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„Do not go where the path may lead,  

go instead where there is no path  

and leave a trail” 

~ Ralph Waldo Emerson 
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Abstract 

 

The shift toward renewable energy necessitates efficient and sustainable energy 

storage solutions. Electrochemical capacitors (ECs) provide high power density and fast 

charging/discharging rates, hence, they could be considered for the periodic energy 

accumulation from sun, or wind. Nevertheless, the low energy density and environmental 

concerns limit ECs widespread applications. This PhD thesis addresses key challenges 

of aqueous ECs: narrow operating voltage, low specific capacitance, short lifespan, and 

safety through the modification of neutral salt electrolytes and the tailoring of the carbon 

electrode’s texture/structure, considering the environmental friendliness. 

The chapter 1 relates to the motivation and objectives of the thesis. The chapters 

(2-5) provide an in-depth overview of EC fundamentals, including charge storage 

mechanisms (electrical double layer and pseudocapacitance), as well as a detailed 

discussion on electrolytes (aqueous, non-aqueous, and solid-like). Furthermore, various 

carbon-based electrode materials are specified, with particular emphasis on adjusting 

porosity, surface chemistry, and structural disorder through activation and templating. 

Advanced physicochemical and electrochemical characterization techniques, with main 

importance to the thesis, are also discussed. 

The experimental part of the thesis is organized into five respective chapters 

composed of four peer-reviewed articles (6-9) and one manuscript (10). EC performance 

depends on both electrolyte and electrodes, with persistent bottlenecks. Electrolyte 

issues such as low voltage, corrosive properties, short lifespan and safety remain critical, 

leading to further investigation of these limitations in this thesis. Chapter 6 describes the 

development of a neutral salt aqueous electrolyte modified with a hydrogen bond donor 

additive. The improvement in EC lifespan (> 350 floating hours) and anti-corrosive 

characteristics of stainless-steel current collectors (ten-fold decrease of corrosion 

current) was demonstrated after 2M urea additive to 1M Li2SO4. Chapter 7 presents 

novel aqueous electrolytes composed of different pH buffer solutions combined with 

redox-active iodide species. It was shown that extended ECs operating voltage range 

(1.5 V), enhanced capacitance (149 F g-1), and sustained long-term stability (310 floating 

hours) are due to the acetate buffer-controlled pH stabilization and pseudocapacitance 
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from iodine/iodide redox pair. Chapter 8 reveals a sustainable approach utilizing waste-

derived lignosulfonate (LS) for the preparation of gel electrolytes and tailored carbon 

electrodes. Importantly, LS gel acted as both electrolyte and separator, preventing 

leakage, thus improving the EC safety. The LS-based EC achieved a stable operating 

voltage (1.6 V), reduced self-discharge (loss of ~30% of the initial voltage), and long 

lifespan (170 floating hours). This strategy of LS utilization could reduce CO2 emissions 

by 32-49%, highlighting its strong capability for more sustainable ECs. 

Limitations of EC performance also arise from the texture/structure of carbon electrodes 

(e.g., low specific surface area and electric conductivity). Moreover, the impact of other 

features, e.g., structural disorder, active sites and surface functional groups is not clearly 

identified. In this thesis, strategies such as salt templating and heteroatom 

functionalization were explored, providing the insights into the effect of 

texture/structure/surface chemistry on EC performance. Chapter 9 demonstrates a 

systematic study of salt templated carbons synthesized using mixtures of alkali metal 

salts. The fundamental relationships between the structure, porosity, surface chemistry 

of salt templated carbon electrodes and EC capacitance, retention, lifespan were 

investigated. Notably, it was revealed that carbons with increased disorder (high ID1/IG 

Raman ratio and active surface area), high porosity, are likely to display enhanced 

capacitance, but shorter lifespan. Chapter 10 introduces an original study on synthesis 

and detailed physicochemical/electrochemical characterization of nitrogen-doped 

carbon quantum dots (N-CQDs). They were prepared by hydrothermal carbonization of 

citric acid and various amines. The N-CQDs exhibited particle size of ~6 nm, blue 

fluorescence under UV light and significant functional groups. It was found that the 

surface chemistry (O-, N-groups), quantum effects (nanoscale size/modification of 

electron density), and electrolyte ionic conductivity are at the origin of the improvement 

of the capacitance (146 F g-1) and lifespan (200 floating hours). 

The obtained results summarized in chapters 11-13 highlight that design, 

modification, and deeper understanding of the aqueous electrolytes and porous carbon 

electrodes lead to the substantial improvement in EC performance, operating voltage 

window, in turn energy density and lifespan. It is especially important for advancing the 

sustainable and safer electrochemical capacitors but also other energy storage devices. 
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Streszczenie 

 

Przejście na odnawialne źródła energii wymaga wydajnych i zrównoważonych 

rozwiązań w zakresie magazynowania energii. Kondensatory elektrochemiczne (ang. 

electrochemical capacitors - ECs) charakteryzują się wysoką gęstością mocy oraz 

szybkim ładowaniem/wyładowaniem, dzięki czemu można je rozważać jako rozwiązanie 

do okresowego gromadzenia energii słonecznej i wiatrowej. Niemniej jednak niska 

gęstość energii oraz obawy dotyczące negatywnego wpływu na środowisko ograniczają 

szerokie zastosowanie ECs. Niniejsza praca doktorska dotyczy kluczowych wyzwań 

związanych z ECs na bazie wodnych elektrolitów: wąskim zakresem napięcia, niską 

pojemnością właściwą oraz krótką żywotnością poprzez modyfikację elektrolitów na 

bazie neutralnych soli oraz kontrolę tekstury/struktury elektrod węglowych, z 

uwzględnieniem aspektów ekologicznych. 

Rozdział 1 dotyczy motywacji i celów pracy doktorskiej. W rozdziałach 2-5 

przedstawiono dogłębny przegląd podstawowych zagadnień dotyczących ECs, w tym 

mechanizmów magazynowania ładunku (podwójna warstwa elektryczna i 

pseudopojemność), a także szczegółowe omówienie elektrolitów (wodnych, niewodnych 

i stałych). Ponadto przeanalizowano różne materiały elektrodowe na bazie węgla, ze 

szczególnym uwzględnieniem kontroli porowatości, powierzchniowych grup funkcyjnych 

oraz nieuporządkowania strukturalnego poprzez aktywację lub użycie matryc. 

Omówiono również zaawansowane metody charakteryzacji fizykochemicznej i 

elektrochemicznej, które mają kluczowe znaczenie dla niniejszej pracy. 

Część eksperymentalna pracy podzielona jest na pięć rozdziałów, obejmujących 

cztery recenzowane artykuły (6-9) oraz jeden manuskrypt (10). Działanie ECs zależy 

zarówno od elektrolitu, jak i od elektrod, przy czym w obu przypadkach występują pewne 

ograniczenia. Problemy związane z elektrolitem, takie jak niskie napięcie, właściwości 

korozyjne, krótka żywotność i bezpieczeństwo, pozostają kwestiami kluczowymi, co jest 

tematem niniejszej pracy doktorskiej. W rozdziale 6 opisano opracowanie wodnego 

elektrolitu na bazie neutralnej soli, zmodyfikowanego dodatkiem donora wiązań 

wodorowych. Wykazano poprawę stabilności ECs (> 350 godzin stałonapięciowej 

polaryzacji) oraz właściwości antykorozyjnych w stosunku do kolektorów prądowych ze 
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stali nierdzewnej (dziesięciokrotny spadek prądu korozji) po dodaniu 2M mocznika do 

1M Li2SO4. Rozdział 7 przedstawia badania dotyczące nowatorskich roztworów 

buforowych o różnym pH w połączeniu z jonami jodkowymi wykazującymi aktywność 

redoks. Udowodniono, że rozszerzony zakres stabilnego napięcia ECs (1.5 V), 

zwiększona pojemność (149 F g-1) oraz długa żywotność (310 godzin stałonapięciowej 

polaryzacji) wynikają ze stabilizacji pH przez bufor octanowy oraz pseudopojemności 

pary redoks jod/jodek. Rozdział 8 dotyczy zrównoważonego podejścia wykorzystującego 

lignosulfonian (LS) pochodzący z odpadów drzewnych do przygotowania elektrolitów 

żelowych oraz elektrod węglowych otrzymanych metodą matrycy solnej. Co istotne, LS 

żel pełnił rolę zarówno elektrolitu, jak i separatora, zapobiegając wyciekom, a tym samym 

zwiększając bezpieczeństwo EC. LS-EC osiągnął stabilne napięcie (1.6 V), zmniejszone 

samowyładowanie (utrata ~30% napięcia początkowego) oraz długą żywotność (170 

godzin stałonapięciowej polaryzacji). Zaproponowana strategia efektywnego 

wykorzystania LS jako komponentów EC zmniejszyła emisję CO2 o 32-49%, 

podkreślając duże perspektywy w zakresie rozwoju zrównoważonych ECs. 

Ograniczenie wydajności ECs wynika również z tekstury/struktury elektrod 

węglowych (np. małej powierzchni właściwej i przewodnictwa elektrycznego). Ponadto 

nie określono jednoznacznie wpływu innych cech, takich jak nieuporządkowanie 

strukturalne, centra aktywne czy obecności grup funkcyjnych. W niniejszej pracy 

zbadano takie strategie jak użycie matryc solnych i domieszkowanie heteroatomami, co 

pozwoliło ocenić wpływ właściwości teksturalno-strukturalnych oraz obecności grup 

funkcyjnych na działanie ECs. Rozdział 9 przedstawia badania nad węglami 

zsyntezowanymi przy użyciu matrycy solnej, wykorzystując mieszaniny soli metali 

alkalicznych. Zbadano podstawowe zależności między strukturą, porowatością oraz 

powierzchniowymi grupami funkcyjnymi węgli a pojemnością, retencją i żywotnością 

ECs. Wykazano, że węgle o zwiększonym stopniu nieuporządkowania (wysoka wartość 

ID1/IG i duża powierzchnia aktywna) oraz rozwiniętej porowatości wykazują zwiększoną 

pojemność, ale krótszą żywotność. Rozdział 10 przedstawia oryginalne badania 

dotyczące syntezy i szczegółowej charakterystyki fizykochemicznej/elektrochemicznej 

węglowych kropek kwantowych domieszkowanych azotem (ang. nitrogen doped carbon 

quantum dots - N-CQDs) przy użyciu hydrotermalnej karbonizacji kwasu cytrynowego 

oraz wybranych amin. N-CQDs wykazywały wielkość cząstek ~ 6 nm, niebieską 

fluorescencję pod wpływem światła UV i znaczącą ilość grup funkcyjnych. Stwierdzono, 

że powierzchniowe grupy funkcyjne (O-, N-), efekty kwantowe (wielkość w 

nanoskali/modyfikacja gęstości elektronowej) oraz przewodnictwo jonowe elektrolitu 
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spowodowały poprawę pojemności (146 F g-1) i żywotności (200 godzin stałonapięciowej 

polaryzacji) ECs.   

Wyniki przedstawione w rozdziałach 11-13 wskazują, że projektowanie, 

modyfikacja oraz głębsze zrozumienie elektrolitów wodnych i porowatych elektrod 

węglowych prowadzą do znacznej poprawy parametrów ECs, w tym gęstości energii, 

napięcia i żywotności. Ma to szczególne znaczenie dla rozwoju zrównoważonych i 

bezpieczniejszych kondensatorów elektrochemicznych, a także innych urządzeń do 

magazynowania energii. 
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Résumé 

 

La transition vers les énergies renouvelables requière des solutions de stockage 

d'énergie efficaces et durables. Les condensateurs électrochimiques (CE) offrent une 

densité de puissance élevée et des vitesses de charge/décharge rapides, ce qui leur 

permet d’être envisagés pour l'accumulation périodique d'énergie solaire ou éolienne. 

Néanmoins, leur faible densité d’énergie et les préoccupations environnementales 

limitent leurs applications à grande échelle. Cette thèse de doctorat aborde les 

principaux défis liés aux CE aqueux, que sont leur plage de tension de fonctionnement 

étroite, leur faible capacité spécifique et leur durée de vie courte. Ceci est réalisé grâce 

à la modification des électrolytes aqueux à base de sels neutres et à l'adaptation de la 

texture/structure des électrodes en carbone, tout en tenant compte du respect de 

l'environnement. 

Le chapitre 1 traite de la motivation et des objectifs de la dissertation. Les 

chapitres 2 à 5 offrent un aperçu approfondi des principes fondamentaux concernant les 

condensateurs électrochimiques, notamment de leurs mécanismes de stockage de 

charge (double couche électrique et pseudocapacité), ainsi qu'une présentation détaillée 

des électrolytes (aqueux, non aqueux et de type solide). En outre, divers matériaux 

d'électrodes à base de carbone sont examinés, en mettant particulièrement l'accent sur 

le contrôle de la porosité, de la chimie de surface et du désordre structural par le biais 

de méthodes d’activation et de templating. Les méthodes avancées de caractérisation 

physico-chimique et électrochimique, revêtant une importance majeure pour la thèse, 

sont également abordées. 

La partie expérimentale de la thèse s'articule en cinq chapitres distincts, 

comprenant quatre articles évalués par des pairs (6-9) et un manuscrit soumis pour 

publication (10). Les performances des CE sont limitées de manière récurrente par les 

propriétés de l’électrolyte et des électrodes. Les problèmes liés à l'électrolyte, tels que 

la faible tension, les propriétés corrosives, la durée de vie et la sécurité relativement 

faibles restent critiques, et de ce fait justifient l’étude plus approfondie de ces limitations 

conduite dans cette thèse. Le chapitre 6 décrit la mise au point d'un électrolyte aqueux 

à base de sel neutre modifié par un additif donneur de liaisons hydrogène. Une 
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amélioration de la durée de vie du CE (> 350 heures à tension maximale) et des 

caractéristiques anticorrosives vis-à-vis des collecteurs de courant en acier inoxydable 

(courant de corrosion diminué d’un ordre de grandeur) est démontrée après l'ajout d'urée 

2M à Li₂SO₄ 1M. Le chapitre 7 présente la conception de nouveaux électrolytes aqueux 

obtenus par addition d’espèces iodures à activité redox à différentes solutions tampons 

de pH. Il est démontré que l’extension de la tension maximale des CE (1.5 V), 

l’augmentation de leur capacité (149 F g⁻¹), ainsi que l’amélioration de leur stabilité à 

long terme (310 heures à tension maximale) sont dues à la stabilisation du pH contrôlée 

par le tampon acétate et à la pseudocapacité provenant de la paire redox iode/iodure. 

Le chapitre 8 présente une approche durable utilisant le lignosulfonate (LS) issu de 

déchets pour la préparation d'électrolytes gélifiés et d'électrodes de carbone sur mesure. 

Il est important de noter que le gel de LS joue à la fois le rôle d'électrolyte et de 

séparateur, empêchant ainsi les fuites et améliorant de ce fait la sécurité du CE. Le 

condensateur électrochimique à base d’électrolyte LS gélifié démontre une tension de 

fonctionnement stable (1.6 V), une autodécharge réduite (perte d'environ 30 % de la 

tension initiale) et une longue durée de vie (170 heures à tension maximale). Cette 

approche permettrait de réduire les émissions de CO₂ à 32-49 %, soulignant son fort 

potentiel pour les condensateurs électrochimiques à électrolyte gélifié plus durables.  

Les performances des CE sont également limitées par la texture/structure des 

électrodes de carbone (par exemple, une faible surface spécifique et une faible 

conductivité électrique). De plus, l'impact d'autres caractéristiques, comme le désordre 

structural, les sites actifs et la présence de groupes fonctionnels de surface, n'est pas 

clairement identifié. Dans cette thèse, des stratégies telles que le templating par des sels 

fondus et la fonctionnalisation par des hétéroatomes ont été explorées, permettant de 

mieux comprendre l'effet de la texture/structure/chimie de surface sur les performances 

des CE. Le chapitre 9 présente une étude systématique de carbones synthétisés par 

templating à partir de mélanges de sels de métaux alcalins. Les relations fondamentales 

entre la structure, la porosité et la chimie de surface des électrodes en carbone, et la 

capacité, la rétention et la durée de vie des CE sont étudiées. Il est notamment révélé 

que les carbones présentant un degré de désordre accru (rapport Raman ID1/IG et surface 

active élevés) et une porosité importante sont susceptibles de fournir une capacité 

améliorée, mais une durée de vie plus courte. Le chapitre 10 présente une étude 

originale sur la synthèse et la caractérisation physico-chimique et électrochimique 

détaillée de points quantiques de carbone (carbon quantum dots – en anglais) dopés à 

l'azote (N-CQDs). Ces N-CQDs sont préparés par carbonisation hydrothermale d'acide 

citrique et de diverses amines. Les N-CQDs se présentent sous forme de particules 
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d'environ 6 nm, avec une fluorescence bleue et des groupes fonctionnels en abondance. 

Il a été constaté que la chimie de surface (groupes O-, N-), les effets quantiques (taille 

nanométrique/modification de la densité électronique) et la conductivité ionique de 

l'électrolyte sont à l'origine de l'amélioration de la capacité (146 F g-1) et de la durée de 

vie (200 heures à tension maximale). 

Les résultats obtenus montrent que la conception, la modification et une meilleure 

compréhension des électrolytes aqueux et des électrodes en carbone poreux permettent 

d'améliorer substantiellement les performances et la tension maximale des 

condensateurs électrochimiques, et par voie de conséquence leur densité d’énergie et 

leur durée de vie. Ceci est particulièrement important pour le développement de 

condensateurs électrochimiques durables et plus sûrs, mais aussi d'autres dispositifs de 

stockage d'énergie. 
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1  
Introduction  

 

1.1  Motivation 

 

Every stage of the fossil fuel life cycle – extraction, processing, transportation, 

and burning/conversion to petrochemical products releases greenhouse gases. These 

gases (e.g., CO2, CH4, N2O) contribute to global warming and pollutants detrimental to 

people’s and other living organisms’ health, while also resulting in extensive 

environmental damages1. It is reported, that extraction and burning of oil, gas, and coal 

account for nearly 90% of CO2 emissions and about 79% of overall greenhouse gas 

emissions2. Importantly, these gas releases are accelerating climate change, leading to 

ocean acidification, and triggering a series of unprecedented climate disasters (e.g., 

hurricanes, heat waves, flooding)3. Therefore, the society is forced to limit the use of 

fossil fuels, and implement a rapid, reliable transition to clean, renewable energy. 

Renewable energy sources are perfect solution to support transformation of fossil-fuel 

based energy in the coming decades. These sources, coming from the sun, wind, tides, 

are cost-effective and unlimited4. Diverse methods transform renewable sources to 

electrical energy, e.g., solar cells utilize the photovoltaic effect to convert solar energy, 

while wind turbines convert kinetic energy from the wind5. However, renewable sources 

are highly dependent on unstable weather conditions and/or geographic localization, with 

the periods of shortage and surplus6. That is why, energy storage systems and their 

further development is extremely important to align the green energy supply with the 

demand. 

There are several types of energy storage devices which are currently utilized, e.g., 

secondary (rechargeable) batteries, capacitors. Among them, secondary batteries, 

including lead-acid, NiO(OH)-Cd, NiO(OH)-MH, and Li-ion batteries represent the most 
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effective and versatile solution for storing and releasing energy7. They are available in a 

range of the shapes and sizes, which enhances their utility for the grid energy storage 

and other applications such as powering portable devices, and electric/hybrid vehicles. 

Nonetheless, the functioning mechanism based on reversible redox reactions presents 

certain constraints, such as limited discharge rates, diminished lifespan, and kinetics 

limitations leading to low power8. Importantly, the significant accumulation of chemical 

energy in a compact form can result in dangerous incidents, including fires, explosions, 

and environmental pollution especially with Li-ion batteries that employ organic solvents9. 

Consequently, it is crucial to investigate alternative energy storage systems, to address 

some, if not all of these drawbacks, thereby promoting safer, more efficient, and 

adaptable devices. 

Electrochemical capacitors (ECs) stand out to their straightforward design and the 

electrostatic energy storage mechanism leading to the release of high amount of energy 

within very short time10. The high surface area of the carbon electrodes submerged in an 

electrolyte solution causes in the storage of much more energy, surpassing those of 

traditional electrolytic capacitors11. The features of ECs including high-power density (10-

30 kW kg-1)12–14, quick charge/discharge (seconds)13,15, and long lifespan (> 1 000 000 

cycles)13 enable their application in regenerative breaking, start/stop systems in 

electric/hybrid vehicles, emergency aircraft doors, wearable electronics, power buffers, 

and more recently the Internet of Things16–18. 

However, the ECs components at an industrial scale frequently do not meet ecological 

requirements. Predominantly used organic electrolyte 1M tetraethylammonium 

tetrafluoroborate in acetonitrile (1M TEABF4/ACN) allows to reach elevated voltages (≥ 

2.5 V)14,15, which enhance significantly the energetic performance. Nonetheless, use of 

organic electrolytes, particularly ACN solvent pose environmental concerns (toxicity) and 

safety risks (flammability)19. Furthermore, organic electrolytes strongly absorb moisture, 

which deteriorate their performance requiring the storage and assembly of the EC in the 

inert atmosphere that generate additional costs. 

On the other hand, traditional aqueous electrolytes including H2SO4 and KOH had been 

utilized to mitigate some of the previously mentioned drawbacks of organic medium, i.e., 

environmental benign and cost-effectiveness. Nevertheless, given that the stable 

operating voltage falls below 1 V14,20, and due to the corrosion-accelerating properties, 

these electrolytes do not present a compelling option for ECs. Hence, to overcome a 

narrow functioning voltage issue, neutral salt electrolytes i.e., 1M Li2SO4, 1M Na2SO4, 
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1M LiNO3 had been proposed21. Even though, the operating voltage of 1.5-1.6 V14,22 

increased the stored energy, the occurring corrosion processes, that shorten lifespan 

and other limitations are still present. 

Typically, carbon-based electrodes with high specific surface area and developed 

porosity are utilized in ECs23. Such a carbon coming from carbonization of natural 

materials or synthetic precursors is further activated using gases (e.g., CO2, steam) or 

chemicals, (e.g., KOH, H3PO4). Generally, chemical activation is better for producing 

activated carbon with higher specific surface area than steam activation, but requires 

use of hazardous chemicals24. Nevertheless, during the physical/chemical activation 

processes it is difficult to precisely control the porosity (micropores and mesopores) of 

carbon to match the size of ions of the selected EC electrolyte as well as the structural 

disorder and surface functional groups25. 

Consequently, further development in the ECs field should be oriented towards the 

modification of the neutral salt aqueous electrolytes and tailoring of the texture/structure 

of the carbon electrode material, considering sustainable aspect26,27. It is of high 

importance to investigate the mechanism of electrical double layer formation and related 

parameters. These improvements should enable the preparation of a system that can 

compete in the performance characteristics with benchmark organic-based ECs. 
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1.2  Outline and objectives of the thesis 

 

In the light of the aforementioned challenges, this PhD thesis aims to improve the 

performance of electrochemical capacitors considering sustainable aspect. According to 

the formula: E = ½ C U2, energy (E) is a function of capacitance (C) and voltage (U) of 

the electrochemical capacitor. Therefore, there are two ways of improving the energy 

storage, i.e., increase of the capacitance, which is directly related to the electrode 

materials and/or enhancement of the stable operating voltage, linked to the utilized 

electrolyte. Consequently, the following several hypotheses (H1-H5) are proposed: 

H1 New formulation of electrolyte with hydrogen bond donor extends EC functioning 

voltage and limits corrosion. 

H2 The modification of neutral aqueous electrolyte by redox active species boosts 

capacitance values. 

H3 Lignosulfonate can serve as sustainable material for electrolyte and electrode. 

H4 Salt template approach is ideal for tailoring texture/structure of electrode material. 

H5 Porous carbon functionalized by nitrogen-based carbon quantum dots enhances the                

EC performance. 

In this PhD thesis, I present the research results in the form of four original peer-

reviewed articles (P1-P4) and additional manuscript (5.), which is not yet peer-reviewed 

(under revision): 

P1  Sara Azmi, Amelia Klimek, Elzbieta Frackowiak*   

“Electrochemical capacitor in aqueous electrolyte with long lifespan improved by 

hydrogen bond donor addition”,  

Materials Today 68 (2023) 34-50 

https://doi.org/10.1016/j.mattod.2023.06.018     

IF: 21.1, MNiSW: 200 

P2  Amelia Klimek, Maciej Tobis, Elzbieta Frackowiak* 

“Effect of a buffer/iodide electrolyte on the performance of electrochemical 

capacitors”,  

Green Chemistry 26 (2024) 6684-6695 

https://doi.org/10.1039/D4GC01748J     

IF: 9.2, MNiSW: 200 

P3  Amelia Klimek, Lina Amro, Nutthira Pakkang, Camelia Matei Ghimbeu, 

Elzbieta Frackowiak*, Shiori Suzuki* 

“Lignin as precursor of gel electrolyte and salt templated carbon for sustainable 

23:3778840736
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electrochemical capacitor”  

Green Chemistry 28 (2026) 4225-4242 

https://doi.org/10.1039/D5GC05533D                           

IF: 9.2, MNiSW: 200 

P4  Amelia Klimek, Benedicte Rety, Camelia Matei Ghimbeu*, Elzbieta 

Frackowiak* 

“Impact of disorder, porosity and surface chemistry of salt templated carbons on 

capacitance”  

Advanced Science 12 (2025) e05032 

https://doi.org/10.1002/advs.202505032    

IF: 14.3, MNiSW: 200 

5.  Amelia Klimek, Emmanuel Salomon, Samar Hajjar-Garreau, Elzbieta 

Frackowiak*, Camelia Matei Ghimbeu* 

“Insights of N-carbon quantum dots effect on charge storage in supercapacitors”  

under revision, (2026)   
 

The chapters, which contain complete versions of the peer-reviewed articles 

(Chapters 6-9), and the manuscript under revision (Chapter 10) are introduced by the 

theoretical overview of electrochemical capacitors, including EC functioning mechanism, 

electrolytes, electrode materials, and characterization techniques (Chapters 2-5).  

Chapter 2 introduces electrochemical capacitors, discussing the principle of their 

operation, explaining electrical double layer models and pseudocapacitance phenomena. 

Chapter 3 addresses the physicochemical and electrochemical characteristics of 

electrolytes used for ECs, including aqueous electrolytes (acids/bases, neutral salts, and 

water-in-salt), non-aqueous electrolytes (organic, ionic liquids), deep eutectic solvents, 

redox-active electrolytes and solid-like electrolytes. 

Chapter 4 focuses on the electrode materials used for ECs emphasizing different carbon 

materials including activated carbon, templated carbon, carbon nano-onions, carbon 

nanofibers, carbon nanotubes, graphene, carbon black, and carbon quantum dots. 

Importantly, the attention is given to the tailoring of the carbon’s texture/structure through 

the activation (physical, chemical) and templating (hard- soft-, salt-). The chapter is 

summarized by the discussion about the recently reported textural/structural effects on 

the EC performance. 

Chapter 5 presents the techniques used for the characterization of carbon materials (X-

ray diffraction, X-ray photoelectron spectroscopy, transmission electron microscopy, 

temperature programmed desorption coupled with mass spectrometry including active 

surface area estimation, gas adsorption/desorption) and electrochemical capacitors 

24:9416228999
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(cyclic voltammetry, galvanostatic charge/discharge, electrochemical impedance 

spectroscopy). 

The PhD thesis attempts to address important challenges in electrochemical 

capacitors by the following objectives: 

Chapter 6 (P1) - developing neutral salt aqueous electrolyte with hydrogen bond donor 

additive, thereby significantly improving the cycle life and anti-corrosive properties of ECs. 

Chapter 7 (P2) - inventing advanced aqueous electrolyte composed of buffer solutions 

with different pH and redox active pair additive, reaching high voltage and energy density 

as well as long lifespan of ECs. 

Chapter 8 (P3) - developing gel electrolyte with high solution uptake and salt templated 

carbon with tailored texture/structure utilizing a waste-derived biopolymer, offering more 

sustainable, safer and high-performance EC. 

Chapter 9 (P4) - synthesizing and characterizing a series of soft-salt templated carbons 

utilizing double alkali metals mixtures, thus providing universal relationships between the 

structure/texture of carbons and electrochemical properties of aqueous ECs. 

Chapter 10 (5.) - synthesizing carbon quantum dots abundant in nitrogen and oxygen 

functional groups and understanding their role in the enhancement of capacitive 

performance as well as EC lifespan. 

The implementation of the proposed objectives should facilitate the mitigation of existing 

constraints and enhance the ECs performance, considering the environmental impact. It 

is essential for addressing the evolving energy storage requirements of a modern society. 

The final chapters present a summary of the key findings presented in the PhD thesis 

and perspectives (Chapters 11-16), followed by an overview of my academic journey and 

accomplishments (Chapter 17). 
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2  
Electrochemical capacitor 

 

2.1 Principle of ECs operation and properties  

 

Electrochemical capacitor (EC) is composed of two electrodes, usually made of 

porous carbon soaked in electrolyte solution1. The electrodes are separated by a non-

conductive membrane, to prevent short-circuiting, but allowing the free movement of the 

ions. The scheme presenting a symmetric, charged electrochemical capacitor is shown 

in Figure 1. 

 

Figure 1. Scheme presenting a symmetric, charged electrochemical capacitor.  

The applied potential difference induces the electrostatic adsorption of the ions at the 

electrode/electrolyte interface. The term capacitance (Cele) indicates the quantity of 

charge (Q) stored at a specified operating voltage (U), according to the Equation 12.   

Cele =
Q

U
                      [

A ∙ s

V
] = [F]                   𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏 
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When charged, the EC functions as two capacitors with capacitances of positive 

electrode (C+) and negative electrode (C-) connected in series. Then, the capacitance of 

the full cell (Ccell) is defined by the Equation 23,4: 

1

Ccell
=

1

C+
+  

1

C−
                                                   𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐  

C𝐜𝐞𝐥𝐥 =
C+ ∙ C−

C+ + C−
               [F]                                                         

Importantly, even though the symmetric EC is considered, the electrodes often exhibit 

differences in the capacitance values due to various sizes of the ions in the electrolyte. 

Consequently, the electrode with the smaller capacitance determines the overall 

capacitance of the device4,5.  

On the other hand, when the impact of the electrode material is considered, the 

gravimetric (specific) capacitance of one electrode (CS) is generally presented. In the 

case of symmetric EC, and assuming that the both electrodes share the same 

characteristics, i.e., type of the material, mass, thickness, volume, and specific surface 

area, the Equation 3 is applicable6: 

CS =  
2 ∙ C

0.5 ∙ ma
            [F ∙ g−1]                          𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑 

where the C (in F) stands to the capacitance of the cell referred to the total mass, while 

ma (in g) is the mass of active material present in both electrodes. It means that the 

capacitance of single electrode (CS) is 4 times higher than the full device capacitance 

(C). 

Then, to emphasize the practical utilization of EC, and to compare its performance 

metrics with other energy storage devices, the term energy (E) and power (P) are 

commonly employed. The energy stands for the amount of the stored charge, while the 

power describes how fast the energy is released. They both can be related to the mass 

of the device, known as gravimetric (specific) energy (ES in Wh kg-1) and power (PS in W 

kg-1). The specific energy, ES is influenced by the capacitance (C in F) of the device, the 

operating voltage (U in V), and the mass of the device (m in kg), as shown below 

(Equation 4)4:  

ES =
C ∙ U2

2 ∙ m
         [Wh ∙ kg−1]                       𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟒 
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The specific power, PS, as defined using Equation 5, depends on EC operating voltage 

(U in V) which is divided by the equivalent series resistance (RESR in Ohms), and the 

mass of the device (m in kg)4. The RESR also called as internal resistance is associated 

with the resistance of the bulk electrolyte, the electrode, and the contact between the 

electrode and the current collector4,7. Also, there is another way to express the specific 

power, where the specific energy (ES in Wh kg-1) is divided by the discharge time (t in h) 

according to the Equation 68.  

PS =
U2

4 ∙  RESR ∙ m
      [W ∙ kg−1]                   𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟓 

PS =  
ES

t
                       [W ∙ kg−1]                   𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟔 

Interestingly, it is common in academia to normalize the energy and power values to the 

active masses of the electrodes (or total masses) what limits evaluations alongside other 

commercial energy storage devices9. The Ragone plot is used for graphical presentation 

of the device’s specific energy and the specific power (Figure 2).  

 

Figure 2 Ragone plot comparing different energy storage systems. Data extracted from the 

reference10. 

The diagonal dashed lines visible in the Ragone plot stand for the specific energy/specific 

power ratio9, referred to the time constant (τ), which is expressed as the capacitance of 

the cell (C) multiplied by the equivalent resistance series (RESR) (Equation 7). 

τ = RESR ∙ C                  [s]                                  𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟕 

It is clear that the ECs outperform the electrolytic capacitors in the terms of specific 

energy. On the other hand, ECs lack the specific energy compared to the batteries. It is 
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connected to the limitation of the functioning mechanism based on the electrostatic 

attraction of the ions. Hybrid capacitors with battery-like anode and EC-based positive 

electrode are filling the gap between the performance of ECs and batteries. Nevertheless, 

they face complex material processing and manufacturing. 

 

2.2 Mechanisms of energy storage in ECs 

2.2.2 Electrical double layer models 

 

The electrical double layer (EDL) refers to the reversible electrostatic 

accumulation of ions on the surface of the electrodes4. Over past two centuries, a 

multitude of EDL layer formation models have been established to comprehend and 

interpret various interfacial processes and improve a variety of electrochemical 

processes, i.e., electrocatalysis, electrochemical energy storage, ion transport through 

biological membranes, and corrosion11. The Helmholtz model proposed in 1853 defines 

the charge separation at the electrolyte/electrode interface, under polarization. In this 

scenario, ions with opposite charges diffuse through the electrolyte resulting in the 

formation of a few nanometers layer within a plane that is parallel to the electrode surface, 

thereby maintaining neutral charge (Figure 3 a). This phenomenon is defined as the EDL 

formation. The potential profile φe drops linearly with the increase of the distance from 

positively charged electrode surface to the center of negatively charged ions. 

Capacitance indicates the electrode ability to accumulate charge. In this context, the 

capacitance of simplified EDL Helmholtz model (CH) (without consideration of electrolytic 

solution effects) is defined by Equation 84,9,12: 

CH =
ε0 ∙ εr ∙ S

d
         [F]                         𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟖 

where, the ε0 is the vacuum permittivity (ε0 = 8.854 ∙ 10-12 F m-1), εr stand for dielectric 

constant of electrolyte (different for each electrolyte), S is the accessible surface area of 

the electrode (m2), and d is a distance from positively charged electrode surface to the 

center of negatively charged ions (m). Typically, the double layer capacitance expressed 

per area varies within the range of several tens µF cm-2 12. The EDL Helmholtz model, 

which assumes the accumulation of negative ions in a single layer along the electrode 

surface, has several drawbacks. The model does not consider the occurring interactions 

beyond the compact layer, i.e., the diffusion of ions in the solution, dipole moment of the 

solvent and the interaction with electrode4. 
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Figure 3 Schematic presentation of electrical double layer models on the surface of positively 

charged electrode in electrolytic solution: a) Helmholtz model, b) Gouy-Chapman model, c) Stern 

model. The electrical potential 𝜑  diminishes as it moves from the electrode (𝜑𝑒 ) to the bul  

electrolyte (𝜑𝑠). The lower insets illustrate the simplified equivalent circuits. Adapted from the 

reference4. 

Then, Gouy and Chapman introduced a diffuse model, where the double layer is not as 

compact as in Helmholtz rigid layer but exhibits a variable thickness, allowing ions to 

move freely13,14 (Figure 3 b). They took into account thermal fluctuation, which refers to 

the random thermal motion of ions in the electrolyte near a charged electrode surface 

(Poisson-Boltzmann differential equation). The capacitance of double layer noted by the 

Gouy-Chapman (CD) is defined using Equation 912: 

CD =
ε0 ∙ εr

λD
cosh  (

z ∙ F ∙ ϕ

2 ∙ R ∙ T
)        [F m−2]        𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟗 

where the ϕ  is the applied electrical potential to the electrode (V), F is the Faraday 

constant (96485 C mol-1), z is ionic charge number (valence), R is the ideal gas constant 

(8.314 J K-1 mol-1), T is the temperature (K). The average thickness of the diffuse layer 

(λD) is given by the Equation 1012: 
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λD = √
ε0 ∙ εr ∙ R ∙ T

2 ∙ F2 ∙ C0
                     [m]            𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟎 

where C0 is the concentration in the bulk electrolyte (mol m-3). Nevertheless, the Gouy-

Chapman model defines ions as point charges, that do not interact with other particles, 

neglecting the electrolyte effect in the higher concentrations (i.e., layering effects, ion 

pairing formation, ion crowding) and assuming that the solvent has uniform dielectric 

permittivity15. Thus, in this model, the electrode potential diminishes exponentially from 

the electrode surface to the fluid bulk4. 

The imperfections of Helmholtz and Gouy-Chapman double layer models were solved 

by the concept introduced by Stern16. The closest ions to the electrode are adsorbed on 

the electrode surface, establishing a compact layer, followed by a diffuse layer extended 

into the bulk electrolyte, as shown in Figure 3 c). Consequently, the capacitance of the 

compact Helmholtz layer and diffuse Gouy-Chapman layer functions as two capacitors 

in series, and the final EDL capacitance is given by the Equation 114: 

1

CEDL
=  

1

CH
+  

1

CD
                   [

1

F
]                       𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟏 

where CEDL is the electrical double layer capacitance, CH stands for the Helmholtz layer 

capacitance, and CD is the capacitance of Gouy-Chapman diffuse layer. The Stern model 

becomes up to date to explain the mechanism of the EDL formation17. Interestingly, there 

are several factors that influence the EDL behavior at a planar electrode surface 

including the electrical field applied across the electrode, the type of ions in the 

electrolyte and the solvent, chemical affinity between the adsorbed ions and the 

electrode surface18. 

 

2.2.2 Pseudocapacitance 

 

The charge storage mechanism in ECs extends beyond the EDL formation 

through the electrostatic ion’s adsorption, to include the charge transfer (faradaic 

reactions) between the electrode and electrolyte19. These reactions correspond to the 

electron flow (e-) between oxidized (Ox) and reduced (Red) form of the materials as 

shown in Equation 1220. Notably, the faradaic reactions are restricted by the 

thermodynamic kinetics of the processes21. 

Ox + ze−  ↔  Red                                              𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟐 
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The correlation between voltage and charge is not completely linear, as for EDL-based 

ECs; hence, the capacitance does not stay constant with enhancing potential, referred 

to as pseudocapacitance2. Pseudocapacitive effects increase the EC capacitance 

compared with those based on EDL formation by 10-100 times22. Conway proposed 

classification into three different phenomena of pseudocapacitance based on the 

adsorption, redox and intercalation processes, as shown in Figure 42,19. The adsorption 

pseudocapacitance occurs when electrosorbed ions form a monolayer on the electrode 

surface (Figure 4 a). This process is typical for adsorption of hydrogen on noble metal 

(e.g., Pt, Pd, Rh, Au) surface23. 

 

Figure 4 Scheme presenting three different types of pseudocapacitance: a) adsorption 

pseudocapacitance, b) redox pseudocapacitance, c) intercalation pseudocapacitance. Adapted 

from reference24. 

Interestingly, the hydrogen electrosorption stands out as particularly significant in 

aqueous-based ECs, that utilize porous carbon electrodes25. The hydrogen generated 

through the electrochemical breakdown of the electrolyte is electrosorbed by the 

microporous texture of the negative electrode, described by the Equations 13-15. Upon 

reversal polarization, the electrosorbed hydrogen is oxidized, resulting in the formation 

of water alongside the OH- ions in the electrolyte26,27. 

H2O +  e−  → H + OH−                                         𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟑 

H3O+ + e−  → H + H2O                                        𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟒 

< C >  + H2O + e−  → < C > Hads + OH−     𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟓 

Redox pseudocapacitance refers to the process when ions participate in a reaction with 

the electrode material (Figure 4 b)20. It can be realized when the electroactive particles 

of transition metals oxides, e.g., RuO2
28, MnO2

29, TiO2
30 are utilized. For example, RuO2 

in acidic medium was deeply investigated, and it was found that the charge storage is 

limited just to the electrode surface31,32. Moreover, the crystalline form of RuO2 plays 
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important role, especially bounded structural water, that enables Ru4+ redox activity, 

RuO2 metal-like electric conductivity, and fast proton transfer during charge storage33,34. 

Another way of providing redox capacitance can be realized through the use of carbons 

enriched in heteroatoms, e.g., oxygen, nitrogen, sulphur, phosphorus4,35,36. The 

adjustment of the type, concentration, and distribution of dopant leads to the 

enhancement of electrical conductivity, wettability, and the availability of redox-active 

sites, combining EDL capacitance with fast faradaic pseudocapacitance37. 

Oxygen doping was found to especially improve the EC capacitance and wettability of 

the porous carbon materials38,39. Several types of O-functional groups were distinguished 

(i.e., carbonyl, carboxyl, quinone, ether) and their impact on EC performance was 

studied40. Moreover, it was found that depending on the pH of the EC electrolyte, the O-

functionalities can interact specifically with the electrolyte, thus result in differences of 

EC performance40. For example, the pyrolysis of sodium alginate resulted in a carbon 

with high amount of oxygen ~15 at.%. The role of pseudocapacitance was validated 

using CV, evidenced by the reversible redox peaks. The elevated capacitance (~ 200 F 

g-1) of carbon derived from sodium alginate was associated with charge transfer 

reactions involving the quinone, phenol and ether functional groups in 1M H2SO4
41. 

Notably, the impact of individual oxygen groups was rarely studied in the literature. Also, 

high O-groups content can be detrimental to the capacitance since it reduces electronic 

conductivity, and to cycle life, favoring degradation. 

Nitrogen functionalities exhibit higher electrochemical stability than oxygen functional 

groups42. N element is predominantly utilized owing to its comparable atomic radius to 

carbon (facilitating integration with the carbon framework), lower band gap compared 

with carbon (resulting in an elevated electron transfer rate and enhanced conductivity), 

and the presence of lone pair electrons (which improve the hydrophilicity and 

wettability)42. Frac owia  et al. synthesized N-doped porous carbon using steam 

activation of N-polymers and showed that an optimal nitrogen content of up to 7 wt.% 

yields high electrochemical capacitance (~200 F g-1)43. Lu aszewicz et al. proved that N-

doped carbons obtained from chitosan, gelatin, and green algae (~7 wt.% of N) exhibited 

high capacitance (~230 F g-1). Furthermore, it was found that even though quaternary-N 

and pyrrolic-N groups enhance EC performance due to their positive charge and 

improved electron transfer at elevated current loads, the primary functional group 

influencing the effective charge storage is quaternary-N44.  

Moreover, in contrast to single heteroatom doping, multiple doping presents a versatile 

synthesis strategy that can further modify the characteristics of material. Nitrogen doping 
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typically enhances the electrical conductivity of carbon materials, while sulphur, owing to 

its larger atomic size, provides polarizable electron pairs and hence greater chemical 

reactivity45. For instance, natural polymers were used to produce N/S-oxidized carbons 

through the co-carbonization of sulfonated lignin and chitosan, resulting in hierarchical 

structure enriched with SOx and N functionalitites. These electrodes provided 

capacitance of ~400 F g-1 and energy densities close to ~10 Wh kg-1, in addition to 

outstanding cycle life and flexibility in quasi-solid-state ECs46.  

Importantly, excessive incorporation of heteroatom-containing functional groups leads to 

carbon pore blockage, hence, diminishes their electrical conductivity as well as 

accelerates the electrolyte decomposition39. Consequently, the judicious regulation of the 

amount/type of heteroatom-functionalities should be strictly controlled for the desired EC 

performance. 

Intercalation pseudocapacitance happen when the insertion of the ions into the electrode 

surface (and sub-surface layers) is accompanied by charge transfer reactions but no 

crystallographic phase alteration is observed (Figure 4 c)24. For instance, nanosized 

crystallites of Nb2O5 operating in non-aqueous medium displayed intercalation 

pseudocapacitance through the insertion of lithium ions and the redox activity of the 

Nb5+/Nb4+ 47,48. On the other hand, the intercalation pseudocapacitance was not reported 

for the bulk-like Nb2O5
48. Interestingly, there are several factors that impact 

pseudocapacitance type, resulting in the differences in electrochemical behavior, e.g., 

interaction of ions with the electrode, nanostructuration of electrode, thin films. Also, a 

notable increase of the literature regarding the charge storage in electrode materials is 

observed, often described as pseudocapacitive, despite their actual battery-like 

characteristics49,50. For that purpose, the terms intrinsic and extrinsic pseudocapacitance 

have been introduced24. The intrinsic pseudocapacitance focuses on the material’s own 

crystal structure (e.g., RuO2⸱0.5H2O51, MnO2
52), while extrinsic pseudocapacitance refers 

to the tailoring the texture/structure of the material (e.g., nanostructured V2O5
53, LiCoO2

54, 

Nb2O5
48

, MoS2
55

, MXene Ti2C56). 

Concluding, the pseudocapacitive materials are interesting for the improvement of the 

ECs metrics. Moreover, by exploiting the compositional and structural versatility of the 

electrode materials, there is a possibility to further extend the range of materials available 

for advanced energy storage devices.  
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3  
Electrolytes used for ECs 

 

3.1 General overview on EC electrolytes 

 

The electrolyte is recognized as a crucial component in the advancement of 

electrochemical capacitors. It significantly affects the EC characteristics such as 

equivalent series resistance, lifespan, energy/power density as shown in Figure 51,2. The 

most important electrolyte properties include the ionic conductivity (to maximize power 

density, Equation 4), the electrochemical stability window (for high energy density, 

Equation 5-6), and the diameter of the solvated ions (to match the porosity of the 

electrode material)3.  

 

Figure 5 The effect of electrolyte characteristics on the EC performance. Adapted from reference1. 

Several types of electrolytes are currently employed in ECs, e.g., aqueous, organic, 

redox-active, gel polymers4. The classification of EC electrolytes is shown in Figure 6. 

Liquid electrolytes are divided into three subgroups: aqueous electrolytes (acids/bases, 

neutral salts, water-in-salt (WIS)), deep eutectic solvents (DES) and non-aqueous 

electrolytes (organic, ionic liquids (IL) and its mixtures). Solid state electrolytes are 

classified into gel polymer electrolytes (GE), dry solid-state polymer electrolytes (SPE), 
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and inorganic electrolytes. Additionally, redox-active electrolytes can be distinguished. 

EC electrolytes possess different characteristics, as summarized in Table 1. 

Currently, the benchmark EC electrolyte is the organic salt tetraethylammonium 

tetrafluoroborate (TEABF4) in acetonitrile (ACN) as a solvent5. It enables the EC to reach 

wide electrochemical stability window 2.5-3.0 V (high energy and power density), long 

lifespan, exceeding 1 000 000 cycles and wide temperature tolerance (-40 to 65°C)5–7. It 

makes the organic-based ECs perfect for the standard EC applications, i.e., grid 

management systems, automotive, but also for medical devices, robotics, or aerospace8–

10. Nevertheless, organic electrolytes are highly moisture sensitive, the EC cell must be 

assembled under inert atmosphere requiring the rigorous drying of all the components 

(i.e., electrodes, separator), which substantially increase the manufacturing cost. 

Another disadvantage is their low ionic conductivity and high viscosity. Moreover, organic 

electrolytes (mainly solvents) are hazardous, flammable, volatile which make them 

problematic for the processing and recycling as well as the overall device safety. 

 

Figure 6 Classification of EC electrolytes. 

Ionic liquids gain interest due to the possibility of expanding the electrochemical stability 

window, even above 3.5 V, which is much higher than for other types of the EC 

electrolytes11. ILs do not contain any solvent and they are liquid in the room temperature. 

Various ILs can be applied in ECs, composed of cations, e.g., imidazolium, pyrrolidinium 

coupled with anions such as bis(trifluoromethanesulfonyl) imide or bis(fluorosulfonyl) 

imide12. Notably, ILs are characterized by high electrochemical and thermal stability, 

alongside being non-flammable and non-volatile13,14. ILs are more sustainable than 

certain organic-based electrolytes, but it is contingent upon their precise composition, as 

some ILs present issues about toxicity and recycling. On the other hand, ILs have some 

disadvantages. Their ionic conductivity is merely a few mS cm-1 (compared with other 

electrolytes), hence, their enhanced viscosities impede the mobility of ions within the 

electrolyte13. Moreover, ILs are highly sensitive to traces of water, so they require a  
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Table 1 Summary of the liquid electrolytes characteristics: acids/bases, neutral salts, water-in-

salt, deep eutectic solvents, organic, and ionic liquids. 

Liquid 
Electrolyte 

Acids, 
bases 

Neutral 
salts 

Water-in-
salt 

Deep 
eutectic 
solvents 

Organic 
Ionic 

liquids 

Ionic 
conductivity  

at RT 
(mS cm-1) 

~ 1000  
1 

~ 100  
15 

~ 10-60 
1  

 
~ 1  

16 

 

~ 20-60 
1,17 

~ 10 
1 

Viscosity 
(cP) 

~0.7 18 ~0.9 19 ~7.5-28 20 ~1750 16 ~1.5-66 21 ~41-219 17 

Voltage 
(V) 

0.8-1.0 
1,22 

1.5-1.6 15 2.0-3.0 23,24 1.7-2.2 16,25 2.5-2.8 1 >3.5 12,26 

Capacitance 
(F g-1) 

112-150  

27,28 
123 27 100 23 96 16 110 29 140 30 

Lifespan 
(floating 
hours) 

15 27 120 27 170 20 200 16,27 1500 6 200-500 31 

Assembly Air Air Air Air Inert Inert 

Safety  High High High High Low High 

Price Low Low Moderate Moderate High Very high 

Example 
1M KOH, 
1M H2SO4 

1M Li2SO4 
1M Na2SO4 

20m LiTFSI,  
<11m KOAc 

Urea-choline 
chloride (2:1) 

1M TEABF4 
in ACN 

[EMI] [TFSI] 
[EMIM] [BF4] 

 

moisture free atmosphere during the cell preparation, increasing the cost. Notably, ILs 

are very expensive in terms of the synthesis and further purification, which limits their 

widespread application as EC electrolyte. 

Aqueous electrolytes have been proposed to address the main issues of the organic 

medium. These electrolytes are characterized mainly by high ionic conductivity, low 

viscosity, environmental friendliness, safety, and cost-effectiveness1. The EC cell can be 

assembled in the air atmosphere, further reducing the device cost. Nevertheless, the 

electrochemical stability window of EC operating in aqueous medium is very narrow (0.8-

1.2 V) as it depends on the thermodynamic potential of water decomposition32.  

Among aqueous electrolytes, the acids (e.g., H2SO4) and bases (e.g., KOH) offer very 

high ionic conductivity (even up to 1000 mS cm-1)1, which is at least one order of 

magnitude higher than that of non-aqueous electrolytes33. It results in very high-power 

density of EC, but in turn much lower energy density. Unfortunately, acids and bases are 

highly corrosive, what diminishes the EC lifespan. 

Neutral salt electrolytes such as 1M Li2SO4, 1M Na2SO4 have been widely studied due 

to the possibility of the electrochemical stability window extension up to 1.5-1.6 V15. Local 
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changes of pH (alkalization) in the bulk of porous carbon electrode during negative 

polarization are related to reversible H storage as well as to voltage range extension. 

Therefore, ECs based on neutral salt electrolytes can deliver much more energy than 

EC employing the acids/bases34. Importantly, neutral salts are much safer and less 

corrosive than the acids/bases. Regardless the advancements with neutral salt aqueous 

electrolytes, the operating voltage and lifespan remains unsatisfactory to compete with 

ECs utilizing non-aqueous electrolytes. 

Then, highly concentrated aqueous neutral salts solutions called “water-in-salt” have 

been introduced35. Several WIS electrolytes, e.g., 20m (molal) lithium 

bis(trifluoromethanesulfonyl) imide (LiTFSI)36, 17m sodium perchlorate (NaClO4)37 were 

tested to improve the EC metrics. The ultra-high concentration reduced the water activity 

by strongly coordinating water molecules to ions and disrupting the hydrogen-bond 

network, thereby extending the electrochemical stability window (2-3 V)1,4. The operating 

voltage of EC, when WIS electrolyte is applied exceeds that of acid/bases and neutral 

salt electrolytes, moreover can compete with benchmark organic electrolytes4. The ionic 

conductivity and viscosity are much lower than these observed for other aqueous 

electrolytes, but generally improved when compared to non-aqueous electrolytes. 

Despite the significant enhancement in the voltage window, the economic and 

environmental issues that impede practical application of WIS remain unaddressed. 

Preparation of WIS electrolytes requires substantial amount of the salt, which increases 

the total price of the device38. Furthermore, the salt should have a high solubility, what 

narrows down the selection of the possible salts for WIS electrolyte preparation. 

Moreover, some salts, e.g., LiTFSI has limited large scale-availability, while NaClO4 raise 

environmental concerns38. 

Lately, a new type of EC liquid electrolyte has been investigated, i.e., deep eutectic 

solvents16. DES are mixtures composed of minimum two constituents, hydrogen bond 

donor (HBD), and hydrogen bond acceptor (HBA), in a specified molar ratio, exhibiting a 

reduced melting point to that of the individual components39. Various compounds can be 

considered as HBD (e.g., urea, glycerol, ethylene glycol) and HBA (e.g., choline chloride, 

tetramethylammonium chloride)40. DES are characterized by the similar characteristics 

to that of ILs, but being more sustainable and cost-effective1,39. For instance, reline 

(mixture of choline chloride and urea in a molar ratio 1:2) was proposed as EC 

electrolyte16. The operating voltage was extended up to 2.2 V, as the result of negligible 

presence of water16. The reline-based EC had improved energetic metrics referring to 

those of ILs and neutral salt electrolytes1,16. Notably, EC cell assembly does not require 

inert atmosphere, contrary to ILs16,41. Also, the anti-corrosive character of reline towards 

42:1065733731



 

 
43 

 

stainless-steel current collectors was proven27. Nevertheless, the reported power density 

is relatively low, due to the very low ionic conductivity of DES (~1 mS cm-1) and very high 

viscosity (~1000 cP)16. To solve that problem, small quantity of water was added to DES 

(1 wt.%), slightly improving the ionic conductivity and viscosity16,27. 

Solid-state electrolytes attracted the main interest due to the growing demand for flexible 

electric devices, e.g., wearable electronics, portable devices, and microelectronics2,42. 

The greatest advantage of these electrolytes is the limited leakage out of the device 

(solid or quasi-solid form), what significantly improves safety compared to other types of 

electrolytes43,44. Importantly, solid-state electrolytes can serve as well as a separator, 

which is preventing short circuiting of electrodes and simplifying the EC manufacturing45. 

Thus far, the predominant type of solid-state electrolytes used in ECs have been gel 

electrolytes, with less research devoted to dry solid-state electrolytes (e.g., poly(ethylene 

oxide)-PEO/LiCl) and inorganic materials (e.g., Li2S-P2S5)2. Typically, GE are composed 

of polymeric matrix (e.g., poly(vinyl alcohol) – PVA, PEO) and the aqueous electrolyte 

(e.g., KOH, Na2SO4) or a conducting salt dissolved in the solvent46. On the other hand, 

SPEs are fully composed of polymers, and salts, thus do not require any solvents (e.g., 

PEO/LiCl)44. Generally, GEs are characterized by the low ionic conductivity, in the range 

of 0.01-10 mS cm-1 47,48. In contrast, GE provides higher ionic conductivity than SPE due 

to the presence of liquid phase, and it is a main reason for its broader application as EC 

electrolyte47,49. It should be emphasized that GE contribute to the reduced leakage 

current and self-discharge of the ECs50. On the other hand, GE may suffer from the 

narrow operating voltage, especially if the water is used as a solvent46. Another concern 

of GEs is their mechanical strength, which depends on the utilized polymeric matrix and 

the solvent, limiting the contact surface area with the porous electrode material. It 

impacts the EC metrics, especially ESR, rate performance, and capacitance2. 

Furthermore, GEs widely utilize synthetic polymers, which lack in terms of environmental 

friendliness, and the use of biopolymers is still not widespread. 

Redox-active electrolytes have been proposed as the EC electrolytes due to the 

additional pseudocapacitance contribution from the redox species at the 

electrode/electrolyte interface2. Among possible redox active pairs, iodides are the most 

environmentally friendly and cost-effective. Moreover, the iodides present good solubility, 

high ionic conductivity and rich variety of oxidation states. For instance, the enormously 

high capacitance of the positive electrode (~1800 F g-1) was reported, when 1M KI 

(iodide/iodine) served as EC electrolyte51. Nevertheless, the capacitance of the full 

device is restricted by the electrode with lower capacitance (Equation 2), thus, finally 
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was significantly reduced. However, the improvement of the total EC capacitance is still 

substantial, i.e., two-fold higher than those reported for acid-based EC51. It has to be 

considered that the redox reactions occur upon the selected pH. It is important for iodides, 

especially when added to another electrolytic solution52. The shift of the pH into the more 

alkaline pH causes the formation of insoluble polyiodides, that block the porosity of the 

positive electrode, thus, worsen the EC performance52. 

Noteworthy, there is no ideal EC electrolyte. Each type of the electrolyte possesses 

distinct advantages and disadvantages; thus, selection must be tailored to the specific 

application and the electrode material utilized. Considering, the scope of this thesis, i.e., 

sustainability, cost-effectiveness, safety as well as the physicochemical parameters that 

influence the energetic metric and lifespan of EC, the main importance is given to the 

aqueous electrolytes (acids/bases, neutral salts, water-in-salt), redox-active electrolytes, 

and gel electrolytes, which are in-detail characterized below. 

 

3.2 Aqueous electrolytes 

3.2.1 Acids, bases 

 

The initial aqueous electrolytes utilized for the ECs are based on the acid (e.g., 

H2SO4) or alkali (e.g., KOH)53 solutions. These electrolytes are characterized by the high 

ionic conductivity as well as low viscosity among all EC electrolytes, as summarized in 

Table 1. These characteristics are ideal for the high-power ECs3. Also, they are 

inexpensive, the device can be assembled in the air atmosphere, and they do not require 

toxic solvents, contrary to the organic electrolytes54. For instance, high capacitance was 

reported for the carbon-based ECs operating in 1M H2SO4 (150 F g-1) and 1M KOH (112 

F g-1)28. The enhanced capacitance in acidic medium is associated with the reversible 

reactions of the surface functional groups of carbon electrodes with the hydrogen 

protons55. Nevertheless, their operating voltage is narrow, limited to the thermodynamical 

decomposition of water (~1.23 V), which in practice is even lower ~0.8-1.0 V56. At the 

negative electrode, hydrogen is generated by the hydrogen evolution reaction, while at 

the positive electrode, water is decomposed into oxygen via the oxygen evolution 

reaction, as defined by Equations 16-182:  

Water decomposition:    H2O →  
1

2
O2 + H2                  𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟔 
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Negative electrode:          2H+ + 2e− →  H2                           𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟕 

Positive electrode:           H2O →  
1

2
O2 + 2H+ + 2e−   𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟖 

These reactions cause the aging of the electrodes, and consequently they shorten the 

EC’s cycle life. Another issue of the acids and bases is their strong corrosiveness 

towards the stainless-steel collectors, mainly accelerated by the water splitting27. 

Importantly, corrosion of the EC current collectors has been identified as the one of 

critical reasons for the reduced lifespan57. That is why, usually the current collectors 

made of noble metals, (e.g., gold) are utilized with acidic electrolyte. 

 

 3.2.2 Neutral salts 

 

To overcome the issues of highly corrosive character of acids/bases, as well as 

the narrow electrochemical stability window, electrolytes with neutral pH have been 

investigated3. Among them, 1M Li2SO4
15,58, 1M Na2SO4

59, 1M LiNO3
60

 have drawn 

particular attention. The carbon-based EC voltage values were extended up to 1.5-1.6 V 

due to the application of neutral salt electrolyte15,34. Importantly, the hydrogen storage 

within the microporous texture of the carbon electrode enabled neutral salt-based ECs 

to function beyond the thermodynamic potential of water splitting. The local increase of 

the pH at the electrode/electrolyte surface is explained by the generation of OH- during 

the hydrogen electrosorption (Equation 15). It induces a modification of the Nernst 

potential for hydrogen evolution, thereby altering the hydrogen evolution overpotential34. 

Even though, neutral salt electrolytes particularly improved the operating voltage, safety, 

and EC lifespan (from ~15 floating hours for 1M KOH to 120 floating hours for the 1M 

Li2SO4), the corrosion of the stainless-steel current collector was still problematic27. 

Therefore, the further development of neutral salt electrolytes should be oriented towards 

the effective protection of the positive electrode against oxidation15. 

 

 3.2.3 Water-in-salt 

 

Recently, novel high-concentration aqueous salt solutions, referred to as water-

in-salt have been introduced. Such electrolytes are restricted by the mass (msalt/mwater) 
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and/or volume (Vsalt/Vwater) ratio above 161. Notably, WIS electrolytes outperform 

acids/bases and neutral salt electrolytes in the terms of the operating voltage. WIS 

electrolytes enable the extension of electrochemical stability window up to 3 V, which is 

comparable with organic electrolytes24. It is possible due to extremely high-concentrated 

solutions, where the binding of water molecules is diminished via the breaking of 

hydrogen bonds1. It results in suppression of hydrogen evolution and electrode 

oxidation62. The first reported WIS electrolyte was 20m LiTFSI62, thus, further it was the 

most investigated electrolyte using advanced physicochemical and electrochemical 

techniques. For instance, Raman spectroscopy was utilized for the investigation of 

various concentrations of LiTFSI ranging from 1 to 21m35. It was observed that the 

stretching modes of water were decreased and a peak referred to the hydration of Li+ 

ions was growing with the increase of the solution concentration. This suggests that 

water molecules are primarily engaged in the solvation of Li+ cations, while the quantity 

of unbound water molecules is reduced35.  

Furthermore, it was proved by the thermogravimetric analysis that the diminished 

sorption of water on the positive carbon electrode origin from the low hydration degree 

of Li+ cations. Consequently, the TFSI- anions are adsorbed and stored within the porosity 

of positive electrode, resulting in a shift of the oxygen evolution potential36. Through the 

molecular dynamics (MD) it was reported that the fraction of free water molecules 

decreases by nearly 50% (from 5 to 21m LiTFSI), emphasizing the role of water in the 

solvation of Li+ cations when the solution concentration rises62.  

Even though, the improvement in the electrochemical stability window was achieved for 

the LiTFSI systems, some of the economic and environmental concerns are still 

unresolved38. Importantly, the type and the amount of the salt needed for the formulation 

of the WIS solution should be considered. For instance, preparation of the 1 L of the 20m 

LiTFSI requires approximately 5 times more lithium in comparison to the 1m LiTFSI38. 

Additionally, lithium is the one of the rarest elements in the Earth’s crust. Therefore, a 

diverse range of other WIS electrolytes has been examined and utilized in ECs, e.g., 8m 

NaTFSI63, 17m NaClO4
37, 11-27m KOAc64,65.  
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3.3 Gel electrolytes 

 

Gel electrolytes are currently the most thoroughly investigated electrolytes owing 

to their elevated ionic conductivity (compared to other solid-state electrolytes) and 

enhanced safety (preventing the leakage out of the device). Also, GEs offer possibility to 

operate simultaneously as EC electrolyte and separator. GEs contain the polymer host 

and an aqueous electrolyte or a conductive salt dissolved in a solvent. Notably, the gels 

that incorporate water are called as hydrogels66. The polymer works as a matrix that can 

shrink/swell by the solvent, with ions being transported in the solvent rather than within 

the polymer phase2. GEs, while predominantly liquid, exhibit solid-like behavior owing to 

a continuous three-dimensional network extending through the liquid67. There are two 

ways of the preparation of GEs, through the physical and the chemical crosslinking. The 

physical crosslinking involves the connection of the polymeric chains through the 

electrostatic links, hydrogen bonds, or chain entanglements. On the contrary, chemical 

crosslinking requires formation of covalent bonds68. Importantly, the properties of GEs 

depend on the structure of the polymeric network that constitutes the gel, the interactions 

between the polymeric network/solvent, and the type of the salt. Typically, salt supplies 

free ions that contribute to the increase of ionic conductivity, while the solvent facilitates 

ion solvation as well as further enhances the ionic conductivity. The polymeric matrix 

provides the mechanical stability by increasing the electrolyte’s viscosity. Therefore, it is 

highly recommended to utilize the aqueous medium with the high mobility of the ions, 

and the high ionic conductivity even though the electrochemical stability window is 

narrow69. 

Various polymers can be used in GE, including poly(ethylene oxide), poly(vinyl chloride) 

(PVA), poly(acrylic acid), poly(vinylidene fluoride), poly(methyl methacrylate)4,70. 

Currently, PVA is the most used polymer due to its facile preparation, mechanical 

strength, chemical stability, hydrophilicity, and possibility to form transparent films4. For 

instance, GE, which also served as separator was prepared using PVA and Na2SO4. The 

carbon-based EC based on the PVA-Na2SO4 GE reached 1.8 V operating window 

outperforming the liquid Na2SO4
71. Another GE composed of PVA, Li2SO4 and IL (1-butyl-

3-methyllimidazolium trifluoromethanesulfonate) exhibited high ionic conductivity (~13 

mS cm-1), outstanding mechanical and thermal stability. The electrochemical stability 

window was increased up to 2 V, and the capacitance of carbon-based EC reached 117 

F g-1 72.  
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Nevertheless, the synthetic polymers (i.e., PVA) lack in terms of environmental 

friendliness. That is why, a wide group of biopolymers, e.g., cellulose, lignin, chitin, 

alginate, agar and its derivatives (e.g., carboxymethylcellulose, lignosulfonate, chitosan) 

are explored for the preparation of GE73,74. Zallouz et al. proposed a flexible 

supercapacitor employing hydrogel (chitosan/KOH), that reached high ionic conductivity 

(10 mS cm-1) and elevated mechanical integrity75. Nevertheless, the operating voltage 

was limited up to 0.8 V75. Muddasar et al. proposed hydrogel composed of 

lignin/PEGDGE/KOH76. The high swelling capacity and flexibility confirmed by stable 

capacitance under bending and twisting was reported76. On the other hand, the hydrogel 

was characterized by low ionic conductivity and voltage limitation (1.0 V)76. Another work 

was reported on the supercapacitor based on lithium alginate/lithium acetate (LiOAc) as 

a gel electrolyte77. The high operating voltage (1.8 V), and improved flame-retardant 

characteristics (oxygen index of 35%) were noted77. Nonetheless, the reduced 

mechanical strength at high salt concentration was observed77.  

 

3.4 Redox-active electrolytes 

 

 The improvement of the EC characteristics can be achieved not only through the 

pseudocapacitive electrode materials (Chapter 2.2.2), but also due to the use of redox-

active electrolytes3. The presence of redox species boosts of the EC performance46. 

Importantly, the tailoring of the texture/structure of electrode material has to be taken into 

account, since the redox reactions are occurring at the electrode/electrolyte interface3.  

Several redox pairs were considered e.g., iodine/iodide78, bromine/bromide79, 

quinone/hydroquinone80, thiocyanogen/thiocyanate81 for EC application. Among them, 

aqueous solutions with I2/2I- have recently surpassed others in application82. For instance, 

it was proved that carbon-based EC operating in 1M KI exhibited almost doubled 

capacitance, compared with the system operating in 1M H2SO4
51. The main reaction that 

occurs on the positive electrode can be described using Equation 1951:  

2I− ↔  I2 + 2e−                                        𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏𝟗 

To further advance the use of redox activity of iodide/iodine, Menzel et al. tested different 

molar concentrations of NaI83. The increase of iodide concentration impacted the 

potential range of the positive electrode, leading to the enhancement of the capacitance 
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from 198 F g-1 (0.25M NaI) to 272 F g-1 (2M NaI)83. Kruner et al. investigated the EC with 

higher concentration of KI (6M) and porous carbon electrodes84. It was found that the 

redox active electrolyte combined with highly porous carbon enhanced the capacitance 

to 493 F g-1, comparing to 127 F g-1 reached in 1M Na2SO4
84. Consequently, the ECs 

operating with aqueous iodides solutions present superior capacitance, but a narrow 

operating voltage (0.8 - 1.2 V)82.  

Recently, it has been recommended to utilize bi-functional aqueous electrolytes 

developed by combining redox pair (to achieve high capacitance) with supportive neutral 

salt electrolyte (to extend electrochemical stability window)63,85,86. For instance, the 

additive of 0.5M KI to 1M Li2SO4 resulted in high overpotential of hydrogen evolution at 

the negative electrode, thus 1.6 V could be achieved86. At the same time, the two-fold 

increased capacitance was maintained for the neutral salt electrolyte with redox pair 

additive (similarly to the EC operating in KI solution)82. Even though, the iodide/iodine 

redox pair enhances significantly the capacitance, the EC lifespan is still problematic. It 

was found that polyiodide solid-state deposits (i.e., I3-, I5-) block the access to the 

microporosity of the positive electrode, according to the Equations 20-2287,88. 

I− +  I2 ↔  I3
−                                               𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐𝟎 

I3
− +  I2  ↔  I5

−                                              𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐𝟏 

3I2 + 6OH−  ↔ 5I− + IO3
− + 3H2O      𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟐𝟐 

Importantly, the potential of redox reactions is influenced by the pH and the concentration 

of the solution88. According to the Pourbaix diagram of iodide species, a higher pH shifts 

the redox activity from iodine (I2) to polyiodides (I3-, I5-), and iodate (IO3
-). Moreover, the 

further salt precipitation results from the limited solubility of iodate52. The EC lifespan can 

be improved either by keeping the pH values below 8 which eliminates solid state iodate 

formation52. 
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4  
Electrode materials used for ECs 

 

4.1 Characteristics of carbons utilized as EC 

electrodes 

 

Electrodes are fundamental constituents of electrochemical capacitors, ensuring 

high capacitance, suitable balance between the energy/power density output, as well as 

long lifespan1. The ideal EC electrode material should be characterized by the high 

specific surface area (SSA) with tailored porosity and structural disorder, good electric 

 

Figure 7 The characteristics of ideal EC electrode material. 
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conductivity, corrosion resistance, low production cost, and facile processing in 

composites, as shown in Figure 72. Also, the compatibility of electrode material and 

electrolyte, namely matching of pore size with ion size or surface chemistry with active 

redox species should be considered.  

Carbon materials are among the most abundantly available and diverse materials3. 

Particularly, carbon materials classified into the family with sp2+π hybridization present 

a variety of structures and textures as shown in transmission electron microscopy (TEM) 

images (Figure 8)4. Typical carbon materials utilized in ECs include e.g., activated 

carbons (ACs), templated carbons (TCs), graphene, carbon black (CB), carbon 

nanofibers (CNFs), carbon nano-onions (CNOs), carbon nanotubes (CNTs), graphite, 

and very recently carbon quantum dots (CQDs). Interestingly, carbon materials can be 

additionally doped with heteroatoms (i.e., O, N, S, and P), which may provide 

pseudocapacitance. 

 
Figure 8 TEM images of carbons with different texture/structure used as EC electrode materials: 

a) activated carbon, b) activated carbon nanofibers, c) carbon blac , d) carbon nano-onions,  

e) carbon quantum dots, f) graphite. 

Activated carbon belongs to the family of three-dimensional carbon materials and consist 

of disoriented arrangement of Csp2 sheets that are interconnected in a random manner5, 

as shown in Figure 8 a). The connection between these fragments creates slits and 

tunnels within the structure5. Currently, AC is the most commonly utilized electrode 

material for ECs, in both academia and industry, owing to its high SSA (~3000 m2 g-1), 

porous texture, and moderate manufacturing cost6–8. ACs can be obtained from high 

temperature pre-carbonization of natural (i.e., coconut shells3, lignin9) or synthetic (i.e., 

resins10, coal11) carbon rich precursors followed by the activation to create new pores to 

increase the surface area and tailor textural features3. Two types of activation routes can 
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be distinguished, i.e., physical and chemical12. Physical activation employs heat-

treatment of pre-carbonized precursor at high-temperatures (700-950°C) in the presence 

of the oxidizing gases like steam or CO2 
13,14. On the other hand, chemical activation 

involves chemical reagents, e.g., NaOH15, KOH16, ZnCl217, H3PO4
18

 and lower 

temperature range 400-700°C13. Unlike chemical activation, physical activation is viewed 

as more sustainable since it does not involve highly corrosive chemicals, and eliminates 

the time-consuming washing processes19. On the contrary, chemical activation is 

generally preferred due to lower temperature, and better activation effects12,20. The AC-

based ECs have a capacitance of ~100 F g-1, when the SSA of AC is around 1500 m2 g-

1 21. Importantly, the main constraint of ACs is the lack of the precise control of the 

carbon’s texture and structure. It is especially important for the design of the ECs with 

desired metrics. 

Template-assisted carbonization enables precise tuning of the carbon’s texture, 

especially development of surface area, tuning of porosity as well as the tailoring of the 

structure22. It is possible through the variety of available templating agents. Based on the 

employed templating agent, a hard-, soft- and salt-templating can be distinguished. 

Hard templating requires use of e.g., zeolite23, silica24, metal oxides25 as templates. 

Typically, hard templates are utilized for the preparation of ordered, mesoporous carbons. 

Silica and metal oxides cannot exceed ~1000 m2 g-1, without further activation. On the 

other hand, zeolite templated carbons reach high SSA up to ~4000 m2 g-1, due to the 

presence of micropores (30-70%) inside the mesopores walls23,26. Unfortunately, hard 

templating requires application of hazardous chemicals (e.g., HF or highly concentrated 

NaOH) for the removal of the template, raising the environmental concerns26.  

On the other hand, simpler and more sustainable templating approach have been 

established using phase-separated block co-polymers or organic micelles as soft 

templates27. The process involves the formation of nanostructures via the self-assembly 

of organic molecules at molecular level through hydrogen bonding, hydrophobic/ 

hydrophilic interactions, ion pairing28. Nevertheless, soft templated carbons exhibit a 

particular SSA that typically does not surpass 1000 m2 g-1 22. The self-assembly of 

surfactant micelles leads to abundant mesopores formation upon thermal decomposition, 

but it cannot facilitate the formation of high SSA, which is more linked with the 

decomposition of carbon precursor (generally a phenolic resin)22,29.  

Interestingly, combining soft and salt templating lead to the material’s enhanced textural 

characteristics, including a well-balanced micro- and mesopores volume, elevated SSA 
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(even up to ~2600 m2 g-1), and adjustable pore size and shape22. The salt template 

facilitates the development of micropores, through the melting of the salt and strong 

cation’s interaction with the carbon matrix22,29. Various inorganic salts can be utilized as 

salt templates, including alkali metal chlorides22,29, acetates30, carbonates31. For instance, 

Nita et al. synthesized a soft-salt templated carbon utilizing triblock co-polymer (Pluronic 

F127) as soft template, phloroglucinol and glyoxylic acid to form a phenolic resin network 

as well as alkali metal salts (i.e., NaCl, KCl, LiCl) as salt template29. Moreover, the impact 

of several synthesis parameters including the ratio of reagents, type of salt template, 

type/volume of the solvent, pH, time, temperature on the carbon texture/structure 

formation was investigated29. Control of graphitization can be achieved due to the 

increase in cation-π binding energy to the carbon core, although a decrease of SSA 

occurs29. Importantly, the salt template can be easily removed by simple water washing 

(avoiding the carbon etching) and further recovered in >80% after synthesis, contrary to 

hard templating22,31. Additionally, utilizing environmentally benign precursors and 

solvents, facilitates a one-step carbonization and activation, unlike other approaches, 

where carbonization and activation are consisting of two- or three-steps22. Moreover, the 

overall C-yield of soft-salt templating synthesis is higher (~30%) than for conventional 

pyrolysis of coconut shells combined with CO2 activation (~25%)32. 

Graphene is a two-dimensional monolayer planar sheet consisting of sp2-bonded carbon 

atoms33. Notably, the discovery of the graphene, awarded by the 2010 Nobel Prize 

revolutionized the electronics and energy sectors34. First graphene layer was isolated 

from several-layered graphite by tape and this basic technique further evolved into 

micromechanical cleavage34. Unfortunately, manufacturing of a high-quality graphene is 

frequently challenging (re-stacking of the Csp2 layers), expensive, and time-consuming35. 

The carbon structural defects may be introduced during processing, impacting the unique 

characteristics of the graphene. Graphene is characterized by stable physical structure, 

high theoretical SSA (~2600 m2 g-1 - but difficult to achieve experimentally), outstanding 

thermal and electrical conductivity33,34. It makes graphene a promising material for use 

as electrodes in ECs33. Nevertheless, graphene is used especially in composites with 

pseudocapacitive materials (i.e., metal oxides) to enhance their electric conductivity36. 

Carbon nanotubes are one-dimensional (1D) structures, consisting of graphene sheets 

rolled into hollow tubes37. Typically, synthesis of CNTs encompasses arc discharge, laser 

ablation or chemical vapor deposition38. Also, based on the preparation technique 

employed, it is possible to obtain either single-layer or multi-walled CNTs38. Nevertheless, 
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the rigorous control over the number of the layers presents significant challenges. 

Frequently, CNTs are contaminated by metals (Co, Fe, Ni), graphitized carbon, and 

amorphous carbon, which reduce their purity even up to 75%38,39. Typically, acids and the 

thermal oxidation treatments are utilized to remove the impurities, and amorphous 

carbon fraction, respectively. The SSA of CNTs range from ~300 to 1300 m2 g-1 40. The 

good electrical conductivity and high mesoporosity of CNTs allows quick charging of EDL 

layer, perfect for high-power demand. Nevertheless, relatively low SSA, but high external 

surface area results in moderate capacitance, below 50 F g-1, that limits their widespread 

applications41,42. Interestingly, more often CNTs serve as an excellent supportive material, 

for the enhancement of the electric conductivity and mechanical properties41.  

Another 1D material - carbon nanofibers are characterized by their nanometer-scale 

diameter and no hollow core, including numerous edge sites on their outer wall43. The 

most common method utilized for the preparation of CNFs is electrospinning44. 

Nevertheless, there are several parameters which are hard to be precisely controlled 

during the electrospinning, such us temperature and humidity44. CNFs are perfect for 

wearable devices, as they provide flexibility. Also, there is no need of the binder, which 

simplifies the electrodes processing. Importantly, similarly to CNTs, they provide high 

electric conductivity, but limited SSA, that is why they mainly serve as a support for other 

materials44.  

Carbon black is graphitic material which presents a very small spherical and nanometric 

particles (~10-20 nm) that are connected45, as shown in Figure 8 c). Commonly, it is 

produced through the controlled thermal decomposition (i.e., partial combustion) of 

carbon rich feeds45. The SSA of CB is low to moderate and range from ~30 to 600 m2 g-

1 46,47. Thus, CB is often used as heat-resistant additive as well as to increase the electric 

conductivity of EC electrodes48. 

Carbon nano-onions are composed of the aggregation of a few tens’ nanometers in size 

(< 10 nm) carbon particles49. As it can be observed from TEM image (Figure 8 d), CNO 

particles display a spherical shape characterized by concentrically arranged layers of 

graphitic (sp2) planes50. Commonly, CNOs are synthesized using ultrapure nanodiamond 

particles which are graphitized at high temperature (≥ 1500°C) in the inert gas 

atmosphere49,50. The SSA of CNOs range from ~300 to 800 m2 g-1, which is notably lower 

than SSA reported for activated carbon49,51. Nevertheless, they are characterized by the 

interparticle and intercluster pores, that affects total pore volume51. CNOs have 

completely accessible surface for ion adsorption, given by the absence of porous 
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network within particles, what makes them perfect for the investigation of property-

capacitance relationships50,52. The CNOs demonstrated a promising EC performance, 

achieving a capacitance of up to 126 F g-1 in 1M KNO3
53. On the other hand, the non-

porous, ion-accessible outer shells of CNOs impose constraints on the EC energy 

density, necessitating a large SSA53. 

Carbon quantum dots present a novel category of zero-dimensional materials made of 

nanosized carbon particles (≤ 10 nm)54. CQDs with a Csp2 or Csp2/sp3 core and plentiful 

functional groups in the shell, demonstrate potential to improve the performance of ECs55. 

They can be synthesized through two approaches: bottom-up and top-up56. The bottom-

up strategy involves hydrothermal/solvothermal treatment, microwave treatment or 

pyrolysis of organic molecules (e.g., carbohydrates, amines) or polymer precursors56. On 

the other hand, top-down approach focusses on low-dimensioning the larger carbon 

cluster structures into carbon nanoparticles using laser ablation, arc discharge, or 

ultrasonication56. Nevertheless, the yield of the CQDs synthesis is low, reaching up to 

10%57. That is why, CQDs are mainly used as the electrode additive, depending on the 

desired EC metrics58. Ideally, the CQDs additive increases ion transport, provides 

beneficial quantum effects (nanoscale size) and pseudocapacitance (surface chemistry), 

thus improve the EC metrics59,60. For instance, graphene CQDs made of Csp2 enhance 

the conductivity, while the CQDs with mixed hybridization made through the low-

temperature hydrothermal treatment provide substantial pseudocapacitance60. 

Nevertheless, the synthesis of CQDs with uniform sizes and controllable functionalities 

as well as their physicochemical and electrochemical characterization is still challenging. 

 

4.2 Textural/structural effects on the performance 

of carbon-based electrochemical capacitors 

 

Multiple parameters influence the capacitive performance of carbon-based EC 

electrodes, as mentioned in Figure 7. Nevertheless, the most pertinent factors are 

associated with the porous texture (SSA, pore volume, pore size distribution) and 

structure (defects, surface functionalities)61.  

A high SSA is inherently required for the formation of EDL layer (Equation 8), ensuring 

high capacitance. Importantly, carbon with a pore size smaller than that of the ions will 

be unable of charge storage2. The International Union of Pure and Applied Chemistry 
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(IUPAC) categorized porous materials, including carbon, into three classes based on the 

pore diameter62. Microporous materials are characterized as pores with less than 2 nm, 

and ultramicroporous materials denote sub-nanometer pores smaller than 0.7 nm62. 

Mesoporous materials possess dimensions ranging from 2 to 50 nm, while pores above 

50 nm in diameter are categorized as macroporous materials62. The microporous 

materials are the most suitable for the ion adsorption process. On the other hand, 

mesoporous materials create pathways for efficient ion transport and charge propagation 

allowing high-rate capability. Therefore, preparation of the carbon electrodes with 

balanced micro/mesopores ratio is crucial.  

As firstly demonstrated by Kötz et al., the specific capacitance of 10 commercial carbons 

showed a linearity with increasing SSABET (SSA evaluated using Brunauer-Emmett-Teller 

equation), but not higher than 1200 m2 g-1 63. Above that value, there was observed a 

plateau63. This behavior was related to the space constriction for the charge 

accommodation inside the pore walls63. Carbons, as semiconductors, exhibited low 

charge-carrier density, and the space-charge capacitance was more constrained in those 

with higher surface area63,64. 

Then, Taberna et al. demonstrated “anomalous” enhancement of the capacitance 

normalized to SSABET for a specifically designed microporous carbide-derived carbons 

(with pore width < 1 nm), when the pore dimensions were approximate to those of the 

desolvated ion size65. The results were attributed to the partial or complete desolvation 

of the electrolyte ions upon entering the sub-nanometer pores65. The sieving effect 

resulted in a reduced distance between the ion center and the electrode surface, hence 

improving the capacitance65.  

After the publication of the “anomalous” increase of the capacitance in the range of sub-

nanometer pores65, several researchers tried to verify described findings. Beguin et al. 

found that the capacitance was almost proportional to SSA of series of carbons with 

progressively modified textural properties by heat treatment (500-1000°C), followed by 

the KOH activation66. Moreover, the analysis of the electrochemical performance in 

aqueous and organic electrolyte revealed that an adequate pore size is a mandatory 

requirement to benefit from high surface area, otherwise, the SSA cannot be fully 

accessible to the ions66. The anomalous increase of the capacitance in the sub-

nanometer pores was not confirmed, but it was found that the pore size of 0.7 nm 

(aqueous electrolyte), and 0.8 nm (organic electrolyte) are optimal for the efficient EDL 

formation66.  
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Centeno et al. utilized 42 microporous carbons for the in-detail analysis of the 

relationship between the carbon’s porosity and capacitance67. For that purpose, the SSA 

evaluated using BET equation (SBET) was compared with SSA estimated with other 

methods (i.e., Dubinin-Radushkevich equation, density functional theory (DFT), phenol 

immersion enthalpy, the Kaneko’s comparison plot on N2 adsorption isotherms at -

196°C), denoted as Sav. A good agreement was found in the values of SSA obtained 

through each method for carbons with pore widths between 0.66 nm and 1.65 nm. 

Importantly, the analysis indicated that SBET and Sav exhibit a correlation with capacitance 

exclusively for pores of ~0.9 nm in width67. 

Lately, Centeno et al. employed carbons with narrow micropore size distributions and 

confirmed that the surface normalized capacitance does not rely on the micropore size68. 

Indeed, there was observed an “anomalous” increase of C/SBET for the pores with 

diameter smaller than 0.9 nm, attributed to the SSA underestimation by BET equation68. 

Interestingly, the term accessible specific surface area was proposed as a link between 

the textural properties and storage behavior21. It should be emphasized that the SSA 

commonly determined just by the physisorption of the N2 molecules, may not access all 

the pores, therefore, CO2 sorption is used as a complementary technique to estimate the 

volume of ultramicropores (≤ 0.7 nm). These narrow pores are extremely important for 

ECs operating in aqueous medium since desolvated and solvated ions are much smaller 

than organic/ILs ions.  

For instance, Fic et al. reported a linear correlation between the SSABET, SSADFT, volume 

of micropores, and volume of ultramicropores with the capacitance. No limitation of 

capacitance with the increase of SSA (up to ~2600 m2 g-1) or average pore size (0.7 to 

1.0 nm) was noticed, either anomalous increase of capacitance. In the employed series 

of templated carbons with precisely tailored texture/structure, a fully accessible SSA was 

involved in charge storage22. 

Considering the previous articles, the authors focused mainly on the porosity while 

ignoring other important parameters, i.e., degree of disorder (ID/IG) and surface chemistry.  

Depending on the carbons, some of them may have very high SSA, but limited 

conductivity (high ID/IG) which leads to the lower capacitance. An important work which 

considers the impact of the carbon disorder was performed using nuclear magnetic 

resonance (NMR)69. It was revealed that more disordered carbons, with less graphene-

like domains show higher capacitance due to the more efficient ion storage in their 

nanopores69. Later, the same research group employed commonly available Raman 
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spectroscopy and found that the carbons with smaller ID/IG intensity ratios exhibit higher 

capacitance70. Precisely, lower ID/IG ratio is associated with the higher presence of 

graphitic carbon structure (Csp2)71, thus resulting in lower capacitance, which is 

contradictory to the conclusions noted in the NMR study. Moreover, the degree of 

disorder was calculated based on the intensities of D and G bands, rather than the area, 

which remains questionable for the porous carbons71.  

Interestingly, Vix-Guterl et al. used unique approach called active surface area (ASA), 

which provides the exact area of the defects caused by dislocations, stacking faults, 

surface functionalities in the CNOs52. The linear correlation between the capacitance 

(aqueous, organic medium) and the ASA was reported52. 

Another work provides an understanding of surface functional groups effect on the 

capacitance72. Bio-char-based carbons rich in quinone, phenol, and ether groups 

(detected by the X-ray photoelectron spectroscopy (XPS)) improved the EC capacitance, 

resulting in additional pseudocapacitance72. Furthermore, Sudoh et al. reported a linear 

correlation between the capacitance in aqueous medium and the amount of quinone 

functional group (distinguished by the XPS)73.  

Notably, recently published work provides comprehensive information on the role of the 

oxygen surface functionalities on the EC performance in three different pH aqueous 

electrolytes74. For that purpose, a temperature programmed desorption coupled with 

mass spectrometry (TPD-MS) and ASA approach of several carbons was utilized. It was 

highlighted that only a certain O-functional groups (carboxylic, phenol-ether, carbonyl-

quinone) are linearly correlated to the capacitance74.  

The effect of the selected O-functional group on the capacitance may vary across the 

conditions of studies performed74. The variations may be attributed to the distinct types 

of carbon materials (i.e., ACs, TCs, CNOs) as well as the characterization techniques 

(i.e., XPS, TPD-MS). Furthermore, while quinones serve as electron acceptors that 

provide additional pseudocapacitance, it is essential to identify an optimal quantity of 

these surface groups. Their behavior is also likely influenced by pH of the employed 

electrolyte (i.e., electrolyte rich in protons support the redox activity of the functional 

group)74. 

Concluding, several factors should be considered along with the specific surface area, 

pore size distribution and matching of the size/kind of ions used, as they influence the 

capacitance in porous carbons. Local graphitization (degree of disorder), which allows 
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electrons to flow even through high porosity, as well as the surface chemistry providing 

the additional redox activity cannot be neglected. 

The impact of the electrode material physicochemical properties is most often evaluated 

in terms of capacitance, while their effect on other critical parameters – such as 

capacitance retention, and lifespan remains not well explored. Moreover, commonly a 

few selectively picked textural/structural properties (e.g., SSA and/or surface chemistry) 

are considered, not giving a total overview on the structure-performance relationships. 

Additionally, the physicochemical characterization of carbon materials is typically 

performed on pristine powders, whereas electrochemical measurements are carried out 

on the electrodes, what may contribute to the differences in EC performance. The factor 

that makes a difference between the pristine porous carbon and electrode is a polymeric 

binder (and in some cases a conductive carbon additive). Typically, for the manufacturing 

of carbon electrodes for aqueous-based ECs, polytetrafluoroethylene (PTFE) (5 wt.%) 

and conductive carbon black (5 wt.%) are utilized75. There are already reported some 

particular experimental data on the impact of the carbon electrode additives. Beguin et 

al. reported that electrodes with PTFE binder are less microporous than the pristine 

carbon powder. Importantly, the change of the porosity caused by the binder may depend 

on the physicochemical characteristics of the carbon material and nature of the 

electrolyte used for EC testing76. Frac owia  et al. investigated the pristine activated 

carbon and the electrode containing 90 wt.% of active mass. The SSA was reasonably 

lower for the electrodes (1833 m2 g-1) than for pristine material (2136 m2 g-1)77. Plate  et 

al. confirmed that a formation of self-standing electrodes does not destroy the pristine 

salt templated carbons features. The presence of polymeric binder (10 wt.%) only filled 

a portion of the pores indicated by a decreased SSABET, Vmicro (e.g., for KCl-templated 

carbon from 1673 m2 g-1 to 1353 m2 g-1 and 0.61 cm3 g-1 to 0.51 cm3 g-1, respectively). 

The authors mentioned that those parameters were changed to the same extent due to 

the comparable amount of the binder and conductive carbon additive during electrode 

manufacturing22. Fic et al. focused also on the comparison of the structural disorder of 

pristine salt templated carbons and electrodes studied by Raman spectroscopy. 

Negligible differences of degree of disorder were noted for electrodes, due to the 

incorporation of a binder and conductive carbon22. More recently, Forse et al. restarted 

the investigation on the effect of a polymeric binder on EC performance, initially 

published by the Beguin et al. and did not find any novel reason of the binder action other 

than clogging of the carbon porosity78. Concluding, similar behavior, i.e., a decrease in 

porosity and slight changes in the structural disorder of carbons are expected to occur 
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due to the manufacturing of the electrodes from other carbons, resulting in slight 

differences in EC performance. 
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5  
Characterization techniques 

 

Several techniques served for the characterization of the carbon-based electrode 

materials and electrochemical capacitors as shown in Figure 9. Combination of various, 

complementary techniques resulted in better understanding of the 

texture/structure/surface chemistry of carbons that impact the EC performance. Below, 

selected characterization techniques with the main importance for this thesis were briefly 

described. 

 
Figure 9 Several techniques employed for characterization of carbon materials (XPS, XRD, TEM, 

Raman spectroscopy, gas adsorption/desorption, FTIR, EDX, TPD-MS) and electrochemical 

capacitors (CV, GCD, EIS). 

Three main techniques were used for the analysis of the carbon structure, i.e., X-ray 

diffraction (XRD), transmission electron microscopy (TEM), and Raman spectroscopy. 

XRD serves for phase identification, microstructural characterization, and structure 

determination of the powder material. The phenomenon of diffraction arises from the 
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diffusion of electromagnetic radiation through the solid and structured material1. 

According to the Bragg’s law, it yields data on interlayer spacing (d002), crystallite size 

(via Scherrer formula), and the degree of graphitization2. Importantly, disordered carbons 

exhibit a minimal absorption coefficient for X-rays, which causes the diffraction profile to 

move to a lower angle and broaden considerably1. 

TEM (high-resolution) offers imagining of carbon materials surface at the nanoscale, 

providing the information on the surface morphology (e.g., the number of graphene 

layers, and presence of the defects, nanoparticle size), microstructure, and 

homogeneity3. The mechanism of TEM is based on the interaction between a beam of 

high-energy accelerated electrons and the atoms of the sample3. Additionally, it serves 

also to see the mesopores/macropores and eventual impurities; when linked with energy 

dispersive X-ray spectroscopy (EDX), chemical composition/dopants can be also 

determined. 

Raman spectroscopy is widely used to characterize the local structure of the carbon 

materials. It employs an incident laser beam that interacts only with the π electrons of 

sp2-hybridized carbon networks4. Importantly, the information from Raman spectra is 

limited to that from thin surface of about 30-60 nm as well as the diameter of the incident 

laser beam on the sample (1 µm)1. Therefore, it is highly recommended to collect several 

Raman spectra across the sample5. Typically, two primary bands are noted in the Raman 

spectra of porous carbons. The first-order graphite band (G) placed around 1590 cm-1 is 

associated with in-plane vibrations of sp2-hybridized carbon atoms6,7. The disorder-

induced band (D) observed at 1340 cm-1 corresponds to ring breathing modes primarily 

driven by disorder (structural defects)4. The ratio between the area of D and G bands, 

described as degree of disorder (ID/IG) provides direct information on the carbon 

structure6. The higher ID/IG, the higher disorder of the carbon material. Interestingly, the 

deconvolution of the Raman spectra can further support the interpretation of the results. 

For instance, the deconvolution into four peaks reveal presence of two additional bands 

D2 (~1180 cm-1) and D3 (~1500 cm-1)6. The D2 band, observed as a shoulder of D band is 

associated with the presence of polyene-like structure, while D3 band corresponds to the 

amorphous carbon fraction comprising of e.g., functional groups6. 

Another characterization technique - X-ray photoelectron spectroscopy (XPS) provides 

information on the material bonding states, and texture. XPS serves for the analysis of 

the material’s surface up to 10 nm in-depth1. The XPS spectrum is generated by exposing 

the material to monoenergetic X-rays, resulting in the emission of photoelectrons. The 
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energy emitted by the photoelectrons is quantified, followed by the identification, state, 

and quantity of the element being investigated. Notably, the deconvoluted high-resolution 

XPS spectra provide information on quantitative surface composition and chemical 

bonding states (hybrid orbitals employed by carbon atoms, and bonding states of carbon 

atoms with heteroatoms)1.  

Gas adsorption/desorption is a very useful technique that serves for the material texture 

analysis. Gas adsorption/desorption isotherm measurements are frequently utilized on 

porous carbon materials to acquire quantitative data regarding the accessible pores for 

adsorptive gases, e.g., N2 (77K), CO2 (273K)1. An adsorption isotherm refers to the 

correlation between the quantity of gas adsorbed and the relative pressure (p/p0) at a 

constant temperature. Several types of isotherms were proposed by the IUPAC, through 

the analysis of the curve shape8. For instance, the isotherm denoted as type I 

corresponds to the highly microporous material, as it strongly adsorbs gas molecules at 

low p/p0 (< 0.1), leading to a saturation of adsorption capacity at p/p0 (< 0.2). Furthermore, 

depending if the material displays narrow micropores (< 1 nm) or wider micropores and 

possibly narrow mesopores (< 2.5 nm), an isotherm of type I(a) or I(b) can be 

distinguished, respectively. In mesoporous materials, characterized by the pore sizes of 

2-50 nm, the initial phases of adsorption include the formation of monolayers and 

multilayers on the pore walls, succeeded by capillary condensation at elevated pressures, 

resulting in the type IV isotherm, commonly linked to distinct hysteresis loop8. 

Importantly, the textural characterization of the carbon materials involves essential 

metrics such SSA, pore volume, and pore size distribution, which are derived often from 

nitrogen adsorption/desorption measurement9. The predominant method for assessing 

the SSA is the BET equation, which points that the initial layer of adsorbed gas molecules 

constitutes a complete monolayer prior to the adsorption of further layers. Nonetheless, 

in microporous carbons, pore filling frequently coincides with the formation of monolayer 

and multilayer, confounding the interpretation10. That is why, it is highly recommended to 

use very low range of p/p0 (0.01 to 0.05) while using BET equation for porous materials5. 

Recently, another method using two-dimensional-non-local density functional theory 

(2D-NLDFT) was proposed for the evaluation of cumulative surface area, average pore 

size, and pore volume11. Traditional model (NLDFT) considered idealized, smooth pore 

geometries, which is far from the real texture of the tailored carbons. Then, the proposed 

improvement of the model took into account surface roughness, and heterogeneity (2D-

NLDFT)11. Nevertheless, the predominant method for assessing SSA is still the BET 

equation, because of its ease of use, as well as the comparison with many other studies. 
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Temperature programmed desorption coupled with mass spectrometry (TPD-MS) is 

commonly used to analyze the materials functional groups (especially O-groups like 

carbonyl, carboxyl, hydroxide, quinone, phenol, ether, anhydride)12. TPD-MS involves 

the desorption of the functional groups within the increasing temperature up to 950°C 

followed by quantification of the releasing gases (typically CO, CO2, H2, and H2O) 

through the mass spectrometry12. Importantly, the whole bulk of the material is analyzed 

contrary to the XPS, where only few top material layers are considered. By 

understanding the temperatures and nature of generated gases associated with various 

oxygenated surface groups, it is possible to deconvolute the TPD-MS desorption profiles 

and precisely quantify these functional groups12–14. 

Additionally, TPD-MS can give information on the extent of defects and active sites by 

quantifying the active surface area (ASA)13. The ASA is established via the chemisorption 

of O2 on a carbon devoid of functional groups (desorbed during the thermal treatment of 

1st TPD-MS), subsequently followed by the quantification of the resulting oxygenated 

species (2nd TPD-MS)15. The assessment of ASA necessitates a specific equipment 

configuration and calculation, with only a few research studies reporting such values16. 

The ASA is a structural parameter linked with defects in the basal and edge planes of 

carbon (e.g., topological defects, structural defects, dopants). On the other hand, the 

defects that exist in the graphene basal planes, are evidenced by Raman spectroscopy. 

Thus, ASA estimation and Raman spectroscopy serve as complementary techniques, 

since they do not provide information on exactly the same type of defects. 

Electrochemical characterization techniques are essential for ascertaining properties of 

ECs, including capacitance, operating voltage, internal resistance, and power/energy 

density. For that purpose, several methods such as cyclic voltammetry (CV), 

galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy 

(EIS) are utilized. These techniques rely on precise measurements of essential 

parameters – voltage, current, and time – to derive important cell properties.  

CV involves linear sweeping the potential of the working electrode between two voltage 

limits, while measuring the resulting current17. It leads to a cyclic voltammogram, where 

current is a function of applied potential, which elucidates charge storage mechanism 

(capacitive or faradaic), reaction kinetics, and electrode stability of the system18. For an 

ideal EC, a rectangular shape of CV curve should be observed, emphasizing the EDL 

operating mechanism, whereas the presence of redox peaks indicates pseudocapacitive 

contribution19. 
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In GCD, the cell is charged with a constant current until it reaches a maximum voltage, 

and then subsequently discharged with a constant current of identical magnitude, but 

opposite direction to the charging current, until it attains a minimum voltage20. Commonly, 

the voltage is recorded as a function of time during the testing. The ideal EC behavior 

should be observed as a symmetrical triangle, with the energetic efficiency that is equal 

between the charging and discharging19. Nonetheless, in practical situations, deviations 

from ideal GCD curve frequently arise. GCD is very often used for the calculation of the 

capacitance, as the integral serve for precise acquiring of the area under the discharge 

and charge curve21. Moreover, GCD can be employed to analyze the EC lifespan through 

cycling (repeating GCD until end-of-life is reached) or floating (protocol consisting of 

three GCD followed by the 2h voltage hold, repeated until end-of-life is achieved)22. 

EIS in potentiostatic mode is characterized by a small amplitude sinusoidal voltage (±5-

10 mV) superimposed on a constant voltage setpoint. The resultant (sinusoidal) current 

response is observed as a function of frequency, generally in a broad range (kHz to mHz) 

to elucidate processes occurring at various time scales23. EIS results, including 

impedance magnitude, phase angle, and frequency, can be depicted in diverse graphical 

styles to examine the electrochemical behavior of the system23,24. One possibility is 

Nyquist plot, where Re(Z) is plotted on the X-axis and the -Im(Z) on the y-axis. Every 

point on the Nyquist plot represents the impedance at a particular frequency, with high-

frequency data generally situated near the origin and low-frequency data spreading 

further along the plot25. The shape of the Nyquist plot provides valuable insights into the 

electrochemical processes of the system through the analysis of the parameters of 

importance, e.g., electrode resistance, internal resistance, charge transfer resistance, 

and diffuse layer resistance25,26. 
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6  
Electrochemical capacitor in aqueous 

electrolyte with long lifespan improved 

by hydrogen bond donor addition 

https://doi.org/10.1016/j.mattod.2023.06.018   

 

In electrochemical capacitors utilizing neutral salt aqueous electrolytes, the 

corrosion of the stainless-steel current collectors poses a major challenge, impacting the 

lifespan, efficiency, and the capacitance. In the study presented in this chapter, for the 

first time the effect of the hydrogen bond donor (HBD) additive to 1M Li2SO4 electrolyte 

is investigated, resulting in a green, low-cost EC. Importantly, urea effectively inhibits the 

corrosion of stainless steel and enhance the EC lifespan due to specific interaction of 

urea-water-Li2SO4 in the hydrogen bonded network, as shown in Figure 10. 

 
Figure 10 Graphical presentation of anti-corrosive and anti-ageing effect on EC due to the 

formation of hydrogen bond networ  after adding urea to 1M Li2SO4. 
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The new EC electrolyte was composed of 1M Li2SO4 and urea additive in different 

concentrations (0.5, 1, 2M). Several physicochemical (pH, conductivity measurement, 

FTIR, TEM, SEM, N2 sorption, Raman spectroscopy, GCMS) and electrochemical (CV, 

GCD, EIS, linear polarization, cyclic potentiodynamic polarization) techniques were 

employed for in-detail characterization. 

Physicochemical characterization of the electrolyte revealed that the urea additive did 

not impact significantly the ionic conductivity and pH of the 1M Li2SO4. The ionic 

conductivity slightly decreased from 77 mS cm-1 to 65 mS cm-1, when 2M of urea was 

added. The pH shifted slightly into more alkaline, due to weak base character of urea. 

The FTIR spectra of the electrolyte with and without urea additive overlapped, except 

the band associated with C-N stretching vibration. Notably, the urea could be easily 

incorporated into a 1M Li2SO4 solution without being split into ions. 

Electrochemical corrosion analyses demonstrated that urea markedly suppresses 

stainless-steel degradation. Specifically, the corrosion current decreased substantially 

(from 6.60 µA to 0.55 µA) and the corrosion potential shifted toward more cathodic value 

with the increasing urea concentration (up to 2M), confirming its strong inhibiting effect. 

Moreover, Raman spectra of stainless-steel discs after corrosion testing further revealed 

that the urea prevents the development of pitting corrosion products, i.e., Fe2O3, and 

promotes the formation of a passivation layer composed of FeOOH. 

A symmetric cell containing porous carbon electrodes and 1M Li2SO4 electrolyte, 

with/without urea was subjected to the EC electrochemical testing. Several types of 

porous carbons were considered (YP50F, YP80F, BP2000, Kynol 507-20). Among them, 

BP2000 was selected as the most appropriate due to its high mesoporosity, that supports 

high-rate capability of EC. The CV voltage extension emphasized that there is no 

significant deviation from the ideal rectangular CV shape when the urea is added. 

Moreover, the GCD served for the calculation of coulombic efficiency (95%) and 

energetic efficiency (80%), thus 1.6 V was set as a stability limit. The capacitance value 

of ~100 F g-1 was similar for the electrolytes with different urea concentrations, as well 

as the pure 1M Li2SO4. Therefore, the urea additive is not detrimental to the 

electrochemical stability and capacitive performance of the device. 

The lifespan of the EC was evaluated using two protocols – cycling and floating. Two 

parameters of importance were tracked – capacitance retention and equivalent series 

resistance retention until at least one of the end-of-life criteria was achieved. High cycling 

stability of the EC with urea additive (< 60 000 cycles) was observed, comparing with 

1M Li2SO4 (47 000 cycles). Additionally, floating which is a less time consuming and more 
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harsh protocol emphasized more clearly the benefit of the urea additive. The additive of 

0.5M urea delayed the drop in the relative capacitance for up to 206 floating hours. 

Importantly, further increasing the concentration of the added urea to 1M Li2SO4, resulted 

in nearly three times EC lifespan improvement (350 floating hours with 2M urea). 

Then, two advanced techniques were utilized to understand the origin of the lifespan 

improvement as well as the anticorrosive character of carbon-based EC operating 

with/without 2M urea additive to 1M Li2SO4. Raman spectroscopy in operando mode 

served for the evaluation of the physicochemical changes at the electrode/electrolyte 

interface during the cycling. Notably, the degree of disorder remained constant in the 

case of the urea additive, while increased when 1M Li2SO4 was utilized. It emphasizes 

the accelerated degradation of the electrode material due to the formation of defects, 

when 1M Li2SO4 was employed as electrolyte. Moreover, the changes of the water peak 

were observed for the urea-based electrolyte, while it remained stable in the 1M Li2SO4. 

The band around 3500 cm-1, ascribed as stretching of OH group was not present in the 

solution with urea additive. On the other hand, the OH related band was well visible for 

EC operating in 1M Li2SO4. Then, operando gas chromatography-mass spectrometry 

(GCMS) allowed the analysis of the gas evolution from electrolyte/electrode interface 

during the EC lifespan evaluation by floating. Lower CO2 evolution was observed for 1M 

Li2SO4 with 2M urea additive than for pure 1M Li2SO4 based EC. In conclusion, the 

operando testing indicated that urea has an ability to reduce the activity of the water 

(formation of hydrogen bond network), thus, preventing the structural degradation of the 

electrode. 

Importantly, the density functional theory (DFT) calculation served for the estimation of 

the interactions that occur between water, urea, and Li2SO4 molecules. A formation of a 

strong hydrogen bond network was confirmed, where urea interacts strongly with 

surrounding water molecules, and participates in the restructuring of the solvation shells 

of Li+ and SO4
2- ions. Furthermore, the hydrogen bond network reduces the fraction of 

free water molecules and modifies the ion-solvent interaction, thereby suppressing water 

activity. 

Concluding, the incorporation of the urea as a hydrogen bond donor additive to 1M 

Li2SO4 electrolyte efficiently mitigated corrosion of stainless-steel current collectors, and 

limited ageing processes. At the same time, the high ionic conductivity and capacitive 

characteristics of 1M Li2SO4 based EC was preserved. This study offers a facile, cost-

effective, and environmentally benign approach to the development of durable, high-

performance aqueous electrochemical capacitors. 
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7  
Effect of a buffer/iodide electrolyte on 

the performance of electrochemical 

capacitors 

https://doi.org/10.1039/D4GC01748J 

 

Aqueous electrolytes employed in ECs face several drawbacks like narrow 

operating voltage and relatively low capacitance. Indeed, there is a possibility to improve 

the capacitive performance two-fold through the iodide/iodine redox pair. Nevertheless, 

the EC operating voltage still do not exceed 1.2 V (water splitting). To solve that problem 

several buffer solutions with pH up to 7 were utilized to stabilize the iodide/iodine redox 

pair formed during EC operation. Proposed electrolyte allowed to reach 1.5 V stable 

voltage, high capacitance as well as enhanced EC lifespan (Figure 11).   

 
Figure 11 Graphical presentation of the novel buffer-iodide/iodine EC electrolyte with its 

advantages. 
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A new EC aqueous electrolyte was composed of NaI as a source of iodide/iodine redox 

pair and different buffer solutions – acetate (AcB), citrate (CB), and phosphate (PhB). 

Various physicochemical (pH and conductivity measurement, FTIR, Raman 

spectroscopy, XPS, XRD, SEM, N2 sorption) and electrochemical (CV, GCD, EIS) 

techniques were employed for the material and device characterization. 

The additive of NaI in several concentrations (0.2 - 2M) significantly increased the buffers 

ionic conductivity, while causing only negligible changes in pH, indicating that the buffer 

solutions retained their chemical stabilizing function even after iodide addition. 

The stability of carbon-based ECs operating in buffer/iodide electrolytes was evaluated 

using the GCD voltage extension from 0.8 to 1.8 V. The voltage extensions for the buffers 

with/without the iodide additive demonstrated that all ECs exhibited enhanced stability 

with the redox pair, evidenced by a nearly perfect triangular shape of charge/discharge 

curve. Moreover, the potential of positive and negative electrodes was monitored, 

consequently, a limit of 1.5 V was set as the EC stable operating voltage. Three electrode 

study revealed the capacitive behavior of the negative electrode and a broad, 

pronounced redox peak of positive electrode correlated with faradaic reaction of iodides. 

Notably, the specific capacitance was increased substantially when the 0.2M NaI was 

added: from 91 to 149 F g-1 (AcB), from 7 to 101 F g-1 (CB), from 22 to 132 F g-1 (PhB). 

The long-term behavior of the EC was tested by the floating at 1.5 V. It revealed that the 

combination of the buffering action and iodide redox chemistry can markedly improve the 

EC lifespan, although the effect depends strongly on the pH of the buffer, carbon texture, 

and the concentration of added NaI. In the AcB with 0.2M NaI, the YP50F based EC 

sustained 310 floating hours, compared with only 100 floating hours for AcB without 

iodide. Even more strikingly, the CB with the same iodide concentration enabled 

exceptional 1006 floating hours, whereas a CB reached only 30 floating hours. It 

suggests that a slightly acidic buffered environment (~5) is favorable for maintaining 

reversible long-term iodide redox activity, while limiting the detrimental side reactions. In 

contrast, the PhB buffer showed less benefit from iodide additive, due to near-neutral pH, 

that approaches the boundary of the efficient I-/I2 reaction. 

The investigation of the several concentrations of NaI additive (0.2, 0.5, 1, 2M) to AcB 

revealed that even if high iodide concentration supplied a high capacitance at the 

beginning, it did not guarantee a long lifespan and gradually formed polyiodides could 

easily block the available porosity of the carbon. The EC lifespan was better, with the 

decrease in the NaI concentration, from 34 floating hours for 2M NaI to 310 floating hours 

for 0.2 M NaI additive.  
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Then, the effect of the carbon electrode structure on the EC lifespan was investigated. 

Among several carbons with different structural/textural characteristics (YP50F, BP2000, 

YP80F, Kynol, salt-templated carbon), it was found that the highly microporous carbon 

YP50F provided the most favorable balance between capacitance enhancement and 

long-term lifespan. 

Additionally, post-mortem analysis of the carbon electrodes after EC lifespan testing was 

performed. XRD did not reveal formation of any solid-state deposits, which could block 

the porosity and deteriorate the EC performance. Furthermore, the XPS showed that the 

positive electrode underwent greater oxidation than the negative electrode. Nevertheless, 

the oxidation was less severe in the buffer/iodide system than in buffer alone. The signals 

associated with iodide-containing species on the carbon surface suggest partial grafting 

or persistent interfacial interaction of iodine species with the electrode. These findings 

imply that buffer-controlled pH stabilization not only supports reversible redox activity but 

also mitigates surface degradation and suppresses the formation of iodates and/or 

polyiodides.   

In conclusion, the study introduces buffer/iodide electrolytes as a promising and 

sustainable EC electrolyte. Through the combination of the buffer’s pH stabilization and 

pseudocapacitance from iodine/iodide redox pair, the proposed electrolyte enables 

simultaneous improvement of the capacitance, operating voltage, and lifespan.  
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8  
Lignin as precursor of gel electrolyte 

and salt templated carbon for 

sustainable electrochemical capacitor  

https://doi.org/10.1039/D5GC05533D 

 

The study presented in this chapter provides comprehensive and sustainable 

strategy for the development of ECs using lignosulfonate (LS), a waste-derived technical 

lignin, as a multifunctional precursor for all key EC components, including the electrolyte, 

separator, and electrodes, as shown in Figure 12. This work addresses critical 

environmental and performance limitation of ECs (e.g., safety, narrow operating voltage). 

 
Figure 12 Novel and environmentally friendly strategy for effective utilization of a waste-derived 

technical lignin from wood, as a renewable precursor of EC electrolyte, electrodes, and separator. 
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Hence, the innovation in this research relies on the development of LS-based gels with 

expected high aqueous electrolyte uptake capacity in combination with water-in-salt 

electrolytes. As well, LS can be used as a carbon precursor to produce tailored electrode 

materials via salt templating approach. In both cases, acetate salts (NaOAc, KOAc, 

LiOAc, and its mixtures) served for the preparation of LS gel electrolyte and LS salt 

template carbons. 

For that purpose, thin films of gels were prepared via chemical crosslinking of LS and a 

crosslinker PEGDGE (poly(ethylene glycol) diglycidyl ether) with PEO (poly (ethylene 

oxide)) repeating units of 22. The LS gel structure observed using Cryo SEM exhibited 

a porous, three-dimensional network capable of incorporation aqueous acetate solution. 

The LS-based gel electrolyte was optimized using acetate solutions varying the cations 

used (Li+, Na+, K+), and concentrations (1 - 24m) through the systematic investigation of 

the solution uptake ability and change of swelling degree. It was proved that both: 

solution uptake and swelling degree decrease with increase of acetate salts 

concentration, due to higher osmotic pressure and viscosity, which limit solvent diffusion 

into the polymer network. Among the tested gels, KOAc-based gels exhibited the most 

stable performance, maintaining relatively high solution uptake even at elevated 

concentrations, attributed to the lower hydration energy and higher mobility of K+ ions. It 

facilitated more effective combination of the KOAc solution with the LS gel matrix. The 

ionic conductivity of the LS-KOAc reached the highest value of (~10 mS cm-1) for the LS-

1m KOAc due to the greater solution uptake. Nevertheless, LS-5 m KOAc gel provided 

the best compromise between the ionic conductivity, reduced free water content, and 

mechanical stability, making it the most suitable for further EC testing. 

The modification in texture/structure of LS carbons was achieved through the salt 

templating route. Notably, acetate salts (NaOAc, KOAc, NaKOAc) served as both 

structural templates and self-activating agents. Formation of microporosity was possible 

due to the effect of the salt template (diameter of ions), nevertheless, at the same time, 

some graphitic domains were formed, influenced by the cation’s affinity towards carbon 

core and the cations size. The LS carbons exhibited predominantly microporous texture 

with SSA ranging from 881 m2 g-1 (NaOAc) to 1754 m2 g-1 (KOAc) and differences in 

degrees of structural disorder (ID1/IG= 1.37 - 3.00). KOAc template promoted higher 

microporosity due to weaker cation–π interactions, while NaOAc induced greater 

graphitization and reduced surface area. In mixed NaKOAc template, a synergistic effect 

of both salts enhanced carbon-salt interactions, and led to partial graphitization with 

increased mesoporosity.  
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Electrochemical testing of ECs composed of LS-5m KOAc gel electrolyte and LS-salt 

templated carbons demonstrated nearly ideal EDL behavior with rectangular CV profiles 

and triangular GCD curves up to 1.6 V. Capacitance values ranged from 46 to 82 F g-1 

depending on the carbon texture, with the highest capacitance observed for highly 

disordered and porous LS-KOAc carbon. A strong linear correlation between capacitance 

and accessible SSA as well as micropore volume (R² ~ 0.95) confirmed that charge 

storage is dominated by ion adsorption in micropores. In contrast, excessive 

graphitization of LS-NaOAc, LS-NaKOAc carbons reduced capacitance due to 

decreased SSA. 

The LS gel electrolyte played a critical role in the improvement of EC safety and stability. 

Compared to diluted liquid electrolytes, the LS gel electrolyte significantly reduced self-

discharge and leakage current of EC, maintaining higher voltage over extended periods. 

Additionally, gel acted as both electrolyte and separator, eliminating the need for 

synthetic membranes and minimizing the risk of electrolyte leakage. The assembled ECs 

achieved improved lifespan (up to 170 floating hours for LS-NaKOAc) and reduced self-

discharge compared to commonly used glass fiber separator (by ~10%). Further analysis 

of structure - performance relationships revealed that not only textural parameters (SSA, 

pore size distribution) but also structural disorder and surface chemistry critically 

influence electrochemical performance. In particular, a higher degree of disorder 

correlated with increased capacitance as defect-rich structure provided more 

electroactive sites and facilitated ion adsorption. On the other hand, higher disorder 

resulted in reduced EC lifespan, decreasing the conductivity as well as promoted 

electrode degradation. High microporosity enhanced capacitance, while mesopores 

contributed primarily to ion transport and rate capability.  

Importantly, the environmental impact of the LS-based EC was evaluated in comparison 

to existing literature. The present approach employed renewable LS as carbon source 

with yield comparable to conventional methods, resulting in similar energy requirements, 

while significantly improving sustainability. This strategy allowed CO2 emission reduction 

of 32-49%, demonstrating its strong potential for the development of more 

environmentally friendly electrochemical capacitors. Concluding, this study proved that 

LS can be effectively utilized as high-performance, sustainable EC components. The 

combination of bio-derived gel electrolyte with tailored porous carbon provided a viable 

pathway toward environmentally benign ECs, combining safety, and competitive 

electrochemical performance over conventional designs.  
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9  
Impact of disorder, porosity, and surface 

chemistry of salt templated carbons on 

capacitance 

https://doi.org/10.1002/advs.202505032 

 

In this chapter, the fundamental relationships between the structural disorder, 

porosity and surface chemistry of templated carbons on the capacitance, retention and 

lifespan of aqueous-based ECs are investigated, as shown in Figure 13. Notably, salt 

templated carbons with higher structural disorder (higher ID1/IG ratio) exhibit enhanced 

capacitance across a wide range of current densities, although EC performance is also 

strongly affected by specific surface area, microporosity/mesoporosity, and surface 

functionalities. 

 
Figure 13 The parameters of importance considered for the enhanced ECs performance. 
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Key challenge of enhancing EC capacitance, can be realized by optimal design of 

electrodes. The soft-salt templating approach has garnered interest due to its simplicity, 

environmental friendliness, and cost-effectiveness. The synthesis relies on the use of 

green phenolic-resin (carbon source), the soft template (mesoporosity creating agent), 

and the salt template (microporosity and graphitic structure mediator). Numerous 

property-capacitance relationships have been reported, concerning various carbons, 

electrolytes, and testing conditions, complicating the extrapolation of a general trend. 

In this study, a series of porous carbons was synthesized via a sustainable soft-salt 

templating approach. The mixtures of alkali metal chlorides in their eutectic ratio 

(CsCl/KCl, CsCl/NaCl, CsCl/LiCl, NaCl/KCl, LiCl/KCl, LiCl/NaCl) were utilized as salt 

templates. The interactions of the salt template, namely its cation binding energy to the 

carbon core as well as the cation size resulted in differences of texture/structure/surface 

chemistry between the carbons. Prepared carbons were characterized 

physicochemically (XRD, TEM, Raman spectroscopy, TPD-MS, ASA, N2/CO2 sorption), 

and electrochemically (CV, GCD, EIS) leading to several linear property-performance 

relationships. 

TEM images indicated generally disordered structure for all salt templated carbons, with 

the highest disorder observed in CsCl-templated carbons, while the presence of LiCl as 

template (LiCl/NaCl-T and LiCl/KCl-T) promoted the formation of larger and more 

extended graphitic domains. 

XRD analysis revealed that salt templated carbons exhibited broad and poorly defined 

diffraction peaks corresponding to the hexagonal graphite planes, confirming their 

predominant disordered structure with randomly stacked graphene layers. Interestingly 

both peaks (002, 100) were higher for LiCl/NaCl-T and LiCl-KCl-T indicating more 

stacked and larger graphene domains than for CsCl-templated carbons. 

The average Raman spectra for all carbons showed that wider D bands are associated 

with the use of CsCl-template, while more narrow D bands are linked to the LiCl-

templated carbons. Additionally, the 2D band was noticed in more ordered materials and 

particularly observed for LiCl-based carbons. Quantitative analysis using the ID1/IG ratio 

(based on peak areas) revealed the differences of structure among the carbons. Four-

peak deconvolution provided a more detailed description of defect type. For instance, 

CsCl-T exhibited the highest disorder degree (ID1/IG=2.36), while LiCl/NaCl-T was the 

most ordered (ID1/IG=1.66). 
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Surface chemistry analysis through the TPD-MS demonstrated the presence of different 

type and amount of oxygen functional groups within carbons. CsCl-based carbons 

exhibited higher CO, and CO2 evolution, indicating high incorporation of oxygen 

functionalities. Notably, the carbons were especially abundant in carbonyl/quinone, 

carboxylic, and phenol/ether groups. Furthermore, TPD-MS enabled quantification of 

ASA, associated with edge sites and structural defects. The estimation of ASA is very 

rare, and requires a special equipment set-up, with only a few groups in the world 

reporting such a value. The ASA ranged from 37 m2 g-1 for the most disordered CsCl-T 

to 18 m2 g-1 for the more ordered LiCl/NaCl-T. Importantly, ASA showed a clear 

relationship with the ID1/IG. 

N2 sorption indicated that salt templated carbons were mostly microporous (type I/IV 

isotherms) with high specific surface areas (1453 - 2640 m2 g-1) and presence of a small 

fraction of mesopores. CsCl-templated carbons exhibited the highest micropore volume 

(up to 0.97 cm3 g-1), while LiCl-based carbons showed reduced microporosity, but 

increased mesoporosity due to enhanced graphitization. Overall, the prepared carbon 

series is characterized by various textural, structural, and surface chemistry properties 

that allow to establish property-performance relationships. 

Electrochemical testing in 1M Li2SO4 electrolyte revealed that all salt templated carbons 

exhibited typical EDL behavior with near-ideal rectangular CV curves, and triangular 

GCD profiles. The maximum gravimetric capacitance reached 244 F g-1 (CsCl/KCl-T) at 

an operating voltage of 1.6 V. The salt templated carbons showed a good rate capability, 

corresponding to the ~51% retention from 0.2 to 20 A g-1. Furthermore, the long-term 

lifespan of salt templated carbons was observed especially for more ordered LiCl/KCl-T 

(288 floating hours at 1.6 V). 

The physicochemical properties of salt templated carbons were correlated with the 

capacitance, rate capability, and stability. It was revealed that the salt templated carbons 

with increased disorder, characterized by the greater ID1/IG Raman ratio, are likely to 

display enhanced capacitance, confirmed as well by the ASA approach across different 

current densities. Importantly, the high coefficient of determination (R2) ~0.91 - 0.94 was 

reported, reflecting that defects in carbon’s structure promote capacitive performance. 

Another factor of importance is surface chemistry. Overall, total CO, CO2 evolution 

profiles correlated with capacitance, but with low linearity due to the complex and 

competing roles of surface functionalities. Only particular oxygen functional groups were 

beneficial for the EC operating in 1M Li2SO4. The phenol/ether and carboxyl groups were 
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found as the most influential on the capacitance (R2 ~ 0.56 - 0.71), while carbonyl/ 

quinone and other groups showed weak or no clear correlation. 

SSA, volume of micropores, volume of ultramicropores exhibited strong linear 

correlations with capacitance (R2 up to ~0.96), confirming that charge storage was 

primarily governed by accessible surface within micropores. In contrast, the volume of 

mesopores showed a weaker or inverse relationship with capacitance, acting mainly as 

ion transport pathways rather than charge storage sites. 

Concluding, various parameters impact the performance of salt templated carbons-

based ECs, i.e., degree of disorder, specific surface area, pore size distribution, matching 

of size/kind of ions used and surface functional groups. None of these should be ignored. 

For example, increased disorder of carbon, characterized by accessible microporosity 

that aligns with the solvated ions of the electrolyte, together with some mesoporosity 

(facilitating fast kinetics), and a balanced surface functional groups, result in improved 

capacitance, but reduced lifespan. In contrast, the highly ordered material with a high 

concentration of graphitic domains exhibits an extended lifespan, but decreased 

capacitance. Although highly disorder carbon supply increase of capacitance, defects 

contribute to a reduced lifespan. 

These findings provide a valuable guidance on how we can significantly improve and 

optimize the design of novel materials with controlled features for sustainable energy 

storage systems. 
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10  
Insights of N-carbon quantum dots 

effect on charge storage in 

supercapacitors 

 

Carbon quantum dots (CQDs) with Csp2/Csp3 core and plentiful functional groups 

in the shell show promise for improving the EC performance, as shown in Figure 14. 

Nonetheless, application and understanding their real effect on the EC performance 

remain nascent. In this chapter, a straightforward strategy to enhance the 

electrochemical performance of porous carbon cloth electrodes for ECs by integrating 

N-doped carbon quantum dots (CQDs) is reported. Especially, critical role of CQDs 

properties that affect the EC characteristics was unrevealed. 

 
Figure 14 The beneficial effect of the electrode functionalization by carbon quantum dots 

abundant in oxygen and nitrogen functional groups on the EC lifespan. 

 

An adjusted bottom-up approach was utilized to obtain CQDs with different disorder 

degree, functional groups content and fluorescence properties. For that purpose, various 

pairs of citric acid and amines (EDA (ethylenediamine), HMTA (hexamethylenetetramine), 

TEDA (1,4-diazabicyclo[2.2.2]-octane), oPDA (o-phenylenediamine)) were utilized to 
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prepare aqueous solutions of CQDs by hydrothermal carbonization (HTC). In-detail 

purification employing centrifugation, dialysis, and filtration was implemented to remove 

the unreacted products and larger particles. Importantly, several techniques were used 

for physicochemical (FTIR, UV, fluorescence spectroscopy, TEM, SEM-EDX, XPS, N2 

sorption) and electrochemical (CV, GCD, EIS) characterization. Such comprehensive 

characterization lacks in the literature, making the understanding of the role of CQDs 

properties on electrochemical performance difficult to assess. 

The N-CQDs with a size of approximately 6 nm exhibited blue light emission at λ=365 

nm, which was attributed to the recombination of electron-hole pairs located within the 

Csp2. Additionally, polydispersity index (PDI) values confirmed excellent monodispersity 

of EDA-, HMTA-, TEDA-CQDs, and severe polydispersity of oPDA-CQDs. 

As-synthesized N-CQDs possessed a high abundance of hydrophilic groups, with 

oxygen content reaching up to 23 at.% and nitrogen content up to 20 at.%. It was 

revealed that EDA- and oPDA-CQDs had the highest abundance of N-groups, 

specifically C-N (EDA-CQDs) and -NH2 (oPDA-CQDs), whereas TEDA- and HMTA-

CQDs were characterized by a predominance of O-groups. The variations in the quantity 

and nature of surface groups stem from the structural differences of the chosen amines. 

Absorption spectra revealed characteristic π-π* and n-π* transitions, with variations in 

peak position and width linked to differences in particle size distribution, heteroatom 

content, and structural defects. TEDA-CQDs displayed the narrowest size distribution 

and sharpest absorption peak, while oPDA-CQDs showed broader distributions and 

more defect-related features. All samples exhibited excitation-dependent 

photoluminescence, though the degree of spectral shift and emission bandwidth varied, 

indicating differences in homogeneity and electronic structure. While both quantum 

confinement and surface states influence emission, no single factor fully explains the 

observed fluorescence intensity, highlighting the complex interplay between particle size, 

surface chemistry, and defect states in governing N-CQDs optical properties.  

A facile impregnation of Kynol porous carbon cloth with N-CQDs was performed, and the 

even distribution of C, N, and O elements within the carbon matrix was validated through 

the chemical mapping. Notably, Kynol carbon cloth impregnated with N-CQDs served as 

electrodes that were directly employed in aqueous based ECs (1M Li2SO4). 

Thermogravimetric analysis (TGA) revealed that the stability limitation of the N-CQDs 

was 200°C. Above that temperature, the substantial decomposition of oxygen/nitrogen 

functionalities was occurring, irreversibly altering the structure of N-CQDs. Also, the 

155:1421455737



 

 
156 

 

weight loss investigated during TGA was related to the total amount of N-CQDs on the 

Kynol surface, which was higher for EDA-CQDs and oPDA-CQDs (~25 wt.%), whereas 

lower for the HMTA-CQDs and TEDA-CQDs (~13 wt.%). Moreover, XPS study of surface 

state of Kynol and Kynol impregnated with EDA-CQDs proved that ~30% of the EDA-

CQDs were present on the Kynol surface, confirming the TGA findings. 

The N-CQDs improved the EC capacitance, reaching 146 F g-1 (Kynol-TEDA-CQDs) in 

contrast to 116 F g-1 (Kynol), especially in the small current regimes, where the kinetics 

of the redox reactions from N-CQDs was not hindered. In order to explain the mechanism 

of EC operation, Dunn’s method was employed. The diffusive contribution varied from 

26% for Kynol-EDA-CQDs to 14% for Kynol-HMTA-CQDs, in contrast to 8% for pristine 

Kynol at small scanning rate (1 mV s-1). This contribution was much reduced to 3-8% for 

Kynol-N-CQDs and to 2% for Kynol, when the higher scanning rate was considered. 

Therefore, EC operating mechanism remained mainly capacitive, nevertheless the 

diffusive contribution played a significant role. 

Importantly, the EC lifespan was markedly enhanced during prolonged floating after the 

N-CQDs impregnation of Kynol. For instance, the end-of-life criteria after reaching 20% 

decrease in EC relative capacitance was achieved at 74 floating hours for Kynol, 

whereas at 200 floating hours for Kynol-TEDA-CQDs based ECs.  

Through linear correlations, it was identified that CQDs possessing high amount of 

surface groups and low content of Csp2/Csp3 core, were at the origin of better capacitive 

and long-term performance. These functional groups improved the wettability of the 

carbon surface, provided additional redox-active sites and electron rich zones, that 

facilitated pseudo-capacitance, charge transfer within the porous network and protective 

barrier against degradation. Additionally, the analysis of the photoluminescence emission 

through the fluorescence spectroscopy before/and after electrochemical testing proved 

that the N-CQDs were partially released to the electrolyte solution. It led to the enhanced 

electrolyte ionic conductivity, contributing to the EC performance improvement as well.  

This work provides insightful understanding to the current knowledge of N-CQDs effect 

on the EC performance. Particularly, the surface chemistry (O-, N-groups), quantum 

effects (nanoscale size/modification of electron density), and electrolyte ionic 

conductivity are at the origin of the improvement of capacitance and lifespan. Importantly, 

these findings offer a strong basis for the subsequent design of electrode/electrolyte 

interface utilizing N-CQDs for electrochemical capacitors. 
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11  
General conclusions 

 

This PhD thesis introduces several strategies for the development of 

electrochemical capacitors (ECs), ensuring their high capacitive performance and long-

term lifespan. The EC performance relies on both the electrolyte and the electrode, 

facing persistent limitations. Important contributions presented in this thesis consist of 

the modification of neutral salt aqueous electrolytes and tailoring of the texture/structure 

of carbon electrode materials, considering sustainability. 

EC electrolyte challenges, including low voltage, corrosive characteristics, short lifespan, 

and safety concerns are critical, prompting deeper investigation of these limitations. For 

the first time, the study on urea as a hydrogen bond donor (HBD) additive to a 1M Li2SO4 

aqueous electrolyte was reported. This achievement is already published (Azmi et al., 

Mat. Tod. 2023, 68, 34-50) and patented (Patent no. 246396, 6.11.2024, approved by 

the Polish Patent Office). EC with urea additive showed an excellent lifespan - over 

60 000 cycles and 350 floating hours at 1.6 V. The molecular dynamics modeling proved 

that the formation of the hydrogen bond network (strong urea-water-Li2SO4 hydrogen 

bonding) is at the origin of such improved EC performance. For elucidation of the HBD 

effect, operando Raman spectroscopy and gas chromatography coupled with mass 

spectrometry were used. It was confirmed that urea suppresses CO2 evolution and 

electrode degradation by reducing free-water activity. Moreover, the additive of urea to 

1M Li2SO4 reduced corrosion current ten-fold and shifted the corrosion potential to more 

negative values, showing a strong protective effect toward stainless-steel current 

collectors. Such an EC electrolyte offers an advantageous and cost-effective solution 

having, in addition to its anticorrosive character, a stable electrochemical window. The 

additive of HBD provides new insights into the development of reliable, environmentally 

friendly electrolytes to produce highly durable ECs. 
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Interestingly, the capacitance of EC operating in a neutral aqueous electrolyte could be 

subsequently improved through the additive of redox active pair providing a beneficial 

pseudocapacitive effect. In the publication Klime  et al. Green Chem. 2024, 26, 6684-

6695, a new aqueous electrolyte combining buffer solutions (acetate, citrate, phosphate) 

and a redox additive (I2/2I-) was investigated. The buffer solution maintained a stable pH, 

hindering the evolution of oxygen and hydrogen, which led to the increase of the 

operating voltage (1.5 V). On the other hand, the iodide/iodine redox pair provided 

enhancement of capacitance (e.g., from 91 F g-1 acetate buffer to 149 F g-1 for acetate 

buffer/NaI based-EC). During the ageing test, such EC exhibited a prolonged lifespan 

(100 floating hours without additive vs. 310 floating hours with additive of I2/2I-). The 

stabilization of the pH at the electrode/electrolyte interface prevented the formation of 

insoluble products (e.g., IO3
-) during accelerated ageing. The buffer/iodide electrolyte-

based EC is a cheap, green, and reliable system with significant promise for future 

widespread application. 

To further enhance the safety of aqueous EC, the use of gel electrolytes is considered 

as a promising approach, ensuring its favorable characteristics (high solution uptake, 

mechanical stability). A novel and environmentally benign strategy for effective utilization 

of lignosulfonate (LS), a waste-derived technical lignin from wood, as a renewable 

precursor for EC components (electrolyte, separator, electrodes) was proposed and 

published Klime  et al. Green Chem. 2026, 28, 4225-4242. Importantly, LS gel electrolyte 

composed of 72% of LS was further tailored with 5m KOAc and achieved high solution 

uptake, stability, as well as ionic conductivity. Acetates, working as structural templates 

and self-activating agents resulted in the tailored texture/structure of LS-carbons. The 

ECs assembled with LS-components operated at 1.6 V, showed reduced self-discharge, 

and achieved a lifespan of 170 floating hours, while also benefiting from improved safety 

due to suppressed electrolyte leakage. Notably, this strategy facilitated a reduction in 

CO2 emissions of 32-49%, illustrating its significant potential for advancing more 

sustainable, safe and high-performance ECs. 

The research on EC electrolytes provided great insights, nevertheless the carbon 

electrode aspect is also important. The current literature lacks the study where the all 

possible structural/textural/surface chemistry characteristics are related to the 

capacitance, but also to other parameters of importance such as lifespan, and retention. 

Further research revealed that salt templated carbons with increased disorder, 

characterized by a greater ID1/IG Raman ratio display enhanced capacitance throughout 

a broad spectrum of current densities, confirmed as well by the active surface area (ASA) 

approach. The results are published in the article Klime  et al. Adv. Sci. 2025, 12, e05032. 
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Importantly, the degree of disorder is not the only factor that impacts the capacitance. 

The specific surface area, pore size distribution, and surface functionalities cannot be 

neglected. The novelty, and impact of this work encompass three principal aspects: 

i) The soft-salt templating route modified by the use of mixtures of alkali metal chloride 

salts in their eutectic ratio, led to the preparation of a series of porous carbons. The 

differences in cations’ binding energy to the carbon core and cations’ size resulted in the 

modifications in the structure/texture of carbons. 

ii) Two complementary techniques: Raman spectroscopy and temperature programmed 

desorption coupled with mass spectrometry (TPD-MS) combined with oxygen 

chemisorption and further TPD-MS quantification (ASA estimation) served for the 

investigation of the defects of the synthesized carbons. Both techniques gave different 

information about the defects, i.e., defects in the graphene basal planes and the carbon 

edges (Raman), the exact area occupied by the basal and edge carbon defects (ASA). 

A universal Raman spectra deconvolution procedure with special attention to the use of 

the integrated areas of D1 and G bands was performed for the proper degree of disorder 

value (ID1/IG). 

iii) The determined physicochemical parameters (ID1/IG, ASA, amount of oxygen 

functional groups, specific surface area and volume/size of micro- and mesopores) were 

correlated with capacitance, retention, and lifespan of 1M Li2SO4-based EC. The more 

disordered carbon, with accessible microporosity matching the solvated ions of the 

electrolyte, but also with the presence of some mesoporosity (fast kinetics) and balanced 

surface functionalities content led to boosted capacitance but shorter lifespan. Even if 

highly disordered carbon supplied enhanced capacitance, defects were responsible for 

lifespan shortage. On the contrary, the carbons abundant in graphitic domains (e.g., LiCl-

templated) enhanced the EC lifespan significantly. Similar property-performance 

relationships were observed for LS-based salt templated carbons. Overall, these studies 

provide a universal insight into the design of EC electrode material. 

Another strategy to improve the performance of carbon electrodes is linked with the use 

of the materials that provide pseudocapacitance. Carbon quantum dots (CQDs) are 

recently proposed for that purpose, nevertheless their real effect on capacitance, 

retention, and EC lifespan is not well elucidated. Therefore, a straightforward approach 

to enhance the performance of porous carbon electrodes for ECs through N-doped 

CQDs is reported. N-CQDs synthesized via hydrothermal carbonization using different 

amines, exhibited particle size of ~6 nm, blue fluorescence under UV light and significant 

N, O functional groups. The N-CQDs integrated to porous carbon cloth demonstrated 

200:1112713744



 

 
201 

 

improved capacitance (116 F g-1 without N-CQDs vs. 146 F g-1 with N-CQDs) and 

markedly enhanced stability during prolonged lifespan (74 floating hours without N-

CQDs vs. 200 floating hours with N-CQDs), compared to the pristine carbon electrodes. 

Through linear correlations, it was identified that N-CQDs possessing high amount of 

surface groups and low content of Csp2/Csp3 core, are at the origin of better EC 

performance. These functional groups improved the wettability of the carbon surface, 

provided additional redox-active sites and electron rich zones, that facilitated pseudo-

capacitance, charge transfer within the porous network and protective barrier against 

degradation. The enhanced electrolyte ionic conductivity, promoted by partial release N-

CQDs during EC electrochemical testing, contributed to the performance improvement 

as well. This work provides insightful understanding of the N-CQDs effect on the EC 

performance. Particularly, the surface chemistry (O-, N-groups), quantum effects 

(nanoscale size/modification of electron density), and electrolyte conductivity are at the 

origin of the improvement of capacitance and lifespan.  

Consequently, the outcomes of this thesis show new light on the design of neutral salt 

aqueous electrolytes and the carbon electrodes for the desired electrochemical 

performance of ECs, but also other energy storage/conversion systems. 

For the perspectives, the electrode materials, abundant and low-cost biomass 

precursors rich in carbon such as coconut shells, coffee grounds, olive pits, or lignin 

should be considered, depending on their geographical availability. Ideally, precursors 

originally containing heteroatoms (O, N, S) or activating functionalities are particularly 

attractive for simplifying synthesis and improving the electrochemical performance (e.g., 

chitosan, lignin, sodium alginate). Salt templating approach could be further advanced 

by use of the components that act simultaneously as structural/textural agent and self-

activating source, while being easily removable through the water washing (e.g., 

acetates, oxalates, carbonates, urea). Further advances also require deeper 

understanding of the structure–property relationships governing charge storage 

mechanisms. Advanced characterization techniques (also in operando and/or in-situ 

mode), e.g., electron paramagnetic resonance could provide deeper insights into the 

relationship between paramagnetic sites and capacitance. The role of machine learning 

and computational chemistry is inevitable for accelerating the design of materials. 

Regarding electrolytes, the development of multifunctional systems presents a promising 

direction, simultaneously ensuring ionic transport, improving safety, and enhancing 

lifespan. While iodide-based redox couples have demonstrated remarkable efficiency for 

enhancing the capacitance of positive electrode, identifying bi-redox species capable of 
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improving the performance of both electrodes would present a major breakthrough. In 

parallel, combining redox-active species with anti-corrosive additives (hydrogen bond 

donors) could offer an effective strategy to increase energy density and improve lifespan. 

Also, the electrolyte could provide additional functionalities into the device (e.g., leakage 

protection, flammability suppression, elimination of shuttle effects). 

The targeted application should guide the design of electrodes and electrolytes, since 

achieving high energy and high power at the same time in electrochemical capacitors 

remains challenging. Energy storage coupled with renewable sources harvesting 

prioritizes high energy density over ultra-fast charge/discharge, especially for stationary 

applications, e.g., grid stabilization, UPS.  

In contrast, automotive applications require high power devices capable of rapid energy 

delivery (e.g., start/stop systems, regenerative breaking). Flexible electrochemical 

capacitors are promising for wearable electronics, while military and aerospace 

applications demand devices combining high power, wide operating temperature range, 

and enhanced safety. Overall, the key challenge is to establish the right balance between 

performance, sustainability, safety, and application requirements in order to develop the 

next generation of electrochemical capacitors. 
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12  
Wnioski końcowe 

 

W niniejszej pracy doktorskiej przedstawiono kilka strategii rozwoju 

kondensatorów elektrochemicznych (ang. electrochemical capacitors - ECs), 

zapewniających ich wysoką wydajność pojemnościową i długą żywotność. Działanie 

ECs zależy zarówno od elektrolitu, jak i od elektrody, przy czym w obu przypadkach 

istnieją pewne ograniczenia. Istotnym osiągnięciem pracy doktorskiej jest modyfikacja 

elektrolitów wodnych na bazie neutralnych soli oraz dostosowanie tekstury/struktury 

węglowych materiałów elektrodowych do rozmiaru jonów z uwzględnieniem zasad 

zrównoważonego rozwoju.  

Wyzwania związane z wodnymi elektrolitami, w tym niskie napięcie, właściwości 

korozyjne, krótka żywotność oraz kwestie bezpieczeństwa, mają kluczowe znaczenie i 

skłaniają do wnikliwej analizy tych ograniczeń. Nowatorskie wyniki badań dotyczących 

stosowania mocznika jako dodatku pełniącego rolę donora wiązania wodorowego (ang. 

hydrogen bond donor - HBD) w 1M wodnym elektrolicie Li2SO4 zostały opublikowane 

(Azmi et al., Mat. Tod. 2023, 68, 34-50) oraz opatentowane (nr patentu 246396, 

6.11.2024, zatwierdzony przez Urząd Patentowy RP). EC z dodatkiem mocznika wykazał 

doskonałą żywotność – ponad 60 000 cykli i 350 godzin stałonapięciowej polaryzacji (1.6 

V). Modelowanie z wykorzystaniem dynamiki molekularnej wykazało, że u podstaw tak 

poprawionej żywotności EC leży tworzenie się sieci wiązań wodorowych (silne wiązania 

wodorowe pomiędzy mocznikiem, wodą i Li2SO4). Aby dodatkowo potwierdzić 

teoretyczne badania dotyczące efektu HBD, spektroskopia Ramana oraz chromatografia 

gazowa sprzężona ze spektrometrią mas w trybie operando wykazały, że mocznik 

hamuje wydzielanie CO2 oraz degradację elektrody poprzez zmniejszenie aktywności 

niezwiązanej wody. Ponadto dodatek mocznika do 1M Li2SO4 dziesięciokrotnie 

zmniejszył prąd korozyjny i przesunął potencjał korozyjny w kierunku bardziej ujemnych 

wartości, powodując silne działanie ochronne w stosunku do kolektorów prądowych ze 
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stali nierdzewnej. Taki elektrolit jest korzystnym i ekonomicznym rozwiązaniem, 

zapewnia doskonałe właściwości antykorozyjne oraz stabilne napięcie EC. Dodatek 

HBD pokazuje nowe podejście dotyczące opracowywania niezawodnych, przyjaznych 

dla środowiska elektrolitów do produkcji ECs o wydłużonej żywotności. 

Co istotne, pojemność EC działającego w neutralnym elektrolicie wodnym można było 

następnie zwiększyć poprzez dodanie pary aktywnej redoks, co zapewniło dodatkową 

pseudopojemność. W publikacji Klime  et al., Green Chem. 2024, 26, 6684-6695 

zaproponowano nowy elektrolit wodny łączący roztwory buforowe (octanowy, 

cytrynianowy, fosforanowy) oraz dodatek pary redoks (I₂/2I⁻). Roztwór buforowy 

utrzymywał stabilne pH, hamując wydzielanie tlenu i wodoru, co doprowadziło do 

wzrostu stabilnego napięcia EC (1.5 V). Z drugiej strony para redoks jodek/jod zapewniła 

zwiększenie pojemności (np. z 91 F g-1 dla EC z buforem octanowym do 149 F g-1 dla 

EC z buforem octanowym/NaI). Podczas testu starzenia taki EC wykazał wydłużoną 

żywotność (100 godzin stałonapięciowej polaryzacji bez dodatku I2/2I- w porównaniu z 

310 godzinami stałonapięciowej polaryzacji z dodatkiem I2/2I-). Stabilizacja pH na 

granicy faz elektroda/elektrolit zapobiegała tworzeniu się nierozpuszczalnych produktów 

(np. IO3
-) podczas testu żywotności. EC wykorzystujący jako elektrolit bufor/jodek 

stanowi tanią, ekologiczną i niezawodną opcję, która ma duże szanse na szerokie 

zastosowanie w przyszłości.  

W celu zwiększenia bezpieczeństwa elektrolitów wodnych, za obiecujące rozwiązanie 

uznaje się stosowanie elektrolitów żelowych, które dodatkowo zapewniają wysoką 

zdolność wchłaniania roztworu elektrolitu oraz stabilność mechaniczną. Nowatorska 

oraz przyjazna dla środowiska strategia skutecznego wykorzystania lignosulfonianu (LS) 

- ligniny technicznej pochodzącej z odpadów drzewnych - jako odnawialnego prekursora 

do produkcji komponentów EC (elektrolitu, separatora, elektrod) została przedstawiona 

w publikacji Klime  et al., Green Chem. 2026, 28, 4225-4242. Co ważne, 

zaproponowany elektrolit żelowy, składający się w 72% z LS, został dodatkowo 

zmodyfikowany i osiągnął wysoką zdolność wchłaniania roztworu 5m KOAc, stabilność, 

a także przewodnictwo jonowe. Octany, działające jako matryce strukturalne i 

samoczynne aktywatory, doprowadziły do uzyskania zróżnicowanej tekstury/struktury 

węgli na bazie LS. ECs złożone z lignosulfonianowych komponentów działały stabilnie 

przy napięciu 1.6 V, wykazywały zmniejszone samowyładowanie i osiągnęły żywotność 

170 godzin stałonapięciowej polaryzacji, a jednocześnie zyskały na bezpieczeństwie 

dzięki zapobieganiu wycieku elektrolitu. Poza tym, strategia ta umożliwiła zmniejszenie 

emisji CO2 o 32-49%, co ilustruje jej znaczny potencjał w zakresie rozwoju bardziej 

zrównoważonych, bezpiecznych i wydajnych ECs. 
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Badania nad elektrolitami dostarczyły wielu cennych spostrzeżeń, aczkolwiek elektrody 

węglowe również mają duże znaczenie. W obecnej literaturze brakuje prac, w których 

wszystkie możliwe cechy strukturalno-teksturalne oraz powierzchniowe grupy funkcyjne 

węgli zostałyby powiązane nie tylko z pojemnością, ale także z innymi istotnymi 

parametrami EC, takimi jak żywotność i retencja. Dalsze badania wykazały, że węgle o 

zwiększonym nieuporządkowaniu struktury, wytworzone przy użyciu matrycy solnej i 

charakteryzujące się wyższym stosunkiem Ramana ID1/IG, wykazują zwiększoną 

pojemność w szerokim zakresie gęstości prądu, co potwierdza również analiza aktywnej 

powierzchni (ang. active surface area - ASA). Wyniki zostały opublikowane w artykule 

Klime  et al., Adv. Sci. 2025, 12, e05032. Aczkolwiek, stopień nieuporządkowania nie 

jest jedynym czynnikiem wpływającym na pojemność. Nie można pominąć powierzchni 

właściwej, rozkładu wielkości porów i powierzchniowych grup funkcyjnych. Nowatorski 

charakter i znaczenie tej pracy obejmują trzy główne aspekty: 

i) Metoda matrycy solnej, zmodyfikowana poprzez zastosowanie mieszanin soli chlorków 

metali alkalicznych w ich stosunku eutektycznym, pozwoliła na przygotowanie serii 

porowatych węgli. Energia wiązania kationów soli z rdzeniem węglowym oraz ich rozmiar 

spowodowały różnice w strukturze/teksturze węgli. 

ii) Do badania defektów w syntetyzowanych węglach wykorzystano dwie uzupełniające 

się techniki: spektroskopię Ramana oraz desorpcję programowaną temperaturowo 

sprzężoną ze spektrometrią mas (ang. temperature programmed desorption coupled 

with mass spectrometry - TPD-MS) w połączeniu z chemisorpcją tlenu i dalszą 

kwantyfikacją TPD-MS w celu określenia ASA. Obie techniki dostarczyły różnych 

informacji na temat defektów, tj. defektów w płaszczyznach bazowych grafenu i 

krawędziach węglowych (Raman) oraz powierzchni zajmowanej przez te defekty (ASA). 

W celu uzyskania właściwej wartości stopnia nieuporządkowania (ID1/IG) 

przeprowadzono uniwersalną procedurę dekonwolucji widm Ramana, ze szczególnym 

uwzględnieniem zintegrowanych powierzchni pasm D1 i G. 

iii) Określone parametry fizykochemiczne (m.in., ID1/IG, ASA, zawartość tlenowych grup 

funkcyjnych, powierzchnia właściwa oraz objętość/wielkość mikro- i mezoporów) 

skorelowano z pojemnością, retencją i żywotnością ECs z 1M Li2SO4 jako elektrolitem. 

Węgiel o większym stopniu nieuporządkowania, z dostępnymi mikroporami 

dopasowanymi do solwatowanych jonów elektrolitu, ale również z obecnością 

mezoporów (szybka kinetyka) i umiarkowaną zawartością powierzchniowych grup 

funkcyjnych, wpłynął na zwiększoną pojemność, ale krótszą żywotność ECs. Nawet jeśli 

węgiel o wysokim stopniu nieuporządkowania zapewniał polepszoną pojemność EC, 
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defekty były odpowiedzialne za skrócenie żywotności EC. Podobne zależności między 

właściwościami fizykochemicznymi a wydajnością ECs zaobserwowano w przypadku 

węgli otrzymanych z LS metodą szablonowania z wykorzystaniem soli. Niniejsze 

badania dostarczają uniwersalne korelacje, które są istotne dla projektowania przyszłych 

materiałów elektrodowych dla urządzeń do magazynowania energii. 

Kolejna strategia mająca na celu poprawę wydajności elektrod węglowych wiąże się z 

wykorzystaniem materiałów elektrodowych, które dostarczają pseudopojemność. W tym 

celu zaproponowano ostatnio użycie węglowych kropek kwantowych (ang. carbon 

quantum dots - CQDs), jednak ich rzeczywisty wpływ na pojemność, retencję i trwałość 

elektrod węglowych nie jest jeszcze dobrze znany. W związku z tym, w prezentowanym 

manuskrypcie opisano badania nad prostym sposobem poprawy wydajności elektrod z 

porowatego węgla poprzez zastosowanie CQDs domieszkowanych azotem. N-CQDs, 

zsyntetyzowane w procesie karbonizacji hydrotermalnej z wykorzystaniem różnych amin, 

charakteryzowały się wielkością cząstek wynoszącą około 6 nm, niebieską fluorescencją 

w zakresie światła UV oraz znaczną zawartością azotowych i tlenowych grup 

funkcyjnych. N-CQDs zintegrowane z porowatą tkaniną węglową wykazały zwiększoną 

pojemność (116 F g-1 bez N-CQDs vs. 146 F g-1 z N-CQDs) oraz znacznie poprawioną 

żywotność EC (74 godzin stałonapięciowej polaryzacji bez N-CQDs vs. 200 godzin 

stałonapięciowej polaryzacji z N-CQDs) w porównaniu z elektrodami węglowymi. Dzięki 

korelacjom liniowym ustalono, że ulepszona pojemność/żywotność EC wynika z faktu, 

iż N-CQDs posiadają dużą ilość powierzchniowych grup funkcyjnych oraz niską 

zawartość Csp2/Csp3 w rdzeniu. Grupy te poprawiły zwilżalność powierzchni węgla, 

zapewniając dodatkowe miejsca aktywne o większej gęstości elektronowej, co sprzyjało 

pseudopojemności, transferowi ładunku w porowatej sieci oraz tworzeniu bariery 

ochronnej przed degradacją. Zwiększone przewodnictwo jonowe elektrolitu, poprzez 

częściowe uwalnianie N-CQDs podczas badań elektrochemicznych, również przyczyniło 

się do poprawy charakterystyki EC. Niniejsza praca zapewnia wnikliwe zrozumienie 

wpływu N-CQDs na działanie ECs. W szczególności grupy funkcyjne (grupy O-, N-), 

efekty kwantowe (rozmiar w nanoskali/modyfikacja gęstości elektronowej) oraz 

przewodnictwo jonowe elektrolitu są przyczyną poprawy pojemności/żywotności EC. 

Podsumowując, niniejsza praca wnosi istotny wkład w rozwój wodnych elektrolitów na 

bazie neutralnych soli oraz elektrod węglowych pod kątem uzyskania pożądanej 

charakterystyki kondensatorów elektrochemicznych, a także innych systemów 

magazynowania i przetwarzania energii. 
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W kontekście dalszego rozwoju materiałów elektrodowych należy rozważyć 

wykorzystanie bogatych w węgiel, łatwo dostępnych i niedrogich prekursorów 

pochodzących z biomasy, takich jak łupiny orzechów kokosowych, fusy z kawy, pestki 

oliwek czy ligninę, w zależności od ich dostępności w danym regionie. W idealnym 

przypadku szczególnie interesujące są prekursory zawierające heteroatomy (O, N, S) 

lub aktywujące grupy funkcyjne, co pozwoli uprościć syntezę i poprawić właściwości 

elektrochemiczne (np. chitozan, lignina, alginian sodu). Metodę opartą na zastosowaniu 

matryc solnych można udoskonalić poprzez użycie odczynników, które działają 

strukturalno/teksturalnie oraz są źródłem samoczynnej aktywacji, a jednocześnie są 

łatwe do usunięcia poprzez płukanie wodą (np. octany, szczawiany, węglany, mocznik). 

Dalszy postęp wymaga również głębszego zrozumienia mechanizmu magazynowania 

ładunku oraz zależności między strukturą materiału a właściwościami pojemnościowymi 

oraz żywotnością EC. Zaawansowane techniki charakteryzacji (również w trybie 

operando oraz/lub in situ), np. elektronowy rezonans paramagnetyczny, mogłyby 

zapewnić głębsze wyjaśnienie związku między miejscami paramagnetycznymi a 

pojemnością. Rola uczenia maszynowego i chemii obliczeniowej jest nieunikniona dla 

przyspieszenia projektowania materiałów. 

W przypadku elektrolitów, obiecującym kierunkiem rozwoju jest tworzenie systemów 

wielofunkcyjnych, które jednocześnie zapewniają transport jonów, zwiększają 

bezpieczeństwo i wydłużają żywotność. Chociaż pary redoks oparte na jodkach 

wykazały niezwykłą skuteczność w zwiększaniu pojemności elektrody dodatniej, to 

zidentyfikowanie związków o dwufunkcyjnej aktywności redoks, zdolnych do poprawy 

działania obu elektrod, stanowiłoby znaczący przełom. Równoległe połączenie 

aktywnych związków redoks z dodatkami antykorozyjnymi (donorami wiązań 

wodorowych) mogłoby stanowić skuteczną strategię zwiększenia gęstości energii i 

wydłużenia cykliczności. Dodatkowo, elektrolit mógłby zapewnić urządzeniu dodatkowe 

funkcje (np. ochronę przed wyciekiem, ograniczenie palności, eliminację efektów 

związanych z samowyładowaniem). 

Docelowe zastosowanie urządzenia powinno determinować konstrukcję elektrod i 

elektrolitów, ponieważ jednoczesne osiągnięcie wysokiej pojemności energetycznej oraz 

dużej mocy w kondensatorach elektrochemicznych nadal stanowi wyzwanie. 

Magazynowanie energii zintegrowane z odnawialnymi źródłami energii nadaje priorytet 

wysokiej gęstości energetycznej, zamiast ultraszybkiemu ładowaniu/wyładowaniu, 

zwłaszcza w zastosowaniach stacjonarnych, np. w stabilizacji sieci energetycznej czy 

zasilaczach awaryjnych (UPS).  
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Natomiast zastosowania motoryzacyjne wymagają urządzeń o dużej mocy, zdolnych do 

szybkiego dostarczania energii (np. systemy start/stop, hamowanie regeneracyjne). 

Elastyczne kondensatory elektrochemiczne są obiecujące w przypadku elektroniki 

nadającej się do noszenia, podczas gdy zastosowania wojskowe i lotnicze wymagają 

urządzeń łączących dużą moc, szeroki zakres temperatur roboczych i zwiększone 

bezpieczeństwo. Kluczowym wyzwaniem jest ustalenie balansu między wydajnością, 

zrównoważonym rozwojem, bezpieczeństwem i planowanym zastosowaniem w celu 

opracowania kondensatorów elektrochemicznych nowej generacji. 
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13  
Conclusion générale 

 

Cette thèse de doctorat introduit plusieurs stratégies de développement de 

condensateurs électrochimiques (EC) présentant des performances capacitives élevées 

et une longue durée de vie. Les performances des EC sont liées simultanément à la 

nature de l'électrolyte et des électrodes, et font face à des limitations persistantes. Les 

contributions importantes présentées dans cette thèse consistent en la modification 

d'électrolytes aqueux à base de sels neutres et l'adaptation de la texture/structure des 

matériaux d'électrode en carbone, dans une optique de durabilité. 

Les défis posés par les électrolytes des CE, notamment la faible tension, les 

caractéristiques corrosives, la courte durée de vie et les problèmes de sécurité sont 

critiques, et incitent à approfondir l'étude de ces limitations. Pour la première fois, une 

étude sur l’introduction de l'urée comme additif donneur de liaisons hydrogène (DLH) à 

un électrolyte aqueux 1 M de Li₂SO₄ est rapportée. Cette réalisation a déjà fait l'objet 

d'une publication (Azmi et al., Mat. Tod. 2023, 68, 34-50) et d'un dépôt de brevet (brevet 

n° 246396, 6.11.2024, délivré par l'Office polonais des brevets). Le CE contenant 

l'électrolyte avec l’urée comme additif démontre une excellente durée de vie, supérieure 

à 60 000 cycles et 350 heures de fonctionnement à tension de 1,6 V. La modélisation 

par dynamique moléculaire a prouvé que la formation d'un réseau de liaisons hydrogène 

(liaisons hydrogène fortes urée-eau-Li₂SO₄) est à l'origine de ces performances 

améliorées du CE. La spectroscopie Raman operando et la chromatographie en phase 

gazeuse couplée à la spectrométrie de masse ont été utilisées pour élucider l'effet 

donneur de liaisons hydrogène (DLH). Cela a permis de confirmer que l'urée supprime 

le dégagement de CO₂ et la dégradation de l'électrode en réduisant l'activité de l'eau 

libre. De plus, l'ajout d'urée à une solution 1 M de Li₂SO₄ permet de réduire le courant 

de corrosion d'un ordre de grandeur et de déplacer le potentiel de corrosion vers des 

valeurs plus négatives, démontrant ainsi un fort effet protecteur sur les collecteurs de 
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courant en acier inoxydable. Outre son caractère anticorrosif, cet électrolyte pour CE 

offre une solution avantageuse et économique permettant d’obtenir une fenêtre 

électrochimique stable. L'ajout d'un DLH ouvre de nouvelles perspectives pour le 

développement d'électrolytes fiables et respectueux de l'environnement, permettant 

ainsi la production de CE de haute durabilité. 

Il est intéressant de noter que la capacité d'un CE fonctionnant dans un électrolyte 

aqueux neutre peut être améliorée par l'ajout d'un couple redox actif, induisant un effet 

pseudocapacitif bénéfique. Dans la publication de Klime  et al., Green Chem. 2024, 26, 

6684-6695, un nouvel électrolyte aqueux combinant des solutions tampon (acétate, 

citrate, phosphate) et un additif redox (I₂/2I⁻) a été utilisé. La solution tampon maintient 

un pH stable, tout en limitant le dégagement d'oxygène et d'hydrogène, ce qui permet 

d'augmenter la tension de fonctionnement (1,5 V). Par ailleurs, le couple redox 

iodure/iode permet d'améliorer la capacité (par exemple, de 91 à 149 F g⁻¹ pour un CE 

à base de tampon acétate/NaI). Lors d’un test de vieillissement, ce CE a présenté une 

durée de vie prolongée (310 heures avec l'additif I₂/2I⁻, au lieu de 100 heures seulement 

en présence de la solution tampon seule). La stabilisation du pH à l'interface 

électrode/électrolyte empêche la formation de produits insolubles lors du vieillissement 

accéléré. Le CE à base d'électrolyte tampon/iodure est un système économique, 

écologique et fiable, présentant un fort potentiel pour de futures applications à grande 

échelle. 

Afin d'améliorer encore plus la sécurité des CE en milieu aqueux, l'utilisation 

d'électrolytes gélifiés a été considérée comme une approche prometteuse, grâce à leurs 

caractéristiques avantageuses (forte absorption de solution, stabilité mécanique). Une 

stratégie novatrice et respectueuse de l'environnement pour une utilisation efficace du 

lignosulfonate (LS, une lignine technique de bois issue de déchets) comme précurseur 

renouvelable des composants d’un CE (électrolyte, séparateur, électrodes), a été 

proposée et publiée par Klime  et al., Green Chem. 2026, 28, 4225-4242. Un électrolyte 

gélifié composé de 72 % de LS a été optimisé avec 5 m KOAc, permettant d'atteindre 

une forte absorption de solution, une grande stabilité et une conductivité ionique élevée. 

Les acétates, utilisés comme matrices structurales et agents d'auto-activation, ont 

permis d'obtenir des carbones LS de texture/structure contrôlée. Les CE assemblés 

avec ces composants LS fonctionnent à 1,6 V, et présentent une autodécharge réduite 

et une durée de vie de 170 heures à 1,6 V, tout en bénéficiant d'une sécurité accrue 

grâce à la suppression des fuites d'électrolyte. Cette stratégie a notamment permis de 

réduire les émissions de CO₂ de 32-49 %, démontrant ainsi son potentiel important pour 

le développement de CE plus durables, plus sûrs et plus performants. 
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Même si les recherches sur les électrolytes pour CE ont apporté des éclairages précieux, 

la contribution des électrodes de carbone demeure importante. La littérature actuelle ne 

présente pas d'étude reliant l'ensemble des caractéristiques structurales et texturales à 

la capacité, ni à d'autres paramètres importants tels que la durée de vie et la rétention. 

Des recherches complémentaires ont révélé que les carbones à matrice saline 

présentant un désordre accru, caractérisé par un rapport Raman ID1/IG plus élevé, 

confirmé également par l'approche de la surface active (ASA), affichent une capacité 

améliorée sur une large gamme de densités de courant. Ces résultats sont publiés dans 

l'article de Klime  et al., Adv. Sci. 2025, 12, e05032. Il est important de noter que le degré 

de désordre n'est pas le seul facteur influençant la capacité. La surface spécifique, la 

distribution de la taille des pores et les fonctionnalités de surface sont également des 

facteurs déterminants. L'originalité et l'impact de ce travail reposent sur trois aspects 

principaux : 

i) La méthode de synthèse par matrice saline, modifiée par l'utilisation de mélanges de 

chlorures de métaux alcalins dans leur rapport eutectique, a permis la préparation d'une 

série de carbones poreux. Les différences d'énergie de liaison des cations au cœur 

carboné et leur taille ont entraîné des modifications de la structure/texture des carbones. 

ii) Deux techniques complémentaires, la spectroscopie Raman et la désorption 

programmée en température couplée à la spectrométrie de masse (TPD-MS), 

combinées à la chimisorption d'oxygène accompagnée d’une quantification TPD-MS 

(estimation de l’ASA), ont permis d'étudier les défauts des carbones synthétisés. Ces 

deux techniques ont fourni des informations différentes sur les défauts, à savoir les 

défauts dans les plans basaux de graphène et sur les bords du carbone (Raman), et 

surface exacte occupée par ces défauts (ASA). Une procédure universelle de 

déconvolution des spectres Raman, avec une attention particulière portée à l'utilisation 

des aires intégrées des bandes D1 et G, a été appliquée pour obtenir la valeur appropriée 

du degré de désordre (ID1/IG).  

iii) Les paramètres physico-chimiques déterminés (ID1/IG, ASA, quantité de groupements 

fonctionnels oxygénés, surface spécifique et volume/taille des micro- et mésopores) ont 

été corrélés à la capacité, à la rétention et à la durée de vie d'un CE à base de 1M Li₂SO₄. 

Le carbone le plus désordonné, présentant une microporosité accessible adaptée aux 

ions solvatés de l'électrolyte, mais également une certaine mésoporosité (cinétique 

rapide) et une teneur équilibrée en groupements fonctionnels de surface, a permis 

d'accroître la capacité, mais de réduire la durée de vie. Même si ce carbone très 

désordonné offrait une capacité accrue, les défauts étaient responsables de la réduction 
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de la durée de vie. À l'inverse, les carbones riches en domaines graphitiques (par 

exemple, synthétisés par matrice LiCl) permettent d’améliorer considérablement la 

durée de vie des CE. Des relations propriétés-performances similaires ont été observées 

pour les carbones synthétisés par matrice LS. Globalement, ces études offrent une 

vision universelle sur la conception des matériaux d'électrode pour CE. 

Une autre stratégie pour améliorer les performances des électrodes de carbone repose 

sur l'utilisation de matériaux conférant une pseudocapacité. Les points quantiques de 

carbone (PQC) ont récemment été proposés à cette fin ; toutefois, leur effet réel sur la 

capacité, la rétention et la durée de vie des CE reste mal compris. C'est pourquoi une 

approche simple visant à améliorer les performances des électrodes de carbone 

poreuses pour CE grâce à des PQC dopés à l'azote (PQC-N) est présentée. Les PQC-

N synthétisés par carbonisation hydrothermale à l'aide de différentes amines, présentent 

une taille de particules d'environ 6 nm, une fluorescence bleue et une quantité 

importante de groupements fonctionnels azotés et oxygénés. Les PQC-N intégrés à un 

tissu de carbone poreux permettent d’obtenir une capacité améliorée (146 F g⁻¹ contre 

116 F g⁻1) et une durée de vie prolongée (200 heures contre 74 heures à tension 

maximale), comparativement aux électrodes de carbone non dopées. Des corrélations 

linéaires ont permis d'identifier que les PQC possédant une quantité élevée de 

groupements de surface sont à l'origine des meilleures performances des CE. Ces 

groupes fonctionnels améliorent la mouillabilité de la surface du carbone, fournissent 

des sites redox actifs supplémentaires et des zones riches en électrons, ce qui stimule 

la pseudocapacité, le transfert de charge au sein du réseau poreux et la formation d'une 

barrière protectrice contre la dégradation. L'amélioration de la conductivité ionique de 

l'électrolyte, induite par la libération partielle de PQC-N lors des tests électrochimiques 

des CE, contribuent également à l'amélioration des performances. Ce travail apporte un 

éclairage nouveau sur l'effet des PQC-N sur les performances des CE. Plus précisément, 

la chimie de surface (groupes O- et N-), les effets quantiques (taille 

nanométrique/modification de la densité électronique) et la conductivité de l'électrolyte 

sont à l'origine de l'amélioration de la capacité et de la durée de vie. 

Par conséquent, les résultats de cette thèse offrent de nouvelles perspectives pour la 

conception d'électrodes de carbone et d'électrolytes aqueux à base de sels neutres, en 

vue d'obtenir les performances électrochimiques souhaitées pour les condensateurs 

électrochimiques, mais aussi pour d'autres systèmes de stockage et de conversion 

d'énergie. 
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Concernant les matériaux d'électrode, il conviendrait d'envisager des précurseurs issus 

de la biomasse riches en carbone, abondants et peu coûteux, tels que les coques de 

noix de coco, le marc de café, les noyaux d'olive ou la lignine, en fonction de leur 

disponibilité géographique. Idéalement, les précurseurs contenant initialement des 

hétéroatomes (par exemple, O, N, S) ou des groupements fonctionnels activants sont 

particulièrement intéressants pour simplifier la synthèse et améliorer les performances 

électrochimiques (par exemple, le chitosane, la lignine, l'alginate de sodium). L'approche 

par templating salin pourrait être perfectionnée en utilisant des composants agissant 

simultanément comme agent structural/textural et source d'auto-activation, tout en étant 

facilement éliminables par lavage à l'eau (par exemple, des acétates, oxalates, 

carbonates, l'urée). Pour réaliser de nouvelles avancées, il est également nécessaire de 

mieux comprendre les relations structure-propriétés régissant les mécanismes de 

stockage de charge. Des techniques de caractérisation avancées (y compris en mode 

operando ou in situ), telles que la résonance paramagnétique électronique, pourraient 

fournir des informations plus précises sur la relation entre les sites paramagnétiques et 

la capacité. Le rôle de l'apprentissage automatique et de la chimie computationnelle est 

incontournable pour accélérer la conception des matériaux. 

Concernant les électrolytes, le développement de systèmes multifonctionnels représente 

une voie prometteuse, assurant simultanément le transport ionique, améliorant la 

sécurité et prolongeant la durée de vie. Si les couples redox à base d'iodure ont 

démontré une efficacité remarquable pour améliorer la capacité de l'électrode positive, 

l'identification d'espèces bi-redox capables d'améliorer les performances des deux 

électrodes constituerait une avancée majeure. Parallèlement, la combinaison d'espèces 

redox actives avec des additifs anti-corrosifs (par exemple, des donneurs de liaisons 

hydrogène) pourrait offrir une stratégie efficace pour augmenter la densité énergétique 

et prolonger la durée de vie. L'électrolyte pourrait conférer des fonctionnalités 

supplémentaires au dispositif (par exemple, la protection contre les fuites, la réduction 

de l'inflammabilité, l’élimination des effets navette). 

L'application visée devrait orienter la conception des électrodes et des électrolytes, car 

l'obtention de condensateurs électrochimiques délivrant simultanément une énergie et 

une puissance élevées reste un défi. Le stockage d'énergie associé à l'exploitation des 

énergies renouvelables privilégie une densité énergétique élevée à une 

charge/décharge ultrarapide, notamment pour les applications stationnaires telles que la 

stabilisation du réseau et les systèmes d'alimentation sans coupures (UPS).  
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À l'inverse, les applications automobiles exigent des dispositifs de forte puissance 

capables de fournir rapidement de l'énergie (par exemple, les systèmes start/stop et le 

freinage régénératif). Les condensateurs électrochimiques flexibles sont prometteurs 

pour l'électronique portable, tandis que les applications militaires et aérospatiales 

requièrent des dispositifs alliant puissance élevée, large plage de températures de 

fonctionnement et sécurité renforcée. En définitive, le principal défi consiste à trouver le 

juste équilibre entre performance, durabilité, sécurité et exigences de chaque application 

afin de développer la prochaine génération de condensateurs électrochimiques. 
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14  
Doctoral thesis summary 

 

1) Introduction 

The widespread use of fossil fuels contributes significantly to greenhouse gas emissions, 

environmental degradation, and climate change1. Renewable energy sources provide a 

sustainable alternative; however, their intermittent nature requires efficient energy 

storage technologies1,2. Among currently available systems, electrochemical capacitors 

(ECs), are particularly attractive due to their high power density, rapid charge/discharge 

capability, and excellent cycling stability, hence enable the storage of renewable 

energy3,4. Nevertheless, ECs still face limitations related to energy density, electrolyte 

safety, narrow operating voltage, corrosion processes, limited lifespan, and sustainability 

of electrode materials5,6. 

The main objective of the thesis is to enhance the capacitance, functioning voltage, and 

sustainability of ECs. This thesis focuses on the development of sustainable aqueous 

electrochemical capacitors through two complementary approaches: (i) modification of 

neutral aqueous electrolytes to enhance voltage stability, corrosion resistance, and 

lifespan; (ii) tailoring the texture, disorder, and surface chemistry of carbon electrode 

materials to optimize capacitance and lifespan. Particular emphasis is placed on 

environmentally friendly materials, advanced characterization techniques, and structure–

performance relationships. 

2) Results and discussion 

Electrochemical capacitor in aqueous electrolyte with long lifespan improved by 

hydrogen bond addition; https://doi.org/10.1016/j.mattod.2023.06.018 

A major limitation of aqueous ECs based on neutral electrolytes is the corrosion of 

stainless-steel current collectors, which shortens device lifespan and decreases 

electrochemical stability. To address this issue, the effect of urea as a hydrogen bond 
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donor (HBD) additive to 1 M Li2SO4 electrolyte was investigated employing, e.g., 

electrochemistry tests, computational modelling, operando Raman spectroscopy and 

gas chromatography coupled with mass spectrometry (GC-MS) (Figure 1).  

The addition of urea only slightly 

decreased ionic conductivity while 

maintaining favorable pH values 

and electrochemical stability. 

Corrosion testing revealed a 

substantial reduction of corrosion 

current from 6.60 µA to 0.55 µA 

with increasing urea concentration, 

demonstrating the strong 

anticorrosive effect of urea. 

Raman analysis confirmed 

suppression of Fe2O3 formation 

and stabilization of protective FeOOH surface layers. Symmetric ECs operating with 

urea-containing electrolytes-maintained capacitance values of approximately 100 F g−1 

at 1.6 V, indicating that the additive did not negatively affect capacitive performance. 

Importantly, a significant improvement in lifespan was achieved. The EC containing 2 M 

urea exhibited over 60 000 cycles and approximately 350 floating hours, compared with 

47 000 cycles and 96 floating hours for pure 1 M Li2SO4. Operando Raman spectroscopy 

and GC-MS demonstrated that urea reduces free-water activity through formation of an 

extensive hydrogen bond network, thereby limiting electrode degradation and CO2 

evolution. Density functional theory calculations further confirmed strong interactions 

between urea, water, and Li2SO4 species, leading to modified solvation structures and 

suppressed water reactivity. Overall, the incorporation of urea enabled the development 

of a low-cost, eco-friendly electrolyte combining high ionic conductivity, reduced 

corrosion, and enhanced EC lifespan. 

Effect of buffer/iodide electrolyte on the performance of electrochemical capacitors; 

https://doi.org/10.1039/D4GC01748J 

To improve the relatively low capacitance of aqueous ECs, buffer solutions combined 

with iodide/iodine redox chemistry were investigated. Acetate, citrate, and phosphate 

buffers containing NaI were studied as multifunctional electrolytes capable of stabilizing 

pH and introducing pseudocapacitive charge storage (Figure 2). 

Figure 1 Anti-corrosive and anti-ageing effect on EC 

due to the formation of hydrogen bond donor networ  

after urea additive to 1M Li2SO4. 
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The addition of NaI significantly 

increased electrolyte condu-

ctivity while preserving stable pH 

conditions. Electrochemical 

testing demonstrated that 

iodide-containing electrolytes 

enabled stable EC operation up 

to 1.5 V. Three-electrode 

measurements confirmed that 

the positive electrode exhibited 

reversible faradaic reactions 

associated with the I−/I2 redox couple. The incorporation of 0.2 M NaI markedly enhanced 

capacitance. For example, capacitance increased from 91 to 149 F g−1 in acetate buffer 

systems. Simultaneously, the lifespan improved substantially during floating tests. The 

citrate buffer containing 0.2M NaI achieved more than 1000 floating hours, whereas the 

corresponding buffer without iodide reached only 30 floating hours. The electrolyte 

performance strongly depended on pH and iodide concentration. Slightly acidic 

conditions favored reversible redox activity and minimized formation of undesirable 

polyiodides and iodates. Excessive iodide concentrations promoted pore blocking and 

accelerated degradation processes. Post-mortem analyses using XPS and XRD showed 

limited electrode oxidation and lack of insoluble deposits on the carbon surface. The 

results demonstrated that the synergistic combination of buffering action and iodide 

redox chemistry simultaneously enhanced capacitance, operating voltage, and stability. 

Lignin as a precursor of a gel electrolyte and salt templated carbon for sustainable 

electrochemical capacitors; https://doi.org/10.1039/D5GC05533D 

This work further explored the use of lignosulfonate (LS), a waste-derived technical lignin, 

as a multifunctional precursor for sustainable EC components, including gel electrolytes 

(GEs), separators, and porous carbons (Figure 3). GEs were composed of LS, 

poly(ethylene glycol) diglycidyl ether (PEGDGE) and acetate salt solutions. Among 

investigated systems, LS–5 m KOAc gel exhibited the best balance between ionic 

conductivity, mechanical stability, and reduced water content. In parallel, salt-templated 

LS-derived carbons were prepared using acetate salts as both structural templates and 

self-activating agents. The resulting carbons displayed tunable microporosity, structural 

disorder, and graphitic character depending on the salt composition. Specific surface 

areas ranged from 881 to 1754 m2 g−1. Electrochemical testing demonstrated nearly ideal 

Figure 2 Graphical presentation of the novel buffer-

iodide/iodine EC electrolyte with its advantages. 
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electrical double-layer be-

havior up to 1.6 V. 

Capacitance values be-

tween 46 and 82 F g−1 were 

obtained, with higher 

capacitance observed for 

highly disordered and 

microporous carbons. 

Importantly, the gel 

electrolyte significantly 

reduced self-discharge and 

electrolyte leakage, while 

improving device safety. ECs assembled entirely from LS-derived components achieved 

up to 170 floating hours and reduced voltage loss compared with glass-fiber separators. 

Life-cycle considerations indicated a reduction in CO2 emissions of 32–49% compared 

with conventional EC fabrication methods. The study demonstrated that LS can serve as 

a renewable and efficient precursor for sustainable ECs. 

Impact of disorder, porosity, and surface chemistry of salt templated carbons on 

capacitance; https://doi.org/10.1002/advs.202505032 

The relationships between carbon 

texture/structure and electrochemical 

performance (Figure 4) were 

investigated using porous carbons 

synthesized by a soft-salt templating 

approach employing eutectic alkali 

metal chlorides. Comprehensive 

characterization using Raman 

spectroscopy, XRD, TEM, gas sorption, 

and temperature-programmed des-

orption coupled with mass 

spectrometry revealed significant 

variations in disorder degree, 

accessible surface area, microporosity, 

and oxygen functional groups. Highly 

disordered CsCl-templated carbons exhibited increased defect density and microporosity, 

whereas LiCl-based templates promoted graphitic ordering and mesopore formation. 

Figure 3 Novel and environmentally friendly strategy for 

effective utilization of a waste-derived technical lignin from 

wood, as a renewable precursor of EC electrolyte, 

electrodes, and separator. 

Figure 4 The parameters of importance 

considered for the enhanced EC performance. 
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Electrochemical testing in 1 M Li2SO4 showed capacitance values up to 244 F g−1 with 

stable operation at 1.6 V. Strong linear correlations were established between 

capacitance and several physicochemical parameters. The capacitance increased with: 

higher disorder degree (ID1/IG ratio), greater active surface area, larger micropore volume, 

and appropriate oxygen functional groups. Micropores were identified as dominant 

charge storage sites, while mesopores mainly facilitated ion transport. Although highly 

disordered carbons exhibited superior capacitance, they also demonstrated shorter 

lifespan due to increased structural instability. In contrast, more graphitic carbons 

provided enhanced durability but lower capacitance. These findings provide a general 

framework for optimizing carbon electrodes by balancing disorder, porosity, conductivity, 

and surface chemistry. 

Insights of N-carbon quantum dots effect on charge storage in supercapacitors 

The final part of the thesis concerned the effect of nitrogen-doped carbon quantum dots 

(N-CQDs) on EC performance (Figure 5). N-CQDs were synthesized by hydrothermal 

carbonization using citric acid and different amines. The obtained N-CQDs exhibited 

particle sizes of approximately 6 nm, blue fluorescence under UV light, and high 

concentrations of oxygen- and nitrogen-containing surface groups.  

Porous carbon cloth electrodes impregnated with N-CQDs were subsequently evaluated 

in aqueous ECs. The incorporation of N-CQDs improved capacitance from 116 to 146 F 

g−1 and substantially enhanced lifespan from 74 to 200 floating hours. Dunn analysis 

revealed increased diffusive contribution associated with pseudocapacitive processes. 

The improvement originated mainly from the abundant surface functionalities, which 

enhanced electrode wettability, introduced additional redox-active sites, and facilitated 

charge transfer. Partial release of N-CQDs into the electrolyte additionally increased ionic 

conductivity. Correlations between N-CQD properties and EC performance 

Figure 5 The beneficial effect of the electrode functionalization by carbon quantum dots 

abundant in oxygen and nitrogen functional groups on the EC lifespan.  
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demonstrated that highly functionalized CQDs with lower graphitic core content provided 

the best electrochemical behavior. 

3) General conclusions 

This thesis presents several complementary strategies for the development of 

sustainable and high-performance aqueous electrochemical capacitors. The 

incorporation of HBD additives into neutral aqueous electrolytes effectively suppressed 

corrosion, reduced water activity, and significantly improved EC lifespan without 

sacrificing electrochemical performance. Buffer/iodide electrolytes introduced reversible 

pseudocapacitance and enabled simultaneous enhancement of capacitance, voltage 

window, and stability. 

The use of lignosulfonate as a renewable precursor demonstrated the possibility of 

producing sustainable gel electrolytes and porous carbons considering environmental 

impact. Furthermore, systematic investigations of salt-templated carbons established 

clear structure–performance relationships linking disorder, porosity, and surface 

chemistry to capacitance and lifespan. 

Finally, N-CQDs were identified as promising functional additives capable of enhancing 

both capacitance and long-term stability through surface-functional-derived 

pseudocapacitance and improved charge transport. 

The results provide important insights into the design of environmentally friendly 

electrolytes and carbon materials for next-generation electrochemical capacitors. The 

presented strategies contribute to the advancement of safe, durable, and 

environmentally friendly energy storage technologies. 

In perspectives, ECs will likely rely on combining sustainable heteroatom-rich biomass-

derived carbon electrodes with multifunctional electrolytes that simultaneously enhance 

energy density, safety, and lifespan. Supported by advanced characterization techniques 

(also in operando mode), computational chemistry, and machine learning, this integrated 

approach could accelerate the further development of high-performance devices tailored 

for applications ranging from renewable energy integration, automotive systems, and 

wearable electronics. 

 

 

 

 

220:6527602357



 

 
221 

 

4) References 

1  Wolf, S.; Bullard, R.; Buonocore, J. J.; Donley, N.; Farrelly, T.; Fleming, J.; 

González, D. J. X.; Oreskes, N.; Ripple, W.; Saha, R.; Willis, M. D. Scientists’ Warning 

on Fossil Fuels. Oxford Open Climate Change 2025, 5 (1) kgaf011. 

https://doi.org/10.1093/oxfclm/kgaf011 

2 Ripple, W.J., Wolf, C., Gregg, J.W., Rockstorm, J., Mann, M.E., Oreskes, N., 

Lenton, T.M., Rahmstorf, S., Newsome, T.M., Xu, C., Svenning, J.C., Pereira, C.C., 

Law, B.E., Crowther, T.W., The 2024 state of the climate report: Perilous times on 

planet Earth. BioScience 2024, 74 (12), 812-824. https://doi.org/10.1093/biosci/biae087 

3 Conway, B. E. Electrochemical Supercapacitors; Springer US: Boston, MA, 

1999. https://doi.org/10.1007/978-1-4757-3058-6  

4 Miller, J. R.; Simon, P. Electrochemical Capacitors for Energy Management. 

Science 2008, 321 (5889), 651–652. https://doi.org/10.1126/science.1158736 

5 Burke, A. F.; Zhao, J. Past, Present and Future of Electrochemical Capacitors: 

Technologies, Performance and Applications. Journal of Energy Storage 2021, 35, 

102310.https://doi.org/10.1016/j.est.2021.102310 

6 Béguin, F.; Presser, V.; Balducci, A.; Frackowiak, E. Carbons and Electrolytes 

for Advanced Supercapacitors. Advanced Materials 2014, 26 (14), 2219–2251. 

https://doi.org/10.1002/adma.201304137 

 

 

 

 

 

 

 

 

 

221:1099073514

https://doi.org/10.1093/oxfclm/kgaf011
https://doi.org/10.1093/biosci/biae087
https://doi.org/10.1126/science.1158736
https://doi.org/10.1016/j.est.2021.102310


 

 
222 

 

 

15  
Podsumowanie pracy doktorskiej 

 

 

1) Wprowadzenie 

Powszechne stosowanie paliw kopalnych w znacznym stopniu przyczynia się do emisji 

gazów cieplarnianych, degradacji środowiska i zmian klimatu1. Odnawialne źródła 

energii stanowią przyjazną środowisku alternatywę; jednak ich okresowość wymaga 

zastosowania wydajnych technologii magazynowania energii1,2. Spośród obecnie 

dostępnych technologii, kondensatory elektrochemiczne (ang. electrochemical 

capacitors – ECs), są szczególnie interesujące ze względu na wysoką gęstość mocy, 

możliwość szybkiego ładowania/wyładowania oraz doskonałą stabilność cykliczną, co 

pozwala na efektywne magazynowanie energii odnawialnej3,4. Niemniej jednak ECs 

charakteryzują się ograniczeniami związanymi z gęstością energii, bezpieczeństwem 

elektrolitu, wąskim zakresem napięcia roboczego, procesami korozji, ograniczoną 

żywotnością oraz wyborem ekologicznych materiałów elektrodowych5,6. 

Głównym celem pracy doktorskiej jest zwiększenie pojemności, napięcia oraz 

żywotności ECs. Niniejsza praca dotyczy opracowania zrównoważonych kondensatorów 

elektrochemicznych na bazie roztworów wodnych poprzez zastosowanie dwóch 

uzupełniających się strategii: (i) modyfikację neutralnych elektrolitów wodnych w celu 

poprawy pojemności i stabilności napięcia, odporności na korozję oraz żywotności;  

(ii) dostosowanie tekstury, nieuporządkowania strukturalnego i właściwości 

powierzchniowych węglowych materiałów elektrodowych w celu uzyskania wysokiej 

pojemności i długotrwałej żywotności. Szczególny nacisk położono na materiały 

przyjazne dla środowiska, zaawansowane techniki charakteryzacji oraz zależności 

między strukturą/teksturą a właściwościami elektrochemicznymi. 
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2) Wyniki i dyskusja 

Electrochemical capacitor in aqueous electrolyte with long lifespan improved by 

hydrogen bond addition; https://doi.org/10.1016/j.mattod.2023.06.018 

Głównym ograniczeniem wodnych 

ECs wykorzystujących elektrolity 

na bazie neutralnych soli, jest 

korozja kolektorów prądowych ze 

stali nierdzewnej, która skraca 

żywotność urządzenia i obniża 

stabilność elektrochemiczną. Aby 

rozwiązać ten problem, zbadano 

wpływ mocznika jako dodatku 

donora wiązania wodorowego (ang. 

hydrogen bond donor – HBD) do 

1M Li2SO4, wykorzystując m.in. 

testy elektrochemiczne, modelo-

wanie, spektroskopię Ramana oraz chromatografię gazową sprzężoną ze spektrometrią 

mas (ang. gas chromatography coupled with mass spectrometry – GC-MS) w trybie 

operando (Rysunek 1).  

Dodanie mocznika spowodowało jedynie nieznaczny spadek przewodnictwa jonowego, 

przy jednoczesnym utrzymaniu korzystnych wartości pH i stabilności elektrochemicznej. 

Badania korozyjne wykazały znaczne zmniejszenie prądu korozyjnego z 6.60 µA do 0.55 

µA wraz ze wzrostem stężenia mocznika, co wskazuje na silne działanie antykorozyjne. 

Analiza widm Ramana potwierdziła zahamowanie tworzenia się Fe2O3 oraz utworzenie 

powłoki pasywacyjnej (FeOOH). Symetryczne ECs na bazie elektrolitu zawierającego 

mocznik utrzymywały wartości pojemności około 100 F g-1 przy 1.6 V, co wskazuje, że 

dodatek ten nie wpłynął negatywnie na pojemność. EC zawierający dodatek 2M 

mocznika osiągnął ponad 60 000 cykli i około 350 godzin stałonapięciowej polaryzacji w 

porównaniu z 47 000 cyklami i 96 godzinami stałonapięciowej polaryzacji dla 1M Li2SO4 

bez dodatku mocznika. Wykorzystując operando spektroskopię Ramana oraz GC-MS 

udowodniono, że mocznik zmniejsza aktywność niezwiązanej wody poprzez tworzenie 

rozległej sieci wiązań wodorowych, ograniczając w ten sposób degradację elektrody i 

wydzielanie CO2. Modelowanie dodatkowo potwierdziło silne oddziaływania między 

cząsteczkami mocznika, wody i Li2SO4, prowadzące do zmodyfikowania solwatacji oraz 

zmniejszonej aktywności wody. Podsumowując, dodatek mocznika umożliwił 

Rysunek 1 Działanie anty orozyjne i 

przeciwdziałające starzeniu ECs spowodowane 

tworzeniem się sieci donorów wiązań wodorowych po 

dodaniu moczni a do 1M Li2SO4. 
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opracowanie niedrogiego, ekologicznego elektrolitu łączącego wysokie przewodnictwo 

jonowe, zmniejszoną korozyjność i wydłużoną żywotność EC.  

Effect of buffer/iodide electrolyte on the performance of electrochemical capacitors; 

https://doi.org/10.1039/D4GC01748J 

W celu poprawy stosunkowo niskiej pojemności wodnych elektrolitów wykorzystano 

roztwory buforowe w połączeniu z reakcjami redoks jodek/jod. Bufory octanowe, 

cytrynianowe i fosforanowe zawierające NaI  jako wielofunkcyjne elektrolity zapewniły 

stabilizację pH oraz dodatkowe pseudopojemnościowe magazynowanie ładunku 

(Rysunek 2). 

Dodanie NaI znacznie zwiększyło 

przewodnictwo jonowe, zachowując 

jednocześnie stabilne pH. Badania 

elektrochemiczne wykazały, że 

elektrolity zawierające jodki 

umożliwiły stabilną pracę EC przy 

napięciu 1.5 V. Pomiary 

trójelektrodowe potwierdziły, że 

elektroda (+) charakteryzowała się 

odwracalnymi reakcjami redoks I-/I2. 

Dodatek 0.2M NaI znacznie 

zwiększył pojemność EC, np. 

pojemność wzrosła z 91 F g-1 (bufor octanowy) do 149 F g-1 (bufor octanowy z jodkiem). 

Jednocześnie żywotność EC została znacznie wydłużona podczas stałonapięciowej 

polaryzacji. Bufor cytrynianowy zawierający 0.2M NaI osiągnął ponad 1000 godzin, 

podczas gdy bufor cytrynianowy bez dodatku jodku uzyskał jedynie 30 godzin 

stałonapięciowej polaryzacji. Działanie elektrolitu silnie zależało od pH i stężenia jodku. 

Lekko kwaśne warunki sprzyjały odwracalnej aktywności pary redoks i minimalizowały 

tworzenie się niepożądanych polijodków i jodanów. Nadmierne stężenia jodku sprzyjały 

blokowaniu porów i przyspieszały proces degradacji. Analizy po zakończeniu 

eksperymentu z wykorzystaniem spektroskopii fotoelektronów w zakresie 

promieniowania rentgenowskiego (ang. X-ray photoelectron spectroscopy – XPS) i 

dyfrakcja rentgenowska (ang. X-ray diffraction – XRD) udowodniły zredukowane 

utlenianie elektrody oraz brak obecności nierozpuszczalnych osadów na powierzchni 

węgla. Wyniki wskazują, że synergiczne połączenie działania buforu, stabilizującego pH 

roztworu i pary redoks jod/jodek zwiększyło pojemność, napięcie oraz żywotność ECs. 

Rysunek 2 Graficzna prezentacja nowego 

ele trolitu dla EC na bazie buforu oraz pary redo s 

jod/jode  wraz z  orzyściami wyni ającymi z jego 

zastosowania. 
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Lignin as a precursor of a gel electrolyte and salt templated carbon for sustainable 

electrochemical capacitors; https://doi.org/10.1039/D5GC05533D 

W niniejszej pracy 

przeprowadzono badania 

dotyczące wykorzystania 

lignosulfonianiu (ang. ligno-

sulfonate – LS) jako wielo-

funkcyjnego prekursora do 

produkcji ekologicznych 

komponentów ECs, w tym 

elektrolitów żelowych (ang. 

gel electrolytes – GEs), 

separatorów i porowatych 

węgli (Rysunek 3). 

Elektrolity żelowe składały się z LS, eteru diglicydylowego glikolu polietylenowego (ang. 

poly(ethylene glycol) diglycidyl ether – PEGDGE) oraz roztworów soli octanowych. 

Spośród badanych układów, GE LS-5m KOAc osiągnął najbardziej korzystny balans 

pomiędzy przewodnictwem jonowym, stabilnością mechaniczną i ograniczoną 

zawartością wody. Jednocześnie przygotowano LS-węgle z wykorzystaniem soli 

octanowych jako zarówno matryc strukturalnych, jak i środków samoczynnie 

aktywujących. Otrzymane węgle charakteryzowały się optymalną mikroporowatością, 

nieuporządkowaniem strukturalnym i zwiększoną obecnością domen grafitowych w 

zależności od składu soli. Powierzchnie właściwe LS-węgli mieściły się w przedziale od 

881 do 1754 m2 g-1. Badania elektrochemiczne wykazały niemal idealne zachowanie 

pojemnościowe w zakresie napięcia do 1.6 V. Uzyskano wartości pojemności od 46 do 

82 F g-1, przy czym wyższą pojemność zaobserwowano w przypadku węgli o wysokim 

stopniu nieuporządkowania i bardziej mikroporowatych. Co ważne, elektrolit żelowy 

znacznie ograniczył samowyładowanie i wyciek elektrolitu, poprawiając jednocześnie 

bezpieczeństwo urządzenia. ECs złożone w całości z LS komponentów osiągnęły do 

170 godzin stałonapięciowej polaryzacji i spowolniły samowyładowanie w porównaniu z 

separatorami z włókna szklanego. Analiza aspektów cyklu życia wykazała zmniejszenie 

emisji CO2 o 32-49%, w porównaniu z konwencjonalnym metodami produkcji materiałów 

węglowych. Podsumowując, udowodniono, że LS może służyć jako odnawialny i 

wydajny prekursor dla zrównoważonych ECs. 

 

Rysunek 3 Innowacyjna i przyjazna dla środowis a 

strategia s utecznego wy orzystania ligniny technicznej 

pozys anej z odpadów drzewnych ja o odnawialnego 

pre ursora ele trolitu, ele trod i separatora EC. 
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Impact of disorder, porosity, and surface chemistry of salt templated carbons on 

capacitance; https://doi.org/10.1002/advs.202505032 

Zbadano zależności między 

teksturą/strukturą węgla a 

właściwościami elektrochemicznymi 

EC (Rysunek 4) przy użyciu węgli 

porowatych zsyntezowanych metodą 

matrycy solnej, wykorzystując chlorki 

metali alkalicznych w stosunku 

eutektycznym. Kompleksowa charak-

teryzacja przeprowadzona przy użyciu 

spektroskopii Ramana, XRD, 

transmisyjnej mikroskopii elektronowej 

(ang. transmission electron 

microscopy – TEM), sorpcji gazów 

oraz desorpcji programowanej 

temperaturowo w połączeniu ze 

spektrometrią mas wykazała znaczne różnice w stopniu nieuporządkowania, dostępnej 

powierzchni, mikroporowatości oraz tlenowych grup funkcyjnych. Węgle o wysokim 

stopniu nieuporządkowania, zsyntezowane wykorzystując matrycę CsCl, 

charakteryzowały się zwiększoną gęstością defektów i mikroporowatością, podczas gdy 

matryce na bazie LiCl sprzyjały większemu uporządkowaniu, natomiast tworzeniu 

mezoporów. Testy elektrochemiczne w 1M Li2SO4 wykazały wartości pojemności do 244 

F g-1 przy stabilnym napięciu 1.6 V. Zaobserwowano silne korelacje liniowe między 

pojemnością a kilkoma parametrami fizykochemicznymi. Pojemność wzrastała wraz z: 

wyższym stopniem nieuporządkowania (stosunek ID1/IG), większą powierzchnią aktywną, 

większą objętością mikroporów oraz odpowiednimi grupami funkcyjnymi tlenu. 

Mikroporowatość została zidentyfikowana jako dominujące miejsce magazynowania 

ładunku, podczas gdy mezopory ułatwiały głównie transport jonów. Chociaż węgle o 

wysokim stopniu nieuporządkowania wykazywały lepszą pojemność, charakteryzowały 

się jednak krótszą żywotnością ze względu na zwiększoną niestabilność strukturalną. 

Natomiast węgle o bardziej uporządkowanej strukturze zapewniały większą żywotność, 

ale niższą pojemność. Wyniki te stanowią ogólne ramy dla modyfikacji elektrod 

węglowych poprzez dostosowanie nieuporządkowania, porowatości, przewodnictwa i 

powierzchniowych grup funkcyjnych materiału. 

  

Rysunek 4 Istotne parametry brane pod uwagę w 

celu poprawy działania EC. 
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Insights of N-carbon quantum dots effect on charge storage in supercapacitors 

Ostatnia część pracy doktorskiej dotyczyła określenia wpływu węglowych kropek 

kwantowych domieszkowanych azotem (ang. nitrogen doped carbon quantum dots – N-

CQDs) na właściwości kondensatorów elektrochemicznych (Rysunek 5). N-CQDs 

zsyntezowano metodą karbonizacji hydrotermalnej z wykorzystaniem kwasu 

cytrynowego i różnych amin. Otrzymane N-CQDs charakteryzowały się wielkością 

cząstek wynoszącą około 6 nm, niebieską fluorescencją w zakresie światła UV oraz 

wysokim stężeniem tlenowych i azotowych powierzchniowych grup funkcyjnych. 

Elektrody węglowe z porowatej tkaniny, impregnowane N-CQDs zostały następnie 

przetestowane w ECs z 1M Li2SO4 jako elektrolitem. Obecność N-CQDs poprawiła 

pojemność z 116 F g-1 (bez N-CQDs) do 146 F g-1 (z N-CQDs) i znacznie ulepszyła 

żywotność EC z 74 godzin (bez N-CQDs) do 200 godzin stałonapięciowej polaryzacji (z 

N-CQDs). Analiza Dunna wykazała zwiększony udział dyfuzji związany z procesami 

pseudopojemnościowymi. Poprawa pojemności i żywotności ECs wynikała głównie z 

obecności licznych grup funkcyjnych, które zwiększyły zwilżalność elektrody, 

wprowadziły dodatkowe centra aktywne redoks i ułatwiły transfer ładunku. Częściowe 

uwolnienie N-CQDs do elektrolitu dodatkowo zwiększyło przewodnictwo jonowe. 

Korelacje między właściwościami N-CQDs a wydajnością ECs wykazały, że wysoce 

sfunkcjonalizowane N-CQDs o niższej zawartości sp2 w rdzeniu zapewniły ulepszenie 

właściwości elektrochemicznych. 

 

3) Wnioski 

Niniejsza praca doktorska przedstawia kilka komplementarnych strategii rozwoju 

zrównoważonych i wysokowydajnych wodnych ECs. Wprowadzenie dodatku HBD do 

elektrolitu na bazie soli neutralnej skutecznie ograniczyło korozję, zmniejszyło 

Rysunek 5 Korzystny wpływ fun cjonalizacji ele trod węglowymi  rop ami  wantowymi, 

zawierającymi liczne grupy fun cyjne tlenu i azotu, na żywotność ECs.   
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aktywność niezwiązanej wody oraz znacząco poprawiło trwałość ECs bez pogorszenia 

ich właściwości elektrochemicznych. Elektrolity buforowo-jodkowe umożliwiły 

odwracalne reakcje pseudopojemnościowe, umożliwiając jednoczesne zwiększenie 

pojemności, rozszerzenie napięcia oraz wzrost cykliczności ECs.  

Wykorzystanie lignosulfonianu jako odnawialnego prekursora pozwoliło na otrzymanie 

zrównoważonych elektrolitów żelowych oraz porowatych materiałów węglowych z 

uwzględnieniem aspektów środowiskowych. Ponadto badania materiałów węglowych 

otrzymywanych metodą matrycy solnej pozwoliły określić zależności struktura-

właściwości, łączące stopień nieuporządkowania, porowatość oraz powierzchniowe 

grupy funkcyjne z pojemnością i żywotnością ECs. 

Węglowe kropki kwantowe domieszkowane azotem zidentyfikowano jako obiecujące 

dodatki funkcjonalne, zdolne do zwiększania zarówno pojemności, jak i długoterminowej 

stabilności dzięki pseudopojemności wynikającej z obecności grup funkcyjnych na 

powierzchni oraz poprawie transportu ładunku.  

Uzyskane wyniki dostarczają istotnych informacji dotyczących projektowania 

przyjaznych środowisku elektrolitów i materiałów węglowych do kondensatorów 

elektrochemicznych nowej generacji. Przedstawione strategie przyczyniają się do 

rozwoju bezpiecznych, trwałych i zrównoważonych technologii magazynowania energii. 

W przyszłości rozwój kondensatorów elektrochemicznych będzie prawdopodobnie 

związany z łączeniem przyjaznych środowisku elektrod węglowych otrzymywanych z 

biomasy bogatej w heteroatomy z wielofunkcyjnymi elektrolitami, które jednocześnie 

zwiększają gęstość energii, bezpieczeństwo, oraz żywotność ECs. Wspierane przez 

zaawansowane techniki charakteryzacji (również w trybie operando), chemię 

obliczeniową oraz uczenie maszynowe, takie zintegrowane podejście może 

przyspieszyć dalszy rozwój wysokowydajnych urządzeń dostosowanych do zastosowań 

związanych z integracją odnawialnych źródeł energii, elektroniką stosowaną w odzieży 

noszonej oraz systemami motoryzacyjnymi. 
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16  
Ecole Doctorale resumé 

 

1) Introduction 

L'utilisation généralisée des combustibles fossiles contribue de manière significative aux 

émissions de gaz à effet de serre, à la dégradation de l'environnement et au changement 

climatique1. Les sources d'énergie renouvelables offrent une alternative durable; 

cependant, leur caractère intermittent impose des technologies de stockage d'énergie 

efficaces1,2. Parmi les systèmes actuellement disponibles, les condensateurs 

électrochimiques (ECs) sont particulièrement intéressants en raison de leur forte densité 

de puissance, de leur capacité de charge/décharge rapide et de leur excellente stabilité 

cyclique, ce qui leur permet de stocker l'énergie renouvelable3,4. Néanmoins, les ECs 

conventionnels se heurtent encore à des limites liées à leur densité d’énergie, à la 

sécurité de l'électrolyte, à la plage de tension de fonctionnement étroite, aux processus 

de corrosion, à la durée de vie limitée et à la durabilité des matériaux d’électrodes5,6. 

L'objectif principal de cette thèse est d'améliorer la capacité, la tension de 

fonctionnement et la durabilité des ECs. Ainsi, la dissertation se concentre sur le 

développement de condensateurs électrochimiques aqueux durables en suivant deux 

approches complémentaires: (i) la modification d’électrolytes aqueux neutres pour 

améliorer la stabilité de tension, la résistance à la corrosion et la durée de vie ; (ii) 

l’adaptation de la texture, du désordre et de la chimie de surface des matériaux 

d’électrodes en carbone afin d’optimiser la capacité et la durée de vie. Un accent 

particulier est mis sur les matériaux respectueux de l’environnement, les techniques de 

caractérisation avancées et les relations structure-performance. 
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2) Résultats et discussions 

Electrochemical capacitor in aqueous electrolyte with long lifespan improved by 

hydrogen bond addition; https://doi.org/10.1016/j.mattod.2023.06.018 

L'une des principales limites des 

ECs à base d'électrolytes neutres 

aqueux réside dans la corrosion 

des collecteurs de courant en 

acier inoxydable, qui réduit la 

durée de vie des dispositifs et 

diminue leur stabilité électro-

chimique. Pour remédier à ce 

problème, l'effet de l'urée en tant 

qu'additif donneur de liaisons 

hydrogène (HBD) dans un 

électrolyte à base de Li₂SO₄ 1 M 

a été étudié à l'aide, par exemple, 

de tests électrochimiques, de modélisation numérique, de spectroscopie Raman 

operando et de chromatographie en phase gazeuse couplée à la spectrométrie de 

masse (GC-MS) (Figure 1). L'ajout d'urée ne réduit que légèrement la conductivité 

ionique tout en maintenant des valeurs de pH favorables et une bonne stabilité 

électrochimique. Avec l'accroissement de la concentration en urée, les tests de corrosion 

révèlent une réduction substantielle du courant de corrosion, passant de 6,60 µA à 0,55 

µA, démontrant ainsi le fort effet anticorrosif de l'urée. L'analyse Raman confirme que la 

formation de Fe₂O₃ est supprimée et que les couches de surface protectrices de FeOOH 

sont stabilisées. Les ECs symétriques fonctionnant avec des électrolytes contenant de 

l'urée conservent des valeurs de capacité d'environ 100 F g−1 à 1,6 V, indiquant que 

l'additif n'a pas d'effet négatif sur les performances capacitives. Il est important de noter 

que la durée de vie est améliorée significativement. Le condensateur électrochimique 

contenant de l’urée à 2 M présente plus de 60 000 cycles et environ 350 heures à tension 

nominale, contre 47 000 cycles et 96 heures à tension nominale lorsque l’électrolyte est 

seulement Li₂SO₄ pur à 1 M. La spectroscopie Raman operando et la GC-MS 

démontrent que l'urée réduit l'activité de l'eau libre par la formation d'un vaste réseau de 

liaisons hydrogène, limitant ainsi la dégradation des électrodes et l'évolution de CO₂. 

Des calculs de théorie de la fonctionnelle de la densité confirment en outre de fortes 

interactions entre l'urée, l'eau et les espèces de Li₂SO₄, conduisant à des structures de 

solvatation modifiées et à une réactivité de l'eau réduite. Dans l'ensemble, l'incorporation 

Figure 1 Effet anticorrosion et anti-vieillissement sur 

l'EC dû à la formation d'un réseau de donneurs de 

liaisons hydrogène après ajout d'urée à une solution 

de Li₂SO₄ à 1 M. 
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d'urée permet de développer un électrolyte peu coûteux et respectueux de 

l'environnement, combinant une conductivité ionique élevée, une corrosion réduite et 

une durée de vie prolongée des condensateurs électrochimiques. 

Effect of buffer/iodide electrolyte on the performance of electrochemical capacitors; 

https://doi.org/10.1039/D4GC01748J 

Afin d'améliorer la capacité 

relativement faible des 

condensateurs électrochimiques 

en milieu aqueux, des solutions 

tampons associées à une chimie 

redox iodure/iode sont étudiées. 

Des tampons acétate, citrate et 

phosphate contenant du NaI 

sont utilisés en tant 

qu'électrolytes multifonctionnels 

capables de stabiliser le pH et 

d'introduire un stockage de charge pseudocapacitif (Figure 2). L'ajout de NaI accroit 

considérablement la conductivité de l'électrolyte tout en préservant des conditions de pH 

stables. Les essais électrochimiques démontrent que les électrolytes contenant un 

iodure permettent un fonctionnement stable des ECs jusqu'à 1,5 V. Des mesures en 

cellules à trois électrodes confirment que l'électrode positive présente des réactions 

faradaïques réversibles associées au couple redox I−/I2. L'incorporation de NaI 0.2 M 

améliore considérablement la capacité. Par exemple, la capacité passe de 91 à 149 F 

g−1 dans les systèmes à tampon acétate. Parallèlement, la durée de vie est 

considérablement améliorée lors des essais à tension nominale. Le condensateur 

électrochimique à base de tampon citrate contenant NaI à 0,2 M atteint plus de 1 000 

heures à tension nominale, contre seulement 30 heures avec le tampon correspondant 

sans iodure. Les performances de l'électrolyte dépendent fortement du pH et de la 

concentration en iodure. Des conditions légèrement acides favorisent une activité redox 

réversible et minimisent la formation de polyiodures et d'iodates indésirables. Des 

concentrations excessives d'iodure favorisent l'obstruction des pores et accélèrent les 

processus de dégradation. Les analyses post-mortem par XPS et XRD montrent une 

oxydation limitée de l'électrode et l'absence de dépôts insolubles dans la porosité du 

carbone. Les résultats démontrent que la combinaison synergique de l'action tampon et 

de la chimie redox de l'iodure améliore simultanément la capacité, la tension de 

fonctionnement et la stabilité. 

Figure 2 Représentation graphique du nouvel 

électrolyte EC à base de tampon iodure/iode et de ses 

avantages. 
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Lignin as a precursor of a gel electrolyte and salt templated carbon for sustainable 

electrochemical capacitors; https://doi.org/10.1039/D5GC05533D 

Ces travaux explorent 

l'utilisation du lignosulfonate 

(LS), une lignine technique 

issue de déchets, en tant que 

précurseur multifonctionnel 

de composants durables pour 

ECs, notamment des 

électrolytes gélifiés (GE), des 

séparateurs et des carbones 

poreux (Figure 3). Les GE 

sont composés de LS, de 

poly(éthylène glycol) 

diglycidyl éther (PEGDGE) et 

de solutions de sels d'acétate. Parmi les systèmes étudiés, le gel LS–5 m KOAc présente 

le meilleur équilibre entre conductivité ionique, stabilité mécanique et teneur en eau 

réduite. Parallèlement, des carbones dérivés du LS par salt templating sont préparés en 

utilisant des sels d'acétate à la fois comme template structuraux et comme agents d'auto-

activation. Les carbones obtenus présentent une microporosité, un désordre structural 

et un caractère graphitique ajustables en fonction de la composition du sel. Les surfaces 

spécifiques varient de 881 à 1754 m² g−1. Les essais électrochimiques mettent en 

évidence un comportement de double couche électrique quasi idéal jusqu’à 1,6 V. Des 

valeurs de capacité comprises entre 46 et 82 F g−1 sont obtenues, les carbones 

hautement désordonnés et microporeux présentant une capacité plus élevée. Il est 

important de noter que l’électrolyte sous forme de gel réduit considérablement 

l’autodécharge et les fuites d’électrolyte, tout en améliorant la sécurité des dispositifs. 

Les EC entièrement assemblés à partir de composants dérivés de LS atteignent jusqu'à 

170 heures à tension nominale et sont moins affectés par une perte de tension que les 

ECs contenant des séparateurs en fibre de verre. Les analyses de cycle de vie indiquent 

une réduction des émissions de CO₂ de 32 à 49 % par rapport aux méthodes de 

fabrication conventionnelles des EC. L'étude démontre que le lignosulfonate peut servir 

de précurseur renouvelable et efficace pour des EC durables. 

 

Figure 3 Une stratégie novatrice et respectueuse de 

l'environnement pour l'utilisation efficace d'une lignine 

technique issue de déchets de bois, en tant que précurseur 

renouvelable d'électrolytes, d'électrodes et de séparateurs 

pour batteries rechargeables. 
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Impact of disorder, porosity, and surface chemistry of salt templated carbons on 

capacitance; https://doi.org/10.1002/advs.202505032 

Les relations entre la texture/structure 

du carbone et les performances 

électrochimiques (Figure 4) sont 

étudiées à l'aide de carbones poreux 

synthétisés par soft-salt templating 

utilisant des eutectiques de chlorures 

de métaux alcalins. Une 

caractérisation complète par 

spectroscopie Raman, diffraction des 

rayons X, microscopie électronique à 

transmission (MET), sorption de gaz et 

désorption programmée en 

température couplée à la 

spectrométrie de masse révèle des 

variations significatives du degré de 

désordre, de la surface spécifique accessible, de la microporosité et des groupes 

fonctionnels oxygénés. Les carbones hautement désordonnés obtenus à partir de CsCl 

templating présentent une densité de défauts et une microporosité accrues, tandis que 

les templates à base de LiCl favorisent un ordonnancement graphitique et la formation 

de mésopores. Les essais électrochimiques réalisés dans une solution de Li₂SO₄ à 1 M 

révèlent des valeurs de capacité pouvant atteindre 244 F g−1 avec un fonctionnement 

stable à 1,6 V. Des corrélations linéaires marquées sont établies entre la capacité et 

plusieurs paramètres physico-chimiques. La capacité augmente avec : un degré de 

désordre plus élevé (rapport ID₁/IG), une surface active plus importante, un volume de 

micropores plus grand et la présence de groupes fonctionnels oxygénés appropriés. Les 

micropores sont identifiés comme les principaux sites de stockage de charge, tandis que 

les mésopores facilitent essentiellement le transport ionique. Bien que les carbones 

hautement désordonnés conduisent à une capacité supérieure, ils sont également 

responsables d’une durée de vie plus courte en raison d'une instabilité structurale accrue. 

En revanche, les carbones plus graphitiques offrent une durabilité améliorée mais une 

capacité plus faible. Ces résultats fournissent un cadre général pour optimiser des 

électrodes de carbone en équilibrant le désordre, la porosité, la conductivité et la chimie 

de surface. 

 

Figure 4 Les paramètres jugés importants pour 

améliorer les performances de l'EC. 
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Insights of N-carbon quantum dots effect on charge storage in supercapacitors 

La dernière partie de la dissertation porte sur l'effet des points quantiques de carbone 

dopés à l'azote (N-CQDs) sur les performances des condensateurs électrochimiques 

(Figure 5). Les N-CQDs ont été synthétisés par carbonisation hydrothermale à l'aide 

d'acide citrique et de différentes amines. Les N-CQDs obtenus présentent une taille de 

particules d'environ 6 nm, une fluorescence bleue et des concentrations élevées de 

groupes de surface contenant de l'oxygène et de l'azote. Des électrodes en tissu de 

carbone poreux imprégnées de N-CQDs sont ensuite évaluées dans des électrolytes 

aqueux. L'incorporation de N-CQDs permet de porter la capacité de 116 F g−1 (sans N-

CQDs) à 146 F g−1 (avec N-CQDs) et d'augmenter considérablement la durée de vie de 

74 heures à tension nominale (sans N-CQDs) à 200 heures (avec N-CQDs). L'analyse 

de Dunn met en évidence une contribution diffusive accrue liée à des processus pseudo-

capacitifs. Cette amélioration provient principalement de l'abondance des fonctionnalités 

de surface, qui améliorent la mouillabilité des électrodes, introduisent des sites redox 

actifs supplémentaires et facilitent le transfert de charge. La libération partielle de N-

CQDs dans l'électrolyte accroit en outre la conductivité ionique. Les corrélations entre 

les propriétés des N-CQDs et les performances des condensateurs électrochimiques 

démontrent que les N-CQDs fortement fonctionnalisés, et avec une teneur réduite en 

noyaux graphitiques, offrent le meilleur comportement électrochimique. 

 

 

 

 

Figure 5 L'effet bénéfique de la fonctionnalisation des électrodes à l'aide de points 

quantiques de carbone riches en groupes fonctionnels oxygénés et azotés sur la durée de 

vie des cellules électrochimiques. 

235:8775678965



 

 
236 

 

3) Conclusion générale 

Cette thèse présente plusieurs stratégies complémentaires permettant de développer 

des condensateurs électrochimiques aqueux durables et hautement performants. 

L'incorporation d'additifs HBD dans des électrolytes aqueux neutres permet de 

supprimer efficacement la corrosion, de réduire l'activité de l'eau et d'améliorer 

significativement la durée de vie des ECs sans compromettre leurs performances 

électrochimiques. Les électrolytes tampons/iodures introduisent une pseudocapacité 

réversible et permettent simultanément d'améliorer la capacité, la fenêtre de tension et 

la stabilité. 

L'utilisation du lignosulfonate comme précurseur renouvelable démontre la possibilité de 

produire des électrolytes gélifiés et des carbones poreux durables, tout en tenant compte 

de l'impact environnemental. De plus, les études systématiques conduites sur les 

carbones formés par salt templating permettent d'établir des corrélations claires entre la 

structure et les performances, reliant le désordre, la porosité et la chimie de surface à la 

capacité et à la durée de vie.  

Enfin, les N-CQDs ont été identifiés comme des additifs fonctionnels prometteurs, 

capables d’améliorer à la fois la capacité et la stabilité à long terme grâce à une 

pseudocapacité dérivée de la fonctionnalisation de surface et à un transport de charge 

optimisé. 

Ces résultats apportent des informations importantes pour la conception d’électrolytes 

et de matériaux carbonés respectueux de l’environnement destinés aux condensateurs 

électrochimiques de nouvelle génération. Les stratégies présentées contribuent à 

l’avancement de technologies de stockage d’énergie sûres, durables et respectueuses 

de l’environnement. 

À l'avenir, les condensateurs électrochimiques s'appuieront probablement sur la 

combinaison d'électrodes en carbone durables issues de la biomasse et riches en 

hétéroatomes, avec des électrolytes multifonctionnels qui améliorent simultanément la 

densité énergétique, la sécurité et la durée de vie. S'appuyant sur des techniques de 

caractérisation avancées (également en mode operando), la chimie computationnelle et 

l'apprentissage automatique, cette approche intégrée pourrait accélérer le 

développement de dispositifs de haute performance adaptés à des applications allant de 

l'intégration des énergies renouvelables aux systèmes automobiles, en passant par 

l'électronique portable. 
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performance relationships should be available online. Please, remember what you 

promised to me and Fatima, we keep our fingers crossed for you! Fatima, thank you for 

always finding a time to talk and help me, even though you were busy. Khoi, you were 

the best neighbor office mate I had! Colleen, since the first time we met, I knew we share 

the same life attitude. Thank you for always making the workday brighter. Peet, thanks 

for continuously making me laugh, but also academic/life advices. Hugo, thanks for your 

expertise in the French language/culture, I also really enjoyed our 7 am scientific and 

non-scientific discussions. Loic, I cannot promise you that I will not provide you more 

carbon quantum dots for TEM analysis. Jean-Marc, thank you for being always so 

supportive regarding XRD analysis. Cyril, there is no better specialist on gas sorption 

than you – thank you for your help and all advices. 

Special thanks are owed to the members of the Wood Chemistry Group in Sapporo for 

their kindness, openness, and warm welcome despite our cultural and scientific 

differences. Sensei Shiori Suzuki, thank you for introducing me to the field of 

biopolymers and for your invaluable guidance, both in and outside the laboratory. I 

greatly admire your ability to balance so many responsibilities while always finding time 

to help and support me - even beyond office hours. It is truly an honor to continue 

collaborating with you after my internship. To my brilliant colleagues, Nutthira and 

Himani - it is finally my turn to complete this thesis and join you as a doctor. Nutthira, 

your enthusiasm and dedication to science made my time in Sapporo especially 

enjoyable. Himani, I will always remember our discussions on issues related with lignin-

based gels, your kindness, sense of humour and hospitality. I would also like to sincerely 

thank Sensei Yasumitsu Uraki for his advice on gel electrolyte formulations and for his 

willingness to help me during laboratory experiments despite his many responsibilities. 
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Ogromne podziękowania należą się mojemu tacie Zbigniewowi, który najbardziej 

motywował mnie podczas pisania niniejszej pracy. W tym samym czasie konsekwentnie 

pracował nad budową altanki w ogrodzie. Za każdym razem, gdy brakowało mi siły do 

pisania spoglądałam przez balkon i widziałam jak ciężko pracuje, nie ważne czy padał 

deszcz, wiał wiatr czy było zimno. W takich momentach wracałam do pisania bez 

narzekania. Kto pierwszy skończy swoją pracę, ten pomaga przegranemu… 

Nie ukończyłabym doktoratu bez wsparcia mojej mamy Beaty. Dziękuję za Twoją 

obecność, cierpliwość, nieustającą troskę oraz wiarę we mnie – zarówno w chwilach 

wzlotów, jak i upadków. Dziękuję również mojemu bratu Adamowi za to, że był obok na 

każdym etapie tej drogi, za wsparcie i przypominanie mi, do podążania drogą zgodną z 

własnymi pasjami i wartościami. 

Chciałabym serdecznie podziękować moim wspaniałym babciom Jadwidze i Ewie oraz 

dziadkom Henrykowi i Józefowi. Jestem wdzięczna za Waszą miłość, nieustanne 

wsparcie i dumę, którą od Was czuję. Jesteście najlepszymi kibicami na świecie, na 

dobre i na złe! Dziękuję cioci Iwonie, cioci Marii, cioci Beacie i cioci Zofii za ich 

życzliwość, troskę oraz wsparcie. Dziękuję, że inspirujecie mnie do nieustannego 

rozwoju i sięgania po więcej.  

Ponadto nie mogę przejść obojętnie, nie wspominając o mojej przyjaciółce Marcie. Przez 

te wszystkie lata wspieramy się nawzajem i motywujemy do działania. „Czasem 

poświęcamy zbyt dużo uwagi złym rzeczom i zajęci narze aniem, często zapominamy o 

przyszłości,  tórej naprawdę chcemy, albo o tym, co chcielibyśmy osiągnąć.” Nawet po 

całym dniu spędzonym razem zawsze znajduje się jeszcze coś do dodania podczas 

wieczornej rozmowy telefonicznej. 

Dziękuję również Patrycji, Karolinie, Asi, Kasi G., Nataszce, Kasi M., Włodkowi, 

Robertowi, Elham, Matthiasowi, Batoul, Linie, Ewie za obecność, rozmowy, śmiech, 

wsparcie i ogromne pokłady cierpliwości, szczególnie podczas doktoratu. „W życiu nie 

chodzi o to, co posiadamy, lecz o ludzi,  tórych mamy obo  siebie”. 
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