Afterwards, we studied the
morphology, structure, and (surface) chemical composition of the electrode materials. Finally, we
investigated the electrochemical energy storage performance of the electrode materials and

corresponding symmetric supercapacitors.

5.6 Result and discussion

5.6.1 Preparation and characterization of ultrasound-treated carbon cloth

Ultrasound-treated carbon cloth electrodes were obtained through a heat-treatment process
followed by ultrasonication in deionized water (DIW). Firstly, a moderate temperature (300 °C, 1
h, in air) was selected for the preparation of heat-treated carbon cloth (HTCC). This pre-treatment
process is anticipated to introduce minimal O-containing groups into the surface pores of pristine
carbon cloth (CC), in turn enhancing the wettability of the electrode, and improving the
effectiveness of the ultrasonication process[81]. Afterwards, we used ultrasound-assisted liquid
phase exfoliation (ULPE) in DIW as a waste-free surface engineering technique. ULPE serves the
double purpose of (i) enhancing the surface area of HTCC and (ii) introducing O-containing

functional groups onto the surface HTCC [144].

We studied the effect of the ultrasonication parameters on the areal capacitance of HTCC
electrodes. As key parameters, we considered ultrasonication time (1-5 min), temperature (20-60

°C), and power (40-80 W, supplementary note 1 in Appendix B, Table B1, Figure B1) [218, 230,
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231]. The ultrasonication parameters leading to optimized capacitance values were: 60 W for the
actual ultrasound power, 40 °C for the temperature, and 5 min for the ultrasonication time. Such

ultrasonication conditions led to electrodes indicated from now on as UTCC.

The formation of hydroxyl radicals during the ultrasound treatment in DIW can lead to the
introduction of surface oxygen-containing functional groups[221]. To detect hydroxyl radicals, we
employed EPR. The EPR spectrum of the water sample (i.e. exposed to 5 min of ultrasonic
irradiation with DMPO (5,5-Dimethyl-1-pyrroline N-oxide), power of 60 W, and temperature of
40 °C), exhibits a characteristic four-peak pattern with an intensity ratio of 1:2:2:1, indicative of

DMPO-OH radicals[232] (Figure B2). No signal indicative of hydrogen radicals was detected.

SEM images of pristine CC and UTCC show that the interlaced structure of the CC remains intact
after heat treatment and subsequent ultrasound treatment (Figure 5.3a and Figure 5.3b). Notably,
SEM images of UTCC show the rough surface of the carbon fibers making up the UTCC,
suggesting the effect of ultrasounds on carbon fibers possibly through the cavitation[233] (Figure
5.3c and Figure 5.3d). The increased surface roughness on carbon fibers facilitates the grafting of

redox-active molecules.
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Figure 5.3 SEM images of: a) and b) pristine carbon cloth (CC); ¢) and d) ultrasound treated carbon
cloth (UTCC); e) EDS mapping of C for pristine CC; f) and g) EDS mapping of C and O for UTCC;
Inset figure 1b) and 1d): water contact angle measurements for CC and UTCC.
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EDS mapping shows a homogeneous distribution of C and O elements on the UTCC electrode. In

contrast, the analysis of CC indicates solely the presence of C (Figure 5.3e, Figure 5.3f, and Figure
5.3g).

To study the wettability of pristine CC and UTCC electrodes in aqueous electrolytes, we performed
water contact angle measurements. Pristine CC exhibits considerable hydrophobicity, with a water
drop contact angle of 135° (inset of Figure 5.3b and Figure 5.3d), whereas the water drop is

absorbed rapidly on UTCC, indicating that the ultrasound treatment results in a hydrophilic surface.

The XRD patterns of pristine CC and UTCC electrodes (Figure B3a) display two broad diffraction
peaks at about 25.5° and 43°, which can be assigned to the (002) and (101) diffraction planes of
graphite (JCPDS card No. 75-1621). The lower intensity of the XRD peaks of the UTCC, compared
to that of pristine CC, demonstrates a shorter-range order of graphitic stacking in UTCC[57, 214,
234]. Moreover, the intensity ratios of (002)/(101) for UTCC and pristine CC are 11.3 and 12.9.
This illustrates the reduced orientation of the (002) plane in UTCC, attributable to exfoliation

induced by ultrasonication[81].

Pristine CC and UTCC electrodes were characterized via Raman spectroscopy to assess the degree
of disorder on the surface of the carbon fibers of the CC. Samples show two main bands, located
at ~1351 and ~1581 cm™1, attributed to disordered sp® hybridized carbon (D band) and graphitic
sp? hybridized carbon (G band), respectively (Figure B3b) [214]. Generally, the intensity ratio of
the D to G bands (Ip/Ig) can help to estimate the structural disorder of the carbon-based materials.
The higher Ip/Ig ratio of UTCC, compared to that of pristine CC (1.05 vs. 1.01 respectively),
suggests the increase of surface disorder for UTCC[81, 235]. Moreover, the increased intensity of
the 2D peak located at 2700 cm ™! in UTCC compared to pristine CC, further suggest the increase
of surface disorder[236].

The surface area and pore-size distribution of pristine CC and UTCC were measured by BET and
BJH methods, (Figure B3c). The results reveal that the surface area increased from 54 to

177 m?g~1, while the total pore volume increased by 50% going from pristine CC to UTCC.

The adsorption isotherms of the samples exhibit a V-type hysteresis loop, attributed to capillary
condensation[237]. UTCC shows the presence of micropores (pore width, w, < 20 A), mesopores
(20 <w < 400 A), and macropores (w > 500 A, Figure B3d). The rich porous structure of carbon-

based electrodes is expected to enhance the supercapacitive performance, particularly the high-rate
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capability. It is worth mentioning that the average pore width of UTCC (about 18 A) is well-suited
for accommodating Na'q) (3.6 A) and SO4> g (3.8 A)[180, 181].

Pristine CC, HTCC, and UTCC were characterized by XPS to investigate the effect of heat

treatment and ultrasonication on surface chemical composition and bonding (Figure B4, Figure BS,
Figure B6, Figure B7, and Table B2 in Appendix B).

The XPS survey spectra indicate the presence of Cls and Ols (Figure B4). It is worth mentioning
that the O content in UTCC (9.6 at.%) is higher than that of CC (2.4 at.%) and HTCC (5.9 at.%,
Table B2). For UTCC, in the high-resolution spectrum of Cls, we observe five different
characteristic peaks, attributable to graphitic carbon (284.6 €V), sp? carbon (285.0 eV), C-O and/or
C-0-C (286.2eV), O—C=0 (288.4 eV), and a shake-up satellite peak (291.1 eV) (Figure B7a). The
Ols peak in the high-resolution spectrum for UTCC can be curve-fitted with three components,

including C=0 (531.4 eV), C-O and/or C-O-C (532.5 e¢V), and O*-C=0 (533.4 eV) (Figure B7b).

XPS results confirm the successful in situ O-functionalization of the surface of UTCC, likely due

to the formation of OH- radicals during ultrasonication [144, 221]
5.6.2 Electrochemical characterization of UTCC

To study the electrochemical performance of UTCC electrodes, we conducted cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS)

characterizations using a three-electrode cell configuration in 1M Na>SOs.q) as the electrolyte.

The cyclic voltammograms of UTCC obtained at a scan rate of 10 mV s (Figure 5.4a), exhibit a

pseudo-rectangular shape from —0.2 to 0.8 V, bringing about an areal capacitance of 147 mF ¢m ™2

, which is 73 times higher than that of pristine CC (2 mF cm™2). In contrast to CC and HTCC,
UTCC electrode exhibits increased area in CV curves and maintains similar shape characteristics
(for scan rates of 2 to 100 mV s™', Figure 5.4b). At 100 mV s™', the areal capacitance of UTCC
decreases to 132 mF cm 2 (Figure 5.4c¢). These results reveal the improved charge storage
performance and a notable rate capability of the UTCC electrode after undergoing the surface
treatment process. This enhanced performance can be attributed to the increased surface area,
suitable porosity, and hydrophilicity of UTCC in comparison to CC and HTCC, contributing to the
electrostatic capacitive mechanism of UTCC. Furthermore, O-including functionalities introduce

faradaic processes on the UTCC surface, adding a pseudocapacitive contribution.
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Figure 5.4 Cyclic voltammetry in three-electrode cell set-up at 10 mV s™! ; b) Cyclic voltammetry at
different scan rates of ultrasound treated carbon cloth (UTCC); c) Areal capacitance at different
scan rates for UTCC, obtained from cyclic voltammetry; d) Galvanostatic charge/discharge curves
at 0.5 mA cm; e) Galvanostatic charge/discharge curves of UTCC at different current densities; f)
Nyquist plot in the frequency range of 10° and 107! Hz; the inset shows an expanded view of the
Nyquist plot for high frequency in 1 M Na>SOs(q), and the equivalent circuit.

We conducted GCD measurements at various current densities ranging from 0.5 to 8 mA c¢cm 2,
with the cut-off potential of 1 V, to evaluate the capacitive performance of UTCC (Figure 5.4d and
Figure 5.4e). The GCD curve of UTCC electrode exhibits a symmetric triangular shape with a
small ohmic drop across all current regimes and a much longer discharge time (141 s) than that of

the pristine CC (2 s) and HTCC (47 s) electrodes.

The slight deviation from the linear behavior in the GCD charge/discharge profile of UTCC,
confirms the occurrence of redox reactions during the charging/discharging process, attributable to

O-containing functional groups.

EIS measurements were carried out between 10° and 107! Hz to investigate charge transfer kinetics

at the electrode/electrolyte interface. The UTCC electrode exhibits a low charge transfer resistance
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(Ret) of 0.4 Q (Figure 2f), as determined from the diameter of the semicircle in the high-frequency
range. R originates from the occurrence of faradaic processes involving various chemical species,
including oxygen, on the surface of UTCC. Notably, this semicircle is absent in the pristine CC

electrode, indicating its exclusive electrostatic behavior.

The appearance of a nearly vertical line in the low-frequency region of UTCC suggests its ideal
capacitive behavior. Furthermore, UTCC exhibits a slightly higher electrolyte resistance (Rc)
compared to CC electrode (2.8 Q vs. 1.8 Q, determined from the high-frequency intercept of the
Nyquist plots with the real axis) indicating that the surface treatment process has led to an increase
in the electronic resistance of the electrode at least in two way: (i) the introduction of oxygen
functionalities on the surface and (ii) augmentation in surface disorder levels of carbon fibers [83,

207, 238].

5.6.3 Preparation and characterization of UTCC/MWCNT:Sepia

For the preparation of MWCNT:Sepia mixtures, Sepia and MWCNT powders were mixed in
various mass ratios (3:7, 1:1, and 7:3). Subsequently, the resulting mixture powders were directly
added to the DIW in the ultrasonic reactor and the ultrasonication process was completed under
optimized conditions (Experimental section and Supplementary note 1 in Appendix B). It is worth

mentioning that neither surfactant nor organic/inorganic binder is involved in the process.

We proceeded with the morphological characterization of the novel electrode material. TEM
images of MWCNT:Sepia mixture powder, obtained after ultrasonication, show dense spherical
Sepia granules surrounded by an interconnected network of MWCNTs (Figure 5.5a and Figure
5.5b). Elemental mapping (Figure 5.5¢) confirms the co-existence of carbon, oxygen, and nitrogen
as primary constituents. The bundled structure of hollow MWCNTs exhibits an interlayer spacing

that ranges from 3.33 to 6.00 A (Figure 5.5d).

SEM images of MWCNT:Sepia on UTCC electrode reveal continuity at the interface between
MWCNT/Sepia aggregates and UTCC current collector (Figure 5.5¢ and Figure 5.51).

We conducted XPS experiments on MWCNT:Sepia mixture powder to gain insight into the surface
elemental composition after the ultrasonication process. XPS survey spectra of MWCNT:Sepia
mixture confirm the presence of carbon (C 1s), oxygen (O 1s), and nitrogen (N 1s) assigned to

MWCNT and Sepia (Figure B8).
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Figure 5.5 a) and b) TEM images on Cu grid of MWCNT:Sepia dispersion ; ¢c) EDS
mapping of C, N and O for MWCNT:Sepia dispersion; d) HRTEM image of the
MWCNTs; e) and f) SEM images of MWCNT:Sepia on UTCC.

5.6.4 Electrochemical characterization of UTCC/MWCNT:Sepia

We employed a three-electrode cell setup to study the -capacitive performance of
UTCC/MWCNT:Sepia with respect to UTCC/Sepia and UTCC electrodes, using CV, GCD and
EIS measurements in 1M NaxSOsq). The voltammograms of Sepia and MWCNT:Sepia (3:7) on
UTCC (Figure 5.6a), show a quasi-rectangular shape with a larger enclosed area with respect to
UTCC. Superimposed on these, are two broad oxidation and reduction peaks at about 0.1 V and
0.04 V vs. Ag/AgCl, respectively, at scan rate of 10 mV s™' attributable to the redox activity of

quinone/hydroquinone couple in Sepia [70, 100].

Voltammograms of MWCNT:Sepia on UTCC at different scan rates ranging from 2 to 100 mV
s' (Figure 5.6b), exhibit pseudocapacitive behavior with relatively negligible peak-to-peak
potential separation. The latter can be associated with fast charge transport within electrodes thanks
to the efficient electronic coupling at the interface of Sepia/MWCNT and UTCC current
collector[229].

The areal capacitance obtained at 10 mV s™! is as high as 274 mF cm™2 and 183 mF cm™2 for

MWCNT:Sepia (3:7) and Sepia on UTCC respectively, indicating the beneficial faradaic and
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Figure 5.6 Cyclic voltammetry in three-electrode cell set-up at 10 mV s—1 ; b) Cyclic voltammetry at
different scan rates MWCNT:Sepia(3:7) ; c) Areal capacitance vs. scan rate obtained from cyclic
voltammetry; (d) Plots of log (current) against log (scan rate) for for MWCNT:Sepia on UTCC electrodes at
different scan rates; e)Percentage of the capacitance contribution evaluated for MWCNT:Sepia on UTCC
electrodes at different scan rates and based on Trasatti analysis; f) Galvanostatic charge/discharge curves at 0.5
mA cm?in 1 M NazSOusaq)-

electrostatic contributions of the novel electrode material on the charge storage performance of
UTCC.

The areal capacitance decreases with increasing scan rate for both MWCNT:Sepia (3:7) and Sepia
on UTCC. This is attributable to ion diffusion-limited transport at higher scan rates (Figure 5.6c).
When the scan rate is increased from 5 to 100 mA cm™2, a decrease in areal capacitance of 28% for
MWCNT:Sepia (3:7) and 35% for Sepia on UTCC is observed which underscores the positive
impact of MWCNT incorporation on the rate capability of the electrode.

The presence of spherical Sepia granules could potentially hinder ion diffusion to the UTCC
surface[100]. This limitation is likely mitigated by the presence of MWCNTs owing to their high

surface area, providing accessible sites for ion diffusion at high scan rates.



72

From the comparison of the areal capacitance of UTCC/MWCNT:Sepia in various mass ratios (3:7,
1:1, 7:3), at scan rate of 10 mV s~1 (Table B3), we deduce that the optimum electrochemical

performance is obtained with UTCC/MWCNT:Sepia (3:7) electrode.

To elucidate the charge transfer processes occurring at the UTCC/MWCNT:Sepia (3:7) electrodes,
we explored the possible dependence of the current (/) on the sweep rate (v), using the
equation i = @v’, where a and b are constants[43]. When the b value approaches 1, it indicates a
surface-controlled process, while a value close to 0.5 is typical of a diffusion-controlled process.
The calculated b values of 0.91 and 0.88 for the cathodic and anodic peaks, respectively (Figure
5.6d), indicate the dominance of surface-controlled processes, involving both electrostatic and

faradaic mechanisms.

We utilized the Trasatti method to deconvolute faradaic and non-faradaic processes contributing to
the total charge stored by the electrodes (Supplementary note 2 in Appendix B, Figure B9). The
results indicate that the pseudocapacitance contribution (i.e. mainly from Sepia) to the total
capacitance is 31.9%, at 2 mV s~1 (Figure 5.6¢). As expected for surface-bound redox species like
Sepia, the pseudocapacitance contribution decreases with increasing scan rate, down to 6.7% at

100 mV s~1. This is attributable to sluggish redox kinetics at the UTCC/MWCNT:Sepia electrode.

The GCD profile of the UTCC/MWCNT:Sepia electrode exhibits a symmetric triangular shape,
featuring a very low internal resistance ohmic drop (i.e. 10 mV at 0.5 mA c¢cm2) and a long
discharge time compared to the UTCC/Sepia and UCC electrodes (Figure 5.6f). This enhanced
performance can be attributed to the incorporation of MWCNTs, which facilitates rapid electronic

and ionic transport within the electrode material, improving its overall charge storage performance.

The gentle slope observed in the GCD profiles of both MWCNT:Sepia and Sepia on UTCC is

indicative of faradaic processes occurring at the electrodes, which aligns with the CV results.

All the GCD curves of the UTCC/MWCNT:Sepia (3:7), consistently exhibiting symmetric
triangular shapes across a range of current densities from 0.5 to 10 mA c¢m™, indicate good

reversibility during the charge/discharge process (Figure B10a).

EIS is used to evaluate charge transfer kinetics in MWCNT:Sepia and Sepia electrode materials.
The Nyquist plots of both electrodes feature a semicircle (high-frequency region) due to faradaic

processes associated with the quinone/hydroquinone redox couple (Figure B10b). MWCNT:Sepia
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shows small charge transfer resistance (R¢) of 0.2 Q and low electrolyte resistance (Rs) of 2.4 Q

compared to that of Sepia and UTCC electrodes.

These results demonstrate that the introduction of MWCNTs into the electrode material serves two
key functions: (i) facilitating electron transfer processes, and (ii) enhancing ion diffusion due to

their high surface area. This dual impact significantly improves the electrode's charge storage.
5.6.5 MWCNT:Sepia symmetric semi-solid-state supercapacitors

Following the electrochemical characterization of the MWCNT:Sepia (3:7) on UTCC electrodes,
we proceeded to the fabrication of symmetric semi-solid-state supercapacitors using these novel
electrode materials and PVA-NaSOgs-based hydrogel electrolyte. The electrochemical
performance of supercapacitors was evaluated in a two-electrode set-up. The cyclic voltammogram

of MWCNT:Sepia-based supercapacitors, at 10 mV s~1

, exhibits a quasi-rectangular shape with
higher voltammetric currents compared to UTCC supercapacitors attributable to the incorporation

of MWCNT:Sepia into the electrode (Figure 5.7a).

Furthermore, the CV curves of the MWCNT:Sepia-based supercapacitors, obtained at various
sweep rates (5 to 100 mV/s), maintain their quasi-rectangular shape even at high scan rates

demonstrating good rate capability and fast charge-discharge kinetics of devices (Figure 5.7b).

GCD curves of MWCNT:Sepia-based supercapacitors at different current densities (0.5, 1, 2, 4,
8 A g~1) exhibit a nearly triangular shape with a small ohmic drop of 20 mV at 0.5 Ag~1,

corresponding to a low equivalent series resistance (ca. 2.5 2) (Figure 5.7c¢).

The specific capacitance of MWCNT:Sepia devices was calculated from the GCD profiles using
the integration area under the discharge line at different current densities (Figure 5.7d). The highest
specific capacitance is 118 F g™!, based on the MWCNTs and Sepia mass only (45 F g™!, based on
the total mass of the electrodes, i.e. MWCNTs, Sepia, and UTCC) was observed at 0.5 A g~!. With
the increase in current density, a significant reduction in specific capacitance was observed,
suggesting that the ion diffusion kinetics within the hydrogel are likely hindered at higher
densities[61, 190].

Energy density and power density serve as critical parameters for assessing the performance of
supercapacitors. MWCNT:Sepia (3:7) devices indicate an energy density as high as
18 Wh kg ! (ca. 7Wh kg ™!, based on the total mass of the electrodes) and power density of
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Figure 5.7 Electrochemical characterization of semi-solid-state symmetric supercapacitors: a) cyclic
voltammograms at 10 mV s™!' ; b) Cyclic voltammograms of MWCNT:Sepia symmetric supercapacitors
at different scan rates; c¢) Galvanostatic charge/discharge (GCD) curves for MWCNT:Sepia
supercapacitors ; d) Specific capacitance for MWCNT:Sepia supercapacitors, obtained from GCD; e)
cyclic voltammograms at 20 mV s =1 of MWCNT:Sepia symmetric supercapacitors at different
bending angles from 0° to 180°; f) Coulombic efficiency and capacitance retention for 10,000 cycles of
galvanostatic charge/discharge of MWCNT:Sepia symmetric supercapacitors at 8 A g™!.

18 Wh kg ! (ca. 7 Wh kg ™!, based on the total mass of the electrodes) and power density of 221 W
kg ! (ca. 85 W kg !, based on the total mass of the electrodes) evaluated at 0.5 Ag™'.

The mechanical deformation of the as-fabricated device was assessed under various bending
conditions. The cyclic voltammogram curves of the device at 20 mV s~! showed negligible
changes at different bending angles, ranging from 90° to 180°, demonstrating the device's
robustness and mechanical flexibility (Figure 5.7¢). This consistent performance under mechanical

bending can be attributed to the effective immobilization of MWCNT and Sepia on the flexible
UTCC substrate.

The stability test of the MWCNT:Sepia (3:7) devices carried out at 8 A g~ demonstrates 100%

capacitance retention and 100% Coulombic efficiency after 10,000 galvanostatic
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charging/discharging cycles (Figure 5.7f). This remarkable cycling stability is attributed to the
semi-solid hydrogel electrolyte, which effectively restricts the dissolution of quinone-based

molecules into the hydrogel[61, 239].
5.7 Conclusion

We employed a one-pot ultrasonication process for the modification of carbon cloth (CC) with
redox-active Sepia melanin and Multiwalled Carbon Nanotubes (MWCNTSs) to prepare electrode
materials for sustainable electrochemical energy storage. We did not use any surfactants or binders.
The ultrasonication process in water increases the surface area and porosity of the CC surface and
induces its redox functionalization by O-including species. The presence of the redox active Sepia
combined to conductive MWCNTs enhances the charge storage properties of the electrodes via a
faradaic mechanism, in addition to the conventional electrostatic one. MWCNT:Sepia-based semi-
solid-state symmetric supercapacitors reach capacitance as high as 118 F g! at 0.5 Ag™!. Devices
deliver a high energy density of 18 Wi kg™!, power density up to 221 W kg! (evaluated at 0.5
Ag™) along with remarkable cycling stability (100% capacitance retention and Coulombic
efficiency after 10,000 cycles). The supercapacitors also demonstrate consistent performance when

subjected to mechanical bending at various angles.

Work is in progress to apply the ultrasonication process in presence of other bio-sourced molecules,
such as indigo carmine, to assess the universality of our approach. Beyond selecting sustainable
materials and processes, we foresee sustainable device end-of-life scenarios. To this purpose, we
test redox-active materials and electrochemical energy storage devices based thereon for their

biodegradability in industrial compost conditions.

5.8 Experimental section

5.8.1 Preparation of ultrasound-treated carbon cloth (UTCC)

Carbon cloth (CC, AvCarb G200, electrical resistivity 3 Q mm and density 0.07 g/cm?) was
purchased from FUELCELL store, Texas, USA. After cleaning in acetone (Honeywell, VLSI,

100%) and ethanol (Commercial Alcohols, Ontario, Canada) in an ultrasonic bath (Eumax-4L) for

10 min at 40 kHz, CC was dried under vacuum for 30 min at 60 °C.

We followed a published heat treatment method for CC, with minor modifications to optimize the

process [81, 86]. Typically, CC was heated to 300 °C for 1 h, at 5 °C min! in air. The resulting
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material was labelled as HTCC. Afterward, HTCC underwent ultrasonication with an ultrasonic
processor (VibraCell VCX 750, Sonics and Materials) working at a nominal power of 750 W and
a fixed frequency of 20 kHz. The titanium alloy (Ti6Al4V) ultrasound probe (D = 19 mm) was
equipped with a replaceable tip for a total length of 136 mm. The power dissipation in the system
under sonication was determined with a K-type thermocouple in a glass beaker (250 ml) filled with
150 ml of deionized water (DIW). The probe, CC, and thermocouple were immersed (app. 2 cm)
into DIW, and the temperature increase was recorded to derive the actual power delivered by

ultrasound following the calorimetric method (Figure B11) [240].

We investigated the effects of ultrasound parameters on the areal capacitance of CC (mF cm™?),
calculated using equation (i). Parameters such as ultrasonication time (1, 5, 10 min), temperature
(20, 40, 60 °C), and actual power (40, 60, 80 W) were considered during the ultrasonication
treatment of CC in DIW to maximize the ultrasound-induced physical/chemical processes without
compromising the mechanical integrity of CC (Supplementary note 1 in Appendix B and Figure
B1)[218, 230, 231]. All the experiments were conducted under continuous ultrasound irradiation
and the processing volume was constant at 150 ml of DIW. The active footprint area of CC

electrodes was 1 cm?.
5.8.2 Electron paramagnetic resonance (EPR)

The DIW sample treated by ultrasound waves during ultrasonication of CC was transferred to an
electron paramagnetic resonance (EPR, Magnettech ESR5000, Bruker spectrometer) to detect the
presence of hydroxyl radicals. 100 mM of radical trap DMPO (5,5-Dimethyl-1-pyrroline N-oxide,
Sigma-Aldrich) was added to the sample. The power of the EPR spectrometer was set to 10 mW
with a field modulation of 0.1 mT.

5.8.3 Preparation of Sepia and MWCNT:Sepia electrode materials to be
deposited on UTCC

Sepia melanin was extracted from the ink sac of the cuttlefish Sepia officinalis (commercially
available ink), purified and finely ground into a powder [241]. MWCNT powder was obtained as
a by-product in a novel photocatalysis process, which was primarily developed for the production
of gaseous hydrogen from methane. Sepia and MWCNT/Sepia electrodes were prepared by mixing
Sepia with MWCNTs in different mass ratios of 3:7, 1:1, and 7:3. The mixtures were then dissolved
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in 150 ml of DIW to make 1 g L'! suspensions. The suspension was transferred to a 250 ml glass
beaker, and CC was dipped (app. 2 cm) into the suspension to undergo the ultrasonication process
for 5 min at an input power of 80 % and temperature of 40 °C. All ultrasound parameters were set
based on the optimized conditions described in supplementary note 1 in Appendix B. It is worth
mentioning that no surfactants or binders of any kind were added. The samples were labeled as
UTCC/Sepia, UTCC/MWCNT:Sepia (3:7), UTCC/MWCNT:Sepia (1:1), and
UTCC/MWCNT:Sepia (7:3). Finally, as-prepared electrodes were rinsed gently with DIW and
vacuum dried for 30 min at 60 °C before morphological, chemical, and electrochemical
characterizations. The mass loading of active material in all electrodes was 4.0 0.4 mg cm ™2 using

a microbalance (Sartorius BP 210 D).
5.8.4 Semi-solid-state symmetric supercapacitor fabrication

Polyvinyl alcohol (PVA) was purchased from Sigma-Aldrich (purity > 99% hydrolyzed, molecular
weight 89,000-98,000 Da) to prepare a hydrogel, according to[61]. 2 g of PVA were dissolved in
60 mL of deionized water at 90 °C and stirred for 30 min to obtain a homogeneous and transparent
solution. Afterwards, 40 mL of 2.5 M Na»SOs(aq) (Sigma-Aldrich, purity >99%) were added to
the solution to obtain 100 mL of 1 M Na;SOuq) and form the hydrogel. A thin film (~ 0.5 mm-
thick, ionic conductivity of 0.135 mSem™' at 25 °C and neutral pH [242]) of hydrogel was
fabricated under a pressure of 700 Pa, then cut into 0.5 cm x 5 cm and sandwiched between the two

electrodes of the supercapacitor (ionic conductivity is 0.135 mScm ™! at 25 °C and neutral pH).
5.8.5 Morphological and structural characterization

The morphology of MWCNT:Sepia (3:7) powder was studied using Transmission Electron
Microscopy (TEM, Hitachi HF-3300) and Scanning Transmission Electron Microscopy (STEM),
which was equipped with a Bruker XFlash 6T160 for energy dispersive X-ray spectroscopy
(EDS). The microscope operated at an accelerating voltage of 300 kV.

The morphology of pristine CC, UTCC, and MWCNT: Sepia on UTCC were examined using a
Quattro Environmental SEM (ESEM, Thermofisher Scientific) at about 10 kV voltage in
backscattered mode. Samples were observed in low-vacuum mode (200 Pa). For chemical
characterization of the electrode surface, we employed EDS using the same SEM equipment

described above, with Aztec software (detector x-Max, Oxford, 80 mm2, 5 kV). We utilized X-ray
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photoelectron spectroscopy (XPS) (VG ESCALAB 250Xi) for surface chemical analysis of
modified electrodes. The X-ray source was monochromatic Al Ka, and the pressure in the analysis
chamber was 10-8 Torr. Survey scans and high-resolution scans were carried out with 1 eV and

0.1 eV energy steps, respectively.

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) techniques were used to
determine the surface area, pore size, and pore volume distribution of CC and UTCC by
N2 adsorption/desorption measurement (Micromeritics, model TriStar 3000). Samples were
degassed at 120 °C under vacuum overnight, while analysis was carried out using Nz as an
adsorbate gas at -196 °C; the volume of the adsorbate gas was determined at standard temperature

and pressure (STP, 273 K, and atmospheric pressure).

We performed contact angle measurements for CC and UTCC, according to sessile methods, using

a Data Physics contact angle measuring device, with deionized water droplets.

Raman spectra of CC and UTCC were acquired using Raman microscope Senterra (Bruker),
equipped with laser excitation at 532 nm. Spectra were recorded in optical geometry 180° in the

range of Raman shifts 100-3200 cm™! at an optical resolution of 3-5 cm™!

, using a laser excitation
power of 20 mW. X-ray diffraction (XRD) spectra of CC and UTCC were taken using a Bruker D8

diffractometer with a wavelength (CuK,) of 1.54 A. 1100 nm.
5.8.6 Electrochemical measurements

Electrochemical characteristics were investigated by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS), using a biologic
potentiostat (SP-300). A three-electrode cell configuration was used for the electrochemical
characterization of single electrodes. Pristine CC, HTCC, and UTCC modified with Sepia and
MWCNT/Sepia mixture, as working electrodes, platinum (Pt) mesh as the counter electrode, and
Ag/AgClg) in 3 M NaCl as the reference electrode in 1 M NaxSOg electrolyte. EIS measurements
were conducted in a 3-electrode configuration in the frequency range 10-'-10° Hz, with a 10 mV
sinusoidal perturbation, at 0 V bias. GCD was performed at current densities of 0.5, 1, 2, 4, and
8 mA cm? for a voltage scan ranging from -0.2 to 0.8 V versus Ag/AgCl. The electrode areal

capacitance (C, mF cm™?) was calculated at 10 mV s™!, based on the cyclic voltammetry, using

c=[% (5.1)

vAAV
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where [ IdV is the integral area of the cathodic CV discharge cycle the scan rate (mV s~1),
A the footprint area of the active material on the current collector (cm?), and AV is the potential
window (V). Full device specific capacitance (Coep , F g~1), energy density (E, Wh kg~1), power
density (P, W kg~1) were estimated from the GCD curves, using

Cocn =1 [ (ﬁt)) dt (5.2)
. Idis f vdt
~ 3600 (5:3)
p==X (5.4)
tais

where [ is the applied constant-current density, t is the discharge time, and V (t) is the potential as
a function of t. Iais represent the current of discharge (mA), [vdt is the integral area of the GCD

discharge cycle, and tqis denote discharge time (s), respectively[134, 135].
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CHAPTER 6 GENERAL DISCUSSION

In this PhD thesis, our approach was to explore bio-sourced organic materials for the eco-design
of energy storage systems. Our study centers on two important bio-sourced quinone-based redox-
active (macro)molecules: Sepia melanin and Catechin. Sepia melanin can be extracted from the ink
sac of cuttlefish as byproduct from the food industries. Catechin belongs to the Tannins family
(i.e., a broad class of polyphenolic biomolecules) that can be sourced from tree components (e.g.,
bark or leaves), fruit residues or extracted as by-product of wood or food industries. Both Sepia
melanin and Catechin are abundant, non-toxic, and biodegradable, making them candidates for

development of sustainable energy storage systems.

In Chapter 2, we discussed the fundamental principles of electrochemical energy storage systems
and their key components. Carbon-based electrodes are extensively utilized in supercapacitors,
owing to their low cost, tunable porosity, and favorable electrical conductivity. However, the
inherent limitations of carbon-based electrodes, including limited surface area and inadequate
wettability (i.e., poor aqueous electrolyte affinity), necessitate surface/interface engineering to

effectively enhance the charge storage capacitance of the electrodes.

In Article 1, we employed a three-step hydrothermal treatment on carbon paper to enhance its
surface area and modify its surface chemistry. SEM results revealed the appearance of numerous
grooves on the surface of the carbon fibers following the hydrothermal treatment. BET and BJH
analyses confirmed a significant increase in surface area (from 0.13 to 83 m? g™') and a 65%
improvement in total pore volume (i.e., micropores, mesopores, and macropores). Such
hierarchical pore structure improved the rate capability of the electrode. Moreover, the treated
carbon paper (TCP) exhibited hydrophilic behavior, as confirmed by water contact angle
measurements. We also employed XPS to investigate the impact of the hydrothermal treatment on
the surface chemical composition of the TCP. The results indicated that such treatment introduced
oxygen and nitrogen heteroatoms onto the surface The significant improvement of the overall
electrochemical performance of TCP, with specific capacitance increasing from 0.24 to 103 F g!,
can be attributed to the increased surface area and the incorporation of heteroatoms, enhancing the
charge storage performance in at least two ways: (i) improved electrostatic interaction and ion
accumulation, and (ii) facilitated charge transfer processes involving the heteroatoms (i.e., faradaic

reactions).
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Subsequently, we modified the surface of the treated carbon paper (TCP) with catechin, a redox-
active molecule from the Tannin family, drop-casting technique. The cyclic voltammetry profile
of the Catechin-loaded treated carbon paper (Ctn/TCP) in a three-electrode configuration exhibited
a quasi-rectangular shape, with superimposed oxidation and reduction peaks (i.e., characteristic of
pseudocapacitive electrode materials) at 0.5 V and 0.3 V vs. Ag/AgCl, respectively, at a scan rate
of 5mV s!. Moreover, the specific capacitance obtained at 5 mV/s reached a value as high as 287
F g' (based on the mass of Catechin) for Ctn/TCP, highlighting the significant faradaic

contribution of Catechin to the total charge storage performance of TCP.

The primary challenge of this study was to visualize Catechin supramolecular assemblies on TCP
via SEM. Due to the low atomic numbers of Tannin constituents (e.g., C and H), direct observation
using SEM was not feasible. To address this, following drop-casting, the samples were stained by
immersion in a 0.1 M silver nitrate (AgNOs) solution for 24 hours. Tannins have the tendency to
chemically reduce metallic cations like Ag®. Consequently, metallic Ag atoms provide sufficient

contrast for SEM imaging, enabling the observation of Catechin aggregates distribution on TCP.

Following the electrochemical characterization of the Ctn/TCP electrodes, we proceeded to
fabrication of semi-solid-state symmetric supercapacitors making use of a PV A-based hydrogel for
the electrolyte. We employed a semi-solid-state PV A-based hydrogel (water-based gel) electrolyte
to enhance cycling stability and ensure a seamless interface with the carbon electrode. In addition
to its favorable ionic conductivity, the PV A-based hydrogel is considered a biodegradable polymer,

to eco-design sustainable energy storage devices.

The Ctn-based semi-solid symmetric supercapacitors achieved a capacitance of up to 202 F g™ at
a current density of 1 A g™, along with outstanding energy density (55 Wh kg™') and power density
(660 W kg™). The device featured capacitance retention and Coulombic efficiency reaching 100
%, respectively, over 20,000 cycles.

Such cycling stability has not been previously reported in bio-sourced quinone-based
supercapacitors without a binder. The result is attributable to the PV A-based hydrogel, which limits

the diffusion and leaching of Catechin molecules into the electrolyte.

Despite the outstanding electrochemical performance of the Catechin-based supercapacitors
reported in Article 1, several challenges persisted, including: (i) the lack of mechanical flexibility

and bendability of the device due to the inherent brittleness of the carbon paper electrodes, which



82

limited its practical applications and (ii) the poor rate response of the device at high scan rates,
attributed to the high contact resistance at the Catechin interface with the carbon current collector,
(ii1) non-environmentally friendly characteristics of the hydrothermal treatment process, associated
with high energy consumption (e.g., prolonged thermal treatment in autoclave) and the generation
of acidic wastewater (e.g., resulting from the use of nitric and sulfuric acids), that fail to comply

with the principles of green chemistry.

In Article 2, we present a novel pseudocapacitive electrode material based on a composite of bio-
sourced, redox-active Sepia melanin and conductive multi-walled carbon nanotubes (MWCNTs).
This composite was deposited onto flexible carbon cloth (CC) electrodes using ultrasonication, a

quasi-waste-free surface engineering technique characterized by its low embodied energy.

The composite Sepia melanin:MWCNT electrode materials has been designed to promote (i) the
formation of efficient conductive network between Sepia granules thanks to the presence of
MWCNTs, and (ii) the efficiency of the electronic coupling between the CC and the Sepia melanin

granules.

Moreover, the fabrication process of the composite electrode material was eco-designed,
prioritizing energy efficiency, minimizing chemical waste, and avoiding the use of surfactants or
organic/inorganic binders. Additionally, the MWCNTs used in this study were obtained as by-
products of a photocatalytic process, further enhancing the sustainability of the electrode materials

in alignment with eco-design principles.

In this study, we used commercially available carbon cloth (CC), made of carbon fibers, due to its
flexibility, mechanical robustness, and favorable electronic conductivity. These attributes render it
an ideal electrode for establishing a seamless interface with flexible semi-solid-state hydrogel

electrolytes.

Initially, we applied a pre-heat treatment (300 °C, 1 h, in air) on pristine CC to introduce minimal
oxygen-containing functional groups onto its surface. This modification aimed to enhance the
wettability of the electrode, thereby improving the effectiveness of the subsequent ultrasonication
process. Afterwards, we employed an ultrasonication technique in deionized water (DIW) for
surface modification of CC. This approach is both waste-free and energy-efficient, eliminating the

need for chemicals, surfactants, or organic/inorganic binders.
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Initially, we applied a pre-heat treatment (300 °C, 1 h, in air) on pristine CC to introduce minimal
oxygen-containing functional groups onto its surface. This modification aimed to enhance the
wettability of the electrode, thereby improving the effectiveness of the subsequent ultrasonication
process. Afterwards, we employed an ultrasonication technique in deionized water (DIW) for
surface modification of CC. This approach is both waste-free and energy-efficient, eliminating the

need for chemicals, surfactants, or organic/inorganic binders.

The primary challenge of this study was to identify the optimal ultrasonication parameters,
including time, power, and temperature, and to evaluate their effects on the areal capacitance of
the ultrasound treated carbon cloth (UTCC). The key parameters considered in this study included
ultrasonication time (1-5min), temperature (20-60 °C), and power (40-80 W). The areal
capacitance of the resulting carbon cloth was determined from cyclic voltammetry obtained in a
three-electrode setup. The results revealed that the optimal conditions were 60 W for the ultrasound
power, 40 °C for the temperature, and 5 minutes for the ultrasonication time, bringing about an
areal capacitance of 147 mF cm 2, which is 73 times higher than that of pristine CC (2 mF ¢cm™2).

Notably, the energy consumption of this process was merely 5 Wh.

SEM images of UTCC confirmed an increase in surface roughness of the carbon fibers, suggesting
that ultrasound treatment had a significant impact on the fibers, likely through cavitation effects.
Interestingly, the EDS mapping and XPS results of UTCC also confirmed the successful in-situ
O-functionalization of the surface of UTCC, likely due to the generation of OH: radicals during

ultrasonication.

The cyclic voltammograms of UTCC, obtained at a scan rate of 10 mV s™!, exhibited a pseudo-
rectangular shape typical of pseudocapacitive electrodes. Moreover, GCD profile of the UTCC
displayed a slight deviation from linear behavior, indicating the occurrence of redox reactions
during the charging and discharging processes. This deviation can be attributed to the presence of

O-containing functional groups induced by the ultrasonication process.

This improved electrochemical performance can be attributed to the increased surface area, optimal
porosity, and enhanced hydrophilicity of UTCC compared to pristine CC, all of which facilitate
the electrostatic mechanism and ions accumulation at the surface of the UTCC. Additionally, the
presence of O-containing functional groups on the UTCC enhances the pseudocapacitive

contribution.
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Subsequently, for the preparation of Sepia melanin:MWCNT on UTCC electrode, Sepia and
MWCNT powders were blended in various mass ratios (3:7, 1:1, and 7:3). The resulting mixtures
were then added directly to DIW in the ultrasonic reactor, where the ultrasonication process was

conducted under the optimized conditions.

SEM and TEM images of UTCC/MWCNT:Sepia electrodes, showed that the dense, spherical
Sepia melanin granules were surrounded by an interconnected network of MWCNTs, which were

uniformly anchored to the carbon fibers during ultrasonication.

The CV profile of UTCC/MWCNT:Sepia electrodes exhibited a quasi-rectangular shape, with two
broad oxidation and reduction peaks observed at approximately 0.1 V and 0.04 V versus Ag/AgCl,
respectively, at a scan rate of 10 mV s™'. These peaks are attributed to the redox activity of the

quinone/hydroquinone couple present in Sepia melanin.

Comparison of the areal capacitance of UTCC/MWCNT:Sepia at different mass ratios (3:7, 1:1,
7:3) at scan rate of 10 mV s indicated that the optimal electrochemical performance was achieved
with the UTCC/MWCNT:Sepia (3:7) electrode, yielding a capacitance as high as 274 mF cm™.
These results underscore the synergistic contributions of faradaic and electrostatic processes to the

enhanced overall charge storage performance of the novel electrode materials.

The GCD profile of the UTCC/MWCNT:Sepia electrode showed a symmetric triangular shape,
characterized by a minimal ohmic drop (10 mV at 0.5 mA c¢cm™) and an extended discharge time
compared to the UTCC/Sepia and UCC electrodes. Furthermore, EIS characterization revealed that
the UTCC/MWCNT:Sepia electrode exhibited a low charge transfer resistance (R¢) of 0.2  and

a small electrolyte resistance (Rs) of 2.4 Q.

These results indicated that the incorporation of MWCNTs into the electrode material fulfills two
critical roles: (i) enhancing electron transfer, and (ii) improving ion diffusion within electrode
materials by providing accessible sites for ion diffusion at high scan rates. This dual effect leads to

a notable improvement in the electrode rate capability and charge storage performance.

To assess the practical performance of the novel electrode material, we fabricated symmetric semi-
solid-state supercapacitors using a PVA-Na.SOs-based hydrogel electrolyte. The MWCNT:Sepia-
based supercapacitors achieved a capacitance of up to 118 F g* at 0.5 A g!, delivering a high
energy density of 18 Wh kg™' and a power density of 221 W kg™ (evaluated at 0.5 A g'), along

with remarkable cycling stability, characterized by 100% capacitance retention and 100%
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Coulombic efficiency after 10,000 cycles. This remarkable cycling stability is attributable to the
semi-solid hydrogel electrolyte, which effectively limits the dissolution of quinone-based
molecules into the electrolyte during extended charging and discharging cycles. Furthermore, the
devices demonstrated consistent electrochemical performance when subjected to mechanical
bending at various angles (ranging from 90° to 180°), further highlighting their robustness and

mechanical flexibility.

In conclusion, Article 2 introduced a novel bio-sourced quinone-based composite electrode
material developed through a sustainable surface engineering approach, achieving high capacitive
performance suitable for environmentally friendly electrochemical energy storage applications.
The fabrication process was eco-designed by (i) incorporating organic bio-sourced redox-active
materials, (i1) employing an energy-efficient surface modification technique, and (iii) mitigating

chemical waste, aligning well with the principles of green chemistry.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

This growing market for consumer electronics and portable devices places immense pressure on
the supply chain of strategic and critical elements (e.g., Co, Li), whose extraction often leads to
environmental, social, and geopolitical challenges. Furthermore, the vast accumulation of waste
electrical and electronic equipment (WEEE) and its spent powering components worldwide poses
a significant global challenge, particularly as recycling remains unviable in many regions under
the current economic framework conditions. Therefore, shifting toward sustainable solutions is

imperative.

Nature offers a wealth of inspiration, capable of inspiring sustainable approaches to the design and
engineering of innovative solutions. In this PhD thesis, our vision is centered on the idea that by
harnessing organic bio-sourced materials, we can develop greener energy storage devices that align
with the principles of eco-design. This approach aims to reduce embodied energy and

environmental impact while ensuring optimal electrochemical performance.

Organic bio-sourced redox-active molecules are highly promising for the development of
sustainable energy storage systems, offering key advantages of abundance, low cost, solution
processability, and potential biodegradability. When deposited on carbon-based electrode, redox-
active molecules bring about an increase of the energy density of the electrodes since the Faradaic
storage mechanism adds to the electrostatic one. The surface/interface engineering of the electrode,
the molecule, and the electrolyte is essential for optimizing energy storage performance,

particularly in terms of rate capability and cycling stability.

In Article 1, we reported on the surface engineering of carbon paper electrodes through
hydrothermal treatment, aimed at improving wettability, increasing surface area, enhancing porous
architecture, and introducing electrochemically active surface sites (i.e., O and N functionalities).
Additionally, we modified the treated carbon paper electrodes with redox-active Catechin
molecules, a member of the Tannin family, through solution processing from an aqueous Catechin
solution. Finally, we fabricated symmetric electrochemical capacitors by interfacing these

modified electrodes with a polyvinyl alcohol (PVA)-based hydrogel electrolyte.

Our morphological and electrochemical characterizations revealed key findings, including the
following: the high surface area and porous architecture of treated carbon paper facilitate

electrostatic interactions and ion accumulation at the electrode/electrolyte interface, thereby
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enhancing the electric double-layer capacitance (EDLC) of the treated carbon paper. Additionally,
the introduction of O and N surface functionalities improves charge storage properties through

pseudocapacitive contributions, resulting in specific capacitances of 103 F g'.

Surface modification of treated carbon paper with Catechin further improves its charge storage
performance, bringing about the specific capacitance as high as 287 F g”!, indicating the beneficial

Faradaic contribution of Catechin.

Moreover, symmetric semi-solid-state supercapacitors made of corresponding electrodes, reached
capacitance values as high as 202 F g™, excellent cycling stability over 20,000 cycles. The devices

also exhibited an energy density of 55 Wh kg™ ! and power density of 660 W kg™

Polymer-based semi-solid-state electrolytes effectively limit the leaching of quinone-based
molecules during extended cycling, while establishing a seamless interface with current collectors
and providing ion conductivity. Consequently, they can be considered a promising electrolyte for
enhancing the performance of quinone-based supercapacitors without the need for

organic/inorganic binders.

The findings of Article 1 contribute to the development of eco-designed, cost-efficient, and
sustainable electrochemical supercapacitors utilizing redox-active bio-sourced materials. These
results may serve as guidance for future studies aimed at evaluating the potential of the Tannins
family, beyond Catechin for electrochemical energy storage applications. Moreover, the
biodegradation of such devices presents a compelling area for further research to assess their end-

of-life scenarios.

In Article 2, we reported on a novel pseudocapacitive electrode material on flexible electrodes,
prepared by ultrasound-assisted modification of carbon cloth in the presence of Sepia melanin, a
quinone-based macromolecule, and multiwalled carbon nanotubes (MWCNTs). Optimal
parameters for the ultrasonication process (i.e., ultrasonication time, temperature, and power) were
determined by evaluating the areal capacitance of the treated carbon cloth. Flexible symmetric
electrochemical capacitors were then fabricated using these modified electrodes, assembled with a

polyvinyl alcohol (PVA)-based hydrogel electrolyte.

The results of our study revealed that the ultrasonication process in water increases the surface area
and porosity of the carbon cloth and introducing surface O-including functionalities, bring about

pseudocapacitive contribution complementary to its electrostatic one. The incorporation of
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MWCNTs into the composite electrode materials creates an efficient conductive network among
the Sepia granules, enhancing the electronic coupling between the carbon cloth and the Sepia
melanin granules. This network consequently improves the rate response of the composite

electrode materials.

Additionally, MWCNT:Sepia-based semi-solid-state symmetric supercapacitors achieved
capacitance as high as 118 F g'!. These devices deliver a high energy density and power density
(i.e., 18 Whkg! and 221 W kg'!, respectively), along with notable flexibility and cycling stability
over 10,000 cycles.

This work contributes to the development of sustainable surface engineering approaches toward
the eco-design of environmentally benign electrochemical energy storage devices. Our findings
offer critical insights into the treatment of carbon-based electrodes, emphasizing a paradigm shift
that moves beyond electrochemical performance and considering sustainability and the

environmental impact of the treatment processes.

In perspective, our research provides a foundation for future studies aimed at developing scalable
and streamlined one-pot treatment processes for modification of carbon-based electrodes that are
energy-efficient and waste-free without the need for organic/inorganic binders or surfactants.
Furthermore, additional experiments are needed to investigate the application of ultrasonication in
the presence of other bio-sourced molecules, such as indigo carmine, to evaluate the universality

of this approach.

Furthermore, considering the significance of anticipating end-of-life scenarios for organic
electronics, it is imperative to conduct biodegradation tests in the future on bio-sourced redox-

active electrochemical energy storage devices under industrial composting conditions.
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Figure A. 1 SEM images of: a) Carbon Paper (CP); b) Treated Carbon Paper
(TCP), at 5 kV. Inset figure A. 1a): contact angle measurement for carbon paper.
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Figure A. 2 a) N2 adsorption/desorption isotherms of Carbon Paper (CP) and Treated Carbon
Paper (TCP), b) pore size distribution for TCP. Inset figure A. 2b) magnified figure A. 2 for
micro- and meso-pores distribution.

Pore Area (m%g)

Table A. 1 Summary of BET results indicating the structural properties of Carbon Paper (CP) and

Treated Carbon Paper (TCP). The nanopore surface area results from the sum of the surface areas
of mesopores and macropores.

Micropore Nanopore Total Pore Average pore
Sample* BET surface surface area surface area Volume diameter
area (m?g™1)
(m?g~") (m2g~1) (cm*g) A)
Ccp 0.13 2.90 0.90 1.05x 1073 319.1
TCP 83.20 3.86 71.89 68.3x 1073 328

* At least 3 weight measurements were taken for each sample, with a standard deviation of 5%
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Figure A. 3 EDS mapping of C, O, N, for Treated Carbon Paper, at 5 kV.
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Figure A. 4 XPS survey spectra of a) Carbon Paper (CP), b) Treated Carbon Paper
(TCP) and ¢) Catechin-loaded Treated Carbon Paper (Ctn/TCP)
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Figure A. 5 Core level XPS spectra of a) Cls, b) N1s and c) Ols for Treated Carbon Paper
(TCP).
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Table A. 2 Elemental composition from XPS of the carbon paper (CP), Treated Carbon Paper
(TCP), Catechin-loaded Treated Carbon Paper (Ctn/TCP).

Atomic percent ( at.%)

Element Binding energy (eV) Cp TCP Ctn/TCP
Cls 284.8 96.5 75.6 76.5
O1s 5323 39 15.5 20.1
N1s 399.5 NA 8.9 3.5
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Supplementary note 1: FTIR characterization of Catechin (Ctn)

In the range of 3000-3500 cm’!, a strong broad absorption peak was observed for Catechin, due to
the presence of three secondary and two tertiary OH groups. In the range of 700 - 2000 cm™!, there
are a few characteristic peaks observed for Catechin including: at 760 cm™ for C-H out of plane
bending, at 880 cm™ and 990 cm™! for out of plane C=C—H bending, between 1050 — 1200 cm! for
C-O stretching of secondary and tertiary alcohols, at 1150 cm™! for aromatic OH, at 1290 cm™! for
C-O in alcohols,at 1370 cm™! for OH bending of phenols,at 1470 cm! for C-H in
alkanes, 1520 cm™'for C=C belonging to the aromatic ring and 1610 cm™! for C=C stretching of
conjugated alkenes. The missing strong C=O0 stretching peak of a quinone moiety in the 1700 cm’
! region suggests the starting Catechin powder is in the reduced form (hydroquinone) before to

electrochemical analysis[243].

Catechin )

i Catechin i
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Figure A. 7 FTIR analysis of Catechin (Ctn) in the range of a) 500-4000 cm™' and b)
700-2000 cm!.
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Supplementary note 2: Evaluation of the faradic and non-faradic capacitance contribution

To deconvolute faradaic and non-faradaic contributions to the total charge storage, we used the
Trasatti method[188]. We initially calculated the areal capacitance (C) from the cyclic

voltammetries at different scan rates, using:

where C is the areal capacitance (mF cm?), AV the potential window (V), S is the area enclosed
by the cyclic voltammograms (mA V ¢cm2) and v the potential scan rate (V s™'). We assumed that
ion diffusion follows a semi-infinite diffusion pattern such that a linear correlation between the
reciprocal of the calculated areal capacitance (C') and the square root of scan rates (v ?) is

expected (Figure A8a), as follows:

C~! = constant v'/? + C;*!

where Cr represents maximum capacitance (sum of electrical double-layer capacitance (Cepr) and

pseudo-capacitance (Cps)).

We assessed the maximum Cgpr and maximum Cpc by plotting the linear relation between the
calculated areal capacitances (C) vs. the reciprocal of the square root of scan rate (v-''?)(Figure

A8D), described by the following equation:
C = constant v=% + Cgp,

where CepL is evaluated from the linear fitting and extrapolating the fitting line to y-axis and Cr

can be assessed by subtraction of Cepr from Cr.
The percentage of each capacitance contribution can be evaluated as follows:

CEDL

CEDL% == X 100

T

C
Coc% = —< % 100
Cr
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Figure A. 9 Nyquist plot of the carbon paper (CP), Treated
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Figure A. 10 Cyclic voltammograms of a Catechin-loaded
Treated Carbon Paper (Ctn/TCP) symmetric solid-state
supercapacitor at different voltage windows from 1.6 to 2 V at
a scan rate of 5 mV/s.
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Figure A. 11 Galvanostatic charge/discharge curves for Catechin-loaded Treated Carbon Paper
(Ctn/TCP) symmetric solid-state supercapacitors at a) 1 A/g and b) 10 A/g.
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Table A. 3 Electrochemical performance of State-of-the-art of organic bio-sourced-based
supercapacitors in the literature

Performance
Electrode Capacitance | Published
material Electrolyte Capacitance Chargin Energy Power retention Year Ref.
P g voltage Density density
Juglone modified 80%
CNT-bacterial H,SO,/PVA 40 W hkg! 1000 W kg ) o
cellulose/ hydrogel N4 2V at104 g™ at10A g afier 110 000 2020 1381
activated carbon cyetes
Juglone modified 7704
activated 66 Fg! 12Whkg! 180 W kg ?
carbon/activated HxS04 IM at0.3A4g"! L2y at3Ag™! at3Ag’! after 31 000 2019 [63]
carbon cyetes
Emodin-
Graphene 80%
nanosheet/ 88Fg! 33Whkg! 800 Wkg™! °
Caffeic acid- HxS04IM at 10mV s L8V at0.54g"’! at0.5A4g"! aﬁf’rcie(ioo 2021 [64]
graphene vete:
hydrogel
Lignin-based 71 ; 91.3%
carbon Na:SO; 1M NA sy | 5: th kg 45t ! ]VZ"% afier 10000 | 2020 | [65]
nanofiber-SnO; a g a g cycles
polydopamine
supported on H:S0./PVA 61Fgat 11.7 Whkg' | 6400 W kg 819
functionalized ol ; g 12V i 8 4 g after 10000 | 2021 [57]
carbon cloth yaroge Ag atlAg arldg cycles
0,
Tannic acid/ H250,/PVA 195Fg! v 37Whkg! 4476 W kg ﬁ84f000 2018 /66
graphene hydrogel at0.54g"! at204 g at20A4 g “ ce’;clev
PANI/Tannic H>S80,/PVA 56 Fg! 168 Whig! 115 Wkg!
acid/rGO hydrogel at0.54g"! Lev at0.54g"! at0.5A4g"! N4 2019 [69]
. 100%
Sff;’r”;zz ”:“etfd %“;SA‘} NA L6V 20Whkg! 46 Wkg' | after 50000 | 2022 | [100]
pap ’ cycles
Catechin/Tannic Na»SO 100%
acid on treated ()aé M4 NA 1.6V 23Whikg! 26 kWkg™! after 10 000 2022 [100]
carbon paper ’ cycles
Catechin on _
Na;SO/PVA 202Fg! 55 Whkg! 660 W kg™ 99.6% .
”“”;Zp"’e"r’b"" e at1Ag! LV atlAg! atlAg! | after 20000 LR
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Supplementary Note 1: Optimization of ultrasound parameters

We optimized the ultrasonication parameters, including time, actual power, and temperature, to
evaluate their impact on the areal capacitance of carbon cloth (CC, Table B. 1). To determine the
areal capacitance of CC under different ultrasonication treatment conditions, we employed cyclic
voltammetry (CV) using a three-electrode cell configuration in 1M Na>SOuq) as the electrolyte.
The areal capacitance was calculated using equation (i) provided in Supplementary Note 2.

Increasing the ultrasonication time from 1 to 5 minutes increases the areal capacitance of the carbon

cloth from 52 mF cm™2 to 76 mF cm™?

, at a constant actual power of 40 W and temperature of
20 °C (Figure B. 1a). Extending the ultrasonication time to 10 minutes, caused a significant (60%)
reduction in areal capacitance, primarily attributed to the loss of mechanical integrity of the CC.
To determine the optimal temperature for the 5 min ultrasonication treatment under actual
ultrasound power of 40 W, we evaluated the areal capacitance. The results indicate that 40 °C
represents the optimal temperature for the ultrasonication treatment of CC (Figure B. 1b). This
implies that the efficiency of ultrasonication treatment diminishes at higher temperatures due to
reduced cavitation effects[244, 245]. We explored sonolysis effects on the areal capacitance of CC

at actual powers of 40 W, 60 W, and 80 W (Figure B. Ic). The CC electrode achieves an areal

capacitance as high as 147 mF ¢cm™?2 under the optimal ultrasonication treatment conditions, i.e.
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actual ultrasound power of 60 W, temperature of 40 °C, and 5 min ultrasonication time. Increasing
the ultrasound power to 80 W leads to a decrease in areal capacitance, likely due to the breaking
and fragmentation of carbon fibers[246, 247]. According to the results, the energy consumption of

ultrasound treatment of CC under optimized conditions is 5 Wh.

Table B. 1 Effects of ultrasonication time, temperature, and actual power, on the areal
capacitance of carbon cloth. Run 8 represents optimal conditions.

Areal capacitance
Run Time (min) Temperature (°C) Actual power (W)

(mF cm?)
1 1 20 40 52
2 5 20 40 76
3 10 20 40 60
4 5 20 40 76
5 5 40 40 85
6 5 60 40 71
7 5 40 40 85
8 5 40 60 147
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Figure B. 1 Effects of: a) ultrasonication time, b) temperature during ultrasonication
treatment, and c) actual power of ultrasound, on the areal capacitance of carbon cloth (CC).
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Figure B. 2 EPR spectrum of hydroxyl radicals formed during ultrasonic irradiation of water sample exposed
to the ultrasonication treatment of carbon cloth (CC) under optimized conditions (see Table B. 1).
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Figure B. 4 XPS survey spectra of: a) pristine carbon cloth (CC); b) heat treated carbon cloth
(HTCC); c) ultrasound treated carbon cloth (UTCC).

Table B. 2 Elemental composition from XPS of the pristine carbon cloth (CC), heat-treated
carbon cloth (HTCC), and ultrasound-treated carbon cloth (UTCC).

Atomic percent ( at.%)

Element  Binding energy (V) Pristine CC  Heat treated CC  Ultrasound treated CC

Cls 284.3 99.6 94.1 87.8
O s 532.2 24 59 9.6
Na 1s 1071.6 NA NA 1.4
B Is 192.4 NA NA 0.7

Si2p 102.7 NA NA 0.5
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Figure B. 5 Core level XPS spectra of: a) Cls, b) Ols, for pristine carbon cloth (CC).
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Figure B. 6 Core level XPS spectra of: a) Cls, b) Ols, for heat treated carbon cloth (HTCC).
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Figure B. 7 Core level XPS spectra of: a) Cls, b) Ols, for ultrasound treated carbon cloth (UTCC).
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Figure B. 8 XPS survey spectra of MWCNT:Sepia (3:7).

Table B. 3 Areal capacitance of UTCC/Sepia and UTCC/MWCNT:Sepia with different mass

ratios.
Areal capacitance
Sample name
[mF cm™?]
UTCC/MWCNT:Sepia (7:3) 129
UTCC/MWCNT:Sepia (1:1) 136
UTCC/MWCNT:Sepia (3:7) 274

UTCC/Sepia 183
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Supplementary Note 2: Evaluation of the faradaic and non-faradaic capacitance

contribution

To deconvolute faradaic and non-faradaic contributions to the total charge storage, we used the
Trasatti method[ 188]. We initially calculated the areal capacitance (C) from the cyclic voltammetry

at different scan rates, using:

C=(7m O

vAAV

where [ IdV is the integral CV curve area, v the scan rate (mV s™'), A the footprint area of
the active material on the current collector (cm?), and AV is the potential window (V). We
assumed that ion diffusion follows a semi-infinite diffusion pattern such that a linear correlation
between the reciprocal of the calculated areal capacitance (C™!) and the square root of scan rates (v
12 is expected (Figure B9a), as follows:

C~! = constant v'/? + C;*!
where Ct represents total capacitance (i.e. sum of electrical double-layer capacitance (Cepr) and
pseudo-capacitance (Cpc)).
We assessed the maximum Cgpr and maximum Cpc by plotting the linear relation between the
calculated areal capacitances (C) vs. the reciprocal of the square root of scan rate (v, Figure
B9b), described by the following equation:

C = constant v=% + Cgp,
where CepL is evaluated from the linear fitting and extrapolating the fitting line to the y-axis and
Crcan be assessed by subtraction of Cgpr. from Cr.
The percentage of each capacitance contribution can be evaluated as follows:

CEDL
Cr

C
Coc% = —< % 100
Cr

CopL% = x 100
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Figure B. 9 a) Plots of reciprocal of areal capacitance (C') vs. square root of scan rate (v
12): b) Plots of areal capacitance (C) vs. reciprocal of square root of the scan rate (v'?).
The solid lines are linear fitting of data points, and the linear fit equation with root mean
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Figure B. 10 a) Galvanostatic charge/discharge curves of

UTCC/MWCNT:Sepia(3:7); (b) Nyquist plot in the frequency range
of 10° and 107! Hz; the inset shows an expanded view of the Nyquist

plot for high frequency current density in 1 M NaxSOuq)
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Figure B. 11 Ultrasound calibration: a) Temperature vs. time, b) Actual power vs. amplitude.



