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RÉSUMÉ 

L'accès à une énergie propre et abordable pour tous est l'un des 17 principaux objectifs de 

développement durable des Nations Unies. Une demande continue en énergie, due à la croissance 

de la population mondiale et aux changements de mode de vie (du consommateur au 

consommable), l'épuisement des ressources naturelles à un rythme alarmant et de nombreuses 

préoccupations environnementales (comme le réchauffement planétaire) motivent une transition 

des combustibles fossiles vers des sources renouvelables intermittentes, comme le vent et le soleil. 

Cependant, l'intermittence de l'énergie reçue du soleil souligne nécessite des dispositifs de stockage 

d'énergie efficaces. En outre, l'utilisation accrue de véhicules électriques et d'appareils 

électroniques portables ainsi que le développement de l'Internet des Objets entraînent une 

augmentation considérable des déchets d'équipements électriques et électroniques (DEEE) 

nécessitant d’avantage de sources d'énergie, durables et peu coûteuses. Parmi les dispositifs de 

stockage d'énergie électrochimique, les condensateurs électrochimiques ont se démarquent en 

raison de leur haute densité de puissance, de leur longue durée de vie et de leurs niveaux élevés de 

fiabilité et de sécurité de fonctionnement. Des électrodes composées de matériaux organiques 

biosourcés et biodégradables, fonctionnant dans des électrolytes aqueux, sont prometteurs pour la 

prochaine génération de stockage d'énergie électrochimique durable. Malheureusement, les 

matériaux organiques présentent souvent une faible conductivité électronique, une résistance de 

contact élevée avec les collecteurs de courant et, par conséquent, une stabilité de cycle limitée. 

L'eumélanine, qui constitue le matériau d'étude de cette thèse de doctorat, est une macromolécule 

biosourcée et potentiellement biodégradable à base de quinone. Elle est omniprésente dans la flore 

et la faune. Elle présente une activité redox, une absorption optique ultraviolette-visible à large 

bande, une réponse (photo) électrique dépendante de l'hydratation. Des propriétés dechélation 

d’ions métalliques et un piégeage des radicaux libres ont aussi été mises en évidence. 

Cette thèse étudie les relations entre la structure et l’activité redox de la mélanine synthétisée 

chimiquement et de l'eumélanine naturelle (mélanine sépia extraite du sac d'encre de la seiche), 

afin de développer des matériaux d'électrode organiques durables pour le stockage d'énergie 

électrochimique à haute performance. 
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Le chapitre 1 donne un aperçu des matériaux durables pour le stockage d'énergie électrochimique, 

en mettant l'accent sur l'eumélanine et ses propriétés physico-chimiques. Il présente une revue de 

littérature sur les matériaux moléculaires biosourcés à base de quinone utilisés pour le stockage 

électrochimique de l'énergie. Le chapitre 2 détaille les principaux objectifs de ce travail de 

recherche : étudier les relations entre la structure et l'activité redox de l'eumélanine, explorer la 

possibilité d'améliorer les propriétés de stockage d'énergie électrochimique du biopigment par 

l'absorption d'énergie solaire, améliorer les interactions entre les matériaux moléculaires 

organiques à base de quinone (par exemple, la mélanine et les tanins) et des collecteurs de courant 

en carbone, et observer l'effet de points quantiques de carbone sur la morphologie et le 

comportement électrochimique de la mélanine naturelle (sépia) sur du papier carbone. Le chapitre 

3 présente brièvement les techniques de caractérisation utilisées dans ce travail. Le chapitre 4 traite 

de l'étude des propriétés d'oxydoréduction des mélanines de synthèse, en se basant sur leurs deux 

principaux éléments constitutifs, le 5,6-dihydroxyindole (DHI) et l'acide 5,6-dihydroxyindole-2-

carboxylique (DHICA), connus sous le nom de mélanine DHI et mélanine DHI:DHICA (cette 

dernière modélisant l'eumélanine naturelle) dans des milieux aqueux tamponnés à différentes 

valeurs de pH (par exemple, 3,5 et 7). En raison du désordre chimique et physique (hétérogénéité) 

de l'eumélanine naturelle, nous avons exploré les propriétés redox de la mélanine de synthèse 

polymérisée à l'état solide, in situ, sur du papier carbone en utilisant des méthodes électrochimiques 

telles que la voltampérométrie cyclique, la spectroscopie d'impédance électrochimique et la charge 

et la décharge galvanostatique. Nous avons constaté que les milieux aqueux légèrement acides (pH 

~ 5) et neutres (pH ~ 7) donnent les meilleures performances de stockage d'énergie électrochimique 

: capacitance, capacité et résistance au transfert de charge pour les mélanines DHI et DHI:DHICA. 

La mélanine DHI présente des courants voltamétriques plus élevés, donc des performances 

électrochimiques supérieures à celles de la mélanine DHI:DHICA. Sur la base de ces résultats 

prometteurs, nous avons exploré la possibilité d'améliorer les performances de stockage d'énergie 

électrochimique de la mélanine de synthèse en utilisant l'éclairage solaire. Nous avons observé que 

l'éclairage solaire améliore la capacité, la stabilité et diminue la résistance des électrodes de 

mélanine de synthèse. Les supercondensateurs symétriques DHI-mélanine après exposition à la 

lumière solaire ont présenté une stabilité cyclique, une résistance série équivalente et une densité 

d'énergie et de puissance améliorées. 
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Dans le chapitre 4, la sépia et un tanin, en tant que matériaux moléculaires à base de quinone, ont 

été déposés en solution sur des électrodes de papier carbone traitées, afin de développer des 

matériaux d'électrodes organiques à haute performance. Les électrodes de carbone ont été traitées 

chimiquement pour introduire un dopage de surface en O, N, S, P (confirmé par spectromètrie à 

rayons X à dispersion d'énergie (EDX) et spectroscopie photoélectronique à rayons X (XPS)), et 

augmenter la surface (confirmée par l'analyse de surface Brunauer-Emmett-Teller (BET)). Le 

dopage de la surface en O, N, S, P améliore la mouillabilité à l'électrolyte aqueux et ajoute une 

contribution faradique à la contribution électrostatique typique du carbone. La sépia et le tanin sur 

ces électrodes de carbone traitées présentent des performances électrochimiques nettement 

améliorées et une résistance de contact plus faible par rapport aux mêmes matériaux sur des 

électrodes de carbone non traitées. La comparaison des performances électrochimiques des 

matériaux moléculaires à base de quinone déposés en solution sur le carbone traité et celles 

observées après avoir mélangé ces matériaux avec des additifs conducteurs classiques (par 

exemple, le noir de carbone (super P) et l'oxyde de graphène réduit, r-GO) indiquent que la 

modification de la surface du carbone est la meilleure approche pour obtenir des 

supercondensateurs à haute performance électrochimique. Les supercondensateurs symétriques à 

la mélanine de sépia atteignent 452 F g-1, une efficacité coulombienne de 100 % et une rétention 

de capacité de plus de 94 % après 5 000 cycles. D'autre part, les dispositifs à base de catéchine/acide 

tannique atteignent 300 F g-1, une efficacité coulombienne de 100% et une rétention de capacité 

d'environ 100%. Nous avons obtenu des densités de puissance maximales de 46 kW kg-1 et 26 kW 

kg-1 avec des densités d'énergie maximales de 20 W h kg-1 et 23 W h kg-1 pour la mélanine de Sépia 

ou le Catéchine/Acide Tannique. Ce sont d'excellentes performances pour des supercondensateurs 

basés sur des molécules organiques biosourcées. 

Dans le chapitre 5, nous avons exploré la possibilité d'améliorer les performances électrochimiques 

de l'eumélanine naturelle (sépia) en la mélangeant avec différents points quantiques de carbone 

(PQCs) : PQCs graphitiques (PQCGs) dopés N,S-, PQCs dopés N issus de l'acide acétique, PQCs 

non dopés issus de l'acide acétique et PQCs non dopés issus du saccharose. Nous avons observé la 

formation d'un matériau d'électrode présentant un réseau 3D à partir de mélanine naturelle (sépia) 

et de N,S PQCGs sur des collecteurs de courant en papier carbone en utilisant la microscopie 

électronique à balayage (MEB) et la microscopie électronique à transmission (MET). Les PQCGs 
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N,S sont destinés à améliorer la conductivité au sein de la mélanine sépia mais aussi à améliorer la 

mouillabilité électrolytique des électrodes, et ajouter à la capacité des contributions faradiques aux 

contributions électrostatiques intrinsèques. Le système sépia/N,S GCQD (8:2 w/w) présente une 

capacité surfacique optimale, environ 2 fois supérieure à celle du sépia seul, avec une résistance au 

transfert de charge plus faible. Il est intéressant de noter que l'ajout de PQCs synthétisés à partir de 

sources autres que le graphite conducteur, bien que fonctionnalisés en surface, diminue les 

performances capacitives. Les supercondensateurs symétriques PQCGs Sepia/N,S dans du 

Na2SO4(aq) 0.5 M présentent une rétention de capacité prometteuse d'environ 92% après 10 000 

cycles à 5 A g-1, une efficacité coulombienne de 100%, des densités d'énergie et de puissance 

maximales de 11 μW h cm-2 et 102 mW cm-2. 

Dans cette thèse, des approches permettant l’avènement du stockage d'énergie électrochimique 

haute performance à base de matériaux biosourcés assistés par la lumière solaire ont été 

développées. 
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ABSTRACT 

The United Nations set that access to clean and affordable energy for all is one of the 17 main 

sustainable development goals. The ongoing demand for energy due to worldwide population 

growth and lifestyle changes (from consumer to consumable), along with the depletion of natural 

resources at an alarming rate and environmental concerns (e.g., global warming) are motivating 

the change from fossil fuels to intermittent renewable sources, such as wind and sun. The 

intermittency of energy received from the sun, however, highlights the need for efficient energy 

storage devices. In addition, the increased use of electric vehicles and portable electronic devices 

as well as the development of the Internet of Things bring to a dramatic increase of waste electrical 

and electronic equipment (WEEE) and require low cost and sustainable power sources as well. 

Among electrochemical energy storage devices, electrochemical capacitors have attracted 

considerable attention due to their high-power density, long cycle life and high levels of reliability 

and operation safety. Biosourced and biodegradable organic electrode materials, operating in 

aqueous electrolytes, are promising for next generation sustainable electrochemical energy storage. 

Unfortunately, organic materials often exhibit low electronic conductivity, high contact resistance 

with current collectors and in turn limited cycling stability. Eumelanin, the case study material of 

this PhD work, is a biosourced and potentially biodegradable quinone-based macromolecule 

ubiquitous in flora and fauna. It features redox activity, broadband ultraviolet-visible optical 

absorption, hydration-dependent (photo) electrical response as well as metal-ion chelation and free 

radical scavenging. 

This PhD work investigates the structure-redox activity relationships of chemically controlled 

melanin and natural eumelanin (sepia melanin extracted from the ink sac of cuttlefish), to develop 

sustainable organic electrode materials for high performance electrochemical energy storage. 

Chapter 1 gives an overview about sustainable materials for electrochemical energy storage with a 

focus on eumelanin and its physicochemical properties. It also provides a review of the literature 

about biosourced quinone-based molecular materials used in electrochemical energy storage. 

Chapter 2 details the main objectives of this research work: investigating eumelanin structure-redox 

activity relationships, exploring the possibility to enhance the electrochemical energy storage 

properties of the biopigment through solar energy absorption, engineering the organic quinone-
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based molecular materials (e.g., melanin and tannins)/carbon current collector interface, and 

observing the effect of carbon quantum dots on the morphology and electrochemical behavior of 

natural melanin (sepia) on carbon paper. Chapter 3 briefly introduce the characterization techniques 

used in this work. Chapter 4 deals with the investigation of the redox properties of chemically 

controlled melanins based on its two main building blocks, 5,6-dihydroxyindole (DHI) and 5,6-

dihydroxyindole-2-carboxylic acid (DHICA), known as DHI-melanin and DHI:DHICA-melanin 

(the latter modeling the natural eumelanin) in aqueous buffered media at different pH values (e.g., 

3,5 and 7). Owing to the chemical and physical disorder (heterogeneity) of natural eumelanin, we 

explored the redox properties of chemically controlled melanin solid-state polymerized in situ on 

carbon paper using electrochemical methods such as cyclic voltammetry, electrochemical 

impedance spectroscopy, and galvanostatic charge and discharge. We found that mild acidic (pH~ 

5) and neutral (pH~7) aqueous media give the optimum electrochemical energy storage 

performance: capacitance, capacity, and charge transfer resistance for both DHI- and DHI:DHICA-

melanin. DHI-melanin features higher voltammetric currents and in turn higher electrochemical 

performance over DHI:DHICA melanin. Building on these promising results, we explored the 

possibility to enhance the electrochemical energy storage performance of chemically controlled 

melanin under solar light illumination. We observed that solar light illumination improved the 

capacitance, capacity, stability, and decreases the resistance of the chemically controlled melanin 

electrodes. Symmetric DHI-melanin supercapacitors after solar light illumination featured 

improved cycling stability, equivalent series resistance and energy and power density, with respect 

to dark conditions.  

In chapter 4, sepia and tannins as quinone-based molecular materials were solution-deposited on 

treated carbon paper electrodes to develop high performance organic electrode materials. Carbon 

electrodes were chemically treated to introduce O, N, S, P surface doping (confirmed through 

energy dispersive x-ray spectrometer (EDX) and X-ray photoelectron spectroscopy (XPS)), and 

increase surface area (confirmed through Brunauer–Emmett–Teller (BET) surface area analysis). 

O, N, S, P surface doping improved the wettability to aqueous electrolyte and added faradaic 

contribution to the electrostatic one typical of carbon. Sepia and tannins on treated carbon 

electrodes show significantly enhanced electrochemical performance and lower contact resistance 

compared to the same materials on untreated carbon electrodes. The electrochemical performance 
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of quinone-based molecular materials solution-deposited on treated carbon with those observed 

after mixing these materials with commercially available conductive additives (e.g. carbon black 

(super P) and reduced graphene oxide, r-GO) indicate that the modification of the carbon surface 

is the best approach, among the two explored, to achieve high electrochemical performance 

supercapacitors. Sepia melanin symmetric supercapacitors reached 452 F g-1, 100% Coulombic 

efficiency and over 94% capacitance retention after 5 000 cycles. On the other hand, 

Catechin/Tannin Acid devices reached 300 F g-1, 100% Coulombic efficiency and about 100% 

capacitance retention. We obtained maximal power densities of 46 kW kg-1 and 26 kW kg-1 with 

maximal energy densities of 20 W h kg-1 and 23 W h kg-1 for Sepia melanin or Catechin/Tannic 

Acid, i.e. excellent performance for supercapacitors based on organic biosourced molecules. 

In chapter 5, we explored the possibility to improve the electrochemical performance of natural 

eumelanin (sepia) through mixing it with different carbon quantum dots (CQDs): N,S- doped 

graphitic CQDs, N-doped CQDs from acetic acid, undoped CQDs from acetic acid and undoped 

CQDs from sucrose. We observed the formation of a 3D network electrode material from natural 

melanin (sepia) and N,S GCQDs on carbon paper current collectors using scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). N,S GCQDs are meant to 

improve the conductivity within sepia melanin but also to improve the electrolyte wettability of the 

electrodes and add faradaic contributions to their intrinsic electrostatic contributions to 

capacitance. The sepia/N,S GCQD (8:2 w/w) system shows optimum areal capacitance, about 2 

times higher than sepia alone, with lower charge transfer resistance. It is worth noting that adding 

carbon quantum dots synthesized from sources other than conductive graphite, despite being 

surface functionalized, is detrimental to the capacitive performance. Sepia/N,S GCQD symmetric 

supercapacitors in 0.5 M Na2SO4(aq) feature promising capacitance retention ca. 92% after 10 000 

cycles at 5 A g-1, 100% coulombic efficiency, 11 μW h cm-2 and 102 mW cm-2 maximal energy 

and power densities.  

All in all, in this thesis, approaches were developed to pave the way towards the advancement of 

high performance biosourced material-based and solar light-assisted electrochemical energy 

storage.  
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1 

 INTRODUCTION 

 

This chapter presents an overview of sustainable materials and devices for electrochemical energy 

storage, with particular attention given to eumelanin as a case study of this PhD work. We have 

considered my first author work “Light-assisted melanin-based electrochemical energy storage: 

physicochemical aspects”, by Abdelaziz Gouda, Sanyasi Bobbara, Manuel Reali and Clara Santato, 

which published as a topical review article in the Journal of Physics D: Applied Physics, 53(4), 

043003” as a reference.  

1.1 Global energy needs and resources  

Energy is a commodity that enables social, economic and industrial development. The current 

energy situation is characterized by a rapid increase in energy demand (50% between 2005 and 

2030) [1]. The depletion of fossil fuels and environmental pollution impose a need for green energy 

technologies. Sun is the most reliable, widespread and environmentally friendly energy source. The 

annual solar energy on Earth’s surface is 3.4 ×	1024 J, about 104 times the annual mankind 

consumption [1]. Photovoltaic (PV) technologies including dye-sensitized [2], perovskite-based 

[3], and silicon solar cells [4] have been developed to convert solar to electric power. Since the 

solar power varies throughout the day (Figure 1.1), PV cells generate intermittent electric power, 

thus affecting their reliability. 
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Figure 1.1 Photovoltaic power with time (measurements at maximum irradiance level, around 

noon, at latitude 39.74°N and longitude 105.18°W, with a 10-min time resolution obtained from 

NREL Solar Radiation Research Laboratory). Reproduced with permission from [5]. 

 

Therefore, efficient storage solutions coupled to PV technologies are required. Unfortunately, most 

of the current energy storage solutions (Figure 1.2) make use of toxic, critical and expensive 

chemical elements (e.g. lead, lithium, cobalt) and poorly environmentally sustainable electrolytes 

[6]. The inadequacy of these storage solutions calls for a paradigm shift about the way they are 

designed and manufactured. In this regard, a promising development is represented by the 

possibility to find environmentally friendly organic (carbon-based) electrode materials that exhibit 

suitable storage performance and cycling stability. 
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Figure 1.2 Specific energy and specific power for different energy storage technologies. 

Reproduced with permission from [7]. 

 

1.2 Electrochemical energy storage  

Batteries and supercapacitors (electrochemical capacitors (EC)) are the two leading 

electrochemical energy storage technologies (Figure 1.2). Li ion batteries are widely used in 

consumer electronics owing to their high energy density (~ 180 Wh kg-1) [8, 9]. Nevertheless, 

serious safety issues such as heat generation and dendrite formation were reported when batteries 

operated at high current density (high power) [10, 11]. These safety issues resulted in well-known 

failures including Tesla electric cars and Boeing Dreamliner airplane [12, 13]. On the other hand, 

supercapacitors can complement or even replace batteries in some applications because of their 

reliability and operation safety while delivering high power density for ultra-long rapid 

charging/discharging cycle life (more than 100 000 cycle) [14-17]. Nowadays, supercapacitors are 

used in heavy duty trucks, cranes, braking system of electric vehicles and light rail [18]. 

Commercially available supercapacitors can deliver high energy density (∼5 Wh kg-1), still far 

from batteries (up to 200 Wh kg−1) and fuel cells (up to 350 Wh kg−1). More recently, researchers 
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are working on the development of supercapacitors that have battery energy density without 

sacrificing their power density and cycling stability [19-23]. 

Supercapacitors can be classified into electric double-layer capacitors (EDLCs), pseudocapacitors, 

and asymmetric supercapacitors (Figure 1.3)[24].  

 

 

Figure 1.3 Supercapacitor’s classifications. Reproduced with permission from [23]. 

 

Figure 1.4 shows the schematic timeline of the supercapacitor’s development: starting with the 

Leyden jar that introduced the concept of static electricity and the possibility of storing static 

charges at the electrode/electrolyte interface. This established the initial concept of EDL capacitors 

over 100 years earlier than the invention of the battery in 1880 [23]. In 1853, von Helmholz 

presented the first EDL model by investigating colloidal suspensions [25]. Then Gouy, Chapman, 

Stern, Grahame developed the modern theory of EDL [26-28]. In 1954, H. I. Becker at General 

Electric (GE) patented the first porous carbon electrodes operated in an aqueous electrolyte, which 

stored electric energy at the electrode/electrolyte interface [29]. 
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Figure 1.4 The historic development of supercapacitors. The Helmholtz model, the 

Gouy−Chapman model, and the Stern model were reproduced with permission from [15]. The first 

EC patented by General Electric (GE) was reproduced from [29]. 

 

Robert Rightmire at the Standard Oil Company of Ohio (SOHIO) developed the first nonaqueous 

electrochemical capacitor with wide stability window (~ 3.4 - 4 V) [30]. In 1978, a Japanese 

company, Nippon Electric Corp. (NEC), presented the first commercial supercapacitor for back-

up power for clock chips and complementary metal−oxide−semiconductor (CMOS) memories in 

electronics [23]. 

 In 1970, the pseudocapacitance charge storge mechanism was firstly introduced with RuO2 [31, 

32]. Pseudocapacitors are faradaic in nature and their cyclic voltammetry exhibit a rectangular 

shape, typical of a capacitive behavior [24]. The discovery of pseudocapacitance paved the way 

towards high energy electrochemical capacitors. 

In principle, the charge storage mechanism and the key metrics of supercapacitors (specific 

capacitance, energy and power density) is similar to the traditional capacitors. However, the use of 

high surface area electrodes, pseudocapacitance materials increases the performance of 

supercapacitors by 100 000 times with respect to conventional capacitors. Besides the differences 

between batteries and supercapacitors mentioned earlier in this section, supercapacitors feature a 
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linear voltage increase/decrease upon charging/discharging at constant charging/discharging 

current (Figure 1.5c) [33]. This gives rise to a characteristic capacitance independent of the 

potential scan interval and also the rectangular (boxed shape) cyclic voltammetry (CV) response 

((Figure 1.5a). On the other hand, batteries feature CV with characteristics voltammetric peaks and 

galvanostatic charge/discharge profile plateau (Figure 1.5 b and d). 

 

 

 

Figure 1.5 Electrochemical signature of typical supercapacitor and battery: (a) and (b) Cyclic 

voltammetry curves and (c) and (d) galvanostatic charge−discharge curves. ESR: equivalent 

series resistance. Reprinted with permission from [23]. 

 

The energy storge mechanism of supercapacitors can be classified into: EDL capacitors and 

pseudocapacitors (Figure 1.6) [14, 16, 17, 22, 23]. 
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Figure 1.6 Schematic representation of charge storge mechanisms in: (a) EDL capacitors, (b) 

underpotential pseudocapacitors, (c) redox pseudocapacitors, and (d) intercalation 

pseudocapacitors. (a), (d) Reprinted with permission from [23] and (b) and (c) from [34]. 

 

1.2.1 EDL capacitors 

EDL capacitors are the simplest and commercially available supercapacitors, where the charges 

are stored through electrostatic adsorption [23]. The specific capacitance Cs [F] of EDL capacitors 

can be calculated as: 

,! =
"!	""	$
%                                                                                                                               E.q. 1.1 

Where .& is the relative permittivity of the used electrolyte, .'  [F/m] is the vacuum permittivity, 

A is the accessible surface area of the electrode to electrolyte, and d is the effective charge 

separation distance between the EDLs (adsorbed ion radius). 

The double layer formation and relaxation time is about 10-8 s which is faster than the redox 

reactions for pseudocapacitance (10−2 -10−4 s). This gives the EDL the high-power density and 

immediate response to potential changes. 
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1.2.2 Pseudocapacitors  

Pseudocapacitive electrode materials store charges through a Faradaic process that involves 

surface, fast, reversible redox reactions [34-36]. The CV curve of pseudocapacitive material 

exhibits a quasi-rectangular shape typical of a capacitive behaviour. Simply, pseudocapacitive 

materials exhibit the intermediate electrochemical behaviour (fast kinetics compared to battery like 

materials and high energy density compared to EDL materials) between EDL capacitive materials 

(electrostatic formation of a double layer) and battery-like materials (solid-state diffusion 

dominated by Faradaic reactions). 

Pseudocapacitive materials can feature different Faradaic mechanisms (Figure 1.6): 

(1) Underpotential deposition (adsorption pseudocapacitance): it occurs when ions are 

deposited at the electrode/electrolyte interface at lower potential with respect to their redox 

potential (Figure 1.6b) [37-39]. 

(2) Redox pseudocapacitance: it is the most common mechanism in metal oxides (e.g., RuO2 

and MnO2) and conducting polymers supercapacitors. The electrode surface is modified by 

redox active species featuring fast and reversible electron transfers; the redox state of such 

species affects ion distribution at the surface [36, 40-45]. 

(3) Intercalation pseudocapacitance: in which ions intercalate into the redox-active material 

without any phase change (like in battery materials) and in a time scale close to EDL 

materials (e.g., Nb2O5) [46-48]. Overall, the total charge stored in ion intercalation 

materials is a combination of a Faradic contribution from the bulk, pseudocapacitance 

contribution at the surface and EDL contribution through electrostatic ion 

adsorption/desorption at the interface [49].   

1.3 Sustainable materials for electrochemical energy storage  

Nature is a source of abundant and environmentally benign materials for next generation, 

sustainable batteries and supercapacitors [50]. With this in mind, researchers have paid attention 

to organic materials as electrode materials. The majority of organic materials is amorphous such 

that the issue of dramatic structural changes during charge-discharge cycles is limited, with respect 
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to their inorganic counterparts. Furthermore, the myriad of molecular structures available in nature 

offers the opportunity to devise materials to optimize performance and stability [51].  

Quinones are a class of organic compounds widely studied for electrochemical energy storage [52-

67]. Quinone-based materials can undergo two-electron transfer processes in aqueous electrolytes. 

Their reduction/oxidation (redox) potentials and solubility depend on their molecular structure. 

Activated carbons from biomass precursors (e.g. biopolymers and food waste) have also been 

employed as sustainable electrode materials [7]. They can store charge either through electrostatic 

interactions, based on the formation of EDLs, or on pseudocapacitive processes [68-71]. Activated 

carbons are usually mixed with various non-biodegradable polymer binders 

(polytetrafluoroethylene, PTFE, polyvinylidene difluoride, PVdF) to enhance long-term cycling, 

mechanical strength and flexibility. PTFE and PVdF are fluorine-based binders, not 

environmentally benign [72, 73]. The use of activated carbon in the commercially available energy 

storage devices requires a carbonization step at high temperature under inert atmosphere followed 

by chemical or physical activation [74, 75]. 

 

1.4 Relevance of solar light-assisted electrochemical energy storage  

Integrating PV technologies with energy storage could be useful to overcome the aforementioned 

intermittency drawbacks. Photo-supercapacitors and solar batteries are examples of PV and 

electrochemical energy storage integrated technologies [76]. In 1976, the first photo-rechargeable 

battery based on polycrystalline chalcogenide electrodes was demonstrated (Figure 1.7). The 

battery featured 1.5% power conversion efficiency and 90% storage efficiency [77]. Afterwards, 

in 1990, Kanbara et al. reported the first photo- rechargeable solid-state battery which consisted of 

two parts: metal-insulator-semiconductor (MIS) photovoltaic component (ITO/P-I aSi/SiOx/Ag) 

and energy storage component with a Ag+-based solid electrolyte (AgxV2O5/Ag6WO4/AgxV2O5) 

(Figure 1.7b) [78]. The authors presented, for the first time, the concept of all solid state 

photoelectrochemical (PEC) cell to avoid the semiconductor surface corrosion problems associated 

with liquid electrolytes. From 1976 to 1990, many issues slowed down the integration of PV and 
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storage technologies, such as device complexity and low power efficiency for the overall process 

(conversion and storage) [79, 80]. 

 

 

Figure 1.7 Early prototypes of integrated solar and storage technologies (a) PEC cells made of   I) 

2 electrodes and II) 3 electrodes. (b) Photo-chargeable- PEC cell. Reproduced with permission 

from [77, 78]. 

 

A number of integrated structures have been reported in the literature: the conversion unit can be 

based on organic, inorganic and hybrid PV cells whereas the storage unit can be based on e.g. Li+ 

batteries, redox flow batteries or supercapacitors (Table 1.1). 
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Table 1.1 Performance of systems integrating solar energy conversion and storage reported in the 

literature. 

Year Device 

structure 

Energy storage 

material 

Electrolyte Energy storage 

performance 

Efficiency 

% (total 

photoelect

ric 

conversion 

to storage 

efficiency) 

Ref. 

1976 Planar PEC* 

with silver 

electrodes 

Porous silver  Organic 

solution of 

sulphide 

90%  NA [77] 

1990 Planar PEC 

with energy 

storage 

electrode 

Agx 

V2O5/Ag6WO4/Agx-_ 

V2O5) 

Solid 

(Ag6I4WO4) 

NA NA [78] 

2002 Planar DSSC* 

with LIB* 

WO3 and TiO2  

 

/0( and a 

redox couple 

~ 1)and 1*) in 

an organic 

solvent. 

NA 0.6 [81] 

2004 Planar DSSC 

with SC* 

 

Activated carbon 

(AC) 

Organic 

solution of 

(CH3CH2)4N

BF4 in 

propylene 

carbonate  

,!∗ =	0.69 F cm−2 
 

NA [82] 
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2010 Planar DSSC 

with SC 

 

PEDOT film LiClO4/MPN*  

 

,!∗ =	0.52 F cm−2 
 

NA [83] 

2010 Planar DSSC 

with SC 

The PProDOT-Et2 

films 

LiClO4/MPN  

 

,!∗ =	0.48 F cm−2 0.6 

 

[84] 

2011 Fiber 1D 

DSSC with 

SC 

Zno nanowires 

(NWs) / graphene  

Liquid and 

gel  

,!∗ =	0.4 mFcm-2 NA [85] 

2011 Planar OPV* 

with SC 

Carbon nanotubes 

(CNTs)  

PVA*-H3PO4 

 

,!∗ =	28 F g−1 NA [86] 

2012 Fiber DSSC 

with SC 

Ti wire / CNT  Gel  ,!∗ =	0.6 mF cm-2 1.5 [87] 

2012 Planar DSSC 

with LIB 

TiO2 NTs as anode 

and LiCoO2/ carbon 

on Al foil as cathode 

 

 LiPF6  

 

2!∗ =	38.89 μAh  0.82 

 

[88] 

2013 Planar DSSC 

and SC 

PVDF/ZnO 

NW array  

Li ions 2!∗ =	2.14 C g-1 3.70 [89] 

2013 Planar DSSC 

with redox 

flow battery 

 
Platinized electrodes  Different 

liquid 

electrolytes  

2!∗ =	53.3 mAh L-1 

 

0.15 [90] 
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2013 Fiber DSSC 

with SC 

 
Stainless-steel wire 

coated with 

polyaniline (PANI) 

H2SO4 

 

,!∗ =	41 mF cm−2 

 

2.12 [91] 

2013 Planar DSSC 

with SC 

 
CNT/PANI 

 

Solid or gel 

electrolytes 

,!∗ =	208 F g−1 5.12 [92] 

2014 Planar DSSC 

with SC 

 
Hydrogenated 

titanium oxide (ATO) 

NT 

 

Li2 SO4  

 

,!∗ =	1.1 mF cm-2  1.64 [93] 

2014 Fiber DSSC 

with SC 

CNT  (PVA)/H3 

PO4  

 

,!∗ =	21.7 F g-1 1.83 [94] 

2015 Planar DSSC 

with SC 

Carbonized porous Si  Ionic polymer ,!∗ =	3.5 mF cm-2  

 

2.1 [95] 

2015 Planar OPV 

with SC 

Polypyrrole 

nanofibers with 

multiwall CNT films  

 

 

NA ,!∗ =	572 mF cm-2 

 

10 [96] 

2015 Planar PSC* 

with LIB 

LiFePO4 cathode and 

a Li4Ti5O12 anode 

 

Ethylene 

carbonate/dim

ethyl 

carbonate 

2!∗ =	141.6 mAh g-1 

 

7.8 [97] 
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/diethyl 

carbonate 

 

2016 Planar PSC 

with SC 

WO3  

 

 PVA /H2SO4 ,!∗ =	459.6 F m-2  

 

NA [98] 

2016 Planar PSC 

with SC 

PEDOT-carbon  

 

LiClO4 

 

,!∗ =	12 mF cm-2  4.7 [99] 

2016 Planar light-

assisted SC 

WO3 H2SO4  ,!∗ =	7.5 mF cm-2 

 
NA [100] 

2017 Planar hybrid 

silicon 

nanowire/poly

mer solar cell 

with SC 

 

Polypyrrole  PVA/H3PO4  NA 10.5 [101] 

2018 Planar 

commercial 

silicon solar 

cell with SC 

 

Carbon (biomass)  Na2SO4  ,!∗ =	170 F g-1  

 

NA [102] 

2018 Planar hybrid 

solar cell with 

SC 

 

Graphene  H2SO4 

 

,!∗ =	16.37 mF cm−2  2.92 

 

 

 

[103] 
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2018 Planar 

inorganic PSC 

and SC 

Nanocarbon  Silica-gel  NA 5.1 [104] 

2018 Planar PSC 

and SC 

Nanocarbon  Silica-gel  ,!∗ =	12.5 mF cm-2  7.1 

 

[105] 

2019 Planar light-

assisted SC  

Melanin  Na CH3Coo  ,!∗ =	5.3 mF cm-2  0.5% [67] 

 

MPN*: 3-methoxypropionitrile                      PEC*: Photoelectrochemical cell                                                 

PVA*: polyvinyl alcohol                                 DSSC*: Dye-sensitized solar cell 

PSC*: Perovskite solar cell                             OPV*: Organic photovoltaic cell   

LIB*: Lithium ion battery                                SC*: Supercapacitor  

Cs*: Maximum specific capacitance                 Qs* : Maximum discharge specific capacity 

 

1.5 Melanins as redox and photoactive material  

1.5.1  Natural and synthetic melanins 

Melanins are defined as a broad class of black, brown, yellowish and reddish poorly soluble organic 

pigments [106]. Melanins are produced from the oxidative polymerization of phenolic precursors. 

They are widespread in nature, from animal and plant kingdoms to fungi and other microorganisms. 

In the animal kingdom, melanins include the subgroups of eumelanins and pheomelanins. 

Eumelanin is a black-brown pigment which originates from the oxidative polymerization of L-3-

(3,4-dihydroxyphenyl)-alanine (L-dopa) via 5,6-dihydroxyindole (DHI) and 5,6-dyhydroxyindole-

2 carboxyl acid (DHICA) building blocks (Figure 1.8(a-d)). Pheomelanin is a yellow-reddish 
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pigment resulting from the oxidative polymerization of cysteinyldopa via benzothiazine and 

benzothiazole intermediates (Figure 1.8 (e-g)) [106, 107]. In vertebrates, neuromelanin is a class 

of melanins found in the substantia nigra of the brain in a core (pheomelanin) - shell (eumelanin) 

architecture [108]. Pyomelanin is a dark pigment mainly produced by microorganisms, from 2,5-

dihydroxyphenyl acetate (homogentisate) through the oxidative coupling of 1,8-

dihydroxynaphthalene (DHN) (Figure 1.8(h and i)) [106]. 

 

 

Figure 1.8 (a) L-3-(3,4-dihydroxyphenyl)-alanine, L-dopa; (b) 4-hydroxyphenylalanine, tyrosine; 

(c) 5-6 dihydroxyindole, DHI; (d) 5,6-dihydroxyindole-2-carboxylic acid, DHICA; (e) cynsteinyl-

dopa; (f) benzothiazine; (g) benzothiazole; (h) homogentisic acid, (2,5-Dihydroxyphenyl)acetic 

acid); (i) 1,8-dihydroxynaphthalene, DHN, building block of most of fungal melanins. 

 

Among melanins, eumelanin attracted the attention of materials scientists due to its peculiar 

physicochemical properties [109]. Eumelanin can be found in different areas of the human body, 

such as epidermis, eyes, hair, spleen, liver, kidneys, inner ear, lung, connective tissues, heart and 

peritoneum, and muscles (Figure 1.9) [110]. Eumelanin can be found in cephalopods such as Sepia 

melanin, one of the most studied natural eumelanins [111]. The presence of eumelanin in exposed 
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and unexposed areas of the human body suggests that this biopigment performs functions other 

than photoprotection [110]. 

 

Figure 1.9 Localization and function of melanins in vertebrates. Reproduced with permission 

from [110]. 

 

Isolation of eumelanin from natural sources is currently challenging and not suitable for large-scale 

use, considering its poor solubility in most organic solvents [107]. Nevertheless, efforts are ongoing 

to develop efficient methods of isolation from natural sources such as fruits, vegetable waste, 

bacteria and fungi [112, 113]. The isolation from living organisms involves homogenizing the 

tissues in blenders and then treating them in acidic pH for several days to remove proteins and 
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other components [114, 115]. Researchers  are currently working to develop large-scale, reliable 

and affordable methods to produce synthetic melanin [114, 116].   

 

Figure 1.10 Hydroquinone (H2Q), semiquinone (SQ) and quinone (Q) redox forms of the building 

blocks of eumelanin: 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid 

(DHICA). R is –H in DHI whereas R is the –COOH group in DHICA. The quinone imine form 

(QI) is the tautomer of Q. Reproduced with permission from [67]. 

 

1.5.2 Supramolecular properties 

The supramolecular build-up of eumelanin largely determines its properties. DHI and DHICA 

building blocks (monomers) form oligomers of up to a few tens of monomers. The oligomers 

interact via non-covalent (π-π stacking) interactions, with typical interplanar spacing of  ca. 3.7 Å 

[117, 118]. The oligomeric sheets form protomolecules that arrange in an onion-like structure and 

densify into spherical particles to finally lead to larger spherical aggregate (Figure 1.11). Sepia 

melanin is constituted of 150 nm-sized aggregates that assemble into granules [117].  

 

Figure 1.11 Supramolecular aggregation of eumelanin. Reproduced with permission from [117]. 
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The oligomerization and solid-state aggregation of DHI and DHICA building blocks are still under 

investigation. The current state -of-the-art can be summarized as follows: (i) DHI polymerizes 

forming mainly dimers and tetramers linked at 2-4’, 2-7’ binding sites (scheme 1); (ii) DHICA 

molecules preferentially link at 4-4’, 4-7’binding sites and feature steric hindrance due to the 

presence of the COOH groups (Figure 1.12); (iii) co-existing redox active species (fully reduced 

hydroquinone (H2Q), semioxidized/semireduced  semiquinone (SQ) and fully oxidized quinone 

(Q)) (Figure 1.10) contribute to the chemical heterogeneity of the structure [109, 119-121]. 

 

Figure 1.12 Structure and morphology of DHI-melanin and DHICA-melanin (exclusively produced 

from the corresponding building block). Reproduced with permission from [119]. 

 

Sepia melanin can contain up to 50% of DHICA in molecular ratio [122]. Recent achievements on 

the synthesis of chemically controlled DHI- and DHICA-melanin (melanin obtained exclusively 
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from one of the two building blocks) via ammonia-induced solid state polymerization are key to 

elucidate poorly understood physicochemical processes in the biopigment [123, 124].  

1.5.3 Physicochemical properties 

Eumelanin has attracted much attention owing to its peculiar physicochemical properties: 

photoprotection, antioxidant activity, hydration-dependent electrical conductivity, 

photoconductivity, metal binding affinity, free radical scavenging activity, redox activity and 

biocompatibility [125-132]. 

1.5.3.1 Optical properties 

The photophysics and photochemistry of eumelanin have been probed through optical absorption, 

emission and excitation studies [133]. One of the striking features of eumelanin is its monotonically 

decreasing absorbance with the increasing optical wavelength (λ, Figure 1.13) [133]. At a first 

glance, the featureless absorbance appears to be dominated by Rayleigh scattering (~ λ-4).  Reisz 

et al. disentangled the intrinsic electronic absorption component from scattering and reflection 

components indicating significant absorption losses [133]. The featureless spectrum has been 

attributed to the heteropolymeric nature of eumelanin and/or the chemical disorder from the 

oligomers generated using different polymerization sites of the building blocks (chemical disorder 

model) [134, 135]. π-π stacked eumelanin protomolecules with different sizes, randomly oriented, 

leading to peculiar excitonic interactions among them, have also been proposed to explain the 

broadband optical absorption of eumelanin (physical disorder model) [136]. 
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Figure 1.13 Absorbance as a function of wavelength of synthetic eumelanin in aqueous solution.  

The inset shows the same data on a log-linear scale.  Reproduced with permission from [133]. 

 

The absence of absorption peaks, the observation of limited fluorescence and the detection of 

photoconductivity brought to interpret the behavior of eumelanin within the amorphous 

semiconductor model [137-139]. Meredith et al. reported that the absolute fluorescence quantum 

yield of synthetic eumelanin is < 0.1% [140].  The position and width of the fluorescence peak 

were strongly dependent on the excitation wavelength, leading to the hypothesis of the coexistence 

of chemically distinct species within the pigment. 

The excited state dynamics of eumelanin has been studied using time-resolved fluorescence 

intensity/anisotropy. Upon UV pulse excitation, Sepia melanin showed fluorescence decay with 

multiple lifetimes ranging from a few tens of picoseconds to several nanoseconds [141]. Excited 

state relaxation by fluorescence anisotropy, where the polarization of the emission reorients with 

respect to the excitation polarization, is interpreted in terms of intramolecular and/or intermolecular 

energy and/or charge transfer. The fluorescence anisotropy was reported to decay over about 80 ps 

indicating the ultrafast excited state energy transfer between the components constituting 

eumelanin. Non-radiative processes can be probed using transient absorption spectroscopy (TAS) 
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[142]. Nofsinger et al. and Piletic et al. studied non-radiative relaxations in eumelanin using TAS 

[143, 144]. Piletic et al. attempted to study the ultrafast decay dynamics of eumelanin and 

pheomelanin using non-degenerate near IR pump-probe TAS [144].  The results, when performed 

with pump-and-probe wavelengths at 810 nm and 750 nm, showed ground state bleaching (GSB).  

The probe transients were fit using a multi-exponential function with time constants close to 400 

fs, 2.5 ps, 50 ps and 200 ns.  Although the time constants were in agreement with those previously 

reported by Nofsinger et al. [143] and Ye et al. [74], Piletic et al. studied the excited state absorption 

(ESA) transients.  The first three decay time constants of TAS were within the smallest 

photoluminescence (PL) intensity decay constant of 60 ps and depolarization decay constant of 80 

ps reported by Forest et al. [141], indicating the dominant non-radiative routes of energy 

dissipation. The critical pump wavelength, where probe signal changes sign going from GSB to 

ESA, suggests that the optical bandgap of eumelanin is about 1.6 eV. 

UV-Vis spectra of DHICA-melanin features an absorption peak below 400 nm and a weaker visible 

light absorption compared to DHI-melanin [119]. The decreased visible absorption of DHICA-

melanin has been attributed to the steric hindrance of the carboxyl groups on the DHICA building 

blocks, leading to non-planar structures, limiting electronic delocalization (Figure 1.12) [119, 145]. 

Corani et al. studied the ultrafast fluorescence spectroscopy of DHICA and DHI solutions in a 

bottom-up approach. The predominant peak was initially located at 330 nm, decaying in the 

picosecond range [146]. With the advancement of DHI polymerization, the predominant peak was 

located at 380 nm, decaying in the nanosecond range. In contrast, fast picosecond excited state 

decay was reported going from monomer to dimer/polymer in DHICA. The ultrafast excited state 

deactivation in DHICA polymers was explained on the basis of excited-state proton transfer 

(ESPT) phenomenon [147]. Simon et al. showed that Sepia melanin of different molecular sizes 

releases different percentage of absorbed energy as heat [143, 148]. 

1.5.3.2 Redox properties and electrochemical energy storage 

In vivo, the redox activity of eumelanin governs its action as a buffer against oxidative and 

photochemical stress. This same activity is the key to exploit the electrochemical energy storage 

properties of the pigment [62, 63, 145, 149-151].  
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In 1933, Figge studied the redox properties of melanin solutions and concluded that melanin is a 

natural reversible redox system; an oxidized melanin solution absorbs up to 70% of the light 

whereas it absorbs only 25% if reduced [152].  

Serpentini et al. studied the electrochemical redox properties of dopa eumelanin at pH 5.6 and 

revealed two main oxidation peaks, at +0.460 and +0.525 V, and reduction peaks, at +0.02 and 

−0.355 V versus SCE (Saturated Calomel Electrode)  [153]. They did not observe any change in 

the peak potential when pH was varied in the range 2-8. Gidanian et al. studied the redox behavior 

of synthetic eumelanin, based on oxidative polymerization of 5,6-dihydroxyindole (DHI) on ITO, 

in 0.1 M LiCl/0.05 M phosphate buffer solution pH 7 [154]. They found that there is a reversible 

formation of a unique quinone-imine chromophore at ca. 0.125 V vs. Ag/AgCl but at potentials 

higher than 0.1 V an irreversible bleaching is evident. Horak and Weeks studied 

electropolymerized DHI-melanin films in different electrolytes (0.2 M HClO4, 0.1 M phosphate 

buffer and 0.1M Na2CO3) at different pHs (0-10) [155]. They observed only one anodic peak 

located at 0.2 V vs. SCE at pH 6.8 in 0.1 M phosphate buffer attributed to DHI oxidation. They 

also observed a drop in the peak potential at pH 9.8 owing to melanin degradation. Robinson et al. 

studied the electrochemical activity of electropolymerized L-dopa in phosphate buffer at pH 6 and 

7 [156]. They observed an oxidation peak at 0.415 V (oxidation of L-dopa to dopa quinone and 

other chemical changes) and a reduction peak at -0.420 V versus Ag/AgCl (due to reduction of 

quinones and semiquinones), shifting towards higher potential values in the subsequent scans. Kim 

et al. investigated the redox behavior of natural melanin in presence and absence of Mg ions in the 

electrolyte [150]. In presence of Mg, there is an anodic peak, at 0.16 V vs. SHE (Saturated 

Hydrogen Electrode), and other two cathodic peaks evolving with the increasing number of cycles. 

In the absence of Mg, there are no clear peaks. Kumar et al. reported the absence of distinguishable 

peaks with eumelanin (commercially available from Sigma, obtained from tyrosine) in different 

electrolytes, at different pHs, attributed to the convolution of redox features originating from 

different redox sites [63]. They showed that better storage performance is observed in acidic 

electrolytes, likely due to the favorable proton transfer properties featured by eumelanin [132]. Xu 

et al.  characterized the cyclic voltammetry behavior of chemically controlled melanins (DHI- and 

DHICA-melanin) and natural eumelanin (Sepia melanin) in acidic buffers including Na+, K+, NH4+ 

and Cu2+ ions [145]. The authors reported that Sepia melanin and DHICA-melanin have 
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distinguishable anodic and cathodic peaks located at about 0.15 V and –0.06 V vs. Ag/AgCl, as 

expected from the supramolecular features likely featured by these two materials.  

It is clear from all the aforementioned studies that the redox activity of melanin is not well-

established and strongly dependent on melanin source, electrolyte (chemical composition and pH) 

and electrochemical potential window considered.  

1.5.3.3 Photoinduced Radicals 

Electron Paramagnetic Resonance (EPR) studies indicated the capability of melanin to reduce the 

paramagnetic nitroxyl and oxidize the diamagnetic hydroxylamine radicals (Figure 1.14) [157].  

 

Figure 1.14 (a) and (b):  EPR spectra of nitroxide free radical in absence and presence of dopa 

eumelanin. (c) spectrum of dopa eumelanin in absence of nitroxide. Reproduced with permission 

from [157]. 

 

Early EPR studies of melanin revealed a reversible generation of free radicals by visible light [158, 

159]. In 1964, Blois et al. revealed via EPR that melanin possesses intrinsic and extrinsic radicals 

[124]. Intrinsic radicals are carbon-centered radicals. On the other hand, extrinsic (free) radicals 

are associated to the SQ population. Extrinsic radicals are mobile charge carriers in highly hydrated 

melanin and/or under illumination. The origin and the contribution of radicals to charge carrier 

transport properties of melanin have been intensively investigated (see next section) [129, 130]. 

The photogeneration of melanin free radicals is a wavelength-dependent process. Considering the 

featureless optical absorption spectrum, the active chromophores participating in free radicals’ 
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generation are not the same chromophores that absorb UV-Visible light [160-162]. Blois et al. 

suggested that these radical centers are residual radicals formed during the melanogenesis, trapped 

within the growing macromolecule [163]. Felix et al. reported on the second order decay kinetics 

of photoinduced radicals attributed to radical-radical recombination [164]. Since second order 

kinetics are observed for free radicals in solution, the authors suggested that melanin’s free radicals 

have significant degree of molecular mobility at ambient condition.  EPR measurements revealed 

the low quantum yield of the photoinduced free radical of melanin [161, 165]. Dopa-eumelanin 

radicals have low quantum yield, of ca. 0.01 in the UVC region (200 nm-280 nm) [165]. Sarna et 

al. observed a large enhancement in the production of free radicals (ca. 500-fold increase) for 

different melanins when the formation of radicals is induced through photosensitizers (e.g. using 

Rose Bengal) [166]. The enhancement can be attributed to energy or charge transfer between the 

photosensitizer and melanin [167]. Sarna et al. demonstrated that irradiating melanin at 

wavelengths higher than 300 nm leads to the formation of its reduced and oxidized forms and, 

hence, enhances redox power of melanin [157]. 

1.5.3.4 Charge carrier transport and photoconductivity 

In 1974, McGuinness et al. reported on the resistive electrical switching in hydrated natural and 

synthetic eumelanin pellets [168, 169]. During a typical resistive switching experiment, reversible 

changes from high to low and low to high resistive states are observed, above a certain threshold 

voltage. Since at that time the switching phenomenon was known to take place in amorphous 

semiconductors (i.e. chalcogenide glasses), eumelanin was described as an amorphous organic 

semiconductor [168, 169]. The amorphous semiconductor model of eumelanin was further 

substantiated by photo-induced current measurements [137, 170]. Jastrzebska and co-workers were 

able to map the trap sites’ concentrations in eumelanin pellets from the rise and decay times of the 

photocurrent, further depicting eumelanin as a semiconducting biopigment. 

Conduction in melanin has more recently been assessed from the combined ionic and electronic 

charge carrier transport point of view [129, 130, 132, 151, 171, 172]. In presence of moisture, the 

comproportionation equilibrium described in figure 1.15 would shift towards the right-hand side, 

with generation of protons and SQ radicals. By performing photo-EPR experiments, Mostert et al. 

monitored the density of intrinsic and extrinsic free radicals as a function of illumination and 
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hydration [129]. The results showed that the intrinsic radicals have no role in determining the 

photoconductive properties of the biopigment. Thus, the photoresponse of eumelanin was 

attributed to an increase of the density of extrinsic SQ radicals population upon illumination. 

 

  

Figure 1.15 Comproportionation reaction, in wet conditions, generating, from quinone and 

hydroquinone, both protons and semiquinone radicals.  Reproduced with permission from [130]. 

 

Adopting a frequency-resolved approach to study mixed transport, Sheliakina et al. [171] and 

Wuensche et al. [132] used the electrochemical impedance spectroscopy technique, under 

controlled hydration conditions, to test the origin of the current response in eumelanin-based 

devices. The authors drew the conclusion that, within the low-frequency range, conduction is 

predominantly protonic [129].     

 The distinction between EPR signals of intrinsic and extrinsic radicals is clear when different 

microwave powers are used during the acquisition  [130]. By isolating and probing EPR signals 

corresponding to SQ radicals, the authors monitored the effect of hydration level and white light 

illumination on the signal intensity (Figure 1.16).    
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Figure 1.16 Photo-EPR and photocurrent time traces obtained simultaneously in-situ for a melanin 

sample.  Reproduced with permission from [130]. 
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 LITERATURE REVIEW 

This chapter presents a review of literature on biosourced quinone-based materials and devices for 

electrochemical energy storage. We have considered my first author work “Biodegradability and 

composability aspects of organic electronic materials and devices”, by Abdelaziz Gouda, Manuel 

Reali, Alexandre Masson, Nia Byway, Alexandra Zvezdin, Deni Rho and Clara Santato, in press 

as a book chapter in Recycling and Reprocessing for a Sustainable Future Edited by Maria E 

Holuszko and Amit Kumar (Publisher: Wiley-VCH), as a reference.  

2.1 Quinone-based molecular materials for sustainable electrochemical energy 

storage in literature 

Quinones are biosourced, low-cost, and non-toxic alternatives to inorganic energy storage materials 

[56, 173, 174]. Quinones act as biological proton/electron transfer agents in natural systems. The 

quinones’ role as electron mediators has inspired researchers to improve the efficiency of human-

made energy conversion systems, such as solar cells and photochemical water splitting devices, in 

which water decomposes into oxygen and hydrogen [175-179]. In addition, quinones are involved 

in the production of energetic molecules such as Adenosine 5'-triphosphate (ATP) carriers, through 

a mechanism analogous to reversible electron/ion transport in energy storage devices [180]. 

Quinone derivatives (e.g. Benzoquinone (BQ), Anthracenequinone (AQ)) are investigated as 

alternatives to inorganic redox couples in redox flow batteries [58, 181, 182]. They also have been 

used in the development of sustainable electrodes for rechargeable batteries [56, 183-186]. The 

1,4-benzoquinone (1,4-BQ) can deliver a theoretical capacity of ~496 mAh g-1 at 2.8 V vs. Li/Li+ 

[187] which can be compared to conventional inorganic cathode materials such as LiCo2O4 (~140 

mAh g-1 at 3.9 V vs. Li/Li+) [188] and LiFePO4 (~170 mAh g-1 at 3.45 V vs. Li/Li+) (Figure 2.1) 

[189].  
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Figure 2.1Comparison between organic electrode materials (OEMs) and inorganic ones for Li 

batteries in discharge potentials and specific capacities. Reproduced with permission from [190].  

 

Besides the ability to bind monovalent (e.g.  H+, Na+, Li+, and K+) and multivalent cations (e.g. 

Mg+2, Zn+2, Ca+2, and Al+3), quinones feature high power density, long cycle life and structure 

stability  [56, 191, 192]. Researchers are currently conceiving cost-effective bio-inspired systems 

for energy harvesting and conversion that may provide superior performance without posing a 

threat to the environment. In recent years, a large class of quinone-based redox active biomolecules 

and biopolymers (Figure 2.2) have been studied as energy storage materials in various 

electrochemical technologies such as aqueous batteries [52-54, 56, 185, 193, 194], supercapacitors 

[63, 64, 195] and light-assisted supercapacitors [67, 100]. 
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Figure 2.2 Chemical structures of dopamine, building blocks of eumelanin where R is –H in DHI 

and –COOH in DHICA, lignin with p-hydroxyphenyl (H) (pink), guaiacyl (G, blue), and syringyl 

(S, green) monolignol units, and tannic acid. Cyclic voltammogram relative to the hydroquinone 

and quinone redox couple.  Adapted with permission from [196].  

 

2.1.1  Dopamine 

Dopamine (DA) is a biochemical molecule that mimics some key chemical structures of the 

adhesive proteins (l-3,4-dihydroxyphenylalanine (DOPA)) in mussels. It self-polymerizes into 

polydopamine (PDA) under alkaline aqueous conditions in which the catechol functional group 

oxidizes to quinone [197]. 

Polydopamine-coated few-walled carbon nanotubes (FWCNTs) were reported as free-standing and 

flexible cathode material for organic rechargeable Li- and Na-ion batteries in organic electrolytes 

(e.g.  LiPF6 1M in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (3:7; v:v) 

and NaPF6 1 M in a mixture of EC/DMC (3:7; v:v)). Delivering gravimetric capacities of 133 mAh 

g−1 in Li-cells and 109 mAh g−1 in Na-cells, exploiting both the double layer capacitance of 

FWCNTs and multiple redox reactions of polydopamine, and featured outstanding cycling stability 
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[198]. A biohybrid electrode material from dopamine, copolymerized with pyrrole in nanofibrillar 

PPy/DA structure was reported as cathode material for rechargeable Li-ion batteries. This hybrid 

electrode material reversibly stored 160 mAh g−1 and 90 mAh g−1 at discharging rates of 100 and 

800 mA g−1 respectively, with a Coulombic efficiency of almost 100% in 1 M LiPF6 in EC/DMC 

(1:1; v:v)  [199]. Polydopamine on CNTs was not only used in rechargeable Li-ion and Na-ion 

batteries but was also as cathode material for aqueous Zn-ion batteries. This biohybrid electrode 

exhibited a specific capacity of 126 mAh g−1 and capacity retention of 96% after 500 cycles in 3.3 

M ZnSO4 aqueous solution [200].  

2.1.2 Melanins 

Melanins are disordered macromolecules poorly soluble in most organic solvents. Eumelanin, 

pheomelanin, neuromelanin, allomelanin, and pyomelanin are subgroups of melanins [201]. 

Neuromelanin is present in two areas of the human nervous system: the locus coeruleus and the 

substantia nigra of the brain; it  plays an important role in brain aging and Parkinson’s disease 

[202]. Eumelanin has fascinated the scientific community because of its widespread occurrence in 

the biosphere and unique physicochemical properties such as broadband optical absorption [134], 

metal-ion chelation (binding affinity) [203, 204], hydration-dependent electrical and 

photoelectrical response [130, 205].  

Due to its electronic conjugation, non-toxicity, biocompatibility, redox functionality and potential 

for biodegradability [125, 206], eumelanin has emerged as a promising material for a wide range 

of applications in bioelectronics.  

Eumelanin originates from the oxidative polymerization of tyrosine via two building blocks: 5,6-

dyhidroxindole (DHI) and 5,6-dyhidroxindole-2-carboxylic acid (DHICA) (Figure 1.10).  

The development of synthetic eumelanin based only on one of the two building blocks, namely 

DHICA-melanin and DHI-melanin, has provided a tremendous tool in the exploration of the poorly 

understood physicochemical properties of eumelanin for different applications such as 

electrochemical energy storage, memory devices, and sensors  [67]. The capability of melanin to 

reversibly bind mono- and multi-valent cations constitutes the foundation for its use in energy 

storage systems. Bettinger’s group demonstrated the use of  eumelanin electrodes in Mg2+ batteries 
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in which the redox behavior is governed by two-electron, two-proton processes that bring catechols 

to ortho-quinones, coupled with Mg2+ insertion/removal [150]. Melanin cathodes showed charge 

storage capacity of 60 mAh g−1 at 0.1 A g−1 for more than 500 cycles, approximately twice the 

capacity of melanin anodes (30 mAh g−1) in Na+ batteries [207]. Santato’s group reported on the 

use of eumelanin grafted on carbon paper electrodes as pseudocapacitive material with a 

gravimetric specific capacity of 24 mAh g−1 in slightly acidic aqueous electrolyte, with delivered 

maximum power density of 20 mW cm−2. Once in a symmetric supercapacitor configuration, 

melanin/carbon paper electrodes showed a Coulombic efficiency of 99.7%, proving good 

reversibility in the charge/discharge process [63]. Additionally, flexible micro-supercapacitor 

(miniaturized supercapacitors with a footprint close to several square millimeters) on polyethylene 

terephthalate (PET) was reported with 5 mW cm−2 power density, energy density of 0.44 mJ cm−2, 

and a specific capacitance of ~11 F g−1. Recently, the same research group reported on the use of 

chemically controlled melanins (DHI- and DHI/DHICA-melanins) formed by solid-state 

polymerization at room temperature as sustainable organic redox materials for light-assisted 

pseudosupercapacitors where the storage performance of the device was improved under solar light 

[67]. Under solar light conditions, the capacity and capacitance of DHI-melanin electrodes 

significantly increased, from 2.3 to 2.8 mC cm−2 (+22%) and from 3.8 to 5.3 mF cm−2 (+39%). 

Once in supercapacitor configuration, besides featuring a Coulombic efficiency close to 100% after 

5000 cycles, the capacitance and capacity retention of the DHI-melanin electrodes improved after 

prolonged illumination, as did the energy from 44 to 52 mJ g−1 (i.e. 0.0122 to 0.0144 mWh g−1) 

and power density from 3.8 to 5.9 W g−1. 

2.1.3 Tannins 

Tannins are secondary plant metabolites with molecular weights between 300 and 3000 Da used 

since antiquity for leather production [208]. They regroup over a thousand molecules with several 

different properties [209]. If tannins have been used for various applications since ca. 1500 BC, 

most recent studies focus on medicinal applications [210] for their antioxidant [211], antitumor 

[212, 213]  and antiviral  properties [214]. The molecular structure of tannins presents the highest 

phenol content among natural phenolic biopolymers with 5.6 mol g-1, that is 5000 more than lignin 

[215]. Tannins regroup a large number of different molecules with different electrochemical 
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signatures making their application to electrochemical storage more complex and less explored 

with respect to previously observed phenolic biopolymers such as lignin [64]. However, owing to 

their reversible redox activity, they are studies for applications in energy storage devices [216].  

Tannins can be categorized into two groups: hydrolyzable tannins comprising the gallotannins, 

ellagitannins and complex tannins subgroups, and condensed non-hydrolyzable tannins featuring 

high molecular weight, up to 20 000 Da [209]. After cellulose and lignin, they are the most common 

plant metabolites and compose most of forest industry waste (12% to 16% of bark by weight [217]). 

Tannins can be extracted at low cost with environmentally friendly aqueous media [218]. The 

extraction process consists of immersing dry bark in water and shaking at room temperature for 8 

to 10 hours or boiling for 10-15 minutes. Afterward, the extracted solutions are filtered and 

concentrated in a rotary evaporator and dried in a vacuum chamber to obtain a concentrated tannin 

powder [216]. Rainwater has been shown to extract tannins from discarded barks resulting in water 

contamination and toxicity, giving a further incentive in the use of tannins for other applications 

[216].  

The association of tannins and conductive polymers such as PPy can yield impressive capacitances. 

Mukhopadhyay et al. report an increase from 94 F g-1 for PPy alone to 370 F g-1 at 0.5 A g-1 

(+293%) and from 7 F g-1 to 196 F g-1 at 25 A g-1 (+2 700%) using gold as current collector [64]. 

Furthermore, tannins have been associated with metallic elements such as lithium to serve as 

natural anodic material and enhance battery properties. Rechargeable batteries using lithiated 

ellagic acid as anode material showed high reversible capacities of 450 and 200 mAh g-1 at C/10 

and C/2.5 discharge rate, respectively [219]. The C-rate is derived from the current that is required 

to charge the cell within 1 h.  

 

2.1.4 Lignin 

Lignin is a three-dimensional amorphous and highly branched polyphenolic polymer (Figure 2.1) 

obtained through radical oxidative polymerization of three monolignol units (p-coumaryl, 

coniferyl, and sinapyl alcohol) [220-222]. Lignin is the second most abundant biomaterial on the 

planet as it comprises ca. 20% to 30% of the solid weight of plants. Moreover, lignin can be found 
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in large amounts in papermaking and cellulosic biofuel industries waste. There are three main 

monolignols, called p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), that constitute its 

network and vary based on their plant source. Lignin is extracted using a sulfate process that leads 

to the formation of Kraft lignins (alkaline lignin) and lignosulfonates which are soluble in water 

and acidic solutions [223]. Milczarek and Inganäs were the first to report the use of lignin/PPy as 

hybrid electrode material for supercapacitors with specific capacitance range from 350 F g−1 for 

the thick electrode to 1000 F g−1 for the thin one [224]. The same research group proposed the use 

of PEDOT with lignin in a hybrid electrode material that was synthesized using chemical 

polymerization and electrochemical polymerization, showing a specific capacitance of 170 F g−1 

and capacitance retention (83% after 2000 cycles) [225]. Suarez et al. assembled lignin/PEDOT in 

asymmetric and symmetric supercapacitor configuration. The former configuration, designed with 

the lignin/PEDOT as the positive electrode and with partially reduced graphite oxide (p-rGrO) as 

the negative electrode, exhibited specific capacitance ca. 35 F g−1 [226].  The latter configuration, 

where lignin/PEDOT and p-rGrO were combined into a homogenous composite material for both 

positive and negative electrodes, showed specific capacitance of 36 F g−1 with capacitance retention 

up to 79% after 1000 cycles. Recently, the same research group reported the use of lignin/PEDOT 

composite as cathode material in an all-organic aqueous polymer battery [227]. The full-cell 

configuration exhibited an output voltage of 1 V and delivered 40 mAh g−1 discharge capacity at 

100 C with 85% capacity retention and ca. 93% Coulombic efficiency for 800 cycles. Lignin has 

been used as cathode electrode material and also as natural binder in lithium-ion batteries [228, 

229]. Moreover, lignin has been investigated as an additive material for lead–acid batteries to 

extend cycling life by enhancing the mechanical properties [230]. 
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 OBJECTIVES 

Through billion years of evolution, Nature provided us with a myriad of materials with incredibly 

different colors, structures, and response to external stimuli such as thermal, mechanical or 

electrical. Living foundries fabricate natural materials that may constitute an immense source of 

inspiration for humanity. This is, for instance, the case of artificial photosynthesis that mimics the 

conversion of solar energy into chemical energy taking place in plants, through cascades of electron 

transfers [231, 232]. 

Among natural materials, eumelanin a ubiquitous biopigment in flora and fauna, is a particularly 

attracting candidate to be used in sustainable electrochemical energy storage. Eumelanin is the case 

study of this PhD work. Eumelanin exhibits unique physicochemical properties: strong broadband 

UV-visible absorption, metal binding affinity, redox activity, humidity-dependent electrical 

response as well as good thermal and photo-stability [129, 130, 134, 145, 203, 204, 233]. Sepia 

melanin is a type of natural eumelanin extracted from the ink sac of cuttlefish. The synergy between 

the reduction/oxidation (redox) activity of the building blocks and the capability of several of their 

functionalities to reversibly bind cations constitutes the foundation for the use of eumelanin in 

energy storage systems.  

Despite the tremendous research efforts of materials scientists, engineers, synthetic chemists, 

physicists and dermatologists during the last decades, fundamental aspects of the physicochemical 

properties of eumelanin; especially redox properties have still to be fully understood. In addition 

to that, there are still key challenges in the use of eumelanin for technological applications. The 

development of synthetic eumelanin only based on one of the two building blocks: 5,6-

dihydroxyindole (DHI) and 5,6-dyhydroxyindole-2 carboxyl acid (DHICA), has provided a 

tremendous tool in the exploration of the poorly understood physicochemical properties of 

eumelanin, in its application in electrochemical storage technologies [234].  

In light of this, the main objective of this thesis is investigating and optimizing the redox properties 

of molecular materials based on synthetic melanin (DHI- and DHI:DHICA- melanins) and natural 

melanin (sepia) using electrochemical methods aiming to understand electron transfer properties 

of this biopigment and demonstrate high performance sustainable electrochemical energy storage.  
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Given these considerations, the specific objectives of this PhD thesis are: 

1) Investigating the redox properties of synthetic melanin (DHI- and DHI:DHICA- melanins) 

to understand the electron transfer properties and to determine the conditions for the 

optimum electrochemical energy storage performance (Article 1, Chapter 5). 

Considering that eumelanin features high optical absorption coefficient. 

2) Exploring the possibility to enhance the electrochemical energy storage properties of the 

biopigment through solar energy absorption (First author shared work: ACS omega 4 

(7),12244-12251, Appendix D). 

Considering the low electronic conductivity of biosourced organic materials as well as the high 

contact resistance at the interface with carbon-based current collector. 

3) Engineering the interface between quinone-based molecular materials (e.g., melanin and 

tannins) and carbon current collectors through chemical treatment of the carbon paper 

(Article 2, Chapter 6). 

4) Investigating the effect of carbon quantum dots (N,S-doped graphitic carbon dots, carbon 

dots from sucrose, undoped and N-doped carbon dots from acetic acid) on the morphology 

and electrochemical behavior of natural melanin (sepia) in a novel 3D network electrode 

material (Article 3, Chapter 7). 
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 METHODOLOGY  

 

4.1 Cyclic Voltammetry (CV) 

CV is a powerful electrochemical technique that offers wealth of information about an electroactive 

system, energy levels of the redox species and kinetics of electron and mass transfer reactions. In 

general, the voltametric current (the current response) is being recorded as a response to a linear 

potential sweep (scan rate in mV s-1) between two or more set potential values, called the potential 

window (Figure 4.1) [235].  

 

 
Figure 4.1 Basic duck shaped CV curve of a reversible redox system. Reprinted with permission 

from [236]. 

 

CV is often performed in three electrodes configuration (Figure 4.2): working electrode (WE: in 

the example of the figure carbon paper loaded with biosourced quinone-based molecular materials), 

where the electrochemical reaction takes place; counter electrode (CE: Pt mesh is used in the 

present work), an inert electrode that completes the circuit with the potentiostat; and the reference 

electrode (RE: Ag/AgCl in 3M NaCl, in the present work), against which the potential of the WE 

is monitored. CV can also be performed in two electrodes configuration between WE and CE [235]. 
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Figure 4.2 Schematic representation of three electrodes configuration for CV experiments. 

Reprinted with permission from [236]. 

 

In this PhD thesis, we employed cyclic voltammetry (CV) experiments using the aforementioned 

two configurations: three-electrode system to investigate the reduction or oxidation (redox) 

signatures and examine the charge storage mechanism of either electric double layer capacitive 

(EDL) or pseudocapacitive material of the tested electrode or in two-electrode system to test the 

electrochemical performance of a corresponding symmetric supercapacitor (SC) device [32, 237]. 

CV is also useful to determining the operating potential window of the tested material and also the 

reversibility of the charge/discharge process by successive adjustments of the reversal potential in 

a three-electrode system [36, 43]. Furthermore, CV curves are used to obtain the key metrics (e.g., 

capacitance and energy performance) for SC materials and SC devices (will be discussed later in 

details). 

4.1.1 Cyclic voltammetry theory 

Considering the following redox reaction: 

34 + 67) ↔ 9:                                                                                                                    E.q. 4.1 

The potential of this redox reaction is related to the concentration (conc.) of the reactants (A) and 

products (B) at the electrode/electrolyte solution interface according to Nernst equation: 

; = ;' − ,.*'*./
01 =>? [3]#

[5]$                                                                                                      E.q. 4.2 
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where E is the electrode potential, E0 is the formal potential, R is the gas constant (8.3145 J K-1 

mol-1), T is temperature, n is the number of electrons involved in the reaction and F is the Faraday 

constant (96,485 C mol-1). [B]b/[A]a is the ratio between products and reactants, raised to their 

stoichiometric powers. This ratio can be used instead of the activity term at very low concentration 

(< 0.1 mol dm˗3). 

Under standard conditions of temperature and pressure, the Nernst equation can be written as: 

; = ;' − '.'678
0 =>? [3]#

[5]$                                                                                                        E.q. 4.3                                    

In case of a reversible electrochemical reaction, the kinetics of the electron transfer are fast enough 

such that the concentration of oxidised species and reduced species are in equilibrium. 

The measured voltammetric current response is dependent on the concentration of the redox species 

as described by a combination of Faraday’s law and Fick’s first law of diffusion: 

0% = 6@4A'(
9:"
9; )'                                                                                                                  E.q. 4.4 

where id is the diffusion-limited current, A is the electrode area, D0 is the diffusion coefficient of 

the analyte and (∂C0/∂x)0 is concentration gradient at the electrode surface. The product of the 

diffusion coefficient and concentration gradient can be thought of as the molar flux (mol cm-2 s-1) 

of the redox species to the electrode surface. 

The peak current, ip, of the reversible redox process is described by the Randles-Sevcik equation: 

0< = (2.69	 × 106)6*/,4,A8/,F8/,                                                                                      E.q. 4.5 

where n is the number of electrons, A the electrode area (cm2), C the concentration (mol cm-3), D 

the diffusion coefficient (cm2 s-1), and G the potential scan rate (V s-1). 

In this PhD work, we used an aqueous supporting electrolyte, so it was pertinent to degas the 

electrochemical cell during the experiment. 

An electrochemical cell has gas intakes to allow for an inert gas (nitrogen for our case) to be 

bubbled through the solution to remove the molecular oxygen. The molecular oxygen is 

electrochemically active, and if not removed, it will create unwanted redox processes. In addition, 

the products of this reaction (e.g., hydrogen peroxide) can also interact with the analyte and further 
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interfere with the results of the experiment. Once the oxygen has been removed, it can be kept out 

with a continuous stream of inert gas on the surface of the electrolyte. 

4.2 Constant Current Charge/Discharge (CCCD) 

CCCD is a widely used testing method for the characterization of SC materials and devices under 

constant direct current [16, 238]. It is performed through repetitive charging and discharging cycles 

of SC materials or devices at constant charging and discharging current, which is determined based 

on the characterized SC materials or devices. The output is a plot of the potential vs. time (Figure 

4.3). From this testing method, most of the key metrics (e.g., total capacitance (CT), equivalent 

series resistance (RES), charging voltage (V0)) can be extracted and used to determine the SC 

performance through calculating energy, power density and time constant. It can also be used to 

test the stability of SC devices through the calculation of the columbic efficiency, capacitance, 

capacity retention (typically over 1 000 to 500 000 cycles) [22, 23, 239]. Different regions of 

CCCD plots as depicted in Figure 4.3, can be used to calculate the EDL cell capacitance. When the 

voltage changes linearly with time, the calculated capacitance is independent of the region used.  

 

 

Figure 4.3 CCCD curve with linear potential change with current. Regions 1, 2, 3 and 4 are the 

linear charging (1,2) and discharging (3,4) regions from 0: #'.6>"	(1), from #'.6>": #>"(2) and from 

#>": #8.6>" (3) and #8.6>": #	,>" (4). Adapted with permission from [239]. 
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4.3 Electrochemical Impedance Spectroscopy (EIS) 

EIS is a transient non-destructive technique in which we excite the system under study with an 

electrochemical potential perturbation (commonly a sine wave) and observe the current response, 

which is also a sine wave at the same frequency, but with a different amplitude and possibly a 

different phase than the potential input signal [240]. It can be used in determining interfacial 

parameters (e.g., ion diffusion coefficient, capacitance, electron transfer, and rate constants) and 

materials’ parameters (e.g., dielectric constant, conductivity, charge carrier mobility). The output 

results are usually expressed either in a Bode plot, which shows the system response phase angle 

vs frequency or/and Nyquist plot to show the imaginary part and real part of the system impedance 

[241, 242]. 

H(I) = J7(H) − K1L(H)	                                                                                                      E.q. 4.6 

In the present thesis, Nyquist plots are mainly used to show the capacitance performance of 

biosourced quinone-based molecular materials through the observation of (i) a near vertical low 

frequency diffusion line and (ii) the diameter of the high frequency semicircle that can give insights 

on charge transfer kinetics (Figure 4.4). Different equivalent circuits and models have been 

employed to express the electrochemical properties of the system under study in terms of circuit 

elements corresponding to actual physical processes, such as charge transfer resistance, double 

layer capacitance, solution resistance [243]. 
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Figure 4.4 Nyquist plot representation of EDL, pseudocapacitive and battery materials. 

Reproduced with permission from [22]. 

 

4.4 Key metrics of SC materials and devices extracted from CV and CCCD 

4.4.1 Capacitance 

Capacitance is the charge storage ability of SC materials or/and SC devices per unit voltage, 

possibly normalized over mass, footprint area or volume. 

,! =
∆@
∆>	AA                                                                                                                                E.q. 4.7 

where Cs is the specific capacitance, ∆2 is the electrical charge and  ∆& is the potential change, 

and II is the mass, footprint area or even the volume of the electrode material. 

 It can be determined from the following techniques: 

In CV, the capacitance can be expressed as: 

,! =
∆@
∆>	AA =

∫ C	%D
∆>	AA                                                                                                                     E.q. 4.8 
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where ∫ 0	O# is the area of the cyclic voltammetry discharge curve and ∆& is electrochemical 

potential window. On the other hand, in case of an EDL material that have a linear relation in q -V 

plot, we could use the following equation: 

,! =
E
>	AA                                                                                                                                 E.q. 4.9 

Where q/V can be extracted from the slope of q-V plot for the EDL material. 

 

In CCCD, the capacitance can be calculated through the following equations: 

 

,! = 0%C!
D
>	AA                                                                                                                          E.q. 4.10 

Where idis is the constant discharge current and t/V is the reciprocal of the slope of discharge curve 

of the V-t plot for EDL materials (Figure 4.5a and c). In case of pseudocapacitive materials (Figure 

4.5b and d), the above-mentioned relation is of limited significance as pseudocapacitive materials 

do not have the same slope at each point of the V-t plot. Therefore, we could use a quasilinear 

curve, after the potential drop in the discharge curve, if the pseudocapacitive materials show a 

rectangular voltammograms with linear dependence of the charge stored vs potential (Figure 4.5a 

and c) [16]. Otherwise, it is suitable to use the following relation in calculating the capacitance of 

pseudocapacitive materials that do not satisfy the above-mentioned condition: 

 ,! =
8

∆>	F	AA ∫ 0	O&>,
>8                                                                                                             E.q. 4.11 

where ∆& is the potential window (∆& = &, − &8), &8 and &,  are the limits of the potential window, 

P is the potential scan rate, 0 is the constant discharge current, O& is an infinitesimal change in 

potential. 
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Figure 4.5 CV and CCCD schematic representation of a) and c) electric double layer materials 

and b) and d) pseudocapacitive materials. Reproduced with permission from [22]. 

 

4.4.2 Capacity 

Capacity is defined as the ability of a material to store electrical charges. The specific capacity (qs) 

of a material is the evaluated capacity normalized per unit mass, footprint area or volume. 

Q! =
∫ C	%D
AA                                                                                                                               E.q. 4.12 

 

where ∫ 0	O# is the area of the cyclic voltammetry discharge curve and II is the mass loading, 

footprint area or volume of the active material. 

The aforementioned electrochemical techniques, namely CV, CCCD and EIS, were used in the 

present work to investigate the redox properties of quinone-based electrodes and evaluate the 
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supercapacitor performance of corresponding electrodes and devices. EIS was also used in the 

article (ACS Applied Bio Materials 3 (8), 5244-5252) included in Appendix D to study the charge 

transfer kinetics in sepia melanin pellets, in dry and wet conditions. 

4.5 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 

Spectrometry (EDX) 

A scanning electron microscope scans the surface of a sample using beam of electrons to form 

images from the scattered electrons. Electrons have a smaller wavelength than light therefore their 

use in microscopy offers a higher resolving power (ca. 1-2 nm) [244].  

SEM consists of an electron gun, magnetic lenses (condenser and objective lenses), scan coils for 

magnification control, detectors and vacuum sample chamber (Figure 4.6) [244]. Images can be 

viewed using software on computer display connected to the microscope. 

 

 

Figure 4.6 Schematic representation of the basic components of a scanning electron microscope. 

Reproduced with permission from [244]. 
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In brief, the working principle of SEM is based on shooting the sample surface with high energy 

electrons and analyzing the out-coming (i) electrons, for morphology characterization, and (ii) x-

rays, for elemental characterization when SEM is equipped with an Energy-Dispersive X-Ray 

Spectrometer (EDX). The incident electron beam scattered elastically and inelastically over the samples 

gives rise to various signals: secondary electrons (SE), backscattered electrons (BSE), x-rays (EDX), 

Auger electrons and cathodoluminescence [244]. The electrons interaction volume increases with 

increasing the accelerating voltage and decreases with increasing the atomic number of the sample 

[244]. In this PhD work, we are focusing more on SE, BSE and EDX modes.  

SE are generated from the collision between the incident electrons and loosely bonded outer electrons. 

Therefore, SE give a topographic information about the sample as only SE generated close to the 

surface escape [244]. There are two types of SE: SE1 and SE2. SE1 are the secondary electrons that 

are generated by the incident electron beam as they interact with the sample. It gives high resolution 

signal that is only limited by the electron beam diameter. On the other hand, SE2 are secondary 

electrons generated by the backscattered electrons that have returned to the sample surface after several 

inelastic scattering events. SE2 bring poorer resolution than SE1 as they are coming from a surface area 

that is larger than the electron beam spot. Many factors, such as work function of the sample surface, 

electron beam energy, sample atomic number and the local curvature of the surface, are affecting the 

SE emission [244].  

BSE are the fraction of the incident electrons retarded by the electro-magnetic field of the sample 

atomic nuclei [244]. They are high energy electrons generated from the elastic interaction with the 

nuclei. BSE are strongly dependent on the average atomic number for phases containing more than one 

element and also the alignment of the surface towards the BSE detector.  The atomic number is the 

main factor in determining the backscattering coefficient.  

The EDX mode is mainly used to obtaining a chemical footprint of the sample. This mode is based on 

the characteristic x-ray generation of the sample when the incident electron ejects one of the inner 

electrons of the sample. The transition of an electron from an external shell to fill the vacancy of the 

excited electron, brings about the emission of a characteristic x-ray with specific energy (characteristic 

for each element) [244]. EDX has a poorer spatial resolution than BSE and SE. It also needs a relatively 

long signal collecting time. The most common spectrometer is EDS (energy dispersive spectrometer). 
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We used scanning electron microscopy in BSE mode in first author shared work (ACS omega 4 

(7), 12244-12251) included in Appendix D as it was challenging to confirm the presence of DHI- 

and DHI:DHICA-melanins (chemically controlled melanin) and reveal their morphology on carbon 

paper in SE. Staining melanin with high atomic number elements like uranium was pertinent to 

increase the contrast and resolution in differentiating melanin from carbon paper. On the other 

hand, SE was used in Article 2 and Article 3 as the spherical aggregates of sepia melanin (natural 

melanin extracted from the ink of squid) are clearly distinguishable on the surface.  

4.6 Transmission Electron Microscopy (TEM) 

TEM provides direct visual information of size, shape, dispersity, structure and morphology with 

higher resolution than SEM. It can also determine possible crystal orientations [245]. The main 

components of a transmission electron microscope are: vacuum system, electron gun, electron 

lenses (condenser lenses (for beam formation), objective lenses (to focus the beam down the 

sample), projector lenses (that expand the beam onto the image display) and apertures (Figure 4.7). 
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Figure 4.7 Schematic representation of the basic components of TEM. Reproduced with 

permission from [245] 

 

In brief, a beam of electrons is transmitted through a specimen. An image is formed from the 

interaction of the electrons with the specimen [245]. The image is magnified and focused onto an 

imaging device. The most common imaging mode is the bright field imaging mode.  

TEM was used in Article 3 to reveal the morphological characteristics of carbon quantum dots 

(CQDs) and sepia melanin/CQDs material. 

 

4.7 UV-visible-NIR spectroscopy 

UV-visible-NIR spectroscopy investigates the interaction of materials (solids and liquids) with UV 

(220-400 nm)-visible (400-800nm)-NIR (800-2500 nm) radiation. It is used to provide information 

about the absorption coefficient of the material as an intrinsic property. The absorption of the 

electromagnetic radiation by the material leads to the excitation of material’s electrons from the 
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ground state to the excited state, accompanied by the appearance of its absorption signature [246].  

Absorption can be described by the Beer-Lambert law:  

4 = .9R                                                                                                                             E.q. 4.13 

At certain wavelength, A is the absorbance (unitless or arbitrary units), ε is the absorptivity of the 

material in a solution (M-1cm-1), b is the optical path length (usually in cm), and c is the 

concentration of the solution (M). 

A spectrophotometer has a light source (deuterium or tungsten lamp), a sample holder and a 

detector. UV-vis spectroscopy works accurately with liquids and solutions but in case of thin films 

or solid samples light scattering is more dominant than absorption.  

In two articles (ACS omega 4 (7), 12244-12251 and MRS Advances 5 (27), 1441-1448) included 

in Appendix D of this PhD work, we used a PerkinElmer Lambda1050 double-beam 

spectrophotometer equipped with integrating sphere to investigate the absorption of melanin 

samples in the visible region. In case of scattering samples, such as melanin samples on fused silica, 

Corning glass and/or ITO, reflected and transmitted light are scattered in all directions (Figure 4.8) 

[247]. 

 

 

Figure 4.8 Schematic representation of reflection and transmission from a scattering material. 

Reprinted with permission from [247]. 
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The use of the integrating sphere method with scattering materials, becomes pertinent to collect 

and measure the diffused transmission and/or reflection. The diffusive transmittance τ and 

reflectance ρ can be measured using rotating center-mount sample holder.  Hence, absorbance can 

be calculated as 1- (τ + ρ). 

 

4.8 X-ray Photoelectron Spectroscopy (XPS) 

XPS is the most widely used surface analysis technique. XPS gives information about elemental 

identification, chemical state, relative atomic percent of elements, surface composition and valence 

band structure [248]. XPS can measure conducting and insulating materials in different forms: 

powder, bulk, thin film and polymer. 

An XPS instrument consists of a monochromatic x-ray source (aluminum (hν = 1486.6 eV) or 

magnesium (hν = 1253.6 eV) Kα X-rays), Ar ion gun, neutralizer, ultra-high vacuum system, 

electronic controls, electron energy analyzer (Figure 4.9) [248]. 

 

 

Figure 4.9 Schematic representation of XPS instrument (PHI model 5600). Reprinted with 

permission from [248]. 
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In principle, XPS is based on the photoelectric effect, when x-rays hitting the sample with photon 

energy overcoming the binding (ionization) energy (BE) of the electron, the electron is ejected 

out of the atom with kinetic energy (KE). This KE is simply the difference between the x-ray 

photon energy, the electron binding energy and the work function (S, fixed, dependent on the 

spectrometer) [248].  

T; = ℎP − :; − S                                                                                                             E.q. 4.14 

Once the ejected electron reaches the electron analyzer, its KE is measured, and BE is back 

calculated and shown in the XPS spectrum. Thus, the XPS spectrum is generated by the count of 

electrons per second versus electron binding energy. Each element in the XPS spectrum can be 

identified from its peak position and its matching fingerprint binding energy value [248]. The main 

advantage of XPS over other elemental analysis techniques is the ability to probe the chemical state 

of the element owing to the chemical shift effect. Chemical shift is the change in the binding energy 

of a core electron of an element due to the change of the chemical bonding of that element [248]. 

In addition, XPS provides the atomic percentage of surface elements through integrating the peak 

area of each photoemission peak and dividing it by the empirical sensitivity factor. 

In the present PhD work, XPS was used to confirm and quantify the surface doping of the treated 

carbon paper in Article 2 and also to confirm the presence of melanin and carbon quantum dots on 

carbon paper current collectors in Article 3. 

 

4.9 Brunauer-Emmett-Teller (BET) surface area and pore size measurements 

The specific surface area, pore size distribution, total pore area and total pore volume of 

nanomaterials can be determined using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-

Halenda (BJH) methods. Determination of these parameters is done by the analysis of BET 

nitrogen adsorption/desorption isotherms on mesoporous and macroporous materials, with limited 

scope to microporous material below a pore diameter of 2 nm. The BET theory is an extension of 

the Langmuir theory (monolayer adsorption of gas molecules) [249, 250]. BET theory addresses 

the flaws of the Langmuir theory and extends it to multilayer adsorption.  
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Figure 4.10 Schematic representation of BET instrument. Reprinted with permission from [251]. 

 

Nitrogen is preferred in the BET surface area analysis, owing to its high purity and strong 

interaction with solid surfaces. To obtain detectable amount of nitrogen on the sample surface, the 

sample surface is cooled using liquid N2 [251]. First, the sample cell is filled with known amount 

of nitrogen step wisely at relative pressures lower than atmospheric pressure (Figure 4.10). Once 

the saturation pressure is reached, no adsorption can occur regardless of any increase in the applied 

pressure beyond the saturation pressure. When the adsorption layers are formed, the sample is 

detached and heated to release and quantify the adsorbate nitrogen. Then the BET isotherm is 

generated by plotting the amount of gas adsorbed on the sample surface as a function of the applied 

relative pressure [249, 250]. The surface area of the tested sample can be calculated using the 

following BET equation: 

8
G[HI" IJ K)8]

= 8
G%:

+ :)8
G%:

( II")                                                                                               E.q. 4.15 

Where X is the mass of nitrogen gas adsorbed at a given relative pressure (P/P0), Xm is the 

monolayer capacity which is the volume of the adsorbed gas at standard temperature and pressure 

(STP: 273 K and 1 atm), and C is constant. 

Afterwards, the specific surface area can be calculated: 

V = G%L$&$%
M&

                                                                                                                         E.q. 4.16 
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Where Lav is Avogadro’s number, Am is the cross sectional area of the adsorbed nitrogen molecules 

(0.162 nm2), and Mv is the molar volume of nitrogen (22.4 L at STP). The specific surface area of 

the sample is only determined in the relative pressure range 0.025 to 0.30 as before 0.025 only 

monolayer adsorption occurs and above 0.30 is the onset of capillary condensation.  

In addition, pore size distribution can be determined through BJH method starting from Kelvin 

equation: 

=6 I
I"
= − ,N>%

&'./
                                                                                                                      E.q. 4.17 

Where W is the surface tension of adsorbate, Vm is the molar volume of adsorbate, rk is the Kelvin 

radius, R is the universal gas constant and T is the temperature in Kelvin. Through Kelvin equation 

and BJH method, the pore size distribution curve can be obtained. 

In this work, BET surface area and pore size distribution was used in Article 2 to gain insight into 

surface area and pore size distribution of carbon paper electrodes. 
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 ARTICLE 1: EUMELANIN ELECTRODES IN 

BUFFERED AQUEOUS MEDIA AT DIFFERENT PH VALUES 

 

Article 1 has been published in Electrochimica Acta on April 14th, 2020. The Supplementary 

Information is provided in Appendix A. 
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Via Selmi, 2, 40126 Bologna, Italy   

 

5.2 Abstract  

Eumelanin, a quinone-based biomacromolecule, is the most common form of the biopigment 

melanin in the human body. Eumelanin has attracted great interest due to its physicochemical 

properties, such as metal-ion chelation, free radical scavenging, hydration-dependent (photo) 

electrical response and redox activity. Investigating the electron transfer properties of eumelanin 

is key to exploiting the electrochemical energy storage properties of the pigment. In this work, we 

investigated the redox behavior of chemically controlled eumelanin in NaCH3COO buffer 

solutions, at different pH values. For our study we used cyclic voltammetry, electrochemical 

impedance spectroscopy, and galvanostatic charge and discharge. Eumelanin, in combination with 

aqueous electrolytes, provides an attractive case study for eco-designed storage devices based on 

abundant and environmentally benign materials and interfaces. 
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5.3 Introduction  

The increasing demand for electricity generated from renewable energy sources, such as the Sun, 

call for environmentally friendly, safe, low-cost, and robust energy storage devices, such as 

batteries and supercapacitors [9, 252].  

Abundant, bio-sourced organic redox materials, potentially biodegradable, are of primary 

importance to limit the environmental footprint of electrochemical energy storage devices [224, 

253, 254]. In combination with those materials, environmentally benign, non-flammable and low-

cost aqueous electrolytes are investigated for eco-designed storage devices. 

Molecules including redox active quinone groups play a key role in nature, for instance in the 

metabolism of plants and bacteria (as electron/proton transport agents) and mitochondrial ATP 

synthesis [191, 192]. They have been used in different electrochemical energy storage devices, 

such aqueous batteries [52-54, 56, 185, 193, 255] and supercapacitors [63, 64, 256].  

Eumelanin is a brown-black quinone-based macromolecular pigment widespread in the biosphere, 

belonging to the melanin family [257]. During the last decades, it attracted the attention of the 

scientific community because of its unique physicochemical properties, such as broadband optical 

absorption [134], metal-ion chelation [203, 204], free radical scavenging [258], hydration-

dependent (photo)electrical response [129, 130] and  redox activity [145, 233]. 

Eumelanin originates from the oxidative polymerization of tyrosine via the 5,6-dihydroxindole 

(DHI) and 5,6-dihydroxindole-2-carboxylic acid (DHICA) building blocks. The presence of 

different molecular polymerization sites in the building blocks, co-existing redox states in the 

macromolecule (hydroquinone (H2Q), semiquinone (SQ) and quinone (Q), Figure 5.1) and 
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oligomers with different sizes are the main sources of the chemical heterogeneity of bio-sourced 

(natural) eumelanin [134, 259].  

 

Figure 5.1 Hydroquinone (H2Q), semiquinone (SQ) and quinone (Q) redox forms of the building 

blocks of eumelanin, namely 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic 

acid (DHICA). R is –H in DHI whereas R is the –COOH group in DHICA. The quinone imine 

form (QI) is the tautomer of Q. 

 

Natural eumelanin (Sepia melanin, extracted from cuttlefish ink) can contain up to 30% DHI, in 

molecular ratio [260]. The development of synthetic eumelanin only based on one of the two 

building blocks, such as DHICA- and DHI-melanin, has provided a tremendous tool to the 

exploration of the poorly understood physicochemical properties of eumelanin [106], in view of its 

application in electrochemical storage technologies. Considering its molecular structure, DHI-

melanin features a more efficient p-electron delocalization over DHICA-melanin [261]. On the 

other hand, to model the behavior of natural eumelanin, it is pertinent to consider synthetic 

DHI:DHICA-melanin, where both building blocks are present.   

The pka value for the acidic protons belonging to the different eumelanin functional groups is 4.2 

for the carboxylic group in the DHICA building block, 6.3 for the quinone imine and within the 

range 9-13 for the catechol groups [204 , 262]. The pH of the medium also affects the interactions 
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between mono- and multi-valent metal ions and the carboxylic, amine (imine) and catechol groups 

[145, 204, 263]. 

Different types of charge transfer are possible for eumelanin, namely quinone-based electron 

transfer but also intra- and inter-molecular charge transfer, involving the p molecular orbitals of 

the macromolecule [264]. Further, the presence of a comproportionation equilibrium, where 

quinone and hydroquinone species react in presence of water to generate semiquinone species and 

protons, has to be taken into account to understand the electroactivity of eumelanin (Figure 5.2) 

[129, 164].  

 

Figure 5.2 Comproportionation reaction of eumelanin in aqueous medium.  

 

The charge transfer properties of eumelanin are expected to be affected by the pH of the electrolyte, 

the presence of UV-vis light as well as oxidizing or reducing agents [130, 152, 265]. Of all the 

aforementioned contributions, pH is of primary importance for optimized electrochemical energy 

storage in aqueous electrolytes. The use of chemically controlled melanins is deemed necessary to 

study the effect of the pH on charge transfer, in a well-defined molecular environment. 

Here, we report on the electrochemical characterization by Cyclic Voltammetry (CV), 

Electrochemical Impedance Spectroscopy (EIS) and Galvanostatic Charge and Discharge (GCD) 

of chemically controlled DHI- and DHI:DHICA- (7:3 weight: weight) melanins in buffered  

aqueous electrolytes, at different pH in the range of 3≤pH≤9, where the material is chemically 
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stable. We selected, as the electrolyte, aqueous solutions of NaCH3COO, considering its low cost 

and environmentally friendliness [266].  

 

5.4 Experimental part 

5.4.1 Electrodes preparation (DHI- and DHI:DHICA-melanin on carbon 

paper): 

DHI-melanin and (7/3 weight/weight) DHI: DHICA-melanin, were synthesized in situ on carbon 

paper by ammonia induced solid-state polymerization (AISSP) already reported in the literature 

[124]. 10 mg/mL solution of DHI was prepared in ambient conditions and used as precursor. For 

DHI/DHICA-melanin, 10 mg of powder, including 7 mg of DHI monomer powder and 3 mg of 

DHICA monomer powder, were dissolved in methanol, in ambient conditions, and the solution 

was used as precursor. Afterwards, the monomer solution of 10 µl was drop casted on the carbon 

paper (SpectracarbTM 2050A, 10 mils, geometric area 3.0 cm2). The loading of melanin on each 

carbon paper current collector was ca. 133 µg cm-2. After drop casting, the samples were exposed 

to NH3 vapors from NH3(aq) (Sigma Aldrich, 28-30% w/v) for about 72 hours, to catalyze the 

polymerization reaction. 

5.4.2 Preparation of the electrolytes: 

0.25 M buffer solutions of NaCH3COO, pH ca. (3, 5, 7) were prepared from NaCH3COO (Sigma-

Aldrich >99%) and CH3COOH (Sigma-Aldrich >99.7%), dissolved in DI water (18.2 MΩ cm). 

0.05 M NaOH was then added to the solution until the desired pH. The pH of the electrolytes was 
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measured using Thermo Scientific™ Orion Star™ A215 pH/Conductivity Benchtop 

Multiparameter Meter. 

5.4.3 Electrochemical measurements: 

Electrochemical measurements: Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) 

and electrochemical impedance spectroscopy (EIS) were performed using a Biologic bipotentiostat 

(SP-300) in a three-electrode cell, with eumelanin on carbon paper current collector as the working 

electrode, a Pt mesh as the counter electrode and Ag/AgCl(aq) in 1M KCl as the reference electrode. 

All measurements were conducted under N2 purge. Cyclic voltammetry was performed in the 

potential range −0.6 V/0.6 V vs Ag/AgCl(aq) at different scan rate (0.1,1,5, 50,100 mV/s) for 

different pH values (3, 5, and 7), adopting the following protocol: freshly prepared electrode was 

used for each pH value and cycled at each scan rate for 5 cycles from high to low scan rate. 

Electrochemical impedance spectroscopy measurements were conducted within the frequency 

range 105 Hz-10-1 Hz, at open circuit potentials (OCP).  Galvanostatic charge-discharge 

characterizations were performed with electrodes pre-cycled (5 cycles) in the potential range -0.6 

V/0.6 V vs.  Ag/AgCl(aq) at 5 mV/s. Galvanostatic charge-discharge were performed, at different 

current density of 1, 5, 10, 15, 20 and 25 A g-1 and a cut-off potential of 0-0.4 V. 

5.5 Results and discussion 

5.5.1 Electrochemical characterization in 0.25 M NaCH3COO buffers at 

different pH 

In our previous works, exploiting the chelating properties of melanin, we were able to observe by 

Scanning Electron Microscopy (SEM) the presence of melanin on carbon paper after melanin 

staining with uranyl acetate: DHI-melanin is preferentially located on the planar regions connecting 
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the fibers of the carbon paper whereas DHI:DHICA-melanin is located on the grooves of such 

fibers [63, 67, 145]. We carried out cyclic voltammetry investigations on DHI-melanin and 

DHI:DHICA-melanin in 0.25 M NaCH3COO buffer solutions, at different pH. In our previous 

studies, the voltammograms of melanin-based samples generally featured a quasi-box shape, 

typical of pseudocapacitive materials [63, 67, 145]. Here, in our voltammograms collected at pH 3 

and scan rate 5 mV/s, DHI-melanin shows a weak and broad oxidation peak at ca -0.04 V vs 

Ag/AgCl (Figure 4.3a). Considering that the peak lasts for more than 10 subsequent scans, we  

propose to attribute it to the DHI-melanin oxidation (instead to attribute it to oxidative 

polymerization processes involving monomers that did not react during the solid state chemical 

polymerization) [265, 267, 268]. If the scan rate is lowered to 1 and 0.1 mV/s, the aforementioned 

peak is observable even at pH 5 and 7, shifted towards more positive potentials (Figure S1).  

In acidic media (pH=3), protons are present in high concentration and, considering the 

comproportionation reaction (Figure 5.2), the density of mobile electronic charge carriers (SQ) 

decreases. This decrease is expected to be paralleled by a decrease in the voltammetric current. As 

a consequence, despite oxidation processes being unfavored in hydroquinone-based molecules in 

acidic media (Figure 5.1), the lowering of the voltammetric current in these same media could help 

to reveal the DHI-melanin oxidation. For this same process, Horak and Weeks [265] reported that, 

with respect to neutral media, in acidic media a melanoid pigment deposited electrochemically 

from DHI has a faster charge transfer rate resulting from the decrease of the difference between 

the energy level of the HOMO of the hydroquinone and the LUMO energy level of the quinone. 

For slightly acidic and neutral values of the pH (5 and 7), at high scan rates (100, 50, 5 mV/s), 

DHI-melanin does not have any clearly distinguishable peak (Figures 5.3a and S1). On the other 
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hand, as already mentioned, at those pH, at low scan rates (1 and 0.1 mV/s), DHI-melanin shows 

an oxidation feature similar to the aforementioned one, shifted towards more positive potentials 

(Figure S1). This suggests slow kinetics of the oxidative reaction at mild and neutral pH [265, 267].  

The electrochemical characterizations of DHI-melanin electrodes at pH 5 and 7 show that high 

voltammetric currents bring about high capacitance and capacity as well as low charge transfer 

resistance (related to the high density of the SQ species) compared to acidic pH (Figure 5.3 a-c and 

1f respectively). 

  

Figure 5.3 DHI-melanin in 0.25 M NaCH3COO at different pH: (a) 3rd CV cycle at 5 mV/s. (b) and 

(c) Areal capacitance and capacity evaluated from 3rd CV cycle vs scan rate. (d) Areal capacitance 

evaluated from GCD at different current density in 0.25M NaCH3COO pH 5. (e) Nyquist plot in 

the frequency range 105−10−1 Hz. (f) Zoomed Nyquist plot in the frequency range 105−5 Hz. In 

(b)-(f) lines are guides to the eye. 
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The voltammograms for DHI:DHICA-melanin are similar to those of DHI-melanin, at pH=5 and 

7 (Figures 5.4a and S2).  The presence of DHICA building blocks in the voltammograms becomes 

more distinguishable at pH=3. Besides the anodic feature as for DHI-melanin at pH 3, we observe 

anodic signatures at ca. 0.2 V (broad), 0.48 V (shoulder) and 0.54 V as well as cathodic signatures 

at 0.41 V, 0.13 V and -0.2 V (extremely broad) (Figure 5.4a).  

In acidic media (pH 3), carboxylic, quinone imine and the catechol functional groups of 

DHI:DHICA-melanin are protonated. We observe high capacity and capacitance of DHI:DHICA-

melanin electrodes in acidic pH with respect to pH 5 and 7 (Figure 5.4b and  c).  

 

Figure 5.4 DHI:DHICA (7:3)-melanin in 0.25 M NaCH3COO at different pH: (a) 3rd CV cycle at 

5 mV/s. (b) and (c) Areal capacitance and capacity evaluated from the 3rd CV cycle with scan rate. 

(d) Areal capacitance evaluated from GCD at different current density in 0.25M NaCH3COO pH 
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5. (e) Nyquist plot in the frequency range 105−10−1 Hz. (f) Zoomed Nyquist plot in the frequency 

range 105−5 Hz. In (b)-(f) lines are guides to the eye. 

 

DHI:DHICA-melanin electrodes feature, at pH 3, a slightly higher charge transfer resistance (37.5 

Ohm), compared to pH  5 and 7  (10 Ohm and 9.8 Ohm, Figures 4.4f and S4).  

To evaluate the electrochemical energy storage performance of our melanin-based electrodes, their 

areal capacitance and capacity at different pH and scan rates were calculated from the voltammetric 

results reported in Figures S1 and S2 by the following equations:    

,:> =
∫ A%D
$∆> 																																																																																							                                                 E.q. 5.1 

 

2:> =
∫ A%D
$ 																																																																																										                                              E.q. 5.2 

 

where ∫ 1O# is the area of the voltammetric cycle during the discharge, A is the footprint area of 

the melanin on carbon paper, and  ∆& is the electrochemical potential window. 

The capacitance and capacity of melanin-based electrodes extracted from CV decreased with the 

increase of the scan rate (Figures 4.3b and c, and 4.4b and c), likely due to mass transport 

limitations at high rates [269].  

To further investigate the electrochemical energy storage behavior of our melanin-based 

electrodes, GCD measurements (Figure S3) were performed for different values of the current 

density (1, 5,10, 15, 20, 25 A/g) and a cut-off potential of 0.4 V, at pH 5. The areal capacitance 

from GCD curves was calculated using: 
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,O:P =		
A()*
$	! 																																																																																											                                            E.q. 5.3 

where Idis is the discharge current and s is the slope of the plot cell voltage versus time, during 

discharge. Figures 4.3d and 4.4d show the decrease of the areal capacitance with the increase of 

the current density. Nevertheless, we observed that both melanins work quite efficiently at 

relatively high current density (5-20 A/g) as the change in the areal capacitance is less than 5%. As 

expected, DHI-melanin features higher voltammetric current and, in turn, higher capacity and 

capacitance, in relation to the efficient p-p stacked structure. 

Electrochemical Impedance Spectroscopy (EIS) is a powerful diagnostic tool for several 

electrochemical processes [270].  Nyquist plots show that the low frequency diffusion tail becomes 

more vertical (slope increases) with pH, indicating that slightly acidic (pH=5) and neutral (pH=7) 

aqueous electrolytes are nearly ideal choice for a capacitive behaviour (Figures 4.3e and 4.4e). The 

change of the charge transfer resistance, evaluated from the semicircle intercepts of the real part of 

the impedance Re(Z) with pH (Figures 4.3f and 4.4f), confirms too the enhanced charge transport 

in buffer solutions of pH 5 and 7 (ca. 10 Ohms for both melanins) compared to pH 3 (ca. 90 Ohms 

and 37 Ohms for DHI- and DHI:DHICA- melanins respectively) (Figure S4).  

5.6 Conclusion  

We investigated the effect of the pH on the electrochemical properties of eumelanin, a quinone-

based pigment, within the current efforts of the electrochemical energy storage community to go 

for eco-designed storage devices based on abundant and environmentally friendly materials. 

Considering the chemical and physical heterogeneity of natural (bio-sourced) eumelanin, for our 

fundamental studies we focused on chemically controlled DHI- and DHI:DHICA-melanins (the 

latter modeling natural Sepia Melanin), synthesized in situ on carbon paper by solid-state 
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polymerization, in a way to devise the effect of the pH, in a well-defined molecular environment. 

Our study was conducted in 0.25M NaCH3COO buffer solutions at different pH values, namely 3, 

5 and 7. Mild and neutral media give the optimum capacitance, capacity, and charge transfer 

resistance for both DHI- and DHI:DHICA melanin, explained within the context of the 

comproportionation equilibrium regulating the relative concentrations of quinone, hydroquinone, 

semiquinone (the electronic mobile charge carriers in eumelanin) and protons. All in all, the effect 

of the pH on the voltammetric properties is more significant on DHI-melanin with respect to 

DHI:DHICA-melanin. In the former case, the efficient p stacking brings efficient transport, 

indicated by the high voltammetric currents. We are capitalizing on the results reported in this work 

to develop fundamental and technological aspects of the research. Fundamental aspects pertain to 

the possibility to distinguish quinone-based transfer from intra- and inter-molecular transfers; such 

studies are based on the different role played by proton transport in these different mechanisms. 

Technological aspects pertain to the fabrication of suitable hydrogels to be interfaced to eumelanin 

electrodes, for mechanically robust storage eco-designed devices.  
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6.2 Abstract 

The development of biosourced organic electrode materials is a promising response to the need for 

sustainable electrochemical storage of energy converted from renewable, intermittent sources. 

Unfortunately, organic materials often exhibit low electronic conductivity and limited cycling 

stability. To overcome these limitations, the interface between organic electrode materials and 

current collectors must be engineered. Here, we report on high-performance electrochemical 

capacitors based on biosourced materials deposited on modified carbon paper. The modification is 

achieved by a chemical treatment that brings about O, N, S, and P doping of the carbon and 

increases carbon surface area. Doping not only improves wettability but also adds faradaic activity 

on the carbon surface, thus improving capacitance. Deposition of biosourced quinone-based sepia 

melanin and catechin/tannic acid (Ctn/TA) on treated carbon paper (TCP) further improves the 
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capacitance of TCP by two to three times. Building on these promising results, we fabricated sepia 

melanin and Ctn/TA symmetric supercapacitors. Sepia melanin symmetric supercapacitors in 0.5 

M Na2SO4(aq) exhibit 1355 mF cm-2 (452 F g-1) capacitance, with 94% retention after 5 000 cycles 

at 150 mA cm-2 (10 A g-1) and 100% coulombic efficiency. Ctn/TA symmetric supercapacitors 

exhibit 898 mF cm-2 (300 F g-1) capacitance, with 100% retention after 5 000 cycles at 150 mA cm-

2 (10 A g-1) and 100% coulombic efficiency. This work reports among the highest maximum power 

densities recorded at 277 mW cm-2 (46 kW kg-1) and 158 mW cm-2 (26 kW kg-1) with respectable 

maximum energy density of 0.12 mWh cm-2 (20 Wh kg-1) and 0.14 mWh cm-2 (23 Wh kg-1) for 

supercapacitors based on organic biosourced molecules.  

 

6.3 Introduction  

Environmental concerns related to global warming necessitate conversion from fossil fuels to 

renewable energy. However, the most promising energy sources, sun and wind, are intermittent 

and dependent on predictable but uncontrollable meteorological phenomena [190]. Thus, the 

conversion in energy sources has to be accompanied by the development of electrical grids and/or 

energy storage facilities. In addition, the increased use of electric vehicles and portable electronic 

devices as well as the development of the Internet of Things require low-cost and sustainable power 

sources [254, 271]. 

Electrochemical double layer capacitors (EDLCs) are the most common electrochemical capacitors 

(supercapacitors). They feature high surface area carbon electrodes that store/deliver charge by a 

rapid electrostatic process. In order to improve the charge storage capability of supercapacitors, in 

pseudosupercapacitor materials that undergo fast and reversible faradaic processes that involve all 

the electrode bulk are used. Pseudosupercapacitors feature faradaic electrodes (e.g., electronically 

conducting polymers and metal oxides) that provide electrochemical responses similar to those of 

EDLCs, i.e., box-shaped voltammetries and triangular galvanostatic charge/discharge profiles. 

Unlike capacitive electrodes and pseudocapacitive electrodes,  battery-like electrodes feature the 

typical response of solid-state battery electrodes, with voltammetric peaks and galvanostatic 

charge/discharge profile plateau [22].  
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Commercially available electrochemical energy storage devices often make use of electrode 

materials that are produced by processes or include materials that are costly and have dramatic 

environmental impacts [6, 190, 272, 273]. The recent Batteries Europe Strategic Research Agenda 

stresses that “future research and development activities on batteries must address environmental 

sustainability by developing methodologies and technologies to optimize battery production, 

minimize resource and energy use, and strive to achieve the lowest possible environmental 

footprint of batteries” [274]. 

Biosourced, organic electrode materials operating in aqueous electrolytes represent a promising 

option for next generation sustainable energy storage devices (please refer to the review of the 

literature reported in Table S1)[6, 275-279]. Quinone-based molecules are ubiquitous in nature. In 

aqueous solutions, they undergo fast two-electron redox processes via proton coupled electron 

transfer [53, 56-58, 62-64, 280]. The reduction/oxidation (redox) activity of quinone-based 

molecules, such as melanins, lignin and tannins, feature faradaic processes to achieve higher charge 

storage capacity in supercapacitors. However, issues such as low electronic conductivity and high 

contact resistance at the interface with the current collector lead to poor rate response (loss in 

capacity at higher current densities) and short cycling stability, thus hindering the commercial 

development of devices based on biosourced quinones [63, 64].  

Many studies report on the fast redox kinetics of quinone and quinone derivatives to enhance the 

electrochemical performance of activated carbon and carbon nanostructures (up to 710 F g-1 for 

anthraquinone-decorated carbon nanotubes) [52, 281-283].  

Eumelanin is a biosourced organic quinone biomacromolecule found in flora and fauna, belonging 

to the melanin family. Our group investigated the biodegradability in compost conditions of 

eumelanin.[284] Sepia melanin (indicated as sepia from now on) is a natural eumelanin extracted 

from the ink sac of cuttlefish (Sepia officinalis).[107, 285] It features fascinating properties such 

as redox activity, strong broadband UV-visible absorption, metal binding affinity, hydration-

dependent electrical response, as well as good thermal and photo stability [109, 134]. 

Eumelanin originates from the oxidative polymerization of tyrosine via 5,6-dihydroxyindole (DHI) 

and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) building blocks (Figure 6.1a). The  redox 

activity of eumelanin combined with its capability to reversibly bind multivalent cations constitute 
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the foundation for the use of eumelanin in energy storage systems [63, 132]. Eumelanin-based 

electrodes have been reported for flexible micro supercapacitors, light-assisted supercapacitors, 

and secondary Na+ and Mg2+ batteries [62, 63, 67, 286, 287]. We studied eumelanin aqueous 

supercapacitors operating at different pH values [63, 67, 286]. Our eumelanin studies reported 

relatively low specific capacitance values (up to 5.6 mF cm -2) due to the low electronic 

conductivity of eumelanin and high contact resistance at the eumelanin/current collector interface. 

 

 

Figure 6.1 (a) Redox forms of the building blocks of eumelanin: 5,6-dihydroxyindole (DHI) and 

5,6 dihydroxyindole-2-carboxylic acid (DHICA). R is −H in DHI and −COOH in DHICA. (b) 

Redox forms from catechol to catequinone for catechin molecule. 

  

Tannins can easily be extracted from a wide range of natural precursors [64, 217, 288-290]. Tannins 

have been used since antiquity in leather treatment and wine production [64, 209, 291]. A wide 

variety of tannins, particularly tannic acid (TA), has been used as an electrode material for 

supercapacitors[292] and cathodes for lithium-ion batteries[293], owing to its redox properties 

(reversible oxidation of the catechol group into a quinone, Figure 6.1b). TA has also been used to 

improve the capacitance of polydopamine-coated electrodes, using the interactions between Fe3+ 

and TA to create strong and durable metal-phenol bonds for flexible carbon-based supercapacitors 

[294].  Moreover, the high hydrogen-bonding capability of TA has been exploited to use it as a 
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small molecule binder to improve the stability of silicon anodes in Li -ion batteries [295] and also 

to enhance the mechanical strength of carbon nanotubes (CNT) and reduced graphene oxide (r-

GO) electrodes for flexible supercapacitor applications [292, 296]. 

The great diversity of the tannin family is a double-edged sword, giving on one hand a wide range 

of candidate molecules and sources, but on the other making it more difficult to find the optimal 

solution for supercapacitor applications. Catechin (Ctn) is a member of this family, part of the 

condensed tannins branch (macromolecules composed of smaller phenolic components whose 

structure is composed mainly of a resorcinol and a catechol cycle) [209]. Mukhopadhyay et al.[64] 

using hydrolyzable chestnut bark tannins and polypyrrole (ppy), greatly increased the capacitance 

(from 100 F g-1 for ppy alone to 370 F g-1 for ppy-tannin composite) of a carbonized wood electrode 

through simple galvanostatic deposition of tannins and ppy, in aqueous solution. 

Carbon is widely used for supercapacitor electrodes for its abundance, low cost, high surface area 

and the conductivity of some of its forms [297]. However, when biosourced, organic molecules are 

deposited on carbon, there is a high contact resistance at the biosourced material/carbon interface. 

Treatment of the carbon or conductive additives are therefore required to compensate for 

shortcomings. Hsiao et al. reported on modified flexible carbon fiber electrodes with surface 

functionality which adds faradaic contributions through a thermo-acidic treatment of the surface of 

carbon fibers [298]. 

Conductive carbon (super P), r-GO and conductive polymers such as polypyrrole (ppy) and 

poly(3,4-ethylenedioxythiophene) (PEDOT) have been used to improve the electronic and ionic 

conductivity of biosourced materials [63, 224, 299-301]. Milczarek et al. and Ajjan et al. reported 

on the use of biosourced materials in composites with conductive polymers (e.g., ppy and PEDOT) 

bringing about sufficiently high conductivity: a lignin/ppy composite hybrid electrode exhibited a 

specific capacitance of 350 F g-1; a lignin/PEDOT electrode exhibited a specific capacitance of 170 

F g-1 [224, 301]. 

Here, we present low-cost, environmentally friendly supercapacitors based on two biosourced 

materials, sepia melanin and catechin, solution-deposited on modified carbon, operating in aqueous 

electrolyte. Brunauer-Emmett-Teller (BET) surface area measurements, scanning electron 

microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) were used to investigate the 
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surface area, morphology and chemistry of our bare and quinone-modified treated carbon paper 

(TCP). Cyclic voltammetry, galvanostatic charge/discharge and electrochemical impedance 

spectroscopy were performed to study the electrochemical behavior of the electrodes and 

supercapacitor performance.  

 

6.4 Experimental section 

6.4.1 Treatment of carbon paper 

Carbon paper was purchased from Fuel Cell Store (Spectracarb 2050A-1550, 10 mils, plane 

electrical resistivity of 5.4 mΩ cm, composed of multiple plies of graphitized resin-bonded carbon 

fibers). Carbon paper was cut in 5 cm by 0.5 cm rectangular pieces, cleaned sequentially in 

anhydrous ethanol (Commercial Alcohols, Ontario, Canada) and acetone (Honeywell, VLSI, 

100%) in ultrasonic bath at 40 kHz (Eumax-4L) and dried under vacuum for 30 min. at 60˚C. The 

cleaned carbon was activated through a two-step oxidative treatment. First, it was sonicated at 40 

kHz for 2 h in a mixed acid solution (30 mL H2SO4 (Sigma-Aldrich ACS reagents 95% - 98%): 10 

mL HNO3 (16M Fischer Chemical, ACS plus)) and placed, in the same solution, in an autoclave, 

for a thermal treatment of 20 min. at 120˚C, followed by cooling to room temperature in the 

autoclave. Second, the previously treated carbon was rinsed with deionized water (MilliQ water, 

18.2 MΩ.cm) and placed in an autoclave for thermal treatment of 24 h at 180˚C in a 7M 

(NH4)2HPO4 (Sigma-Aldrich, ACS reagents > 98%) saturated solution. After cooling to room 

temperature in the autoclave, the treated carbon was rinsed with deionized water and dried under 

vacuum for 6 h at 60˚C to produce what we indicate as treated carbon paper (TCP).  

6.4.2 Electrode preparation 

Sepia melanin was extracted from the ink sac of the cuttlefish Sepia officinalis (commercially 

available in the fish market), then purified and ground into a fine powder [302]. Catechin (Ctn) 

hydrate and tannic acid (TA) were purchased from Sigma-Aldrich (ACS reagents > 98%). Reduced 

graphene oxide (r-GO from Sigma-Aldrich) and Super P carbon black (SP, Imerys Graphite & 

Carbon) were used as conductive additives in the preparation of some types of electrodes.  
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Sepia, sepia/r-GO, sepia/SP and Ctn/r-GO electrodes were prepared by mixing the active molecule 

(sepia or catechin), the chosen conductive additive (r-GO or SP) in different mass ratios of 8:2,7:3, 

6:4 and 5:5 and a few drops (70 µL for 25 mg of composite powder) of dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich anhydrous, ≥ 99.9%). The preparation was stirred overnight to create a uniform 

slurry that was deposited over TCP (covering 1 cm by 0.5 cm of the 5 cm by 0.5 cm rectangular 

pieces) with a brush.  

Ctn/TA/SP and Ctn/TA electrodes were prepared by mixing the materials in powder form with 

mass ratios of 7:1:2 and 7:1, respectively, in a deionized water-ethanol mixture (2:1 v/v) (1 mL of 

solvent for 50 mg of composite powder) and stirred vigorously to form a homogenous solution. 

Afterwards, 63 µL of the solution were drop-cast over TCP (same coverage as the other electrodes).  

All electrodes were vacuum dried for 20 minutes at 60˚C prior to morphological and 

electrochemical characterizations. The loading of active material in all electrodes was about 3.0 ± 

0.2 mg cm-2 on TCP (the mass of TCP for the covered surface was 4.74 mg ± 0.20 mg cm-2), using 

a microbalance (Sartorius BP 210 D, accuracy 10–5 g). 

6.4.3 Electrolyte 

0.5 M Na2SO4 aqueous solutions (pH ca. 5) were prepared from Na2SO4 (Sigma-Aldrich > 99%) 

dissolved in DI water (18.2 MΩ cm). 

 

6.4.4 Electrochemical characterization 

6.4.4.1 For material characterization: 

cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical impedance 

spectroscopy (EIS) measurements were performed using a Biologic bipotentiostat (SP-300) in a 

three-electrode cell configuration, with carbon paper (CP) or treated carbon paper (TCP) loaded 

with active materials as working electrodes, Pt mesh as counter electrode and Ag/AgCl in 3M NaCl 

as reference electrode.  

CV was performed in the potential range of -1 V to 1 V vs. Ag/AgCl at scan rates of 100, 50, 20, 

10 and 5 mV s-1. EIS measurements were conducted before and after the CV scans, in the same 
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setup, at open circuit potential, at 10 mV AC amplitude, within the frequency range 105 Hz to 10-1 

Hz.  

6.4.4.2 Symmetric supercapacitor characterization: 

CV, GCD and EIS were performed with TCP loaded with active material as working and counter 

electrodes. These two electrodes were separated by a filter paper. Ag/AgCl reference electrode was 

used to monitor the potential of each electrode during the tests.  

GCD was performed at current densities of 0.5, 2, 4, 8, and 10 A g-1 (calculated over the total mass 

of the current collector and quinone-based material for the whole device) for a potential scan 

ranging from 0 V to 1.6 V vs. Ag/AgCl. Finally, 5 000 GCD cycles were performed at a current 

density of 10 A g–1. 

The electrode specific capacitance was evaluated from 3-electrode CV measurements using: CQR =
∫ S	TR
U	V	∆R 

where ∫IdV is the integral area of the cathodic (discharge) CV cycle, ν the scan rate, Y the mass 

loading of the active material on the current collector, and ∆V the potential range. 

From GCD curves, the cell specific capacitance (CWQX), coulombic efficiency (η), equivalent series 

resistance (ESR), power density (P), energy density (E), maximum power density (PYZ[) and 

maximum energy density (EYZ[) were calculated at different current densities using: CWQX =
S+,-
	,V	\ 	 , η =

S+,-]+,-
S./]./

, ESR = ∆R012
,	S+,-

, ; =
A()*	 ∫5(6
*^'' , P = _

]()*
, EYZ[ =

8 ,J Q789R:;<=

*^''		  and PYZ[ =
R:;<=

`	abc		,V 

where ∫Vdt is the integral area of the GCD discharge cycle, Idis and Ich are the constant discharge 

and charge currents, s the slope of the cell voltage over time during discharge, tch and tdis the 

charging and discharging times, ∆VESR the ohmic drop at the beginning of the discharge and Vmax 

the upper limit of the potential while charging (charge cutoff potential). 

6.4.5 Morphology and structure characterization 

The morphology of the sepia, untreated and treated carbon were examined by scanning electron 

microscopy (SEM, JEOL JSM7600F), at an acceleration voltage of 5 kV.  The morphology of Ag 

stained Ctn/TA composite was examined in both secondary and backscattered electron modes at 5 
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kV. The Ctn/TA electrodes were stained in 0.5 M AgNO3 for 48 h prior to morphology examination 

by SEM.[288, 303] Energy dispersive X-ray spectroscopy (EDX) was carried out using the same 

SEM with Aztec (Oxford) software, detector x-Max (80 mm2) (Oxford), at 5 kV.  

The elemental composition of the samples was studied by X-ray photoelectron spectroscopy (XPS), 

using a VG ESCALAB 2250 apparatus. The X-ray source was Al Kα (1486.6 eV) at a power of 1 

W (1 kV, 1 mA). Pressure in the analysis chamber was lower than 10-9 mbar. Survey scans and 

high-resolution scans were carried out with 1.0 eV and 0.1 eV energy steps, respectively. 

6.4.6 Brunauer-Emmett-Teller surface area, pore volume and pore size 

measurements 

Brunauer-Emmett-Teller (BET) surface area, pore volume and pore size of untreated and treated 

carbon were evaluated by N2 adsorption/desorption measurement (Micromeritics, model TriStar 

3000). Samples were first degassed at 120℃ under vacuum overnight, and then analysis was 

carried out using N2 as an adsorbate gas at -196℃; the volume of the adsorbate gas was determined 

at standard temperature and pressure (STP) (273.15 K and atmospheric pressure (1.013 × 105 Pa)). 

Surface area and pore-size distribution were determined by BET and Barrett-Joyner-Halenda (BJH) 

methods, respectively. 

6.4.7 Contact angle measurements 

Contact angle measurements for untreated and treated carbon, according to sessile and captive drop 

methods, were performed using DataPhysics dynamic contact angle measuring devices and force 

tensiometer. 2 µL water droplets were used at a speed rate of 2 µL s-1. 

6.5 Results and Discussion 

Prior to electrochemical studies, we modified and characterized the carbon surface upon which 

biosourced quinone-based materials would be deposited. 
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6.5.1 Treated and untreated carbon 

6.5.1.1 Morphological and chemical characterizations 

We treated carbon paper using a two-step chemical method (18M H2SO4/16M HNO3 (3:1 v/v)) and 

7M (NH4)2HPO4 salt, in controlled temperature conditions [304, 305]. 

 

 

Figure 6.2 SEM images of a) untreated carbon paper, b) treated carbon paper, (c)-(f) EDS mapping 

of O, N, S and P elements for treated carbon paper, at 5 kV. Inset Figure 5.2a) contact angle 

measurement for untreated carbon paper. 

 

SEM images of untreated (pristine) and treated carbon show surface grooves (Figure 6.2a and b); 

long whiskers are observable for treated carbon, imparting a relatively coarse surface for better 

biosourced material hosting. To study the wettability of carbon with respect to aqueous electrolytes, 

we performed contact angle (wetting angle) measurements. Untreated carbon exhibits a contact 

angle of about 133°, typical of a hydrophobic surface (inset of Figure 6.2a and movie S1). On the 
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other hand, water droplets rapidly disappear on treated carbon, indicating that the treatment results 

in a hydrophilic surface (movie S2).  

To gain insight into surface area and pore size distribution, we performed N2 adsorption-desorption 

isotherm measurements using BET and BJH methods, respectively. Treated carbon exhibits larger 

N2 adsorption compared to the untreated one: the surface area increases from 0.4 m2 g-1 to 43.0 m2 

g-1 and pore volume increases from 6 × 10)` cm3 g-1 to 2.0 × 10)* cm3 g-1 (Table S2). The 

adsorption isotherm of treated carbon shows a hysteresis loop, attributable to capillary 

condensation (Figure 6.3). In addition, the increase of N2 adsorption at high pressure suggests the 

co-existence of meso- (2-50 nm) and macropores (> 50 nm) [306, 307]. The pore size distribution 

analysis of treated carbon reveals a large majority of micropores and mesopores (Figure 6.3b). Pore 

diameters are primarily in the range of 1-4 nm, suitable for adsorption of hydrated SO42– (7.33 Å) 

and Na+ (3.59 Å) ions [308]. The carbon architecture with porosities at different scales exhibits 

multiple advantages for energy storage: micropores provide active sites for ion adsorption and 

charge accumulation; mesopores, a facile pathway for ion transport to minimize the capacitance 

fade at large current densities; macropores serve as ion-buffering reservoirs that ensure ion 

availability for transport [306, 307]. 

 

  

Figure 6.3 (a) N2 adsorption/desorption isotherms for carbon paper (CP) and treated carbon paper 

(TCP), (b) pore size distribution: total pore volume, total pore area and pore diameter of TCP. 

Inset Fig. 2b: micropore and mesopore distributions of TCP. 
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6.5.1.2 Chemical characterization   

EDS mapping confirms the presence of O, N, S and P on TCP (Figure 5.2c-f). To further investigate 

the chemical effects of the treatment on carbon, XPS spectra are collected (Figure S1). For TCP, 

the survey XPS spectra (Figure S1d) show peaks from P 2p, S 2p, O 1s (high intensity), N 1s and 

C 1s. The C 1s peak is composed of C=C at binding energy of 284.3 eV, C−C at 284.8 eV, C−O at 

286.1 eV, C=O at 287.8 eV, and O–C=O at 289.0 eV (Figure S1b). C−O and O−C=O are less 

present on untreated carbon (Table S3), which is mainly composed of C=C and C−C bonds. C−O 

and C−C bondings are clearly present in treated carbon [304, 309].  

In addition, the O 1s spectrum shows signals from -OH bonding at 531.8 eV, COOH at 533.3 eV, 

and adsorbed water at 534.6 eV (Figure S1c). A more intense COOH peak is observed for TCP 

compared to CP. The N 1s peak consists of N−(C−O)−N at 399.9 eV, N−C at 401.9 eV as well as 

NO2 at 406.4 eV (Figure S1e). We observe that the relative amount of N−C is greater for TCP 

compared to untreated CP, in N 1s spectra. The NO2 signal is only observed in the spectra of TCP. 

The S 2p spectrum indicates the presence of sulfone groups (C−SOx−C) at 167.20 and 169.0 eV 

(Figure S1f) [310]. Finally, the P 2p spectrum reveals two peaks at 131.6 and 133.3 eV 

corresponding to P−C and P−N bonds (Figure S1g) [311].  The size of the P atoms allows for the 

formation of longer P−C bonds (1.77Å) compared to C−C bonds (1.54 Å): this increases the surface 

area by distorting the carbon network, in turn improving carbon capacitance [312, 313]. 

6.5.1.3 Electrochemical characterization 

The electrochemical behavior of untreated and treated carbon paper (CP and TCP, respectively) is 

studied through cyclic voltammetry and electrochemical impedance spectroscopy in 0.5 M Na2SO4 

aqueous electrolyte, which results in a wide window of electrochemical stability (up to 2.2 V) 

[308].  
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Figure 6.4 Electrochemical characterization of untreated and treated carbon paper (without 

biosourced quinone material): Cyclic voltammetry at different scan rates of a) CP, b) TCP. c) 

Capacitance with scan rate for both treated and untreated carbon obtained from cyclic voltammetry. 

d) Nyquist plot for TCP and CP in the frequency range 105−10−1 Hz. (CP – Carbon Paper, TCP – 

Treated Carbon Paper). 

 

The TCP shows better stability in the cathodic potential region and two orders of magnitude higher 

voltammetric current compared to CP (Figure 6.4a and b). At 5 mV s-1, TCP shows an areal 

capacitance of ca. 500 mF cm-2 compared to 1.2 mF cm-2 for CP (Figure 6.4c). Several 
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contributions could explain why treatment improves electrochemical performance. The 

heteroatoms (O, N, S, P) bring in a polar electrode surface with enhanced electrolyte wettability 

(i.e. ion adsorption) [314, 315]. 

Electrochemical impedance spectroscopy confirms the capacitance enhancement and reveals the 

charge transfer kinetics at the electrode/electrolyte interface (Figure 6.4d). As expected, CP, 

featuring pure electrostatic processes, does not show the high-frequency semicircle that is 

attributed to charge transfer of faradaic processes. In turn, TCP exhibits a small semicircle as a 

result of faradaic processes attributable to heteroatom doping. The charge transfer resistance related 

to this process is quantified from the diameter of the semicircle and results 0.3 ohm. The high 

frequency intercepts of the Nyquist plots of CP and TCP are different (Figure 6.4d); they are 

affected by the electrolyte ion resistance, electronic resistance of the working electrode and by the 

cell geometry, i.e. the distance between the reference and working electrode. Given that the cell 

geometry is the same, Figure 6.4d suggests that carbon treatment lowers its electronic conductivity. 

6.5.2 Biosourced quinones on carbon 

6.5.2.1 Sepia melanin (sepia) and catechin on carbon 

SEM was used to observe the coverage of sepia and catechin on treated carbon. SEM images 

revealed dense spherical sepia aggregates (Figure 6.5a and c) [117]. However, because the SEM 

images showed the catechin was not distinguishable from the carbon (inset Figure 6.5b), we stained 

the catechin with silver nitrate solution [316]. High magnification images show a heterogenous 

distribution of silver nanoparticles on carbon as a result of chemical reduction of silver cations by 

catechin molecules (Figure 6.5d) [288, 303]. It is worth noting that neither untreated or treated 

carbon show any bright regions attributable to the presence of silver after exposure to silver nitrate 

staining solution (Figure S2).  
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Figure 6.5 SEM images: top view of (a) sepia, (b) silver-stained catechin on TCP, while (c) and (d) 

are tilted, zoomed-in views of the samples in (a) and (b), at 5 kV. Inset (Fig. 4b) is the top view 

image of unstained catechin on TCP. 

After morphological characterization, we proceeded to electrochemical characterization of sepia 

and catechin on untreated and treated carbon.  

Sepia on untreated carbon features broad redox features at about 0.105 and 0.022 V vs Ag/AgCl 

(inset of Figure S3b). Those features are attributable to the hydroquinone-quinone redox couple 

(Figure  5.1a) [317]. Sepia on treated carbon shows redox features located at about 0.16 and 0.085 

V vs Ag/AgCl with one order of magnitude higher voltammetric current than on untreated carbon 

(Figure 6.6a and Figure S3b).  
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Catechin on treated carbon shows redox features at ca. 0.500 and 0.450 V vs. Ag/AgCl (Figure 

S4b), also attributed to the hydroquinone-quinone redox couple (Figure 6.1b) [318]. These features 

are consistent with those observed in other quinone-based plant varieties such bark tannins [64]. 

Catechin redox peaks are also observable on untreated carbon (Figure S4c). The limited cycling 

stability of catechin, due to its high solubility in aqueous electrolytes, prompted us to mix catechin 

with tannic acid, a tannin-based binder with high hydrogen-bonding capability [295]. The redox 

activity of tannic acid does not significantly affect the redox activity of catechin, after mixing 

(Figure S4g). Using this binder, the cycling stability was improved from 50% to 100% for 5 000 

cycles.  

 

Figure 6.6 Electrochemical characterization of sepia and catechin/tannic acid (Ctn/TA) deposited 

on TCP in 0.5 M Na2SO4. (a), (b) Cyclic voltammetry at different scan rates for sepia and Ctn/TA, 

respectively. (c) Influence of scan rate on areal capacitance determined from cyclic voltammetry. 

(d) Nyquist plot in the frequency range 105 to 10−1 Hz. 
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The deposition of the biosourced materials on TCP had a significant effect on the capacitance and 

the charge transfer resistance (Figure S3h and S4k) [283]. The capacitance of sepia on TCP 

increased from 38 to 1355 mF cm-2 (13 to 452 F g-1, based on the mass of quinone-based material) 

with respect to untreated CP, while the charge transfer resistance decreased from 4 to 0.15 ohms 

cm-2 (Figure S3h and S3i). For Ctn/TA, the capacitance on TCP increased from 21 to 898 mF cm-

2 (7 to 300 F g-1, based on the mass of quinone-based material) compared to untreated CP, whereas 

charge transfer resistance decreased (from 10.8 to 1.4 ohms cm-2) (Figure S4k and S4i). Both sepia 

and Ctn/T A on TCP maintain good rate capabilities, achieving 670 mF cm-2 (223 F g-1) for sepia 

and 680 mF cm-2 for Ctn/TA (227 F g-1) at 100 mV s-1, compared to 1355 mF cm-2 (452 F g-1), 898 

mF cm-2 (300 F g-1) at 5mV s-1, respectively (Figure 6.6c). 

6.5.2.2 Sepia and catechin with additives on untreated carbon 

In general, biosourced quinone-based materials feature low electronic conductivity and high 

contact resistance on carbon. Sepia and Ctn/TA on untreated CP feature capacitance and charge 

transfer resistance of about 38 and 21 mF cm-2 and 4 and 11 ohms, respectively, as evaluated from 

cyclic voltammetry at 5 mV s-1 and Nyquist plots (Figures S3h, S3i, S4k and S4l). Therefore, we 

decided to explore mixing quinone-based materials (sepia and catechin) with conductive additives 

(SP and r-GO).  

Initially, we proceeded to SEM characterization of the samples. SEM images revealed a network 

of spherical sepia aggregates connected through r-GO flakes (Figure S5a). On the other hand, Ctn/r-

GO samples showed segregation of Ctn and r-GO flakes (Figure S5b). SEM images of sepia/SP 

exhibited a compact composite structure, compared to that of bare sepia or sepia/r-GO composites 

(Figure S5c). SEM images of stained-Ctn/TA/SP exhibited geometric micrometric structures (inset 

of Figure S5d). Higher magnification images and lateral investigation also revealed isolated Ag 

particles on carbon fibers (Figure S5d). 

 8:2 w/w, 7:1:2 w/w, and 5:5 w/w were the weight ratios for sepia/SP, Ctn/TA/SP, sepia/r-GO and 

Ctn/r-GO resulting in the highest capacitance, i.e., 122, 56, 423 and 140 mF cm-2, and lowest charge 

transfer resistance, i.e., 3.0, 9.6, 1.2, 2.5 ohms cm-2 (Figures S3h, S4k, S6 and S7).  
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Our results show that, with respect to mixing biosourced quinone-based materials with conductive 

additives, modification of the carbon surface on which the materials are deposited is the best 

approach to achieve high performance supercapacitors (Figure S3 and S4).  

6.5.3 Characterization of symmetric devices based on biosourced quinones 

(sepia and catechin) on treated carbon 

After performing voltammetric and impedance studies on novel electrode materials, we assembled 

symmetric supercapacitors and proceeded to their characterization. 

 

Figure 6.7 Electrochemical characterization of symmetric supercapacitors based on sepia deposited 

on treated carbon in 0.5 M Na2SO4. (a) Cyclic voltammetry at 5 mV s-1. (b) Galvanostatic 

charge/discharge curves at different current densities. (c) Relationship between areal capacitance 

evaluated from galvanostatic charge/discharge and corresponding current density. (d) Capacitance 

retention and coulombic efficiency for 5 000 cycles of galvanostatic charge/discharge at 10 A g-1. 

(e) Nyquist plot in the frequency range 105 and 10−1 Hz. (f) Ragone plots extracted from 

galvanostatic charge/discharge cycles at different current densities: 0.5, 2, 4, 8, 10 A g-1. 
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6.5.3.1 Cyclic voltammetry and galvanostatic charge/discharge investigation 

The voltammograms of the devices are typical of pseudocapacitive supercapacitors (Figure 6.7a 

and 6.8a). The device can endure a voltage window of 2 V based on the CV curve. However, to 

sustain a long-term stability for the device, we shrank the operating voltage window to suppress 

potential cycling-induced overoxidation/overreduction of the active material. Galvanostatic 

charge/discharge curves of sepia and Ctn/TA supercapacitors at high current density (150 mA cm-

2 ~ 10 A g-1) feature a nearly triangular shape indicating reversible pseudocapacitive behavior with 

excellent coulombic efficiency (ca. 100%) (Figure 6.7b and 6.8b). 

 

Figure 6.8 Electrochemical characterization of catechin/tannic acid symmetric supercapacitors 

deposited on treated carbon in 0.5 M Na2SO4. (a) Cyclic voltammetry at 5 mV s-1. (b) Galvanostatic 

charge/discharge curves at different current densities. (c) Relationship between areal capacitance 

evaluated from galvanostatic charge/discharge and corresponding current density. (d)  Capacitance 

retention and coulombic efficiency for 5 000 cycles of galvanostatic charge/discharge at 10 A g-1. 

(e) Nyquist plot in the frequency range 105 and 10−1 Hz. (f) Ragone plots extracted from 

galvanostatic charge/discharge cycles at different current densities: 0.5, 2, 4, 8, 10 A g-1 
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6.5.3.2 Device Stability Test 

The specific capacitance decreases with increasing current density for both sepia and 

catechin/tannic acid supercapacitors. This is due to diffusion-limited transport, leading to fewer 

adsorbed electrolyte ions at higher current densities (Figure 6.7c and 6.8c). Nevertheless, we 

observed that both sepia and Ctn/TA supercapacitors perform quite efficiently at high specific 

currents (30 to 150 mA cm-2 ~ 2 to 10 A g-1) with a decrease in areal capacitance of less than 25%. 

Sepia and Ctn/TA supercapacitors feature promising cycling stabilities (ca. 94% capacitance 

retention for sepia and ca. 100% for Ctn/TA) and coulombic efficiencies (ca. 100% for both sepia 

and Ctn/TA supercapacitors) for over 5 000 cycles at 10 A g-1 (Figure 6.7d and 6.8d). Ctn/TA 

supercapacitors feature a significant increase in capacitance over the first 2 000 cycles, then 

capacitance is maintained at roughly 120% of initial value until 3 000 cycles, before decreasing. 

6.5.3.3 Ragone plots: energy and power density of symmetric devices 

Galvanostatic charge/discharge cycles of sepia and Ctn/TA supercapacitors feature a small 

potential drop at the beginning of the discharge (∆&, ca 21 and 29 mV, respectively, at 0.5 A g-1), 

corresponding to a low equivalent series resistance (ca. 1 and 2 ohms cm-2, Figure 6.7b and 6.8b). 

Nyquist plots of both sepia and Ctn/TA supercapacitors demonstrate capacitive performance 

through the nearly vertical diffusion line in the low frequency region and the low equivalent series 

resistance in agreement with the values calculated from galvanostatic charge/discharge 

measurements (Figure 6.7e and 6.8e). Ragone plots of sepia and Ctn/TA supercapacitors illustrate 

the practical energy densities and power densities of the devices at different current density (Figure 

6.7f and 6.8f). These devices exhibit noteworthy maximum energy densities of ca. 0.12 and 0.14 

mW h cm-2 ~ 8 and 10 W h kg-1 and maximum power densities of ca. 277 and 158 mW cm-2 ~ 20 

and 11 kW kg-1, respectively, evaluated at 10 A g-1. These figures of merit are rarely obtained with 

organic biosourced materials without conductive additive or fluorinated binder (please refer to the 

literature review reported in Table S1).  

6.6 Conclusion and perspectives 

We have proposed a novel route to interface biosourced quinone materials with carbon for 

electrochemical energy storage devices operating in aqueous electrolytes, based on carbon 
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modification by chemical treatment prior to quinone deposition. The treatment results in an 

increased surface area (from 0.372 m2 g-1 to 43.04 m2 g-1) and electrolyte wettability. The presence 

of S, P, N, and O on carbon after the chemical treatment imparts faradaic activity to the carbon 

surface.   

The deposition of two quinone-based biosourced materials, sepia melanin and catechin/tannic acid, 

resulted in the improvement of capacitances by two to three times with respect to bare treated 

carbon, without requiring any conductive additive or toxic binder. Tannic acid was introduced as 

binder with hydrogen-bonding capability to limit the solubility of catechin in aqueous electrolytes.  

Afterwards, symmetric supercapacitors were fabricated with sepia melanin (extracted from 

cuttlefish ink) and catechin/tannin acid. Sepia melanin reached 1355 mF cm-2 (452 F g-1), 100% 

coulombic efficiency and over 94% capacitance retention after 5 000 cycles and Ctn/TA reached 

898 mF cm-2 (300 F g-1), 100% coulombic efficiency and about 100% capacitance retention. These 

devices exhibited noteworthy maximum energy and power densities: 0.12 and 0.14 mW h cm-2 (20 

and 23 W h kg-1, based on the mass of quinone-based material for the whole device) and 277 and 

158 mW cm-2 (46 and 26 kW kg-1) for sepia and catechin/tannic acid, respectively. 

Our work paves the way to the optimized design of high-performance sustainable supercapacitor 

electrodes based on biosourced and biodegradable organic materials.  
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 ARTICLE 3: 3D NETWORK OF SEPIA MELANIN AND 

N- AND, S-DOPED GRAPHITIC CARBON QUANTUM DOTS FOR 

SUSTAINABLE ELECTROCHEMICAL CAPACITORS 

Article 3 has been submitted to Advanced Sustainable Systems on May 16th, 2021. Supplementary 

Information is provided in Appendix C. 
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7.2 Abstract  

Organic electrode materials operating in aqueous electrolytes offer the opportunity to avoid toxic, 

critical and expensive materials for electrochemical energy storage. When deposited on carbon 

current collectors, redox active organic materials add faradaic to electrostatic capacitance 

contribution to the electrodes. Here, we report on a 3D network electrode material, based on sepia 

melanin, (a quinone macromolecule) and nitrogen- and sulfur-doped graphitic carbon quantum dots 

(N,S GCQDs) designed to achieve good electronic conductivity and electrolyte wettability. We 

also investigated the effect of various undoped and doped carbon quantum dots, synthesized from 

acetic acid and sucrose instead of graphite, on the electrochemical performance of sepia melanin. 
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Sepia/N,S GCQD shows optimum areal capacitance (ca. 180 mF/cm2) that is about 2 times higher 

twice that of sepia (ca. 77 mF/cm2) with lower charge transfer resistance (1 ohm for sepia/N,S 

GCQDs compared to 10 ohms for sepia). Sepia/N,S GCQD symmetric supercapacitor in 0.5 M 

Na2SO4(aq) exhibits promising capacitance retention ca. 92% after 10 000 cycles at 5 A g-1,  100% 

coulombic efficiency, 11 µW h cm-2 and 102 mW cm-2  maximum energy and power densities. Our 

work paves the way for stable and potentially biodegradable supercapacitor electrode materials for 

environmentally benign electrochemical energy storage. 

7.3 Introduction  

Access to clean and affordable energy for all is one of the 17 main sustainable development 
goals of the UN [319]. The increasing demand for energy due to worldwide population 
growth and changes in life-style, along with the depletion of natural resources at an alarming 
rate and concerns for the environment, are motivating the change from fossil fuels to 
intermittent renewable sources, such as wind and sun. The intermittency of energy received 
from the sun, however, highlights the need for efficient energy storage devices. 
Electrochemical capacitors (supercapacitors), despite having lower specific energy than 
batteries, are among the most prominent of these devices, owing to their high power density, 
fast charge−discharge (10 times faster than commercially available lithium-ion batteries), 
long cycle life (rated at 500 000 duty cycles) and high levels of reliability and operational 
safety[320-322]. They are attractive for applications such as autonomous sensors in planes, 
hybrid electric vehicles, portable devices, and memory backup systems that require high 
power levels [320, 323, 324]. 

Commercially available energy storage devices often utilize toxic electrode materials (e.g. 
lead, nickel, cadmium, cobalt and mercury in batteries) whose extraction can have dramatic 
social, environmental and geopolitical impact [6]. Energy storage technologies that, aside 
from providing high energy/high power, are more affordable, sustainable and 
environmentally friendly than conventional counterparts need to be developed [325-327].  

The choice of a supercapacitive electrode material has been limited to electrical double layer 
(EDL) carbon-based materials [328-330] as well as pseudocapacitive materials such as 
metal oxides[331, 332], conducting polymers,[333-335] and, very recently, metal-organic 
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frameworks (MOFs)[336, 337] and MXenes.[335, 338]. Many studies in the literature have 
reported on the use of organic redox materials, to enhance the supercapacitive performance 
beyond that provided by EDLs [233, 277, 339].  

Organic materials with redox active groups, such as phenol, carbonyl, quinones, carboxy or 
amines are becoming promising candidates for next-generation sustainable energy storage 
devices [275, 277]. Further, they can be used in environmentally friendly, inexpensive and  
non-corrosive neutral aqueous electrolytes [276]. 

Quinones are a class of organic molecules ubiquitous in nature. Their redox potential and 
solubility can be tuned through chemical synthesis. They undergo fast two-electron redox 
processes via proton-coupled electron transfer in aqueous media [53, 56-58, 62-64, 280]. 
Quinones have been widely explored for various electrochemical energy storage 
applications [52-65]. Melanin, lignin, tannins, emodin, juglone and humic acid are examples 
of biosourced quinone-based molecules whose redox properties have been exploited to 
enhance the specific capacitance of carbon-based current collectors through faradaic 
reactions. Despite their interest, they still present issues such as low electronic conductivity, 
poor rate capacitance (loss of capacitance at higher current densities), and short cycle life 
stability[63, 64].   

Sepia melanin (indicated as sepia, from here on), a natural melanin extracted from squid 
ink, is a biosourced and potentially biodegradable quinone-based biomacromolecule widely 
found in nature [107]. Melanin shows fascinating properties: strong broadband UV-visible 
absorption, metal binding affinity, redox activity, moisture-dependent electrical response as 
well as good thermal and photo stability [109, 134]. Eumelanin originates from the 
oxidative polymerization of tyrosine via 5,6-dihydroxyindole (DHI) and 5,6-
dihydroxyindole-2-carboxylic acid (DHICA) building blocks. Hydroquinone-quinone 
reduction/oxidation (redox) functionalities along with eumelanin’s ability to reversibly bind 
multivalent cations constitute the foundation for the use of eumelanin in energy storage 
applications (Figure 7.1) [63, 132].  
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Figure 7.1 Hydroquinone (H2Q), semiquinone (SQ) and quinone (Q) redox forms of the building 

blocks of eumelanin: 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid 

(DHICA). R is –H in DHI whereas R is the –COOH group in DHICA.  

 

Melanin-based electrodes have been used in aqueous supercapacitors, flexible micro 

supercapacitors, light-assisted supercapacitors and secondary Na+ and Mg2+ batteries [62, 63, 67, 

286, 287]. Our group has studied melanin-based electrodes for aqueous supercapacitors operating 

at different pH values [63, 67, 286]. The aforementioned melanin studies reported a relatively low 

specific capacitance value (up to 5.6 mF cm-2) owing to the low electronic conductivity of melanin 

and high contact resistance at the melanin/current collector interface. 

Carbon quantum dots are, in size, below 10 nm. They usually consist of an sp2 - hybridized 
carbon core and a shell surface-functionalized with groups such as carboxyls, amines and 
carbonyls [340-342]. Carbon quantum dots exhibit aqueous solubility, electronic 
conductivity, specific surface area, and photoluminescence [343-350]. Carbon quantum 
dots have been applied as designer additives (i.e. nanostructure-directing agents) in K+ and 
Na+ batteries [351, 352] as well as to improve electronic conductivity of electrode materials 
in supercapacitors [305, 353-357] and lithium-sulfur batteries [358-360]. 

Recent literature reports on carbon quantum dots added to inorganic pseudocapacitive 
electrode materials, such as metal oxides and conducting polymers, not only to facilitate 
electronic and ion transport during the charging and discharging processes, but also to 
enhance the charge storage process by adding faradaic activity (see Table S1, Supporting 
Information) [269, 361-364]. Carbon quantum dots with metal oxides and conducting 
polymers exhibit excellent electrochemical performance,[361, 365] although the charge-
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discharge capacity of pristine carbon quantum dots is low [366, 367]. The aforementioned 
mixtures possess larger surface area, higher electronic conductivity and better structural 
mechanical stability than each individual material [361, 365, 368].  

In this context, combining sepia with carbon quantum dots is expected to enhance the 
specific capacitance by improving the electronic conductivity of the mixture and providing 
active sites for better electrode wettability and faradaic processes [369]. 

In this work, we present a novel electrode material based on sepia melanin as an organic 
biosourced quinone macromolecule with nitrogen- and sulphur-doped graphitic carbon 
quantum dots (N,S GCQDs) for sustainable, high performance electrochemical capacitors. 
The hybrid material was synthesized and deposited on carbon paper current collectors 
through an easy, solution-based process. Transmission and scanning electron microscopy 
(TEM and SEM) were used to study the morphology of the mixtures. The chemical 
composition of the samples was studied by x-ray photoelectron spectroscopy (XPS). 
Finally, the electrochemical energy storage performance of the electrode materials and the 
supercapacitor devices was evaluated through cyclic voltammetry, galvanostatic charge and 
discharge, and electrochemical impedance spectroscopy. 

7.4 Experimental section 

7.4.1 Carbon quantum dot synthesis and purification:  

7.4.1.1 Synthesis of pristine (CQDs) and nitrogen-doped carbon quantum dots (N CQDs) 

derived from citric acid:  

CQD synthesis was performed in a CEM Discover SP microwave reactor. In a glass 
microwave reaction tube, 0.384 g (500 mM) of citric acid was dissolved in 4 mL of MilliQ 
water. The solution was heated to 220 °C for 10 min. Upon reaction completion, the sample 
was allowed to cool to room temperature using the instrument’s built-in cooling system. 
The crude sample was dialyzed over 4 days, in 1kDa MWCO dialysis bags (Spectra/Pors6 
RC – Spectrum Laboratories), using 4 x 1 L of Milli-Q water. The dialyzed sample was 
dried overnight in an oven at 80 °C. 
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 N-doped carbon dots were prepared using citric acid and ethylenediamine (ED2) in a CEM 
Discover SP microwave reactor as reported [370]. 

7.4.1.2 Nitrogen, sulfur-doped graphitic carbon quantum dots (N,S GCQDs): 

N,S GCQDs were synthesized through scalable chemical oxidation using graphitic powder 
(Sigma Aldrich) in 40 mL H2SO4/HNO3 (v/v, 3:1) as reported [305]. 

7.4.1.3 carbon quantum dots derived from sucrose (sucrose CQDs): 

Sucrose-CQDs were prepared through the sonication of 12.5 mg sucrose (Sigma-Aldrich) 
in 30 mL deionized water (DIW) for 30 min., then the solution was treated at 160 °C for 3 
hrs in autoclave as reported [371]. 
 

7.4.2  Preparation of sepia melanin/ carbon quantum dot electrode materials 

on carbon paper current collector:  

Carbon paper current collector was purchased from FuelCellStore (Spectracarb 2050A-1550, 10 

mils, in plane electrical resistivity of 5.4 mΩ cm, composed of multiple plies of graphitized resin-

bonded carbon fibers). Carbon paper electrodes were cut in a 5 cm × 0.5 cm rectangular shape, 

cleaned sequentially in anhydrous ethanol and acetone in ultrasonic bath at 40 kHz and dried in 

vacuum oven for 30 min at 60 ˚C. Sepia melanin was extracted from the ink sac of the cuttlefish 

Sepia officinalis (commercially available in a fish market), then purified and ground into a fine 

powder [302]. Sepia and sepia/carbon quantum dot electrodes were prepared by mixing sepia with 

carbon quantum dots, in different mass ratios of 8:2, 7:3, 6:4 and a few drops (70 µL for 25 mg of 

the mixed powder) of dimethyl sulfoxide (DMSO) (Sigma-Aldrich anhydrous, ≥ 99.9%). The 

mixture was stirred overnight to create a homogenous ink that was coated on 0.5 cm2 of the carbon 

paper electrodes. All electrodes were vacuum dried for 20 min at 60 ˚C. The loading of active 

material in all electrodes was about 2.0 ± 0.2 mg cm-2 using a microbalance (Sartorius BP 210 D, 

accuracy 10–5 g). 
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7.4.3 Preparation of the electrolyte:  

0.5 M Na2SO4, pH 5, was prepared from Na2SO4 (Sigma-Aldrich > 99%) dissolved in DI water 

(18.2 MΩ cm). 

7.4.4 Electrochemical measurements:  

Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) were performed using a Biologic bipotentiostat (SP-300) in a three-

electrode cell, with carbon paper current collector loaded with sepia melanin or sepia/ carbon 

quantum dot mixtures as the working electrode, a Pt mesh as the counter electrode and Ag/AgCl(aq) 

in 1M NaCl as the reference electrode. Cyclic voltammetry was performed in the potential 

range -1 V/0.6 V vs. Ag/AgCl(aq) at different scan rates; (100, 50, 30, 10 and 5 mV/s) from 
high to low. Prior to each CV, the open circuit potential (OCP) was measured for 5 min. 
After that, EIS measurements were conducted in a three-electrode setup at open circuit 
potential, within the frequency range 105 Hz - 10-1 Hz and with a sinusoidal perturbation of 
10 mV amplitude. 

7.4.4.1 Symmetric supercapacitor characterization:  

CV, GCD and EIS were performed with carbon paper electrodes loaded with active material as 

working and counter electrodes and separated by a filter paper.  

GCD was performed at current densities of 0.5, 1, 2, and 5 A g-1 for a voltage scan ranging from 0 

V to 1V vs. Ag/AgCl. Finally, 10 000 GCD cycles were performed at a current density of 5 A g-1. 

The active footprint area of electrodes was 0.5 cm2 while the total mass loading of the active 

material of each electrode was about 2.0 ± 0.20 mg/cm2. 

The capacitance was evaluated from CV measurements using: CQR = ∫ STR
Ud∆R where ∫IdV is the 

integral area of the cathodic CV discharge cycle, ν the scan rate, 4 the footprint area of the active 

material on the current collector, and ∆V the potential range. 

From GCD curves, the specific capacitance (CWQX), coulombic efficiency (η), the equivalent series 

resistance (ESR), energy density (E), power density (P), the maximum power density (PYZ[) and 

the maximum energy density (EYZ[) were calculated at different current densities using: CWQX =
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where∫Vdt is the integral of the discharge GCD curve, Ich and Idis are the constant charge and 

discharge currents, s the slope of the cell voltage over time during discharge, tch and tdis the charging 

and discharging times, ∆VESR is the potential drop at the start of the discharge curve, and Vmax the 

upper limit of the charging voltage. 

7.4.5 Morphology and structure characterization:  

The morphology of carbon quantum dots and sepia/carbon quantum dot mixtures was examined 

using transmission electron microscopy (TEM, JEM-2100F) under 200 kV. An aqueous dispersion 

of carbon quantum dots or sepia/carbon quantum dots of ca. 10 mL was applied to form var-coated 

200 mesh copper TEM grids (Electron Microscopy Sciences). Image processing and particle size 

analysis were carried out using Fiji imaging software. In addition, the morphology of the hybrid 

sepia/carbon quantum dot structures on carbon paper was examined by scanning electron 

microscopy (SEM, JEOL JSM7600F), at an acceleration voltage of 10 kV.  

The elemental composition of the samples was studied by X-ray photoelectron spectroscopy (XPS), 

using a VG ESCALAB 2250 apparatus. The X-ray source was Al Kα (1486.6 eV) at a power of 1 

W (1 kV, 1 mA). Pressure in the analysis chamber was < 10-9 mbar. Survey scans and high-

resolution scans have been carried out with 1.0 eV and 0.1 eV energy steps, respectively. 

7.4.6 Contact angle measurements:  

Contact angle measurements for sepia and sepia/carbon quantum dot mixtures, according to sessile 

and captive drop methods, were performed using data physics (DCAT) dynamic contact angle 

measuring devices and force tensiometer. 2 µL water droplets were used at a speed rate of 2 µL s-

1. 

7.5 Results and discussion 

For the preparation of sepia/ carbon quantum dot mixtures, carbon quantum dots and sepia 
powders were mixed in solution, then drop-cast on carbon paper current collector (see 
Experimental section). Different carbon quantum dots: CQDs (undoped carbon quantum 
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dots from acetic acid), N CQDs (N-doped carbon quantum dots from acetic acid), N,S 
GCQDs (N- and, S-doped graphitic carbon quantum dots from graphitic powder), and 
sucrose CQDs (carbon quantum dots from sucrose), were mixed with sepia, to study the 
morphological, elemental  and electrochemical characteristics of the novel electrode 
material. 

TEM image of carbon quantum dot liquid dispersion shows the spherical morphology of 
N,S GCQDs, with an average size of 2.6 nm (Figure 7.2a and d) [362, 372]. N CQDs, and 
sucrose CQDs exhibit similar size and spherical morphology (Figure S1, Supporting 
Information).  

Samples obtained after depositing mixtures of N,S GCQDs and sepia exhibit improved 
continuity at the interface between the spherical aggregates of sepia and carbon paper, as 
revealed by SEM images (Figure 7.2b and c) with respect to mixtures of sepia with CQDs, 
N CQDs and sucrose CQDs (Figure S1c-e, Supporting Information). High magnification 
TEM images confirm the improved connectivity between the spherical aggregates of sepia 
after adding the N,S GCQDs (Figure 7.2e and f).  
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Figure 7.2 a) TEM image of N,S GCQD liquid dispersion. Tilted SEM images of (b) sepia and (c) 

sepia/N,S GCQD mixture on carbon paper current collector. (d) N,S GCQD size distribution. (e) 

and (f) are high magnification TEM images of sepia/N,S GCQD liquid dispersions. Insets Figure 

1 (b) and (c) show contact angle measurements for sepia and sepia/N,S GCQD mixtures. 

 

To study the wettability of sepia and sepia/carbon quantum dot mixtures on carbon paper in 

aqueous electrolytes, we performed contact angle (wetting angle) measurements. Sepia on carbon 

paper features a contact angle of about 18º (inset of Figure 7.2b) whereas sepia/N,S GCQDs shows 

a contact angle of about 14º (inset of Figure 7.2c), i.e. a slightly enhanced hydrophilicity favorable 

to ion adsorption. Adding CQDs, N CQDS, and sucrose CQDs to sepia increases the 

hydrophobicity of the surface of the electrodes with contact angles of 19º, 35º and 70º, respectively 

(inset of Figure S1c:e, Supporting Information). 

We conducted XPS experiments on sepia and sepia/carbon quantum dot mixtures to gain insight 

into the surface elemental composition (Figures S2, S3 and Table S2, Supporting Information). 

The survey XPS spectrum of sepia/N,S GCQDs clearly indicates the coexistence of C 1s, O 1s, N 

1s, and S 2p in the sample (Figure S2, Supporting Information). The C 1s spectrum is composed 
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of six different peaks that are attributed to aromatic carbon (C=C at 284.9) eV, aliphatic carbon 

(C–C at 285.1 eV) in the aromatic ring, carbon-nitrogen and ether (C–N, C–O–C at 286.4 eV), 

carbonyl (COO– at 288.1 eV), carboxyl (O–C=O at 289.2 eV) groups, along with a satellite peak 

at 291.0 eV (Figure S3a, Supporting Information) [373, 374]. The N 1s spectrum features two 

peaks attributable to amino nitrogen atoms (C–NH, C–NH2) at 399.9 and 401.9 eV, respectively 

(Figure S3b, Supporting Information) [375, 376]. In addition, the O 1s spectrum shows signals 

from -OH bonding at 532.2 eV and -COOH at 533.5 eV (Figure S3c, Supporting Information). The 

S 2p high-resolution spectrum features S2p3/2 and S2p1/2 signals at 168.5 and 169.7 eV, respectively 

(Figure S3d, Supporting Information) [310]. 

We employed a three-electrode cell setup to study the effect of different carbon quantum dots 

(CQDs, N CQDs, N,S GCQDs, and sucrose CQDs) on the capacitive performance of sepia 

electrodes, using CV, GCD and EIS measurements in 0.5 M Na2SO4(aq). The voltammograms of 

sepia and sepia/carbon quantum dots (sepia/N,S GCQD, sepia/N CQD, sepia/CQD, and 

sepia/sucrose CQD), at different scan rates, show a quasi-box shape indicating pseudocapacitance 

behavior (typical of materials that undergo fast and reversible surface redox processes) (Figure 

7.3a, Figure S4 and S5, Supporting Information). The redox features of sepia and sepia/carbon 

quantum dot electrode materials at about 0.1 V and 0.05 V vs. Ag/AgCl are attributable to catechol-

quinone redox couple [317, 374].  Sepia/N,S GCQD voltammograms at different scan rates exhibit 

larger area and in turn higher capacitive performance compared to other sepia/carbon quantum dots 

(sepia/CQDs, sepia/N CQDs, sepia/sucrose CQDs) and sepia electrodes (Figure 7.3a and Figure 

S5a, Supporting Information).  
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Figure 7.3 (a) Cyclic voltammograms of sepia melanin, sepia/N,S GCQDs, and bare carbon paper 

in 0.5 M Na2SO4 at 5 mV/s. (b) Areal capacitance for both sepia and sepia/N,S GCQDs obtained 

from cyclic voltammetry at different scan rates. (c) Nyquist plot for sepia and sepia/N,S GCQDs 

in the frequency range 105 Hz-10-1 Hz. Inset is the corresponding equivalent circuit. (d) Enlarged 

Nyquist plot.  

 

The specific capacitance of all electrodes decreases with increasing scan rate, which means the 

number of adsorbed electrolyte ions at the electrode decreases with fast charging and discharging 

rate (Figure 7.3b, Figure S4e and S5e, Supporting Information). At a scan rate of 5 mV/s, sepia/N,S 

GCQD electrodes exhibit a specific capacitance of ca. 170 mF/cm2 whereas the specific 

capacitance is ca. 77 mF/cm2 for sepia, 50 mF/cm2 for sepia/CQDs, 12 mF/cm2 for sepia/N CQDs, 

and 8 mF/cm2 for sepia/sucrose CQDs (Figure S5e, Supporting Information). These results can be 
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explained by the surface functional groups that enhance wettability and provide faradaic 

contributions as well as electronic conductivity for GCQDs [305, 354]. On the other hand, adding 

carbon quantum dots synthesized from sources other than conductive graphite, despite being 

surface functionalized, is detrimental to the capacitive performance (Figure S5, Supporting 

Information).  

The optimum electrochemical performance is obtained with sepia/N,S GCQDs (8:2 w:w) adding 

more N,S GCQDs ,e.g.  (7:3 w:w) and (6:4w:w), decreases the specific capacitance and overall 

performance (Figure S4, Supporting Information). The presence of N,S GCQDs, due to the 

graphitized structure, results in higher electrochemical performance than with bare sepia 

electrodes. Unfortunately, adding more N,S GCQDs to sepia reduces the electrochemical 

performance [346, 377].  

EIS is used to investigate the capacitive behavior and charge transfer kinetics of sepia and 

sepia/carbon quantum dot (sepia/CQD, sepia/N CQD, sepia/N,S GCQD, and sepia/sucrose CQD) 

electrode materials. The Nyquist plot is equivalently fitted by a Randles-type circuit model (inset 

Figure 7.3c). The corresponding equivalent circuit consists of four elements: uncompensated 

resistance (Run), that depends on the distance between the working and reference electrode and on 

the electrolyte resistance, charge transfer resistance (Rct), constant phase element (Q), and 

Warburg element related to ion diffusion (W) in sepia/carbon quantum dot electrode materials. The 

linear part of the low-frequency region is related to the electrolyte diffusion process in the electrode 

material. Sepia/N,S GCQDs display nearly vertical lines (>75 degrees with Z’ axis), indicating a 

good capacitive behavior compared to sepia alone and other sepia/carbon quantum dot electrode 

materials (Figure 6.3c and Figure S5f, Supporting Information). Enlarged Nyquist plots (Figure 

7.3d, Figure S4f and Figure S5f, Supporting Information) indicate that charge transfer resistance is 

involved in the electron transfer process between sepia/carbon quantum dot mixture and carbon 

paper current collector. Sepia/N,S GCQD electrodes showed small Rct (evaluated from the 

semicircle intercept of  Re(Z)) of 1 Ω compared to 3 Ω of the sepia electrode alone. On the other 

hand, other sepia/carbon quantum dot mixtures do not show the high frequency semicircle observed 

with sepia/N,S GCQDs. The decreased charge transfer resistance of sepia/N,S GCQD compared to 

sepia, confirms the significance of GCQDs in facilitating electron transfer in sepia. On the other 

hand, beyond the optimum amount (8:2 w:w), there is no further improvement on the performance 
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(Figure S4e and S4f, Supporting Information). These results demonstrate that sepia/N,S GCQDs 

can facilitate faster ion diffusion and electron transfer due to their hydrophilicity, which 

significantly improves electrochemical properties (i.e., rate performance). 

 

 

Figure 7.4 Electrochemical characterization of symmetric supercapacitors based on sepia/N,S 

GCQDs (8:2 w/w) in 0.5 M Na2SO4. (a) Schematic representation of the symmetric supercapacitor. 

(b) Cyclic voltammetry at 5 mV s-1. (c) Galvanostatic charge/discharge curves at different current 

densities. (d) Areal capacitance evaluated from galvanostatic charge/discharge at different current 

densities. (e) Capacitance retention and coulombic efficiency for 10 000 cycles of galvanostatic 

charge/discharge at 5 A g-1. (f) Ragone plots extracted from galvanostatic charge/discharge cycles 

at different current densities: 0.5, 1, 2, 5 A g-1. 

After performing voltammetric and impedance studies on novel electrode materials, we assembled 

symmetric supercapacitors (Figure 7.4a) and proceeded with their characterization. Based on the 

CV studies of sepia/N,S GCQD electrodes, the device is expected to maintain a voltage window of 

1.6 V. However, to sustain long-term stability for the device, we shrank the operating voltage 

window to suppress potential cycling-induced overoxidation/overreduction of the active material 
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(Figure S6a, Supporting Information). The voltammograms of the sepia/N,S GCQD supercapacitor 

are typical of pseudocapacitive materials at different potential scan rates (Figure 7.4b). 

Galvanostatic charge/discharge curves of sepia/N,S GCQD SC at different current densities feature 

a nearly triangular shape indicating reversible capacitive behavior, with excellent coulombic 

efficiency (ca. 100%) (Figure 7.4c). Galvanostatic charge/discharge cycles of sepia/N,S GCQDs 

feature a small potential drop (∆&) at the beginning of the discharge (ca. 21 mV at 0.5 A g-1), 

corresponding to a low equivalent series resistance (ca. 4 ohms cm-2, Figure 7.4c). Areal 

capacitance of sepia/N,S GCQD symmetric supercapacitor decreases with fast charging and 

discharging rate (Figure 7.4d and Figure S6b, Supporting Information). Sepia/N,S GCQDs exhibit 

superior cycling stabilities (ca. 92% capacitance retention) and coulombic efficiencies (ca. 100%) 

for over 10 000 cycles at 5 A g-1 (Figure 7.4e). Nyquist plots of sepia/N,S GCQD supercapacitors 

demonstrate capacitive performance through the nearly vertical diffusion line in the low frequency 

region and the low equivalent series resistance in agreement with the values calculated from 

galvanostatic charge/discharge measurements (Figure S6c, Supporting Information). The Ragone 

plot of sepia/N,S GCQD supercapacitor illustrates the practical energy and power densities of the 

device (Figure 7.4f). This device delivers maximum energy density of ca. 11 µW h cm-2 ~ 2 W h 

kg-1 and maximum power densities of ca. 102 mW cm-2 ~ 12.8 kW kg-1, respectively. 

The better performance of GCQDs and sepia with respect to other carbon quantum dots is likely 

due to the stacking of the molecular planes of sepia and GCQDs [368].   

7.6 Conclusions 

In summary, we demonstrate a general platform for enhancing the electrochemical energy storage 

properties of the organic biosourced material sepia melanin on carbon paper current collector 

through the use of nitrogen- and sulfur-doped graphitic carbon quantum dots (N,S GCQDs). Indeed 

the inclusion of N,S GCQDs with sepia improves electronic conductivity, wettability and in turn 

the electrochemical behavior with respect to sepia alone and other sepia/carbon quantum dots. 

Owing to their structure compatibility, sepia/N,S GCQDs (8:2 w/w) electrode material shows the 

optimum specific capacitance (ca. 180 mF/cm2) that is twice as high as sepia alone (ca. 77 mF/cm2) 

with enhanced charge transfer resistance (1 ohm for sepia/N,S GCQDs compared to 10 ohms for 

sepia). Sepia/N,S GCQD symmetric supercapacitor in 0.5 M Na2SO4(aq) exhibits promising 
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capacitance retention of ca. 92% after 10 000 cycles at 5 A g-1 and 100% coulombic efficiency, 11 

µW h cm-2 and 102 mW cm-2 max. energy and power densities. These electrochemical energy 

storage performances provide a promising approach to design novel sustainable, biodegradable 

organic electrode materials for environmentally benign energy storage technologies. 
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 GENERAL DISCUSSION  

 

In this chapter, the results of this PhD work (Chapters 4 to 6) are discussed as a whole with 

reference to the literature presented in chapter 1. 

Eumelanin was chosen as the case study material of this PhD work on green electrochemical energy 

storage, considering the followings. First of all, beyond its ubiquity in flora and fauna, eumelanin 

is biocompatible, edible and potentially biodegradable [107, 125, 284]. Eumelanin features unique 

physicochemical properties and displays diverse functions in biological systems [109, 134]. The 

presence of eumelanin in areas exposed as well as unexposed to light in vertebrates suggests that 

this biopigment has multifold functions, beyond photoprotection [110]. All the aforementioned 

considerations make eumelanin an intriguing biopigment in different fields: medicine (e.g. 

melanoma skin cancer and Parkinson’s disease) [378, 379], materials science and 

engineering/charge transfer and transport physics (e.g. water treatment by ion chelation, energy 

conversion and storage, organic and bio electronics) [380], microbiology (e.g. role of fungal 

melanins in soil  virulence) [381], art (e.g. the role of fungal melanins in the aesthetics of the 

wooden works) [382], and even anthropology and sociology (e.g. impact of skin pigmentation on 

colonization and racism) [383, 384]. Therefore, studying eumelanin is pertinent not only for 

materials science but also for all the aforementioned fields.  

The focus of this PhD work is the investigation of the charge transfer (redox) properties of 

eumelanin as quinone-based molecular material, in aqueous media. Generally speaking, the study 

of the redox properties of materials sheds light on their fundamental aspects such as their electronic 

structure and chemical reactivity. Understanding charge transfer is essential for outcomes as 

diverse as developing high performance electrochemical energy storage devices and applying 

materials as semiconductors.  

Little is known about the redox properties of eumelanin, mainly associated with its indole (hydro)-

quinone building blocks, due to its disordered supra- and macro-molecular structure (the former 

implying non-covalent interactions, the latter implying covalent ones). In eumelanin, electron 

transfer can involve not only the quinone functional groups but also the c molecular orbitals, both 
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at the intra- and inter-molecular levels (in the former case we expect transfers within planes of the 

protomolecules and interconnected regions between the protomolecule planes).  

As discussed in Chapter 1, the physical and chemical disorder (heterogeneity) of eumelanin 

together with the coexistence of its redox states, challenged the scientific community to reveal its 

electroactivity-structure relationships. In Chapter 1 (portion on redox properties) and Article 1, we 

provided an extensive literature review on the redox properties of eumelanin [67, 233, 286]. We 

concluded that the redox activity of eumelanin is not well-established and strongly dependent on 

eumelanin source, electrolyte (chemical composition and pH) and electrochemical potential 

window considered [233].  

In Article 1, we investigated the redox properties of chemically controlled melanin based on the 

two main building blocks, 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid 

(DHICA), known as DHI- and DHICA-melanins. Melanins were drop cast on carbon paper by a 

solution-based process then polymerized through ammonia-induced solid-state polymerization 

[124]. Here comes the challenge of gaining insight on the degree of polymerization of our 

chemically controlled melanins. To tackle this, we adjusted the polymerization time to 72 hr where 

we get both the highest voltammetric current and overlapping (reproducible) cyclic voltammetry 

cycles. For the first time, we reported the redox activity-structure relationships of chemically 

controlled melanin in well controlled environments (buffered aqueous media at different pH (3, 5 

and 7)), revealing its electrochemical energy storge properties. We did not study melanin in alkaline 

media as they dissolve melanin starting by its deprotonation and change its chemical structure 

[265]. When we studied DHI-melanin (exclusively based on DHI building blocks), we focused on 

its structure more physically ordered with respect to DHICA-melanin because of the efficient c −

c stacked structure, expected to bring about favorable intra- and inter- molecular electron transport 

[261]. It was pertinent to consider synthetic DHI:DHICA-melanin to model the behavior of natural 

eumelanin, as natural melanin (sepia) is poorly soluble in most of organic solvents used in film 

processing. We found that DHI-melanin is a promising candidate for energy storage applications 

over DHICA- and DHI:DHICA melanins at different pH values. Mild acidic and neutral media 

gave the optimum energy storage performance, explained within the context of the 

comproportionation equilibrium, where, in presence of water, the reduced and oxidized states of 
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eumelanin comproportionate to give the intermediate redox state, i.e. the semiquinone state that 

includes the mobile charge carrier of eumelanin. 

We are aware that the electroactivity-structure relationships of eumelanin may require further 

investigations in terms of:  

1) Quinone-based proton-assisted electron transfer vs pure electron transfer (intramolecular 

and intermolecular) involving c clouds. Considering the high mobility of protons in 

aqueous electrolytes, further cyclic voltammetry studies on the biopigment at high sweep 

rates (ca 10-100 V s-1) are required to disentangle the two processes. 

2) The measurement of the values of the activation energies of intra- versus inter-molecular 

processes involving the c	orbitals, expected to be different, is limited in aqueous 

electrolytes (for the limited temperature window available). Quantum chemical calculations 

are deemed necessary. Such calculations should reveal the effect of the extension of c −

c	orbital overlap on electron transfer processes.  

3) Glancing angle X-ray diffraction patterns of chemically controlled melanin films could be 

correlated to the voltammetric and theoretical results. 

The fundamental understanding of the redox proprieties of chemically controlled eumelanin, 

showed in Article 1, guided us (in terms of the choice of the electrode material, loading, electrolyte 

and pH) to design solar light-assisted melanin based supercapacitors (shared first author work 

included in Appendix D) [67]. We showed that illuminating chemically controlled melanin 

electrodes with solar light enhances capacitance and capacity and lowers the charge transfer 

resistance, with respect to dark conditions. Under solar light illumination, symmetric 

supercapacitors based on chemically controlled melanin showed enhanced cycling stability and 

lower equivalent series resistance with respect to dark conditions. These results were tentatively 

explained within the context of electrochemical doping being in synergy with (paralleled by) 

photodoping. Other factors could explain the enhanced performance of melanin electrodes under 

solar light; they are still under investigation, e.g. by probing the redox states and the chemical 

bondings, in situ, under solar light exposure. Locating the Highest Occupied Molecular Orbital 

(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) levels of the biopigment could help 

in understanding the origin of the photogenerated charge carriers under illumination.  
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All in all, our eumelanin studies reported relatively low electrochemical energy storage 

performance (specific capacitance values up to 5.6 mF cm-2) likely due to the low electronic 

conductivity of eumelanin and high contact resistance at the eumelanin/current collector interface 

[63, 67, 286]. 

With the results we got from the aforementioned studies, we faced the following challenges: 

1- Using chemically controlled melanin is limiting in terms of loading as the synthesis is not easy 

and low in yield. Therefore, using chemically controlled melanin is not ideal for scaling up our 

electrodes.  

2-Chemically controlled melanin is not completely polymerized, bringing about partial solubility 

with cycling and consequent performance loss. It seems better to use natural melanin extracted 

from squid ink, despite its poor solubility in most of organic solvents. 

3- The relatively low specific capacitance of eumelanin is due to its low electronic conductivity 

and high contact resistance with carbon based current collectors, which in turn leads to limited 

cyclability.  

In Articles 2 and 3, we managed to use sepia melanin (natural melanin extracted from the squid 

ink) through stirring it overnight with dimethyl sulfoxide (DMSO) to form a homogeneous ink that 

can be drop-cast or deposited with a brush over carbon and treated carbon electrodes (vide infra). 

In Article 2, we designed a general platform to enhance the electrochemical energy storage 

properties of biosourced quinone-based molecular materials through optimizing the interface with 

carbon current collectors. We chemically treated carbon current collectors to introduce O, N, S and 

P surface doping that improves wettability to aqueous electrolytes, increases surface area and adds 

faradaic contribution to the typical electrostatic contribution of carbon. Comparing the 

electrochemical performance of quinone-based molecular materials (melanin and tannins) solution- 

deposited on treated carbon with those observed after mixing these materials with commercially 

available conductive additives (e.g. carbon black (super P) and r-GO) followed by deposition on 

carbon indicates that the modification of the carbon surface was the best approach, among the two 

explored, to achieve high performance supercapacitors. 
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Therefore, in this PhD work we developed a general way to design a high-performance sustainable 

supercapacitor electrode material based on biosourced and potentially biodegradable organic 

materials through a simple solution-based deposition on treated carbon electrodes. The 

aforementioned chemical treatment method can be further used and optimized with other carbon-

based electrodes (e.g.  carbon cloth and carbon felt). 

In Article 3, we demonstrated another approach to improve the electrochemical performance of 

sepia melanin through the use of N,S-doped graphitic carbon quantum dots (N,S GCQDs). We also 

investigated the effect of various undoped and doped carbon quantum dots other than N,S GCQDs, 

synthesized from acetic acid and sucrose instead of graphite, on the electrochemical performance 

of sepia melanin. We found that mixing sepia with N,S GCQDs brings the best electrochemical 

performance among the carbon quantum dots investigated and adding carbon quantum dots 

synthesized from sources other than conductive graphite was detrimental to the capacitive 

performance. The aforementioned results highlighted the importance of mixing organic biosourced 

quinones with electronic conducting materials to promote electron transfer from/to the quinone site 

during redox reactions and keep stable capacitance capability at high current density. The improved 

morphology and electrochemical performance of the novel 3D electrode material (sepia/N,S 

GCQDs) compared to sepia alone and other sepia/carbon quantum dot mixtures can be explained 

by the surface functional groups of GCQDs that enhance wettability and provide faradaic 

contributions as well as their electronic conductivity.  

The proof of concept of solar light-assisted electrochemical energy storage with quinone-based 

molecular materials is promising; it has been applied to biosourced quinones (e.g. quinone from 

henna plant, tetrakislawsone) for solar batteries [385, 386]. In our lab, we try to extend this concept 

to other photo- and redox-active materials (e.g. chlorophyll).  

The approaches developed in this PhD work pave the way towards high performance 

electrochemical energy storage based on biosourced redox- and photo-active materials. Despite the 

limitations we still have in the design of practical devices, we believe that our approaches can be 

realized in the future for commercial applications. 
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 CONCLUSIONS AND PERSPECTIVES 

In conclusion, this PhD thesis aimed at providing insights on the redox properties of eumelanin as 

a biosourced quinone-based material for its exploitation in solar light-assisted high performance 

electrochemical energy storage devices. The present work showed challenges related to working 

with biosourced chemically and physically disordered materials.   

Going through the key results collected during this PhD work, we conclude the following: 

1) Redox properties of chemically controlled melanins were studied in buffered aqueous 

media at different pH values (3, 5 and 7) being the electron transfer processes-proton 

assisted. 

2) Mild acidic and neutral aqueous media gave the optimum electrochemical energy storage 

performance owing to the increased density of semiquinones (the mobile charge carriers 

in eumelanin). 

3) DHI-melanin featured the optimum electrochemical energy storage performance with 

respect to DHICA and DHI:DHICA-melanin (the latter modelling the natural melanin) 

owing to the more efficient c electron delocalization. 

4) Solar light enhanced electrochemical energy storage in chemically controlled melanins. 40 

mins of solar light irradiation were sufficient to improve the capacitance, capacity, cycling 

stability of eumelanin electrodes and lower their charge transfer resistance. DHI-melanin 

symmetric supercapacitors featured a maximum power density increased by ca 56% (from 

3.8 to 5.9 W g−1) and a maximum energy density increased by 18% (from 44 to 52 mJ g−1) 

under solar light illumination with respect to dark conditions. 

Further investigations for the redox properties and the mechanism of light-assisted energy storage 

performance of eumelanin were suggested in detail in chapter 7, that could reveal more information 

about the nature of the electron transfer properties and photogenerated carriers in eumelanin. 

We could not ignore the following limitations while investigating the redox properties of 

chemically controlled eumelanin: the incomplete polymerization after the solid-state 

polymerization process that results in partial solubility with cycling and the relatively low 

electrochemical energy storage performance, both discussed in detail in Chapter 7.  
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Based on the aforementioned key results, it was deemed necessary to explore natural eumelanin. 

The research efforts with sepia were paralleled by efforts to optimize the sepia/carbon current 

collector interface.  

In Article 2, sepia melanin and members of the tannin quinone-based family (catechin/tannic acid) 

were solution-deposited on chemically treated carbon paper for high performance 1.6 V aqueous 

supercapacitors. Treated carbon electrodes featured high surface area as well as good electrolyte 

wettability. Further, the treatment caused the presence O, N, S, and P doping in turn responsible 

for faradaic activity at the carbon surface.  

5) Quinone-based molecular materials (e.g., sepia and tannins) on treated carbon electrodes 

showed significantly enhanced electrochemical performance and lower contact resistance 

compared to the same material on untreated carbon electrodes. Sepia melanin reached 452 

F g-1, 100% Coulombic efficiency and over 94% capacitance retention after 5 000 cycles. 

On the other hand, catechin/tannin acid, reached 300 F g-1, 100% Coulombic efficiency 

and about 100% capacitance retention. We obtained highest maximum power densities of 

46 kW kg-1 and 26 kW kg-1 with maximum energy densities of 20 W h kg-1 and 23 W h kg-

1 for sepia melanin or catechin/tannic acid, i.e. excellent performance for supercapacitors 

based on organic biosourced molecules. Electrochemical impedance spectroscopy results 

confirmed the improved charge transfer kinetics on treated carbon electrodes with respect 

to untreated carbon.  

We might be limited in the design of a practical supercapacitors. Therefore, we suggest the use of 

the pouch cell and/or Swagelok cell configuration that could show the validity of our approach for 

high performance practical supercapacitors.  

In Article 3, we exploited the possibility to improve the electrochemical performance of sepia 

melanin through mixing it with different carbon quantum dots (CQDs): N,S-doped graphitic CQDs, 

N-doped CQDs from acetic acid, undoped CQDs from acetic acid and undoped CQDs from 

sucrose). We observed the formation of 3D network electrode material from sepia and N,S GCQDs 

on carbon paper current collectors. N,S GCQDs were meant to improve the conductivity within 

sepia melanin but also to improve the electrolyte wettability of the electrodes and add faradaic 

contributions to their capacitance.  
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6) The sepia/N,S GCQD (8:2 w/w) system showed optimum areal capacitance (ca. 180 

mF/cm2), about 2 times higher than sepia alone (ca. 77 mF/cm2), with lower charge transfer 

resistance (1 ohm for sepia/N,S GCQDs compared to 10 ohms for sepia).  

It is worth noting that adding carbon quantum dots synthesized from sources other than conductive 

graphite, despite being surface functionalized, was detrimental to the capacitive performance. 

Sepia/N,S GCQD symmetric supercapacitor in 0.5 M Na2SO4 aqueous electrolyte featured 

promising capacitance retention ca. 92% after 10 000 cycles at 5 A g-1, 100% coulombic efficiency, 

11 μW h cm-2 and 102 mW cm-2 maximum energy and power densities. 

Other possibilities, such as the use of activated carbon with sepia/N,S GCQDs in asymmetric 

supercapacitor and/or the use of super concentrated salt solution (e.g., 21M Na2SO4) that could 

boost the operating potential window and in turn increase capacitance, energy and power density 

of the device, could be considered as a future perspective to improve further the performance of 

sepia/N,S GCQD s supercapacitor. 
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1- Cyclic Voltammetry (CV) of DHI-melanin in 0.25 M CH3COONa buffer solutions at different 

pHs and scan rate. 

 

 

Figure S1. 3rd CV cycle of DHI-melanin electrodes in 0.25 M CH3COONa buffer solutions of 

different pHs: (a) pH=3, (b) pH=5, (c) pH=7, (d), (e) and (f) are zoomed CV of low scan rates at 

pH=3, 5 and 7.  
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2- CV of DHI:DHICA-melanin in 0.25 M CH3COONa buffer solutions at different values of pH 

and scan rate. 

 

 

Figure S2. 3rd CV cycle of DHI:DHICA-melanin in 0.25 M CH3COONa buffer solutions of 

different pH values: (a) pH=3, (b) pH=5, (c) pH=7, (d), (e) and (f) are zoomed CV of low scan 

rates at pH=3, 5 and 7 respectively.  
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3- Galvanostatic charge and discharge (GCD) measurements in 0.25 M CH3COONa buffer solution 

pH 5.  

 

 

Figure S3. GCD curves of (a) DHI- and (b) DH:DHICA- melanins electrodes in three electrode 

configuration  at different current density in 0.25 M CH3COONa buffer solution pH 5. 
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4- Electrochemical Impedance Spectroscopy (EIS) measurements in 0.25 M CH3COONa buffer 

solution of different values of pH. 

 

 

Figure S4. The change of the charge transfer resistance (Rch) evaluated from the zoomed Nyquist 

plot in the frequency range 105−5 Hz  (Figures 1f and 2f ) with pH: (a) DHI- and (b) DH:DHICA- 

melanins electrodes. 
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1- Chemical composition of the surface of carbon paper and treated carbon paper by XPS. 

 

Figure S1. XPS survey spectra of (a) carbon paper (CP) and (d) treated carbon paper (TCP). 

Deconvoluted spectra: (b) C 1s, (c) O 1s, (e) N 1p, (f) S 2p and (g) P 2p of treated carbon paper. 
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2- Morphology of silver-stained carbon by SEM. 

 

Figure S2. SEM images in top view mode of silver-stained a) carbon paper and b) treated carbon 

paper. 
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3- Electrochemical characterization of carbon paper, treated carbon paper, sepia, sepia/SP and 

sepia/r-GO deposited on carbon paper and treated carbon paper in a 3-electrode cell setup, using 

0.5 M Na2SO4(aq). 

 

Figure S3. Electrochemical characterization of carbon paper (CP), treated carbon paper (TCP), 

sepia, sepia/SP and sepia/r-GO on carbon paper and treated carbon paper: (a), (b), (d) and (f) show 

cyclic voltammetry at 5 mV/s. (c), (e) and (g) are Nyquist plots in the frequency range 105−10−1 

Hz. Insets of (c), (e) show CV of sepia on untreated carbon. (h) and (i) are the areal capacitance 

and the charge transfer resistance (Rch) of different electrode materials evaluated from cyclic 

voltammetry at 5 mV/s and zoomed-in Nyquist plot, respectively. 
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4- Electrochemical characterization of carbon paper, treated carbon paper, catechin, catechin /r-

GO, catechin/tannic acid, and catechin/tannic acid /SP deposited on carbon paper and treated 

carbon paper in a 3-electrode cell setup, using 0.5 M Na2SO4(aq).  

 

Figure S4. Electrochemical characterization of untreated and treated carbon, catechin, catechin/r-

GO, catechin/tannic acid, and catechin/tannic acid/SP on carbon paper (CP) and treated carbon 
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paper (TCP): (a), (b), (c), (e), (g) and (i) are cyclic voltammetry at 5 mV/s. (d), (f), (h) and (j) are 

Nyquist plots in the frequency range 105−10−1 Hz. Insets of (d), (f), (h), and (j) are zoomed-in 

Nyquist plots. (k) and (l) are the areal capacitance and the charge transfer resistance of each 

electrode material evaluated from cyclic voltammetry at 5 mV/s and zoomed-in Nyquist plots. 
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5-Morphological characteristics of sepia/r-GO, sepia/SP, catechin/r-GO and catechin/tannic 

acid/SP on carbon paper. 

 

Figure S5. SEM images: a) sepia/r-GO, b) silver-stained catechin/r-GO, c) sepia/SP and d) silver-

stained catechin/tannic acid/SP (tilted samples). Inset figures are top views of the samples. 
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6- Electrochemical characterization of sepia/SP and sepia/r-GO composites with different weight 

ratios deposited on untreated carbon paper in a 3-electrode cell setup, 0.5 M Na2SO4(aq).  

 

Figure S6. Electrochemical characterization of sepia/SP and sepia/r-GO of different weight ratios 

on untreated carbon paper: (a) and (c) are cyclic voltammetries at 5 mV/s. (b) and (d) are Nyquist 

plots in the frequency range 105−10−1 Hz.  
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7- Electrochemical characterization of catechin/SP and catechin/r-GO composites with different 

weight ratios deposited on untreated carbon paper in a 3-electrode cell setup, using 0.5 M Na2SO4 

(aq).  

 

Figure S7. Electrochemical characterization of catechin/SP and catechin/r-GO of different weight 

ratios on untreated carbon paper: (a) and (c) cyclic voltammetry at 5 mV/s. (b) and (d) are Nyquist 

plots in the frequency range 105−10−1 Hz.  
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Table S1. State-of-the art organic biosourced and inorganic materials as electrode material for 

supercapacitors in the literature (see abbreviations below). 

Electrode Material Electrol

yte 

Performance Capacitance 

retention 

Ref 

Capacitance Charging 

Voltage 

Max. 

energy 

density 

Max. 

power 

density  

Quinone-based electrodes 

AQ/HP CNTs 1M 

H2SO4 

710 F.g-1 at 1 

A.g-1 

0.7V  NA NA 96.45% 

after 1 000 

cycles at 10 

A.g-1  

[281

] 

2,6 dibromo-AQ/ 

carbon electrode 

0.5M 

LiClO4/a

cetonitril

e mixture 

650 F.g-1 at 5 

mV.s-1 

3V  

 

45.5 W

h.kg-1 

 

21.4 k

W.kg-1 

 

85% after 

1 000 cycles 

[52] 

AQ on modified AC 

 

0.1M 

H2SO4 

 

195 F.g−1 1V  

 

NA NA 94% after  

10 000 

cycles at 10 

A.g-1  

[282

] 

Carbonization of 

benzoquinone-amine 

polymers  

1M 

H2SO4 

360 F.g-1 at 0.5 

A.g-1 

1.2V 18.2 

Wh.kg-

1 

300 

W.kg-1 

90% after 

100 000 

cycles at 20 

A.g-1 

[283

] 

Polydopamine-based electrodes  
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PDA- GO/poly(3,4-

ethylenedioxythio-

phene) (GO/PEDOT) 

hybrid 

0.1M 

LiClO4 

126 F.g-1 at 1 

A.g-1 

0.9V 

 

NA NA 75% after 

1 000 cycles 

[387

] 

PDA - AC  H2SO4/ 

hydroqui

none 

(HQ) 

 

557 F.g−1 

at 2 .g-1 

1V 19.36 

Wh.kg−

1 

 

1 kW.k

g−1 

 

98% after 

10 000 

cycles at 2 

A.g-1 

[375

] 

PDA ‐ rGO 

 

6M KOH  

 

200 F.g−1 at 1 

A.g−1 

 

1V NA NA 99% after 

10 000 

cycles at 2 

A.g-1 

[388

] 

rGO/PDA-carbon 

cloth 

1M 
H2SO4 

1209 mF.cm-2 at 

1 mA.cm−2  

0.80V NA NA NA [389

] 

PDA on oxygen-

functionalized 

carbon cloth 

 

 

 

 

 

 

PVA)-in-

H2SO4 

 

617 mF cm−2 at 

2.2 mA cm−2 

 

1.2V 11.7 

Wh 

kg−1 

 

6.4 kW 

kg−1  

 

81% after 

10 000 

cycles  

[390

] 

N-doped carbon electrodes 
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N-doped CF KOH 

(6M) - 

pH > 14 

236 F.g-1 at 

 0.2 A.g-1, 

 1045 F.g-1 at  

1 mV.s-1 

1V NA NA > 98% after 

10 000 

cycles at 20 

A.g-1, 84% 

after 

 5 000 

cycles at 

100 mV.s-1 

[391

] 

N-doped CA 0.5M 

H2SO4  

426 F.g-1 at 1 

A.g-1 

1.6V 

 

NA NA 104% after 

10 000 

cycles 

[392

] 

HP N-doped carbon 

via hydrothermal 

treatment and 

activation of lignin 

6M KOH 

and EMI-

BF for 

cycling 

310 F.g-1 in 

aqueous media, 

140 F.g-1 in  

I L at 1 A.g-1 

1 V in 

aqueous 

media, 

3V in IL 

NA NA 98 % after  

20 000 

cycles 

[393

] 

N-doped porous 

carbon from 

cellulose with urea 

treatment  

1M 

H2SO4  

160 F.g-1 at 1 

A.g-1, 340 F.g-1 

at 5 mV.s-1 

0.8V NA NA 107 % after 

 5 000 

cycles 

[394

] 

N-doped porous 

carbon from potato 

residue waste 

2M KOH 255 F.g-1 at 0.5 

A.g-1 

1V NA NA 94 % after  

5 000 cycles 

[395

] 

N-doped porous 

carbon from 

cellulose via 

1M 

H2SO4  

389 F.g-1 at 5 

mV.s-1, 225 F.g-1 

at 0.5 A.g-1 

0.8V NA NA >90 % after 

 5 000 

cycles 

[396

] 
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dissolving-gelling 

process 

N-doped porous 

carbon from chitosan  

6M KOH 

and 

KOH/PV

A 

hydrogel 

292 F.g-1 at 2 

mV.s-1 for 

aqueous media, 

192 F.g-1 at 2 

mV.s-1 for solid 

state 

1V in 

aqueous 

media  

NA NA 92 % after  

10 000 

cycles for 

the hydrogel 

device 

[397

] 

N, O co-doped 

carbon nanofoam 

 

6M KOH 

 

367 F.g−1 at 

0.5 A g−1  

 

1V 24.6 W

h.kg−1  

 

400 W.

kg−1 

 

96.2 % after 

10 000 

cycles at 10 

A.g-1 

[398

] 

Electrode through carbonization of organic precursor 

Pyrolysis of corn 

husk 

6M KOH 

and 1M 

Na2SO4  

356 F.g-1 at 1 

A.g-1  

1V NA NA 95 % after  

2 500 cycles 

[306

] 

Carbonized and 

freeze-dried bagasse 

aerogel 

PVA/KO

H gel 

electrolyt

e 

142 F.g-1 at 0.5 

A.g-1 

1V NA NA 94 % after  

5 000 cycles 

[399

] 

Carbonized 

Cellulose 

nanofibril/GO 

composite aerogels 

 

1M 

H2SO4 

398 F.g-1 at 0.5 

A.g-1 

 

0.9V NA NA 99.86% 

after 10 000 

cycles 

 

[400

] 
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Carbon spheres from 

hemp stem 

hemicellulose 

carbonization 

6M KOH  318 F.g-1 at 0.1 

A.g-1 

1V NA NA 96 % after  

10 000 

cycles 

[401

] 

Carbonized cellulose 5M KCL  115 F.g-1 at 5 

mV.s-1 and 1 

A.g-1 

0.8V NA NA 87 % after  

3 000 cycles 

[402

] 

Carbonized egg yolk 1M 

H2SO4 

288 F.g-1 at 30 

A.g-1 

1V 1.2 

Wh.kg-

1 

6 

kW.kg-

1 

94.5% after  

10 000 

cycles at 30 

A.g-1 

[403

] 

Carbonization of 

chitosan-amino acid 

gel 

6M KOH 

or 1M 

Na2SO4 

478 F.g-1 at 0.5 

A.g-1 

1V for 

KOH, 

2V for 

Na2SO4 

30 

Wh.kg-

1 

225 

W.kg-1 

100% after 

100 000 

cycles 

[404

] 

Melanin-based electrodes 

Sigma melanin/CP 0.25 M 

NH4CH3

COO 

5.6 mF.cm-2 at 5 

mV.s-1 

0.8V 0.6 

mJ.cm-2 

20 

mW.cm
-1 

75 % after  

1 000 cycles  

[63] 

Synthetic 

melanin/CP 

0.25 M 

Na 

CH3CO

O 

5.6 mF.cm-2 at 5 

mV.s-1 

0.4V 52 

mJ.g–1 

 

 5.9 

W.g–1 

 

96% after  

5 000 cycles 

[67, 

286] 

Tannin-based electrodes 
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TA and Fe3+ on 

fiber- glass  

1M LiCl 

and 

LiCl/PV

A 

hydrogel 

423 mF.cm-2 at 1 

mA.cm-2 for 

electrode, 70 

mF.cm-2 at 0.5 

mA.cm-2 for 

hydrogel 

2.4V NA NA >81 % for 

electrode 

and >88% 

for hydrogel 

after 5 000 

cycles 

[405

] 

O-doped HP carbons 

from gallic acid  

1M 

H2SO4  

277 F.g-1 at 0.5 

mV.s-1, 196 F.g-1 

at 0.1 A.g-1 

0.8V NA NA 80 % after  

5 000 cycles  

[406

] 

calcinated TA 

derived carbon 

H2SO4/P

VA 

hydrogel 

315 mF.cm-2 at 1 

mA.cm-2 

0.8V NA NA 93 % after 

10 000 

cycles 

[407

] 

TA - graphene 

hydrogel 

H2SO4/P

VA 

hydrogel 

533 F.g-1 at 0.5 

A.g-1 

1V NA NA 84 % after  

8 000 cycles 

[408

] 

PANI/TA/rGO H2SO4/P

VA 

hydrogel 

269 F.g-1 at 10 

mV.s-1  

1.6V NA NA 80 % after 

200 cycles 

[409

] 

Mimosa tannin 

mechanosynthesis 

and pyrolysis 

1M 

H2SO4 

40 F.g-1 at 5 

mV.s-1, 37 F.g-1 

at 0.2 A.g-1 

1V NA NA >94% after  

10 000 

cycles 

[410

] 

Bark 

tannins/polypyrrole 

composite on gold or 

carbonized wood 

0.1M 

HClO4 

370 F.g-1 at 0.5 

A/g for gold, 4,6 

F/cm-2 at 0.5 

mA.cm-2 for 

0.6V NA NA NA [64] 
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carbonized 

wood 

Lignin-based electrodes 

Al/AC/lignin-MnO2 PVA/H3

PO4 

170 F.g-1 at 10 

mV.s-1 

1V NA NA 97.5 % after  

2 000 cycles 

[411

] 

Al/lignin–NiWO4 PVA/H3

PO4 

17 mF.cm-2 at 

0.1 A.g-1 

1V NA NA 84 % after  

2 000 cycles 

[412

] 

Pre-crossed-linked 

lignin gel 

6M KOH  90 F.g-1 at [1-10] 

mV.s-1 (not 

specified) 

1.2V NA NA NA [65] 

lignin-derived HP 

carbon 

1M 

H2SO4 

165 F.g-1 at 

1mV.s-1, 165 

F.g-1 at 0.05 A.g-

1 

1.3V NA NA > 97 % after  

5 000 cycles 

[413

] 

Lignin in graphene 

cage on gold 

0.1M 

HClO4  

211 F.g-1 at 1 

A.g-1 

0.8V NA NA 88% after  

15 000 

cycles 

[414

] 

Inorganic and metal-based electrodes 

MoS2/graphene 

oxide/meso-MnO2 

nanocomposite 

1M 

H2SO4 

980 F.g-1 at 1 

mV.s-1, 980 F.g-1 

at 0.5 A.g-1 

0.3V NA NA > 85% after  

5 000 cycles 

[415

] 

Mn3O4 

nanoflakes/rGO 

composite 

1M 

Na2SO4 

351 F.g-1 at 0.5 

A.g-1 

1V NA NA 80 % after  

10 000 

cycles 

[416

] 
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CoNi2S4/graphene 

nanocomposite 

3M KOH 2000 F.g-1 at 1 

A.g-1 

0.5V NA NA 75% after 2 

000 cycles 

[417

] 

Ni–Co layered 

double 

hydroxide/PANI/BC 

2M KOH  1 600 F.g-1 at 1 

A.g-1 

1.6V 

 

NA NA 84 % after  

5 000 cycles 

[418

] 

NiCo2S4/Carbon and 

PC from cellulose 

2M KOH 1500 F.g-1 at 0.5 

A.g-1 for 

NiCo2S4, 376 

F.g-1 at 1 A.g-1 

for PC, 154 F/g 

at 1 A.g-1 for the 

device 

0.6V for 

NiCo2S4, 

1V for 

PC, up to 

0-1.6V 

for the 

device 

NA NA 97 % after  

10 000 c for 

the device 

[419

] 

Other electrodes 

Juglone/PPy/CF 1M 

H2SO4 

1.7 mF.cm−1 at 5 

mV.s−1 

 

0.8V NA NA 95% after  

1 000 cycles 

[420

] 

Pyrene-4,5 

dione/carbon 

onions 

1M 

H2SO4 

264 F.g-1 at 5 

mV.s-1 

0.8V 4.5 Wh.

kg-1 

 

NA 97% after  

10 000 

cycles at 1.3 

A.g-1 

[421

] 

Emodin (6-methyl-

1,3,8 trihydroxy-

AQ)/PPy/CF 

0.5M 

H2SO4 

9.5 mF.cm-1 at 5 

mV.s−1 

1.1V 1 

mWh.c

m−3 

 

579 

mW.cm
−3 

 

83% after 

 2 000 

cycles 

[422

] 
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1-amino-AQ on 

Ti3C2Tx MXene 

 

3M 

H2SO4 

300 F.g-1 at 5 

mV.s-1 

 

0.8V 

 

NA NA NA [423

] 

3,4,9,10-

perylenetetracarboxy

lic acid/rGO 

 

1M 

H2SO4 

422.7 F.g–1 at 10 

mV.s–1 

 

1.1V 

 

14 

Wh.kg–

1  

 

520 

W.kg–1 

 

82% after  

3 000 cycles 

at 3 A.g–1  

[424

] 

AC from Kelp sodium 

alginate 

gel 

 

227 F.g-1 at 0.1 

A.g-1 

 

1V  8 

Wh.kg-

1 

 

25 

W.kg-1 

 

98.5% after  

10 000 

cycles at 5 

A.g-1 

 

[425

] 

MnO2/carbon cloth  0.1 M 

Na2SO4 

 684 F.g−1 at 

2 A.g−1  

 

0.8V  46.5 W

h.kg−1 

 

45.5 k

W.kg−1 

 

94 % after  

1 000 cycles  

 

[426

] 

CNT/BC [EMIM][

NTf2]  

47 F.g-1 at 100 

mV.s-1 

3V  

 

NA NA > 99.5% 

after 5 000 

cycles at 10 

A.g-1 

[427

] 

BC/PANI 1M 

H2SO4  

273 F.g-1 at 0.2 

A.g-1 

1V NA NA 94% after  

1 000 cycles 

[428

] 

Hierarchical 

mesoporous yolk–

shell structured 

carbon nanospheres  

1M KOH  159 F.g-1 at 10 

mV.s-1 

1.4V NA NA NA [429

] 
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PANI/cellulose films 1M 

H2SO4  

160 F.g-1 at 0.1 

A.g-1 

1V NA NA 81 % after  

1 000 cycles 

[430

] 

This work 

Sepia on TCP 

 

0.5 M 

Na2SO4 

1355 mF.cm-2 ~ 

452 F.g-1 at 5 

mV.s-1 

1.6V 20 

Wh.kg-

1 

46 

kW.kg-

1 

94% after  

5 000 cycles 

at 10 A.g-1 

 

Ctn/TA on TCP 

 

0.5 M 

Na2SO4 

898 mF.cm-2 ~ 

300 F.g-1 at 5 

mV.s-1  

1.6V 23 

Wh.kg-

1 

26 

kW.kg-

1 

100% after 

 5 000 

cycles at 10 

A.g-1 

 

Abbreviations: Q: quinone, AQ: anthraquinone, HQ: hydroquinone, AC: activated carbon, CNTs: 

carbon nanotubes, CP: carbon paper, CF: carbon fiber, HP: hierarchical porous, PC: porous carbon, 

CA: carbon aerogel, GO: graphene oxide, rGO: reduced GO, PDA: polydopamine, PPy: 

polypyrrole, BC: bacterial nanocellulose, TA: tannic acid, IL: ionic liquid, TCP: treated carbon 

paper. 
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Table S2. Summary of BET results indicating the structural properties of untreated carbon paper 

(CP) and treated carbon paper (TCP).  

Sample SBET 

(m2/g) 

Smicro 

(m2/g) 

Smicro/SBET Vtotal 

(cm3/g) 

Vmicro 

(cm3/g) 

Vmicro/Vtotal D 

(nm) 

CP 0.37 0.12 0.32 5 × 10)* 6 × 10)` 0.12 159 

TCP 43.04 38.05 0.88 5 × 10), 2 × 10)* 0.04 5.1 

SBET: BET surface area; SMicro: micropore surface area; Vmicro: micropore volume; Vtotal: total pore 

volume; D: average pore diameter.  

 

Table S3. Identification of chemical bonding from high resolution XPS scans for carbon paper and 

treated carbon paper. 

Group 

Name 

Binding energy 

(eV) 

Identification Atomic % 

CP TCP 

P - 2p 131.60 P-C -- 0.5 

133.30 P-N -- 0.2 

S - 2p 168.22 C-SOx-C -- 1 

C - 1s 285.10 element total 94.6 79.8 

284.30 C=C 78.6 31.8 

284.80 C-C 10.2 29.5 

286.10 C-O 0.7 5.5 

287.80 C=O 1.2 1.9 
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289.00 O-C=O 0.8 5.1 

 291.00 π→π* C=C 3.7 3.9 

N - 1s 400.70 element total -- 8.3 

399.90 N-(C-O)-N -- 3.2 

401.90 N-C -- 1.2 

406.40 planar NO2 -- 0.5 

O - 1s 533.10 element total 5.1 10.3 

531.80 -OH -- 
 

533.30 COOH 1.8 7.7 

534.60 water peak 0.3 -- 
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1-Morphology of N CQDs, sucrose CQDs, sepia/N CQDs, sepia/CQDs and sepia/sucrose CQDs: 

 

Figure S1. TEM images of (a) N CQDs and (b) sucrose CQD liquid dispersions. Tilted SEM 

images of (c) sepia/N CQDs, (d) sepia/CQDs and (e) sepia/sucrose CQDs on carbon paper current 

collector. Inset figures 1c), 1d) and 1e) are contact angle measurement for sepia/N CQD, 

sepia/CQD and sepia/sucrose CQD, respectively. 
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2- Chemical composition of sepia, sepia/N,S GCQDs, sepia/CQDs, sepia/N CQDs and 

sepia/sucrose CQDs by XPS. 

 

 

Figure S2. XPS survey spectra of sepia, sepia/N,S GCQDs, sepia/CQDs, sepia/N CQDs and 

sepia/sucrose CQDs. 
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Figure S3. XPS deconvoluted spectra: (a) C 1s, (b) N 1s, (c) O 1s, and (d) S 2p of sepia/N,S 

GCQDs. 
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3- Electrochemical characterization of sepia and sepia/N,S GCQD electrode material of different 

weight ratio. 

 

Figure S4. CV in 0.5 M Na2SO4(aq) at different scan rates of (a) sepia melanin, (b) sepia/N,S 

GCQDs (8:2 w/w), (c) sepia/N,S GCQDs (7:3 w/w) and  (d) sepia/N,S GCQDs (6:4 w/w). (e) Areal 

capacitance with scan rate for the aforementioned electrode materials obtained from cyclic 

voltammetry at different scan rates. (f) Nyquist plot in the frequency range 105 Hz-10-1 Hz. Inset 

figure is enlarged Nyquist plot. 

 

 

 

 

 

 

 

-1.2 -0.8 -0.4 0.0 0.4 0.8

-6

-4

-2

0

2

4

6

-1.2 -0.8 -0.4 0.0 0.4 0.8
-15

-10

-5

0

5

10

-1.2 -0.8 -0.4 0.0 0.4 0.8

-8
-6
-4
-2
0
2
4
6

-1.2 -0.8 -0.4 0.0 0.4 0.8

-8
-6
-4
-2
0
2
4
6
8

0 20 40 60 80 100 120

60

80

100

120

140

160

0 20 40 60 80 100 120 140 160
0

20
40
60
80

100
120
140
160

 100 mV/s
 50 mV/s
 20 mV/s
 10 mV/s
 5 mV/s

a

C
ur

re
nt

 (m
A

)

Potential vs Ag/AgCl (V)

 100 mV/s
 50 mV/s
 20 mV/s
 10 mV/s
 5 mV/s

b

Potential vs Ag/AgCl (V)

C
ur

re
nt

 (m
A

)

C
ur

re
nt

 (m
A

)

Potential vs Ag/AgCl (V)

 100 mV/s
 50 mV/s
 20 mV/s
 10 mV/s
 5 mV/s

c

C
ur

re
nt

 (m
A

)

Potential vs Ag/AgCl (V)

 100 mV/s
 50 mV/s
 20 mV/s
 10 mV/s
 5 mV/s

d

Sp
ec

ifi
c 

ca
pa

ci
ta

nc
e 

(m
F/

cm
2 )

Scan rate (mV/s)

 Sepia melanin
 Sepia/N,S GCQDs (8:2)
 Sepia/N,S GCQDs (7:3)
 Sepia/N,S GCQDs (6:4)

e

6 8 10 12 14 16 18 20
0

4

8

12

16

20

-I
m

(Z
) (

O
hm

)
Re(Z) (Ohm)

 Sepia/N,S GCQDs (8:2)
 Sepia/N,S GCQDs (7:3)
 Sepia/N,S GCQDs (6:4)

f



175 

 

4- Electrochemical characterization of sepia and sepia/CQDs, sepia/N CQDs and sepia/sucrose 

CQD electrode materials. 

 

Figure S5. (a) CV in 0.5 M Na2SO4(aq) at scan rate of 5 mV/s. CV at different scan rate of (b) 

sepia/CQDs (8:2 w/w), (c) sepia/N CQDs (8:2 w/w) and (d) sepia/sucrose CQDs (8:2 w/w). (e) 

Areal capacitance with scan rate for the aforementioned electrode materials obtained from cyclic 

voltammetry at different scan rates. (f) Nyquist plot in the frequency range 105 Hz-10-1 Hz. Inset 

figure is enlarged Nyquist plot. 
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5- Electrochemical characterization of symmetric supercapacitor based on sepia/N,S GCQDs (8:2 

W/W) in 0.5 M Na2SO4(aq) 

 

Figure S6. (a) CV curves at scan rate of 20 mV/s, as a function of voltage window. (b) Areal 

capacitance obtained from cyclic voltammetry at different scan rates. (c) Nyquist plot in the 

frequency range 105 Hz-10-1 Hz. Inset figure is enlarged Nyquist plot. 
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Table S1. Comparison of this work with the state-of-the-art in literature  

 

 

 

 

 

 

 

 

 

 

 

Ref Synthesis  Modified material Electrolyte  Specific capacitance 
increase 

[364] Sol-gel with 
impregnation 

RuO2  1M H2SO4 2-fold at 50 A/g 

[363] Electrodepositi
on 

Polyaniline 
(PANI) 

1M H2SO4 1.7-fold at 2 A/g 

[269] Insitu 
polymerization Graphene oxide/ 

Polypyrrole (PPy) 

 

1M LiCl 1.2-fold at 0.5 A/g 

[361] Insitu 
polymerization 

PPy 
PANI 

1M NaCl 2.8-fold at 1A/g for PPY 
2.4-fold at 1A/g for PANI 
 

[366] Sonochemistry  MnO2 1M 
Na2SO4 

1.5-fold at 0.5 A/g 

[362] Hydrothermal  Graphene 
hydrogel 

1M H2SO4 1.6-fold at 1 A/g 

[431] Solvothermal Fe3O4 1 M 
Na2SO3  
 

1.3-fold at 1 A/g 

[432] Hydrothermal Bi2O3 3M KOH 
 

1.1-fold at 0.5 A/g 

This 
work 

Solution mixing  Sepia melanin 
(biosourced 
organic material) 

0.5 M 
Na2SO4 

2.3-fold at 5 mV/s 
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Table S2. Identification and quantification of elements from XPS survey scans. 

Name: Name of element and atomic orbital used for quantification. BE: Binding energy of 

corresponding atomic orbital. At. %: Relative atomic %.  

 

 

 

 

 

 

 

 

 

 

 

Name BE (eV) 

At. % 

sepia 

melanin  

sepia/N,S 

GCQDs  

sepia/ 

CQDs  

sepia/N 

CQDs  

sepia/sucrose-

CQDs  

S 2p 168.12 0.74 0.71 0.00 0.41 0.46 

C 1s 286.19 69.58 75.75 60.94 75.72 76.04 

N 1s 401.19 5.55 3.08 6.29 6.68 4.57 

O 1s 533.19 24.13 18.65 30.43 15.9 18.49 
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