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1 INTRODUCTION 

 

It has been almost twenty years since the discovery of graphene. Nevertheless, 

graphene and its derivatives are still being intensively studied and investigated 

throughout the scientific world. With such promising properties, a broad portfolio of 

synthetic procedures, applications and/or theoretical studies was already published. 

However, there are still many possible ways to expand knowledge in this exciting field. 

 Graphene, as one atom thick carbon layer with sp2 hybridization, honeycomb 

lattice, and aromatic network, comes with relatively low reactivity of graphene itself. 

spurred the research directions towards graphene derivatives with non-zero band gap 

with tunable functional groups. 

Fluorographene (exfoliated graphite fluoride) is a graphene derivative having a 

fluorine atom bonded on every carbon. Its rich chemistry provides an easy pathway to 

prepare homogeneously and highly chemically functionalized graphene derivatives 

. 

Within this work, new ways of chemical functionalization of graphene were 

applications. The aim was to yield highly conductive functionalized graphene 

derivatives, which will preferably have redox-active groups grafted or nitrogen atoms 

introduced into the graphenic lattice to improve their properties.  

Firstly, nitrogen superdoped graphene was synthesized with diamond-like 

interlayer bonds with exceptionally high mass density. Secondly, amino-acid 

functionalized, as well as carboxyl group functionalized, graphene derivatives were 

prepared via the intense study and tailored synthetic protocols utilizing the 

fluorographene chemistry.  

In the frame of this thesis, all materials were utilized in the energy storage field 

application as highly stable and exceptionally performing supercapacitor active 

electrode materials.  
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1.1 Graphene  

Graphene, a two-dimensional carbon-based material, is a one-atom thin single 

layer of graphite. It was first predicted theoretically in 19472 and experimentally 

prepared during the next 50 years3,4. In 2004, Geim and Novoselov published their 

breakthrough re-discovery and characterization of graphene5. It disproved the long-

standing claim that strictly 2D crystals can not be thermodynamically stable  therefore 

exist6,7. Alongside graphene, the boron nitride was another example of stable 2D 

material8. The years of 2004 and 2005 started incredible research interest in novel low-

dimensional materials due to their very intriguing properties and promising 

applicability.  

 

Figure 1 9 

Graphene consists of units of six sp2-carbon atoms tightly bonded in hexagonal, 

honeycomb-like rings, forming a conductive network thanks to the delocalized electrons 

- orbitals (Figure 1). This electron cloud, perpendicular to the graphene layer, is the 

reason behind the exceptional electrical conductivity but also the chemical inertness of 

the graphene10. Such properties offer a possibility of multiple applications in the fields 

of electronics, sensors, biosystems, or as protective layers against corrosions. The 

crystallographic studies revealed two sublattices, A and B, in the graphene structure, as 

shown in Figure 2. 
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Figure 2 a) The schematic showing pz- - - bonds. Adapted from 

ref11. b) Crystalographic sublattices A (red atoms) and B (blue atoms). Adapted from ref12 

 

Most of the materials have some defects: including graphene. During synthesis 

and preparation of graphene, there are always defects, such as vacancies, different edge 

configurations, or impurities, which all 

chemical and electronic properties since they act as centres of activity. Targeted 

interactions on the defects can lead to the proper identification of the defects13 and 

toward the modification of the electronic structure of graphene.9,13 27 

The electronic structure of graphene is particularly unique. Usually, the 

Nevertheless, 

graphene is special  its charge carriers behave like relativistic particles and can be 

described by the Dirac equation, resulting in a commonly shared fact that Dirac 
28 This uniqueness is yet another proof 

of why graphene caused such a spur of attention in the world of two-dimensional 

materials research. Another property, , is 

that graphene is classified as a zero-band gap semiconductor; its valence band and 

conduction band touch in so-called Dirac points (Figure 3). As a result, high-quality 

graphene exhibits high Fermi velocity29. 
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Figure 3 a) The 3D view schematic of a band structure for single-layer graphene. b) The 

calculated valence and conduction band touch at K apted from ref30 and ref31. 

 

The strong sigma bonding of the carbon atoms in the graphene layer results in 

insignificant drop of electrical conductivity when strained. Apart from electrical 

conductivity, its thermal conductivity is theoretically predicted to reach up to 6000 W 

mK-1, opening the application window also as a heat exchanger. Moreover, the optical 

properties, such as 2.3 % maximum absorbance by the graphene monolayer, gradually 

increasing with the number of layers, and non-linear behaviour, especially at the region 

around ~250 nm, are worth mentioning for potential optical utilizations. 

 All the above-listed properties suggest that graphene is a two-dimensional 

material with extraordinary properties. However, a few obstructive properties have an 

immense negative impact on the direct application potential. Zero band-gap, 

dispersibility and self-aggregation are all among these undesirable properties. The direct 

use of graphene in semiconductor passive parts is disallowed due to the zero band gap, a 

significant flaw in the electronics world. Pristine graphene is hydrophobic and can be 

dispersed only in solvents with high surface tension32, insoluble in most traditional 

solvents and self- -

dispersions of graphene mainly for scale-up synthesis and usage. 

 Identifying tailored procedures to overcome these bottlenecks of pure graphene 

monolayers is a crucial step toward wide graphene use in daily life. The facilitation of 

multifunctional applications of graphene is of immense interest due to its exciting 

properties and potential to replace some of the critical elements, environmentally non-

friendly elements and compounds or to replace current technologies already at their 
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fundamental limit (like Si-based technology). Functionalization of graphene is a 

 

 

1.1 Functionalization of graphene 

Functionalization of graphene or its derivatives via different methods and 

approaches is a vital way to increase the competitive strength of graphene in many 

applications since functionalization causes the opening of a band-gap, better 

dispersibility, reduces the re-stacking of graphene sheets. Moreover, functionalization is 

a way of imprinting desired properties in the graphene based materials. 

Covalent attachment or non-covalent interactions of various foreign compounds, 

atoms or molecules lead to a precisely controlled functionalization of a graphene single 

or multi-

struggles, they are widely used and precisely designed and synthesized in order to fit 

perfectly and exhibit extraordinary performance in the desired application, preferably 

better than current technologies. 

This theoretical introduction will focus on the chemical functionalization of pure 

graphene and fluorographene, the latter as the main subject of the experimental part, 

excluding the functionalization of graphene oxide. The graphene oxide is a non-

stoichiometric graphene derivative with various oxygen-bearing moieties, enabling a 

wide window of possible functionalities. However, the major disadvantage of graphene 

oxide is the presence of many different functional groups, including peroxides, 

carboxyls, hydroxyls, and epoxy groups. Such a variety causes low selectivity and non-

specific interactions for any possible compounds used for functionalization because 

they can react with the different types of functionalities. Moreover, the functionalization 

of graphene oxide yields low conducting materials because the many moieties already 

disrupt the sp2 conductive network of the parent graphene oxide. Thus, the 

functionalization of graphene oxide will not be discussed in detail.25 

Thanks to their unique and tunable properties, functionalized graphene derivatives 

are utilized in various applications (Figure 4), including catalysis33, water 

remediation34,35, bio-applications36, sensing37 39, hydrogen storage40 or the field of 

energy storage41,42, closely related to the research done within this thesis. 
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Figure 4 Schematic representation of the broad portfolio of the possible application utilizing 

functionalized graphene derivatives. Adapted from ref9 

 

1.1.1 Non-covalent approaches 

Non-

properties while retaining most features like pristine structure. It usually utilizes 

different types of non-covalent interactions, such as electrostatic or -interactions, 

which offer effective synthetic methods for attaching functional groups without 

disrupting the condu -interaction term encapsulates 

various attractive forces and also repulsive forces. Understanding which of them would 

prevail and would be beneficial during the preparation of non-covalently functionalized 

materials is crucial for designing synthetic pathways. 

 

 Hydrogen- -interaction: As a type of hydrogen bond, this interaction largely 

-system, driving the nature and geometry of 

-systems with multiple hydrogen bonding need 

stabilization from dispersion energy. 
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Figure 5 Idealized representation of - -interaction of graphene with aromatic molecules 

like benzene or naphthalene. Adapted from ref43. 

 - - - - -systems, 

having similar electron densities, the attractive forces are driven by dispersion 

-system, 

one will be the electron-donating and one electron-attracting part of the 

interaction. The behaviour of two benzene rings  (Figure 5) was profoundly 

studied,44 46 estimating the interaction energy to ~2 kcal mol-1, which is 

considered favou - -interaction also heavily depends on the 

position and orientation in space because the electrostatic energies and exchange 

- -interaction is critical 

in supramolecular self-assembly due to the favourable energy exchanges while 

forming ordered structures or designing mechanosensitive molecules47. 

 

 Cation- -interaction: When the cation is of metallic nature, the prevailing 

dominant interaction energies are induction and electrostatic, while when an 

-interaction, a certain degree of the 

polarizability of the electron cloud of the graphene is necessary. Moreover, the 

interaction energies are much higher for metallic cations. For any cation type, also 

conformation, geometry, and space arrangement play a crucial role in the 

interaction, which is needed to be taken into consideration while designing the 
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functionalized derivatives. Another interaction, which is very closely related to 

cation- -interaction, is cation- -interaction, which differs in the binding energy - 

being weaker than the actual cation- ficantly 

stronger than the - -interaction itself. 

 

 Anion- -interaction: Considered as a base for possible anion recognition or anion 

host designed materials, the anion- -interaction is driven by the dispersion and 

donor-acceptor exchanges between the anion and the graphene. As a type of 

physisorption, the dielectric constant of the solvent needs to support the electron 

distribution on the graphene flakes.48 

 

 Other graphene-ligand interactions: Many reports show the non-covalent 

interaction of graphene with other molecules, materials or chemical compounds 

(Figure 6). Some of the most promising are the interaction involving biologically 

essential molecules like the DNA or RNA, the influence of the substrate under the 

graphene sheet or the interaction of metallic atoms with pure graphene. 

 

 

Figure 6 Schematic representation of a non-covalent functionalization of graphene and 

graphene oxide. Adapted from ref43. 
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1.1.2 Covalent approaches  

Covalently grafted electron-donating or electron-withdrawing groups 

-

band gap. Moreover, the attachment considerably increases the dispersibility in 

commonly used solvents which is also connected to less re-stacking. The advantage of 

the covalently functionalized graphene derivatives is their stability in different 

environments since the covalent bond is hardly broken and the possibility of the solid 

attachment of various functional groups.12,49 Since several mechanisms allow for 

covalent attachment of groups onto the graphenic surface, the suitable one for every 

possible group can be chosen, each with its unique application potential. In order to 

covalently graft moieties on the low-reactive graphene flakes, there are synthetic 

pathways for preparing the derivatives directly from pristine graphene:13,20,21,24,50  

 

 Nucleophilic addition: Originating from the fullerene chemistry, a Bingel reaction 

utilizes nucleophilic addition. The mild reaction conditions resulted in the use for 

the synthesis of functionalized graphene derivatives. In situ produced enolate ion 

from halocarbon nucleophilically attacks the C=C bond in the graphene system, 

followed by a second attack of carbanion (Figure 7). The final moiety is formed 

by the closing of the ring.51 

 

 

Figure 7 General mechanism of a) nucleophilic addition and b) cycloaddition via 

aziridine adduct onto graphene. Adapted from ref24 
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 Cycloaddition: This type of reaction is very common because of its versatility and 

the usual absence of intermediate formation. There are different types of 

cycloaddition, determined by the number of atoms of the grafting molecule and 

the number of atoms from the graphenic layer.  

o [2+1] cycloaddition is performed by attachment of cyclopropane ring with 

attached moieties through cyclopropane (via dichlorocarbene) or aziridine 

(via nitrene) adducts (Figure 7). 

o [2+2] cycloaddition involving four electrons propagates via the elimination-

addition mechanism. 

o [3+2] cycloaddition yields a five-membered ring, mainly utilizing 

decarboxylation initiated formation of unstable azomethine ylides, which 

consequently reacts with the sp2 graphene network (known from fullerene 

chemistry as Prato reaction).52,53  

o [4+2], mostly known as Diels-Alder, cycloaddition is a well-known reaction 

in the addition mechanism (Figure 8), resulting in a six-membered ring. For 

example, the reaction of a dienophile (grafting molecule) and a conjugated 

diene in cis conformation (sp2 graphene network) is a one-step process 

while being heat-treated.21  

 

 Radical reactions: The most widely used grafting of an aryl group on the graphene 

plane using radical addition is accomplished by employing the aryl diazonium 

salts (Figure 8). Accompanied by the release of an N2, a reaction in both acidic 

and base/neutral environments produces reactive radical aryl moiety, responsible 

for the covalent grafting onto the graphene network.54,55 

 

 Substitution reaction utilizes the electron-rich graphene structure. In an 

electrophilic substitution, the Friedel-Crafts acylation (Figure 8) or a hydrogen-

lithium exchange can benefit from the high affinity of graphene towards 

electrophilic compounds.56,57  



31

Figure 8 General mechanism of a) Diels-Alder reaction where graphene acts both as dien 

and dienophile, b) free radical addition of phenyl and c) Friedl-Crafts acylation on 

graphene. Adapted from ref24

Rearrangement is a rarely used approach to covalently graft moieties onto e.g. 

graphene oxide, where it is possible with the rearrangement reaction the 

e of a -hydroxyl group for a carbonyl group.

1.2 Fluorographene

Fluorographene, sometimes so- -teflon , is a stoichiometric graphene 

derivative with a fluorine atom bonded to every carbon atom in a graphene-like 

structure. With a C1F1 composition, it can exist in four different conformations the 

most stable chair, followed by armchair, boat, and zig-zag. Both top-bottom and 

bottom-up synthetic approaches yield different compositions of fluorographene, 

resulting in varying properties depending on the coverage of fluorine ad-atoms. 

Because the covalent attachment of fluorine atoms to the carbon atoms disrupts 

-conjugated system, fluorographene is the thinnest known insulator with a recently 
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accurately theoretically calculated and experimentally verified (by means of DRIFT) 

bandgap of 5.7 eV.58 

One of the properties that fluorographene inherited from its parent material, 

graphene, is its high hydrophobicity, preventing its direct easy processability. Same like 

graphene, it can be dispersed in some organic solvents, from which some of them 

propagate defluorination of the FG, such as DMF.59 61  

Moreover, the exceptional strength of the C-F bond is usually beneficial in the 

means of thermal stability and chemical inertness  therefore, -

Teflon. However, contrary to Teflon, fluorographene offers a plethora of possible 

reactions (Figure 9) thanks to the fluorine vacancies, partial positive change on the 

carbanion and resulting nucleophilic substitution on such region in the fluorogra

structure.62 64  

 

Figure 9 Examples of possible graphene derivatives synthesized via fluorographene chemistry. 

Adapted from ref61. 

 

1.3 Graphene derivatives in electrochemical applications - 

supercapacitors 

Graphene derivatives, thanks to their exceptional properties, found an application 

in many fields, as described thoroughly in many reports in the literature. One of the 

most promising fields is energy storage because carbon-based materials present a 
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lightweight, conductive, cheap, stable and eco-friendly alternative to currently widely 

used technologies. 

Inherent from graphene itself, graphene derivatives usually possess a large surface 

area and, depending on the degree of functionalization, also a substantial conductivity. 

The theoretical capacitance of graphene should reach up to 550 F g-1.65 However, most 

of the reports utilizing pure graphene/reduced graphene oxide do not exhibit such a high 

value, probably due to the restacking of the sheets and low wettability by the 

electrolyte. Therefore, both in-plane (heteroatom doping) and out-of-plane (functional 

groups) functionalization of graphene is very beneficial for increasing the surface area 

available for contact with electrolytes, as shown in Figure 10. Moreover, a possible 

introduction of redox-active molecules can boost the performance with 

pseudocapacitance contribution for the already inherent double-layer capacitance. 

 

Figure 10 Overview of possible functionalization of graphene, such as a) on edge, b)  d) on the 

basal plane, and e) stacked into a layered structure. Adapted from ref66. 

Fluorographene offers rich chemistry, yielding well-defined graphene derivatives 

with a low amount of residual fluorine and high functionalization degree. Since these 

derivatives contain both conductive sp2 conjugated network and sp3 carbon bearing the 

functional groups, they offer precise tweaking of their conductivity.42,59,62,63 Therefore, 

we can assume that fluorographene is a perfect precursor for synthesizing a broad 

portfolio of conductive, precisely tailored, functionalized derivatives with controlled 

properties and structure. These derivatives are forming a potentially large emerging new 
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class of covalently functionalized graphene-based materials that offer very promising 

properties and performance for their application in the energy storage field. 
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2 AIM OF THE THESIS 

 

This doctoral thesis aims to develop new covalently functionalized graphene 

derivatives, via fluorographene chemistry, with tailored properties targeting specific 

applications. As described previously, fluorographene offers higher reactivity than 

graphene. Thus, it enables a broad portfolio of possible reactions, yielding different 

graphene derivatives. Exploiting this chemistry, nitrogen-doped graphene, amino acid 

functionalized graphene, and graphene acid were prepared, characterized, and studied as 

active electrode materials in electrochemical energy storage applications, especially 

supercapacitors. 

 

The aims of this thesis involve the in-depth description of the pathways to yield 

the three different graphene derivatives, their characterization, and their 

physicochemical and electrochemical properties: 

 Firstly, a highly nitrogen doped graphene derivative (GN3) was prepared, 

further characterized, and used in energy storage application.  

 Secondly, a new amino acid functionalized material was prepared and used as 

active electrode material in a sustainable supercapacitor.  

 Lastly, an application study of highly functionalized graphene derivatives, 

graphene acid, was conducted to evaluate its performance as a supercapacitor 

focusing on the intrinsically good properties of graphene acid for utilization 

in energy storage. 

 

This thesis provides an example of two strategies for precise designing and 

preparing chemically functionalized graphene derivatives for targeted use in the energy 

storage field. The tunable and efficient grafting of carefully selected moieties enabled a 

better performance than state-of-the-art in terms of energy content, power density or 

stability upon charging/discharging. 
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3 EXPERIMENTAL PART 

3.1 Methods of characterization 

The prepared materials were characterized using various methods, such as 

different spectroscopies, thermal and surface area analysis, or microscopy techniques. 

Their application potential in the energy storage field was optionally evaluated using a 

battery tester and potentiostat, featuring generally used cyclic voltammetry, 

galvanostatic charge/discharge, and electrochemical impedance spectroscopy. 

 

3.1.1 Fourier transformed infrared spectroscopy 

Infrared spectroscopy is a spectroscopic method based on the interaction of 

electromagnetic radiation with molecules when radiation passes through a sample. An 

essential condition is changing the dipole moment during absorption (dipole moment can 

be induced by vibration or permanent). 

Spectral lines (bands) in region 500  1500 cm-1 represent skeletal vibrations of 

molecules; this region is the so-called fingerprint region  according to these bands, there 

is a possibility to identify unknown substances from libraries. 

FT-IR can be used for qualitative analysis of materials, especially for resolving 

different functional groups, which other techniques can not easily differentiate. 

 

3.1.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic method using the 

interaction of x-ray radiation with atoms in the sample. Roentgen rays are highly 

energetic electromagnetic radiation with wavelengths 0,1  10 nm, making them very 

penetrating.  

 The principle of XPS is based on the photoelectron effect (the process of 

photoelectron emission from a sample due to the interaction with electromagnetic 

radiation of suitable energy). The analysis depth is around 10 nm. 

 

3.1.3 Microscopy techniques 

Transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) are crucial methods for imaging nanosized objects and structures. These 
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techniques provide insights into the structure and physiochemical properties of studied 

materials. 

 The microscopy techniques use an electron beam source to inflict collision of the 

electrons with a sample to obtain information from the detected signals after collisions. 

The obtained resolution can be as low as 0.05 nm (the case of High Resolution (H.R.) 

TEM). 

 

3.1.4 Raman spectroscopy 

Raman spectroscopy is a fast, sensitive and non-destructive spectroscopic 

method. It determines the vibrational (optionally also rotational) modes of a molecule. 

The principle is based on a Raman scattering of photons interacting with the measured 

sample. 

The yielded spectrum is a fingerprint of the studied material, providing 

quantitative and qualitative information. Raman is a beneficial technique for studying 

graphene-based materials primarily because of graphene's distinct features in the 

spectrum.  

 

3.1.5 X-ray diffraction spectroscopy 

X-ray diffraction spectroscopy is a non-destructive technique based on the 

interaction of X-ray 

diffraction, the yielded spectrum provides a characteristic pattern for all crystalline 

substances. There are no sharp observed peaks for mainly amorphous materials, like 

graphene and its derivatives; however, the layer distance can be calculated from the 

broad measured peaks. 

 

3.1.6 Thermogravimetric analysis 

The thermogravimetric analysis serves as a very useful tool to experimentally 

probe the thermal stability of prepared materials. The sample is heated up in various 

information about leaving functional groups and overall decompositions can be 

extracted.  

This technique is a powerful tool for confirming the presence of covalently 

attached functional groups on the graphene lattice. 
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3.1.7 Surface area analysis 

The measurement technique for analysis of surface area (usually abbreviated as 

BET based on the common adsorption model equation used for final calculations of 

surface area) is a valuable method to obtain a surface area of a sample in dried form.  

During the measurement, the machine monitors gas pressure in a temperature-

controlled cell/cuvette with a sample, where sorption/desorption of the used gas occurs. 

The amount of adsorbed/desorbed gas is then calculated and using different adsorption 

models (Langmuir, Brunauer-Emmett-Teller, etc.), the surface area and pore 

distribution are obtained. 

 

3.1.8 Nuclear magnetic resonance 

Nuclear magnetic resonance is a powerful technique to study the atomic levels 

of nuclei in a magnetic field. A solid-state probe is used for solid samples, like powders, 

and the resonance frequency of a nuclear spin is recorded. It is affected by the magnetic 

field and the nuclei's interactions with their chemical surroundings. 

The obtained spectra can give information on the different nature of the bonds, 

structure, conformation or functionalization. 

 

3.1.9 Electrochemical testing 

The supercapacitor charge storage mechanism can be divided into two groups67: 

1) EDLC - electric double-layer supercapacitors, electrostatically stored charge arises 

from a double-layer interaction of ions at the interface of an electrode/electrolyte), 

typical in carbon-based materials68,  

2) Pseudocapacitive - charge stored in the electrochemical faradaic reaction of redox-

active materials such as metal oxides69,70, MOFs71,72, MXenes73. 

 

The three-electrode testing system consists of a working electrode, a reference 

electrode, and a counter electrode. The working electrode is the one being tested. The 

studied material is in the form of a drop-casted film, thick paste, ink, or in any other 

form conductively attached to the electrode. The electrode material must be inert such 

as various metals, glassy carbon electrodes, or carbonaceous materials74. The reference 

electrode is an electrode with constant standard electrode potential; it is used for the 

determination of applied potential on a working electrode75, the most common ones are 
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standardized electrodes such as saturated calomel electrode or silver chloride electrode. 

The counter electrode often utilizes inert metals like gold, platinum, or stainless steel76, 

but new electrode materials have lately emerged, as well77,78. A sufficiently large 

surface area of the counter electrode is crucial to counterbalance the surface area of the 

active material deposited on the working electrode. 

The two-electrode system is built using two current collectors with conductively 

attached active material; these two electrodes are separated by an insulating separator. 

The whole system is immersed in a conductive electrolyte and sealed79. The current 

collectors collect electrons and provide support for most of the materials (except for 

materials that are very conductive by themselves). The separator prevents electrical 

shortcuts and enables the storage of the electrolyte within its pores80, such as any 

insulating material, e.g. paper, glass fibers or polypropylene membrane (Celgard)81
. 

Electrodes with the active material under study are usually prepared by drop-casting or 

by the Dr. Blade technique. The casting paste comprises an active material, an optimal 

binder, and a conductive additive, usually dispersed in an organic solvent.  

 

3.1.9.1 Cycling voltammetry 

During the measurements, the potential is applied to the working electrode with 

a respect to the fixed potential of the reference electrode (in the three-electrode setup), 

or it is applied between the positive and the negative electrode in the two-electrode 

configuration. The speed of the potential sweep is called the scan rate (V s 1) , while the 

range of scanned potential is known as the potential window. The resulting current (I) 

vs. potential (E) CV voltammogram enables a diagnosis of the tested material both from 

the quantitative and qualitative points of view 82. The shape of the CV can be used for 

distinguishing between the EDLC and pseudocapacitive (PC) behaviours, where the CV 

curve of EDLC is mostly rectangular in shape, compared to PC where there is the 

presence of redox peaks 83. From different scan rates, it is also possible to extract 

information about the contribution of the EDLC and PC mechanisms separately, as 

described by Trassati 84,85 or Dunn 86,87.  

 

3.1.9.2 Galvanostatic charge and discharge 

A GCD technique is the most common method for the evaluation of a 

supercapacitor performance under the controlled current conditions88, such as 
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capacitance results, energy density, power density, etc. The desired values can be easily 

calculated from fundamental indicators while performing the testing in both three and 

two-electrode setup. Repetitive charging and discharging of the tested material at a 

constant current result in the plot where the potential (V) is plotted against the time (s). 

Moreover, this method is beneficial for evaluating the active material in rate and life-

time stability testing. 

3.1.9.3 Electrochemical impedance spectroscopy 

The ground principle of EIS is the measurement of impedance as the function of 

the frequency where the low amplitude alternating voltage (usually lower than 10 mV) 

is superimposed on a steady-state potential. The output is drawn as the frequency 

dependence on a phase angle (Bode plot) or impedance's real and imaginary part on a 

complex plane (Nyquist plot) 89 91. Therefore, EIS is a powerful tool for determining 

charge transfer resistance, ESR, mass transport characteristics, or charge storage 

mechanism. It can also be used for cross-checking the obtained values of capacitance 

from the testing system. 
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3.2 Syntheses of graphene derivatives featured in the thesis 

 

3.2.1 Synthesis of nitrogen superdoped graphene, denoted as GN3, adapted 

from ref1 

1 g of graphite fluoride was dispersed in 60 ml DMF in a round bottom glass 

flask under an inert atmosphere and stirred with a Teflon coated magnetic stirrer for 3 

days at 500 rpm. Then, the dispersion was sonicated for 4 hours in a sonication bath 

(Bandelin Sonorex, frequency 35 kHz, effective power 160 W), then left for stirring 

overnight. The next day, 3 g of NaN3 were added to the flask and the mixture was 

 h with a condenser on top while 

stirring at 800 rpm. After the reaction, the reaction mixture was left to cool down, 

collected to plastic falcons, and washed using centrifugation (Sigma 4-16K at 13 000 

rcf) as follows: the dispersion was centrifuged, the supernatant was discarded, and the 

black solids were redispersed in a same amount of fresh solvent using vigorous shaking 

and brief mild sonication. The solvents for washing were used as follows: 3x DMF, 

acetone, ethanol, hot water (80 C), water, and acidified water (3% solution of HCl). 

Finally, washing with water was performed until the material stopped precipitating with 

the centrifuge. The dispersion was then subjected to dialysis against ultrapure water for 

3 weeks. 

Product denoted as GN3. 

 

3.2.2 Synthesis of amino acid functionalized graphene, denoted as 

FG/Arg_48h, adapted from ref92 

The synthesis of amino acid functionalized graphene can be performed with or 

without a presence of potassium carbonate, which acts as a pore-forming agent, further 

boosting the electrochemical performance. For clarity in the following discussion, both 

synthetic protocols are provided:  

 

a) Synthesis of Boc- and Arg-functionalized graphene 

200 mg of graphite fluoride was dispersed in 10 mL of DMF and subjected to 

probe sonication (Bandelin Sonoplus, type UW 3200, probe VS70T). The mixture was 

transferred to a glass flask and the flask was sonicated for 2.5h in a sonication bath 

(Bandelin Sonorex, DT255H type, effective power 160 W). Then, 1.76 g of Boc-Arg-
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OH was added to the flask and the mixture was sonicated for another 1 h. Afterward, 

the complete dispersion was heated varying times (24, 48, or 72 h) while 

stirring in an oil bath. When the reaction finished, the mixture was separated and 

washed by centrifugation, using DMF, water and ethanol as washing steps. The purified 

product was moved to a round bottom flask with 20 mL hydrochloric acid (5.7 M) and 

3.75 mL acetone. The mixture was heated Finally, the 

black product was separated from the solvent and purified by centrifugation steps with 

water, acetone, and ethanol. 

Product denoted as FG/Arg_number of hours of synthesis. 

 

b) Synthesis of Boc- and Arg-functionalized FG in the presence of 

potassium carbonate 

200 mg of graphite fluoride was dispersed in 10 mL of DMF and subjected to 

probe sonication (Bandelin Sonoplus, type UW 3200, probe VS70T). The mixture was 

transferred to a glass flask and the flask was sonicated for 2.5h in a sonication bath 

(Bandelin Sonorex, DT255H type, effective power 160 W). Then, 1.76 g of Boc-Arg-

OH was added to the flask, and the mixture was sonicated for another 1 h. Afterwards, 

0.44 g of potassium carbonate dissolved in 2 mL of water was added to the mixture, and 

the system was sonicated for another 15 min. Afterwards, the complete dispersion was 

heated 48 h while stirring in an oil bath. When the reaction finished, the 

mixture was separated and washed by centrifugation, using DMF, water and ethanol as 

washing steps. The purified product was moved to a round bottom flask with 20 mL 

hydrochloric acid (5.7 M) and 3.75 mL acetone. The mixture was heated 

1h while stirring. Finally, the black product was separated from the solvent and purified 

by centrifugation steps with water, acetone, and ethanol. 

Product denoted as FG/Arg_48_K 

 

3.2.3 Synthesis of carboxyl-functionalized graphene derivatives, denoted as 

GA, adapted from ref93 95. 

Graphene acid is synthesized from another graphene derivative, the cyanographene. 

The synthesis of graphene acid is similar to the first published protocol95. Graphite 

fluoride (120 mg) was dispersed in 15 mL of DMF and left for stirring for 2 days under 

a nitrogen atmosphere. Then, the mixture was sonicated for 4 h in a sonication bath 
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(Bandelin Sonorex) and left for stirring overnight. Afterwards, 800 mg of NaCN was 

added and the mixture was heated  h with a condenser on 

top while stirring at 500 rpm. After the reaction, the reaction mixture was left to cool 

down, collected to plastic falcons, and washed using centrifugation (Sigma 4-16K at 

13 000 rcf) as follows: the dispersion was centrifuged, the supernatant was discarded, 

and the black solids were redispersed in a new amount of the solvent using vigorous 

shaking and brief mild sonication. The solvents for washing were used as follows: 3x 

DMF, acetone, ethanol, hot water (80 C), water, and acidified water (3% solution of 

HCl). Finally, washing with water was performed until the material stopped 

precipitating with the centrifuge. The final (pure) cyanographene was subjected to 

hydrolysis to obtain graphene acid. Concentrated nitric acid (65%) was added to a 

suspension of cyanographene in deionized water in a ratio to obtain a 25% 

concentration while stirring. The mixture was heated for 24 h at 

condenser while stirring at 400 rpm. After the reaction, the reaction mixture was left to 

cool down and washed with cold water, hot water, and acidified water until precipitation 

of the product ceased in the centrifuge. 
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4 RESULTS AND DISCUSSION 

This thesis's discussion comprises four publications dealing with functionalized 

graphene derivatives utilized in energy storage applications. The author of this thesis 

contributed as a first author in two of those publications1,94 and as a co-author in the 

third one92. 

 

 

4.1 Nitrogen Doped Graphene with Diamond-like Bonds 

Achieves Unprecedented Energy Density at High Power in a 

Symmetric Sustainable Supercapacitor 
Text adapted from  

 

Diamond-like Bonds Achieves Unprecedented Energy Density at High Power in a Symmetric 

Sustainable Supercapacitor. Energy Environ. Sci. 2022, 15 (2), 740 748. 

https://doi.org/10.1039/D1EE02234B. 

 

Introduction 

Supercapacitors belong to the portfolio of energy storage devices with their 

extraordinary qualities, like fast charging/discharging and very 96 

Unfortunately, the energy density of the best existing supercapacitors (their amount of 

stored energy) is at low values. Commercial supercapacitors have cell-level specific 

energies (and energy densities) of 10 Wh kg-1 (5-8 Wh L-1)97,98. In comparison, lead-

acid batteries offer 20-35 Wh kg-1 (40-80 Wh L-1)99, with the state-of-the-art Li-ion 

batteries achieving ~150 Wh kg-1 (~250 Wh L-1).100,101 However, the disadvantages of 

Li-ion batteries are well known, such as long charging/discharging times and short life 

cycle due to the irreversible processes during cycling. Identification of electrode 

materials with substantially improved energy densities combined with long life and high 

power is necessary to utilize the benefits of supercapacitors in a broader range of 

applications. Moreover, reducing our dependence on critical resources, increasing 

sustainability, and decreasing our carbon footprint are widely discussed targets. The 

replacement of , non-metallic 

elements, such as carbon, fits perfectly within the goals of the Green Deal. 
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Energy density is a crucial parameter in energy storage devices, making it a high 

priority target to improve97 99,102 105. The highest energy density reported to date was 

obtained using electrodes consisting of bi
106 with a mass density of ca. 

1 g cm-3 exhibiting capacitance 203 F cm-3 and, at that time, the record energy density 

of 113 Wh L-1 at 0.9 kW L-1 (current density 1 A g-1). Within this work, we reported a 

novel  mass density of 

2.8 g cm-3. Its excellent ability to host ions surpasses commercially used porous 

materials (S.A.> 2000 m2 g-1). GN3, with its extraordinary properties, achieved an 

energy density of 200 Wh L-1 at a power density of 2.6 kW L-1, corresponding to 

improvements of 74% and 190%, respectively, over the previous record.106 

Based on our knowledge and experience in utilizing fluorographene chemistry, 

we predicted that it could produce carbon derivatives with high mass densities. Based 

on previously published reports of the synthesis of sp3 rich carbon materials,107 109 via 

fluorine and radical chemistry110,111, and by the high density of such materials,112 The 

carbon atoms in between fluorine atoms in FCCF manner in (C2F)n are adopting a 

diamond-like structure,113,114 giving rise to the high mass density.114 Theoretical and 

experimental verifications of similar sp3-rich systems were observed for bilayer 

graphene.115,116 Fluorocarbons are large band gap insulators117 with intrinsic high mass 

density. However, the lack of sites for solid interaction with ionic species hinders ionic 

transport. The radical reactions propagated by fluorine elimination118,119 are known to 

trigger the defluorination and functionalization of fluorographene, potentially being the 

driving force of sp3 C-C bond formation, creating graphene-based materials with high 

mass density. 

 

Results 

Therefore, we experimentally and theoretically investigated a reaction of few-

layered fluorographene with sodium azide. Sodium azide has a double role as a 

defluorinating and doping agent (introducing different configurations of nitrogen atoms 

inside the graphenic lattice). The functionalization increases the polarity and 

hydrophilicity of the carbon surface and creates vacancies, as previously studied 

through reactions of fluorographene with other nitrogen containing nucleophiles.119 121 

Exfoliated fluorographene was subjected to a reaction with NaN3 in dimethylformamide 
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at 130 yielding nitrogen-superdoped graphene (Figure 11). XPS revealed a 

significant decrease in the atomic content of 4h byproduct, followed by almost complete 

defluorination after 72h. Moreover, 

after the reaction also reflected in the C1s deconvolutions. The carbon atoms, initially 

bonded with fluorine (binding energies above 289.5 eV), were transformed during the 

synthesis into aromatic sp2 carbons (284.7 eV, 45%), non-functionalized sp3 carbons 

(285.5 eV, 25%), and nitrogen bonded carbons (286.6 eV, 19%), respectively. The other 

components are related to the residual amounts of fluorine (the non-reactive CF2 species 

on the edges) and carbon atoms bonded to oxygen (coming from the environment).  

 

 

Figure 11 (a) Schematic depiction of the synthesis of GN3. (b)-(d) XPS characterization and 

deconvolutions. (e) CP MAS 13C solid-state NMR and (f) FT-IR spectra of starting product, 

byproducts, and final material. 
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The 1 13C CP MAS solid state NMR spectra (Figure 11) showed peaks at 

34 ppm typical for non-functionalized and non nitrogen bonded sp3 carbons in diamond 

and diamond like carbon materials.122 This peak was more intense in the spectrum of 

GN3 final material than in the GN3-4h intermediate, indicating that these sp3 carbons 

were formed as the reaction progressed. Moreover, the presence of a -conjugated 

aromatic network and aromatic >C=N moieties (pyridinic and pyrrolic)122,123 was 

confirmed by the peaks centered at 124 and 154 ppm, respectively. 19 13C CP MAS 

of the starting material showed peaks corresponding to CF2 (117 ppm) and CF (94 ppm) 

groups, respectively, which are typical in graphite fluoride.124  

The FTIR technique provided thorough insights into the reaction mechanism; 

specifically, the bands of the CF and CF2 groups of GF (1200 and 1305 cm-1, 

respectively) were progressively replaced with bands at 1580 and 1210 cm-1 

(characteristic of aromatic carbon rings125), indicating the defluorination and formation 

of an sp2 network (Figure 11). Additional aromatic-ring vibrations, corresponding to the 

band at 1400 cm-1, can be assigned to a heteroatom substitution (e.g., with pyridinic 

nitrogens125,126), as suggested using theoretical calculations.127,128  Interestingly, the 

initial attachment of azide groups in the first hours of the reaction was confirmed by the 

infra red spectrum of the 2h intermediate, corroborating the theoretical results 

explaining the reaction mechanism. 

Further insights into the N doping of fluorographene with NaN3 were obtained 

through DFT calculations. The N3
- anion initiated the reaction by nucleophilic attack on 

carbon radical defects, leading to N2 release and fluorine elimination (Figure 12). The 

formation of graphitic nitrogen configuration by a nucleophilic attack of the azide anion 

on the single vacancy (SV) and double vacancy (DV) was calculated. The general 

reaction mechanism is in line with the recent reports on the mechanisms underlying the 

chemistry of fluorographene.64,110,111,119 
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Figure 12 The formation of GN3 structures via the reaction of FG with sodium azide in DMF 

-D/6-31++G(d,p)/SMD(solvent=DMF) level of theory129,130, showing the 

formation of different nitrogen configurations. The energies are given in kcal mol -1. 

 

The high-resolution transmission electron microscopy (HR-TEM) revealed that 

the nature of the GN3 structure is indeed 2D sheets with a very holey design, as shown 

in Figure 13. EDXS elemental mapping with high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM, Figure 13) showed that the GN3 

sheets are densely and homogeneously doped with nitrogen atoms inside the graphenic 

lattice.  
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Figure 13 HR-TEM images of the GN3 material alongside the EDS mapping of carbon and 

nitrogen. 

In order to understand better the formation of the tetrahedral C-C bonds, using 

spin-polarized DFT was employed to investigate the theoretical models of the GN3 

sheet fragment. The sheets were designed to contain vacancies and nitrogen dopants, 

mainly in pyridinic and pyrrolic configurations) to simulate the experimental findings. 

The GN3 system relaxed into a thermodynamically stable structure, spontaneously 

forming tetrahedral sp3 C-C bonds, thoroughly verifying the experimental NMR results. 

The tetrahedral bonds were formed between the carbons in the vacancies related to 

pyridinic nitrogens, where radicals were centered (highlighted spheres in Figure 14 (a) 

Theoretical model of GN3 fragment by DFT calculations. (b) TGA-MS analysis of GN3 

product in the air atmosphere.). Similar sp3 bonding was suggested to form after 

introducing atomic vacancies and pyrrolic N atoms by N-ion beam irradiation of 

graphene sheets, which creates carbon atoms with dangling bonds (radicals) around the 

vacancies.131 Moreover, the TGA-MS analysis in the air atmosphere (Figure 14) proved 

that the nitrogen atoms are indeed incorporated in the graphenic structure because the 
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NO emission (m/z=30) peaked at the same high temperature as CO2

(m/z=40), which corresponds to the graphene lattice decomposition. 

Figure 14 (a) Theoretical model of GN3 fragment by DFT calculations. (b) TGA-MS analysis of 

GN3 product in the air atmosphere.

Pasted films of GN3 material with additives (polymer binder PTFE at 10%wt; 

conductive additive TimCal at 5%wt.) were prepared via the Dr. Blade technique by 

pasting homogeneous slurries on Al foil for density measurements and preparation 

of supercapacitor electrodes. Thickness measurements using SEM1 and digital 

micrometer (Figure 15) showed that pressing the film between two metallic plates for 1 

min at 80 kN caused bed consolidation of the material, increasing the mass density of 

the material to 2.75 g cm-3 compared to 0.5 g cm-3 before pressing. 

Figure 15 Photos of a digital micrometer with GN3 electrodes before and after pressing at 80 

kN for 1 minute.

Ten different batches of GN3 material were prepared, all consistently reached 

that high mass density. Control tests were performed with Al foil alone and commercial 

carbons of high surface area, specifically porous carbon (PC) from ACS Material (mass 

density of 0.3 g cm-3) and YP-80F Kuraray carbon (KC) (mass density of 0.6 g cm-3).
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Results verified that Al foil did not change its thickness during pressing and that values 

of the mass density for the porous carbons matched those given by the providers. The 

surface area of GN3 determined from the N2 sorption isotherm using the BET equation 

(Figure 16) was 128 m2 g-1, while the surface area determined by methylene blue 

sorption was 300 m2 g-1. This result indicated that the GN3 material structure is far 

more open in solvated conditions, allowing charged species/molecules to penetrate the 

network. The low-pressure hysteresis observed for GN3 (despite the 40 s equilibration 

time allowed during sorption/desorption) constitutes the pore size analysis relatively 

unsafe. It can be related to various reasons, including changes in the pore size or strong 

sorbent/adsorbate interactions,132, or it can probably be due to the requirement of a very 

long equilibration time during the desorption.133 The isotherm shape with the minimal 

knee at the low-pressure regions suggests an absence of micropores. The pore width 

distribution curve shows relatively uniform pore-size for GN3 material (Figure 16). 

 

 

Figure 16 (a) Adsorption and desorption N2 isotherms of the GN3 material, recorded at 77 K. 

(b) Pore width distribution for GN3 material. 

 

All the above-mentioned properties predetermined the GN3 material to be 

superior in energy storage applications, especially in supercapacitors. Briefly, the 

electrochemical properties of GN3 were studied in a symmetric system in an organic 

electrolyte (1 ethyl 3 methylimidazolium tetrafluoroborate EMIM-BF4 with 1,1,2,2-

tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether TTE in a 9:1 ratio). The cyclic 

voltammograms (Figure 17) were quasi-rectangular featuring minor redox peaks 
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associated with the nitrogen atoms embedded in the lattice of the GN3 material134, 

retaining the same shape even at a high scan rate.  

 

 

Figure 17 Cyclic voltammograms of GN3 material in a symmetric full cell system. 

 

The galvanostatic charge/discharge measurements (Figure 18) showed linear and 

symmetric profiles (124 s charging, 118 s discharging at 2 A g-1, 95% energy 

efficiency), resulting from predominantly capacitive behaviour135, accompanied by a 

fast charge transport in the material and at the interfaces.104 

Moreover, as proper benchmark materials, the carbons PC and KC136 were tested 

under identical conditions. GN3 material had a significantly better discharging time 

(Figure 18) than PC and KC. Despite the dramatic difference in the BET surface area of 

the GN3 materials and the very porous carbon materials, GN3 exhibited superior 

performance in both volumetric and gravimetric terms, dominating mainly the 

volumetric values owing to its high mass density.  
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Figure 18 Comparison of (a) GCD curves and (b) energy storage values at 2 A g-1 of the GN3 

material with porous carbons. 

 

Volumetric performance is crucial for devices in the portable energy storage 

landscape;97,99,102,103,106,137, when both high energy and high power density are desirable 

at the same time. The former directly affects the amount of energy that can be stored, 

while the latter allows for fast charging and discharging. Energy density is the usual 

weak point of supercapacitors, whereas high power densities are one of their benefits, 

which must be preserved. The GN3 cell (Figure 19) demonstrated ground-breaking 

performance by delivering simultaneously ultrahigh energy density and power density, 

especially when its energy density was ca. 200 Wh L-1 at a power of 2.6 kW L-1 and 

143 Wh L-1 at 52 kW L-1. In order to compare our results with the current state of the 

art, we had selected top-performing materials from the field, as can be found in Figure 

19 (when the same sets of equations and metrics were used in all cases106).  
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Figure 19 State-of-the-  

Lastly, the GN3 cell could also be operated at commercially relevant mass 

loadings of up to 10 mg cm-2, demonstrating 99% retention of low-mass loading 

capacitance at a temperature of 38 which is in the range typically used to evaluate 

energy storage devices,138 141. 

 

Conclusions 

In the frame of this work, we have reported a new class of carbon-based 

materials featuring nitrogen-doped graphene with diamond tetrahedral bonds for high 

energy density supercapacitor electrodes. The new materials are prepared by utilizing 

radical-based FG chemistry, allowing the beneficial combination of sp2 and sp3 carbon 

bonds in the same network alongside very high nitrogen doping and vacancies. This 

hybrid carbon achieves a mass density of 2.8 g cm-3 while maintaining efficient charge 

transport, ion penetration, diffusion, and storage, even at commercial level mass 

loading. Specifically, its energy density was approximately 200 Wh L-1 at 2.6 kW L-1 

and 143 Wh L-1 at 52 kW L-1, well above the state-of-the-art literature reports.  
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4.2 Graphene with Covalently Grafted Amino Acid as a 

Route Toward Eco-Friendly and Sustainable Supercapacitors 
Text adapted from  

 Vermisoglou, E. C.; Jakubec, P.; Bakandritsos, A.; Kupka, V.; Pykal, M.; 

Acid as a Route Toward Eco-Friendly and Sustainable Supercapacitors. ChemSusChem 2021, 

14 (18), 3904 3914. https://doi.org/10.1002/cssc.202101039. 

 

Introduction 

As mentioned above, direct covalent functionalization of graphene is hard to 

achieve. Fluorographene chemistry circumvents this obstacle, enabling a broad portfolio 

of graphene derivatives to be synthesized with covalently attached functional groups. 

The starting material, graphite fluoride, is well abundant (production in tons) because of 

its use industrially as a lubricant.  

This presented work reported a synthesis of zwitterionic arginine-functionalized 

FG (FG/Arg). The guanidino functional group on arginine acted as a nucleophile and 

caused grafting on FG through the nucleophilic attack. The initiation is known to be 

caused by the electrophilic radical centres at the defect sites of FG.118,142 Employment 

of tert-butoxycarbonyl (Boc) protected Arg was necessary in order to protect the amino 

acid from the random attachment of the arginine onto FG. Afterwards, the arginine 

already covalently grafted on the FG was deprotected from the Boc group.  

For complete optimization of the reaction conditions in terms of the 

defluorination (increasing the conductivity) and functionalization degree (FD, 

increasing the zwitterionic character benefiting the capacitance143), different times of 

the synthesis were investigated. As expected, the prepared graphene derivative with 

optimal porosity exhibited the maximum capacitive performance. It was improved 

further by adding potassium carbonate (K2CO3) as a pore-forming agent, causing an 

increase by a factor of 3 of the surface area, as well as the development of micropores 

during the reaction. The final highly porous graphene derivative had higher capacitance 

by 30 % in comparison to the derivative without K2CO3 treatment. 

These presented findings showed that this strategy of covalent functionalization 

of graphene tuned three key factors important in energy storage application - 

conductivity, FD, and porosity.144 The synthesized material represents eco-friendly Arg-
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functionalized graphene that could be used as an efficient supercapacitor in aqueous 

electrolytes.

Results

The reaction leading to the covalent functionalization of FG with Arg is shown 

in Figure 20. First, the FG reacted through nucleophilic attack with the primary 

guanidino amine of Boc-Arg-OH, followed by the deprotection of FG/Boc with 

hydrochloric acid under heating. 

Figure 20 Scheme illustrating FG reaction with Boc-Arg-OH, followed by removal of the Boc 

protecting group, resulting in the FG/Arg product. Colour coding is as follows: carbon grey; 

fluorine green; nitrogen blue; oxygen red.

FTIR measurements confirmed the successful removal of the Boc-protecting 

group and the presence of a free out-of-plane amino group in the final product (Figure 

2), as well as provided direct evidence for the functionalization of FG with Arg. The 

spectrum of the starting material showed characteristic bands at 1204 cm-1 and 1307 cm-

1 assigned to stretching vibrations of C-F bonds.144,145 The spectrum of FG/Boc-48h 

shows the distinctive band of N-H stretching vibrations at 3187 cm-1
, attributed to the 

secondary amine. The FG/Arg-48h product exhibited the O-H vibration (broad band 

below 3500 cm-1), directly overlapping with a second N-H stretching vibration band 

attributed to the deprotected primary amine.146,147 Boc protecting group in the 

deprotected product was proved by the two weak bands at ~2800-2950 cm-1, attributed 

to C-H stretching vibrations of present methyls.146 Moreover, a missing stretching

vibration of the C=O group in the Boc protecting group at ~1670 cm-1 is absent in the

FG/Arg-48h spectrum, further indicating effective deprotection of the Arg.147 An

absorption band at ~1571 cm-1 is related to C=C skeleton vibrations in aromatic 

graphene regions in FG/Boc-48h, also N-H bending vibration of the primary amine in 

FG/Arg-48h.145,147
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The byproducts and final products were evaluated by XPS to compare the 

atomic ratios. The results showed a significant loss of F atoms with time up to 48 h 

(decrease from 55.7 at.% of fluorine to 3.2 at.%), which was further reduced by adding 

the potassium carbonate (2 at.% of fluorine). The complete atomic composition of the 

FG/Arg-48h product is 76.4 at.% of carbon, 13.7 at.% of nitrogen, 6.6 at.% of oxygen 

and 3.3 at.% of fluorine, respectively. The atomic composition changed very slightly in 

the more porous product, resulting from the fluorine elimination, causing a slight 

increase in the ratio of other elements by 0.7 at.% at maximum. 

High-resolution C 1s XPS spectra of the parent material and the covalently 

functionalized graphene derivative FG/Arg-48h are presented in Figure 22. The 

deconvolution the C1s region of both materials resulted in the evident differences of the 

deconvoluted components: C-C (sp2), C-C (sp3), C-N, C*-C-F, O=C-O, C-F and CF2. 

As the reaction time increased, the area percentage of C-F decreased, reaching a value 

of 4.3% in the C 1s area in sample treated for 48 h, before remaining constant with 

further time increases. 

The FD of the prepared graphene derivatives was estimated by combining the 

results from TGA and XPS techniques. The TGA of the FG/Arg and FG/Arg_K are 

presented in Figure 21. Via the following calculation, the FD reached 3.7 and 3.5, 

respectively. Shortly, considering the mass losses after the TGA analysis and the XPS 

atomic composition, we calculated the formula of the material, and the mass of the 

product accounted for the functionalities. After subtraction of fluorine content from 

complete functionalities loss, in order to calculate only the FD of arginine groups, we 

receive that there is 3.7 mol of functional groups per 100 of graphene carbon atoms for 

the FG/Arg-48h sample. Thus, the FD is ~3.7. The functionalization degree for the 

FG/Arg-48h_K was calculated using the same procedure. 

The FD, low content of F atoms, and high content of sp2 C atoms clearly explain 

the resulting conductivity of the graphene with grafted Arg, hence its high performance 

in energy storage devices. 
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Figure 21 TGA graphs of Arg, FG/Arg-48h, and FG/Arg-48h_K

The formation of the functionalized graphene derivative was further proved by 

means of Raman spectroscopy. Two characteristic bands D (1332 cm-1) and G (1595 

cm-1) bands were present in the spectra of both prepared samples. The FG/Arg-48h 

exhibited a ratio ID/IG of 1.32 (>1), reflecting the high FD as well as the presence of sp3

hybridized carbon atoms.143,144 However, the present carbon sp2 hybridized atoms are a 

dominant fraction in the material, giving rise to a high-intensity G peak. It should be 

noted that the parent material GrF is a Raman silent material.148 The sample FG/Arg-

48h had the highest FD (3.7) and the highest ID/IG ratio (1.32). The slightly lower ID/IG

ratio for the FG/Arg-48h_K sample could be explained by the lower amount of the sp3

less ordered carbon configuration, which increased the sp2 content in the sample, caused 

by etching of this phase by the pore-forming agent.
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Figure 22 (a) FTIR spectra of GrF, FG/Boc-48h and FG/Arg-48h. (b) High resolution C1s XPS 

spectra of the parent material GrF and final product FG/Arg-48h. (c) Raman spectra of FG/Arg-

48h and FG/Arg-48h_K samples.

Z were measured (Figure 23) to 

investigate the behaviour of the zwitterionic network grafted on the graphene. The 

FG/Arg-48h sheets exhibited positive values (up to +36.8 mV) due to protonation of the 

amino groups (pH 3.0-6.0). The isoelectric point (IEP) was estimated to be at pH=7.9, 

which is a notable shift compared to the isoelectric point of Arg (at pH=10.8). This shift 

can be taken as (indirect) proof of Arg attacking the FG via the guanidine group during 

the synthesis.

Both FG and graphene are hydrophobic materials, whereas our FG/Arg are

hydrophilic and highly water dispersible. Water droplet contact angle measurements 

were used to study the hydrophilicity of the graphene derivatives. Figure 23 shows a 

change in the hydrophilicity upon Arg functionalization of the hydrophobic parent, with 

a decrease in the water droplet contact angle from 142.5 to 10.7 and 15.2 for FG/Arg-
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48h. The high wettability of our covalently functionalized graphene verifies the 

successful grafting of groups. 

Figure 23 (a) -potential curve of an FG/Arg-48h aqueous dispersion versus pH, (b) water 

droplet contact angle measurements of parent material and FG/Arg-48h

The surface area of FG/Arg-48h and FG/Arg-48h_K was measured by N2

adsorption-desorption measurements (Figure 24) and their corresponding pore size 

distribution (PSD) characteristics were calculated. The Brunauer Emmett Teller (BET)

surface areas of FG/Arg-48h and FG/Arg-48h_K were 29 and 100 m2/g, respectively. 

The relatively low surface areas of the graphene derivatives are caused by the restacking 

of the graphene sheets in the dried samples (used for surface area measurements), 

contrary to the behaviour in water dispersions.144,149 The open isotherm of FG/Arg-

48h_K indicates slow desorption kinetics of this sample. The size of the micropores 

(~1.5 nm) enabled the accommodation of electrolyte ions, therefore predetermined the 

material to be efficient as supercapacitor electrode materials.

Figure 24 (a) N2 adsorption/desorption isotherms obtained at -196 C for FG/Arg-48h and

FG/Arg-48h_K samples. (b) Pore size distributions of FG/Arg-48h and FG/Arg-48h_K samples.
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Microscopy techniques were utilized to investigate the morphology and size of 

the graphene derivatives prepared at different reaction times and with/without 

potassium carbonate. SEM images (Figure 25) of FG/Arg-48h and FG/Arg-48_K 

showed thin, few-layered flakes of functionalized graphene with lateral sizes around 1 

provide evidence of successful implementation of exfoliation during 

the initial steps of the synthesis. 

Figure 25 SEM images of (a) the FG/Arg-48h and (b) FG/Arg-48h_K samples.

TEM techniques (Figure 26) revealed thin flakes, indicative of exfoliated 

materials, of FG/Arg-48h_K sample. The edges of the FG/Arg-48h_K sheets in HR-

TEM images were almost transparent, indicating that this material's thickness is only a

few graphenic layers. Elemental mapping of FG/Arg-48h_K (Figure 26d-i) revealed

homogeneous grafting of functional groups throughout the flake's surface. Potassium 

was removed entirely during thermal treatment with hydrochloric acid. As evident, a 

high density of functional groups was distributed uniformly across the surface of the 

graphene flakes. This homogeneity in distribution and the precise type of covalently 

grafted functional groups are significant advantages of FG chemistry compared to GO

chemistry.
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Figure 26 (a) TEM and (b) HRTEM images of a FG/Arg-48h_K sample. (c) Dark field HRTEM 

image of FG/Arg-48h_K and corresponding chemical mapping: (d) carbon map, (e) nitrogen 

map, (f) oxygen map, (g) fluorine map, (h) carbon-fluorine map, and (i) carbon-nitrogen-oxygen 

combined map.

Figure 27 shows CV profiles recorded in 1 M H2SO4 (at a constant scan rate of 

50 mV s 1) for samples prepared at different reaction times. The CV curves feature 

quasi rectangular profiles with small broad redox peaks centred at ~0.45 V. The 

deviation from the ideal rectangular shape can be explained by the occurrence of ESR 

(finite resistance of the electrode material) and EPR (ohmic conduction across the 

capacitor via the electrolyte).150 The redox response of the system comes from the 

presence of oxygen-containing groups151,152 as previously discussed and experimentally 

verified by the XPS and FTIR analysis. The CV results showed that the highest current 

response was obtained with the sample prepared for 48 h of synthesis, which is in 

agreement with the higher FD calculated. The presence of amino groups from Arg can 

significantly improve the electrochemical performance, especially the conductivity and 

redox activity.153,154

In order to enhance the double-layer capacitance component of the FG/Arg-48h 

sample, the sample with increased SSA and a microporous structure was prepared using 

potassium carbonate, as described in the previous section. As expected, such surface 

size enhancement decreased the FD (from 3.7 to 3.5) and affected the CV current 

response of the FG/Arg-48h_K sample. However, a high SSA and a high level of 

surface functionalization were at a trade-off threshold since the capacitive performance 
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of the FG/Arg-48h_K sample as evident from GCD records (Figure 27) increased 

significantly. The GCD profiles of the more porous sample recorded at current densities 

ranging from 0.25 to 5 A g 1 revealed the highest value of specific capacitance at 0.25 A 

g 1 (391 F g 1). The pore size of ~1.5 nm in the FG/Arg-48h_K sample enabled sulfate

ions to interact with the surface and pores of the material, especially at a low current 

density, resulting in high capacitance values.

Figure 27 (a) CVs of graphene derivatives with Arg groups at different reaction times. (b) GCD 

profiles of the prepared materials. (c) GCD profiles of FG/Arg-48h_K, at current densities from 

0.25 A g-1 to 5 A g-1, and (d) the specific capacitance vs current density profile.

A symmetric supercapacitor in a two-electrode setup with 1 M H2SO4 as an 

electrolyte was assembled to evaluate the performance of the FG/Arg-48h_K sample.

Figure 28 shows the GCD profiles of FG/Arg-48h_K using current densities from 0.1 A 

g-1 to 5 A g-1. It can be seen that the shape of the GCD curves is significantly more

symmetrical, suggesting enhanced diffusion of the ions inside the electrochemical cell. 

The rate test revealed outstanding stability of the capacitive response across the wide 

range of current densities. Moreover, the life-time stability test confirmed the stability 

of the FG/Arg-48_K sample, resulting in capacitance retention of 82.3 % after 30,000

GCD cycles. 
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Figure 28 (a), (b) GCD profiles of FG/Arg-48h_K recorded at different current densities. (c) 

Stability of FG/Arg-48h_K after 30,000 GCD cycles.

Conclusions

This presented work reported a successful synthesis of covalently functionalized 

graphene derivative with arginine to a graphene surface by reacting arginine was grafted 

via its guanidine group homogeneously on both sides of graphene (3.7 %

functionalization degree). The best performing sample in supercapacitor application was

treated with a pore-forming agent, potassium carbonate, directly boosting the capacitive 

performance (~390 F g-1 at a current density of 0.25 A g-1). After 30,000 

charging/discharging cycles at a current density of 2 A g-1, the capacitance retained over 

80 %. Therefore, as well as being eco-friendly, the material exhibited outstanding 

sustainability with promising properties for supercapacitor materials. Moreover, 

adopting the strategy of successful covalent grafting of particular functional groups on 

the surface of graphene paves the way for the development of energy storage devices

with significantly improved electrochemical performance and stability.
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4.3 New Limits for Stability of Supercapacitor Electrode 

Material Based on Graphene Derivative 
Text adapted from  

 

of Supercapacitor Electrode Material Based on Graphene Derivative. Nanomaterials 2020, 

10 (9), 1731. https://doi.org/10.3390/nano10091731.  

 

Introduction 

Carbon-based materials' surface is prone to be functionalized via different routes 

to graft various functional groups, as discussed previously in this thesis. Our group 

reported that such modifications boost electrochemical stability, capacitive 

performance, and rate performance155,156. As oxygen-containing groups are present in 

most carbon-based materials due to the reactions in the air atmosphere, targetted 

utilization would offer a promising strategy for improving the capacitive performance. 

The insertion of oxygen-containing groups positively affects bility, 

hydrophilicity, and pseudocapacitive behaviour. Thanks to the oxygen functionalities, 

the material is less restacked due to electrostatic interactions; increased wettability 

enhances the contact between the active material and electrolyte157. Oxygen-containing 

functionalities are usually involved in fast redox reactions, increasing the 

pseudocapacitance contribution158. However, it is of high importance that the oxygen-

containing groups would be covalently attached in a stable form, such as carboxylic 

groups, to prevent possible decomposition, high self-discharge rates, or increased 

leakage current159. 

The presented studies investigated the pseudocapacitive behaviour of graphene 

acid (GA)149 as a supercapacitor electrode material94. GA is a highly conductive, 

hydrophilic graphene derivative, functionalized with carboxyl groups, which are 

homogeneously dispersed among the graphene surface149. GA was already employed 

with excellent results in electrochemical sensing160, catalysis161 163 and 

electrocatalysis164.  

This paper focused on describing the pseudocapacitive behaviour of GA in an 

acidic electrolyte in supercapacitor application. Contrary to most published reports, we 

showed the excellent reproducibility of the synthesis, with variations in the individual 

measurements. The graphene acid was tremendously stable, exhibiting 95% specific 
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capacitance retention after 60,000 cycles in a two-electrode cell and high rate stability. 

These findings again show that covalently functionalized graphene derivatives provide a 

solution for supercapacitor metal-free electrode materials. 

 

Results 

Graphene acid was synthesized based on an already published report95. 

However, we decided to repeat the synthesis three times and perform a thorough 

characterization, focusing on the reproducibility of the synthesis. The XRD showed two 

broad peaks at , corresponding to the (0 0 2) and (1 0 1) planes, respectively, 

characteristic for stacked sheets with short-range order in amorphous structure165. The 

d-space value of 0.3579 nm , is slightly higher than the 

one of graphite (inset of Figure 29 (a)). A Raman spectrum of GA revealed two well-

known peaks, D-band related to defects and vacancies and G-band related to the 

aromatic sp2 structure.166,167 The ID/IG ratio of 1.69 confirms the suggested structure of 

GA, with out-of-plane functionalities, but retaining the sp2 structure responsible for the 

conductivity, which was noted in previously highly functionalized graphene 

derivatives.42,92,155,156,168  

An XPS survey spectrum (Figure 29) revealed the atomic composition as 

follows: carbon (76.7 at. %), oxygen (18.0 at. %), followed by N (3.5 at. %) and F (1.8 

at. %). The fluorine content is caused by the non-reactive CF2 species remaining in the 

cyanographene, while the N content is caused by the intrinsic N-doping of 

cyanographene from the synthesis in DMF64,95. The deconvolution of C 1s HR-XPS of 

GA (Figure 29) yielded six different configurations of carbons in the GA structure, most 

dominant ones are sp2 (C=C), sp3 (C C), and -COOH bonds, respectively. The 

deconvoluted O 1s XPS spectrum was deconvoluted using two peaks, attributed to 

oxygen in C=O and C OH chemical environments, respectively. Both carbon and 

oxygen deconvolution confirmed the presence of the carboxylic groups, as well as the 

FT-IR spectrum with a band located at around 1600 cm-1, usually attributed to the 

carbon-oxygen vibration in carboxylic groups.94,95 
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Figure 29 Structural characterization of GA material, (a) XRD and (b) Raman spectra. (c)-(e) 

XPS evaluation of GA.

Microscopic methods further evaluated the structural properties and composition 

of GA (Figure 30), showing the layered structure of GA, with thin graphenic sheets and 

lateral size of units of a micrometre. HAADF-HRTEM was used to investigate the 

elemental distribution of the graphene derivative, showing that the oxygen functional 

groups are homogeneously dispersed across the surface, further confirming GA well-

defined nature. Based on the characterization techniques, the optimized GA structure 

model was designed.
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Figure 30 (a), (b) HRTEM images of GA. (c)-(d) HAADF image and corresponding elemental 
mapping of carbon and oxygen. (e) Structural GA model.

we conducted an in-depth characterization of three individual batches of GA (Figure 

31). Both Raman and XPS spectroscopy revealed minimal changes in the elemental 

composition and structure, as well as the following electrochemical testing.
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Figure 31 (a) Raman and (b) XPS spectra comparing three different syntheses of GA. 

 

Electrochemical testing of a material can be performed in a three- or two-

electrode system, whereas the two electrode system is much closer to the real 

operational conditions of commercial supercapacitors. We first evaluated the GA in a 

three-electrode system; however, more importantly, we tested its performance in a two-

electrode symmetric system to assess the feasibility of GA. 

We have assembled a symmetric supercapacitor with 1 mol L 1 H2SO4 as the 

electrolyte. Additive-free, drop-casted electrodes were used, further highlighting the 

high conductivity of GA and the simplicity of the electrode preparation. The charging 

and discharging responses of GA were recorded at a range of 1 to 20 A g-1, showing 

linear response (contrary to the three-electrode system) since the two electrode system 

operates differently with the voltage169. The GA exhibited excellent rate stability, as 

well as remarkable cycling stability at 3 A g-1 current density (Figure 32). Such stability 

for a carbon-based material is significantly important precedence for its wide use since 

commercial supercapacitors endure many charge/discharge cycles. In real-life 

applications, supercapacitors are usually connected in parallel (to increase the 

capacitance  alias the amount of stored energy) or in series (to increase the voltage 

window). Two supercapacitors with GA as electrode material were successfully tested 

in both configurations, exhibiting the expected electrochemical behaviour. Moreover, 

we conducted the LED test, where the two cells assembled with GA electrodes and 

sulphuric acid electrolyte lighted up 2V LED without fast fading. 
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Figure 32 (a) GCD profiles of GA in a two-electrode system, (b) the dependence of capacitance 
vs current density. (c) Rate and (d) cycling stability test. (e),(f) Supercapacitors with GA 
electrodes connected in parallel and series, showing increased values as well as lighted up 2V 
LED diode.

Conclusions

Graphene acid is a covalently functionalized graphene derivative prepared from 

fluorographene, offering a very stable electrode material for supercapacitors with 

promising performance. The oxygen-containing functional groups offer a high 

pseudocapacitive response in a sulphuric acid electrolyte without compromising the 

stability of the system. Both rate and cycling stability tests revealed the extraordinary 

performance of GA, demonstrating the high feasibility of GA for supercapacitor 

applications.
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5 SUMMARY 

This doctoral thesis focused on the synthesis and characterization of covalently 

functionalized graphene derivatives, using fluorographene as starting material. The 

physicochemical and electrochemical properties of the developed materials were 

evaluated in order to understand their function as electrode materials in electric double-

layer capacitors (supercapacitors). The type of the covalently attached functional groups 

and/or nitrogen doping critically affects their overall properties, enabling their efficient 

use in supercapacitors and improving their operation.  

Within the frame of this thesis, fluorographene chemistry was used to 

cir

using exfoliated graphite fluoride yielded chemically functionalized graphene 

derivatives, with nitrogen doping and with covalently attached amino acid and 

carboxylic groups. 

Firstly, nitrogen superdoped (16 at.%) graphene was synthesized with diamond-

like interlayer bonds with exceptionally high mass density. This material, when used as 

electrode in a symmetric supercapacitor device operating with an ionic liquid, presented 

a ground-breaking volumetric energy density compared to the state-of-the-art materials 

and commercially used high surface area carbons.  

Secondly, amino-acid functionalized graphene derivatives were prepared with 

optimized porous structure using a pore-forming agent and applied as supercapacitor 

electrodes. The final device benefited from the covalently grafted functional groups, 

which provided redox processes during charging and discharging. Moreover, the use of 

eco-friendly electrolyte further increased the feasibility of the whole device.  

Lastly, the highly carboxylated graphene derivative was subjected to an in-depth 

characterization, emphasizing the synthesis reproducibility in terms of stability of the 

electrochemical properties. Remarkably, the graphene acid exhibited exceptional life-

cycle stability in an acidic electrolyte in supercapacitor application. 

The materials and the synthetic procedures reported in this thesis show new 

ways to develop covalent graphene derivatives, which can offer interesting properties in 

technologically important areas, as in electrochemical energy storage and in particular 

in supercapacitors. These reported designs pave the way for new, specifically tailored 

properties of graphene derivatives for desired applications.  
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1 INTRODUCTION 

 

It has been almost twenty years since the discovery of graphene. Nevertheless, 

graphene and its derivatives are still being intensively studied and investigated 

throughout the scientific world. With such promising properties, a broad portfolio of 

synthetic procedures, applications and/or theoretical studies was already published. 

However, there are still many possible ways to expand knowledge in this exciting field. 

 Graphene, as one atom thick carbon layer with sp2 hybridization, honeycomb 

lattice, and aromatic network, comes with relatively low reactivity of graphene itself. 

spurred the research directions towards graphene derivatives with non-zero band gap 

with tunable functional groups. 

Fluorographene (exfoliated graphite fluoride) is a graphene derivative having a 

fluorine atom bonded on every carbon. Its rich chemistry provides an easy pathway to 

prepare homogeneously and highly chemically functionalized graphene derivatives 

. 

Within this work, new ways of chemical functionalization of graphene were 

ergy storage 

applications. The aim was to yield highly conductive functionalized graphene 

derivatives, which will preferably have redox-active groups grafted or nitrogen atoms 

introduced into the graphenic lattice to improve their properties.  

Firstly, nitrogen superdoped graphene was synthesized with diamond-like 

interlayer bonds with exceptionally high mass density. Secondly, amino-acid 

functionalized, as well as carboxyl group functionalized, graphene derivatives were 

prepared via the intense study and tailored synthetic protocols utilizing the 

fluorographene chemistry.  

In the frame of this thesis, all materials were utilized in the energy storage field 

application as highly stable and exceptionally performing supercapacitor active 

electrode materials.  

 

  



 

 

1.1 Graphene  

Graphene, a two-dimensional carbon-based material, is a one-atom thin single 

layer of graphite. It was first predicted theoretically in 19471 and experimentally 

prepared during the next 50 years2,3. In 2004, Geim and Novoselov published their 

breakthrough re-discovery and characterization of graphene4. It disproved the long-

standing claim that strictly 2D crystals can not be thermodynamically stable  therefore 

exist5,6. Alongside graphene, the boron nitride was another example of stable 2D 

material7. The years of 2004 and 2005 started incredible research interest in novel low-

dimensional materials due to their very intriguing properties and promising 

applicability.  

 

Figure 1 8 

Graphene consists of units of six sp2-carbon atoms tightly bonded in hexagonal, 

honeycomb-like rings, forming a conductive network thanks to the delocalized electrons 

- orbitals (Figure 1). This electron cloud, perpendicular to the graphene layer, is the 

reason behind the exceptional electrical conductivity but also the chemical inertness of 

the graphene9. Such properties offer a possibility of multiple applications in the fields of 

electronics, sensors, biosystems, or as protective layers against corrosions. The 

crystallographic studies revealed two sublattices, A and B, in the graphene structure, as 

shown in Figure 2. 



 

 

 

Figure 2 a) The schematic showing pz- - - bonds. Adapted from 

ref10. b) Crystalographic sublattices A (red atoms) and B (blue atoms). Adapted from ref11 

 

Most of the materials have some defects: including graphene. During synthesis 

and preparation of graphene, there are always defects, such as vacancies, different edge 

chemical and electronic properties since they act as centres of activity. Targeted 

interactions on the defects can lead to the proper identification of the defects12 and 

toward the modification of the electronic structure of graphene.8,12 26 

 The above-listed properties suggest that graphene is a two-dimensional material 

with extraordinary properties. However, a few obstructive properties have an immense 

negative impact on the direct application potential. Zero band-gap, dispersibility and 

self-aggregation are all among these undesirable properties. The direct use of graphene 

in semiconductor passive parts is disallowed due to the zero band gap, a significant flaw 

in the electronics world. Pristine graphene is hydrophobic and can be dispersed only in 

solvents with high surface tension27, insoluble in most traditional solvents and self-

- srupting the ease of processing dispersions of 

graphene mainly for scale-up synthesis and usage. 

 Identifying tailored procedures to overcome these bottlenecks of pure graphene 

monolayers is a crucial step toward wide graphene use in daily life. The facilitation of 

multifunctional applications of graphene is of immense interest due to its exciting 

properties and potential to replace some of the critical elements, environmentally non-

friendly elements and compounds or to replace current technologies already at their 

fundamental limit (like Si-based technology). Functionalization of graphene is a 

 

 



 

 

1.1 Functionalization of graphene 

Functionalization of graphene or its derivatives via different methods and 

approaches is a vital way to increase the competitive strength of graphene in many 

applications since functionalization causes the opening of a band-gap, better 

dispersibility, reduces the re-stacking of graphene sheets. Moreover, functionalization is 

a way of imprinting desired properties in the graphene based materials. 

Covalent attachment or non-covalent interactions of various foreign compounds, 

atoms or molecules lead to a precisely controlled functionalization of a graphene single 

or multi-layers. Because the functionalized deriv

struggles, they are widely used and precisely designed and synthesized in order to fit 

perfectly and exhibit extraordinary performance in the desired application, preferably 

better than current technologies. 

This theoretical introduction will focus on the chemical functionalization of pure 

graphene and fluorographene, the latter as the main subject of the experimental part, 

excluding the functionalization of graphene oxide. The graphene oxide is a non-

stoichiometric graphene derivative with various oxygen-bearing moieties, enabling a 

wide window of possible functionalities. However, the major disadvantage of graphene 

oxide is the presence of many different functional groups, including peroxides, 

carboxyls, hydroxyls, and epoxy groups. Such a variety causes low selectivity and non-

specific interactions for any possible compounds used for functionalization because 

they can react with the different types of functionalities. Moreover, the functionalization 

of graphene oxide yields low conducting materials because the many moieties already 

disrupt the sp2 conductive network of the parent graphene oxide. Thus, the 

functionalization of graphene oxide will not be discussed in detail.24 

Thanks to their unique and tunable properties, functionalized graphene derivatives 

are utilized in various applications (Figure 3), including catalysis28, water 

remediation29,30, bio-applications31, sensing32 34, hydrogen storage35 or the field of 

energy storage36,37, closely related to the research done within this thesis. 



 

 

 

Figure 3 Schematic representation of the broad portfolio of the possible application utilizing 

functionalized graphene derivatives. Adapted from ref8 

 

1.1.1 Non-covalent approaches 

Non-covalent functionalization is an elegant way to improve 

properties while retaining most features like pristine structure. It usually utilizes 

different types of non-covalent interactions, such as electrostatic or -interactions, 

which offer effective synthetic methods for attaching functional groups without 

disrupting the conducting electronic network.16 -interaction term encapsulates 

various attractive forces and also repulsive forces. Understanding which of them would 

prevail and would be beneficial during the preparation of non-covalently functionalized 

materials is crucial for designing synthetic pathways. (Figure 4). 

 Hydrogen- -interaction 

 - -interaction 

 Cation- -interaction 

 Anion- -interaction 

 Other graphene-ligand interactions 

 



 

 

 

Figure 4 Schematic representation of a non-covalent functionalization of graphene and 

graphene oxide. Adapted from ref38. 

 

1.1.2 Covalent approaches  

Covalently grafted electron-donating or electron-withdrawing groups 

-

band gap. Moreover, the attachment considerably increases the dispersibility in 

commonly used solvents which is also connected to less re-stacking.23 The advantage of 

the covalently functionalized graphene derivatives is their stability in different 

environments since the covalent bond is hardly broken and the possibility of the solid 

attachment of various functional groups.11,39 Since several mechanisms allow for 

covalent attachment of groups onto the graphenic surface, the suitable one for every 

possible group can be chosen, each with its unique application potential. In order to 

covalently graft moieties on the low-reactive graphene flakes, there are synthetic 

pathways for preparing the derivatives directly from pristine graphene:12,19,20,23,40  

 Nucleophilic addition:  

 Cycloaddition: [2+1] cycloaddition, [2+2] cycloaddition, [3+2] cycloaddition, 

[4+2], mostly known as Diels-Alder, cycloaddition 

 Radical reactions 

 



 

 

 Substitution reaction  

 Rearrangement 

 

1.2 Fluorographene 

Fluorographene, sometimes so- -teflon , is a stoichiometric graphene 

derivative with a fluorine atom bonded to every carbon atom in a graphene-like 

structure. With a C1F1 composition, it can exist in four different conformations  the 

most stable chair, followed by armchair, boat, and zig-zag. Both top-bottom and 

bottom-up synthetic approaches yield different compositions of fluorographene, 

resulting in varying properties depending on the coverage of fluorine ad-atoms.  

Because the covalent attachment of fluorine atoms to the carbon atoms disrupts 

-conjugated system, fluorographene is the thinnest known insulator with a recently 

accurately theoretically calculated and experimentally verified (by means of DRIFT) 

bandgap of 5.7 eV.41 

Moreover, the exceptional strength of the C-F bond is usually beneficial in the 

means of thermal stability and chemical inertness  therefore, -

Teflon. However, contrary to Teflon, fluorographene offers a plethora of possible 

reactions (Figure 5) thanks to the fluorine vacancies, partial positive change on the 

carban

structure.42 44  

 

Figure 5 Examples of possible graphene derivatives synthesized via fluorographene chemistry. 

Adapted from ref45. 

 



 

 

1.3 Graphene derivatives in electrochemical applications - 

supercapacitors 

Graphene derivatives, thanks to their exceptional properties, found an application 

in many fields, as described thoroughly in many reports in the literature. One of the 

most promising fields is energy storage because carbon-based materials present a 

lightweight, conductive, cheap, stable and eco-friendly alternative to currently widely 

used technologies. 

Inherent from graphene itself, graphene derivatives usually possess a large surface 

area and, depending on the degree of functionalization, also a substantial conductivity. 

The theoretical capacitance of graphene should reach up to 550 F g-1.46 However, most 

of the reports utilizing pure graphene/reduced graphene oxide do not exhibit such a high 

value, probably due to the restacking of the sheets and low wettability by the 

electrolyte. Therefore, both in-plane (heteroatom doping) and out-of-plane (functional 

groups) functionalization of graphene is very beneficial for increasing the surface area 

available for contact with electrolytes, as shown in Figure 6. Moreover, a possible 

introduction of redox-active molecules can boost the performance with 

pseudocapacitance contribution for the already inherent double-layer capacitance. 

 

Figure 6 Overview of possible functionalization of graphene, such as a) on edge, b)  d) on the 

basal plane, and e) stacked into a layered structure. Adapted from ref47. 

Fluorographene offers rich chemistry, yielding well-defined graphene derivatives 

with a low amount of residual fluorine and high functionalization degree. Since these 



 

 

derivatives contain both conductive sp2 conjugated network and sp3 carbon bearing the 

functional groups, they offer precise tweaking of their conductivity.37,42,43,48 Therefore, 

we can assume that fluorographene is a perfect precursor for synthesizing a broad 

portfolio of conductive, precisely tailored, functionalized derivatives with controlled 

properties and structure. These derivatives are forming a potentially large emerging new 

class of covalently functionalized graphene-based materials that offer very promising 

properties and performance for their application in the energy storage field. 

  



 

 

2 AIM OF THE THESIS 

 

This doctoral thesis aims to develop new covalently functionalized graphene 

derivatives, via fluorographene chemistry, with tailored properties targeting specific 

applications. As described previously, fluorographene offers higher reactivity than 

graphene. Thus, it enables a broad portfolio of possible reactions, yielding different 

graphene derivatives. Exploiting this chemistry, nitrogen-doped graphene, amino acid 

functionalized graphene, and graphene acid were prepared, characterized, and studied as 

active electrode materials in electrochemical energy storage applications, especially 

supercapacitors. 

 

The aims of this thesis involve the in-depth description of the pathways to yield 

the three different graphene derivatives, their characterization, and their 

physicochemical and electrochemical properties: 

 Firstly, a highly nitrogen doped graphene derivative (GN3) was prepared, 

further characterized, and used in energy storage application.  

 Secondly, a new amino acid functionalized material was prepared and used as 

active electrode material in a sustainable supercapacitor.  

 Lastly, an application study of highly functionalized graphene derivatives, 

graphene acid, was conducted to evaluate its performance as a supercapacitor 

focusing on the intrinsically good properties of graphene acid for utilization 

in energy storage. 

 

This thesis provides an example of two strategies for precise designing and 

preparing chemically functionalized graphene derivatives for targeted use in the energy 

storage field. The tunable and efficient grafting of carefully selected moieties enabled a 

better performance than state-of-the-art in terms of energy content, power density or 

stability upon charging/discharging. 

  



 

 

3 RESULTS AND DISCUSSION 

This thesis's discussion comprises four publications dealing with functionalized 

graphene derivatives utilized in energy storage applications. The author of this thesis 

contributed as a first author in two of those publications49,50 and as a co-author in the 

third one51. 

 

3.1 Nitrogen Doped Graphene with Diamond-like Bonds 

Achieves Unprecedented Energy Density at High Power in a 

Symmetric Sustainable Supercapacitor 
Text adapted from  

 

Diamond-like Bonds Achieves Unprecedented Energy Density at High Power in a Symmetric 

Sustainable Supercapacitor. Energy Environ. Sci. 2022, 15 (2), 740 748. 

https://doi.org/10.1039/D1EE02234B. 

 

Introduction 

Supercapacitors belong to the portfolio of energy storage devices with their 

extraordinary qualities, like fast charging/discharging and very 52 

Unfortunately, the energy density of the best existing supercapacitors (their amount of 

stored energy) is at low values. Commercial supercapacitors have cell-level specific 

energies (and energy densities) of 10 Wh kg-1 (5-8 Wh L-1)53,54. In comparison, lead-

acid batteries offer 20-35 Wh kg-1 (40-80 Wh L-1)55, with the state-of-the-art Li-ion 

batteries achieving ~150 Wh kg-1 (~250 Wh L-1).56,57 However, the disadvantages of Li-

ion batteries are well known, such as long charging/discharging times and short life 

cycle due to the irreversible processes during cycling. Identification of electrode 

materials with substantially improved energy densities combined with long life and high 

power is necessary to utilize the benefits of supercapacitors in a broader range of 

applications. Moreover, reducing our dependence on critical resources, increasing 

sustainability, and decreasing our carbon footprint are widely discussed targets. The 

replacement of , non-metallic 

elements, such as carbon, fits perfectly within the goals of the Green Deal. 



 

 

Energy density is a crucial parameter in energy storage devices, making it a high 

priority target to improve53 55,58 61. The highest energy density reported to date was 

obtained using electrodes consisting of bilayers 
62 with a mass density of ca. 

1 g cm-3 exhibiting capacitance 203 F cm-3 and, at that time, the record energy density 

of 113 Wh L-1 at 0.9 kW L-1 (current density 1 A g-1). Within this work, we reported a 

novel mass density of 

2.8 g cm-3. Its excellent ability to host ions surpasses commercially used porous 

materials (S.A.> 2000 m2 g-1). GN3, with its extraordinary properties, achieved an 

energy density of 200 Wh L-1 at a power density of 2.6 kW L-1, corresponding to 

improvements of 74% and 190%, respectively, over the previous record.62 

 

Results 

Therefore, we experimentally and theoretically investigated a reaction of few-

layered fluorographene with sodium azide. Sodium azide has a double role as a 

defluorinating and doping agent (introducing different configurations of nitrogen atoms 

inside the graphenic lattice). The functionalization increases the polarity and 

hydrophilicity of the carbon surface and creates vacancies, as previously studied 

through reactions of fluorographene with other nitrogen containing nucleophiles.63 65 

Exfoliated fluorographene was subjected to a reaction with NaN3 in dimethylformamide 

at 130 yielding nitrogen-superdoped graphene (Figure 7). XPS revealed a significant 

decrease in the atomic content of 4h byproduct, followed by almost complete 

defluorination after 72h. Moreover, 

after the reaction also reflected in the C1s deconvolutions. The carbon atoms, initially 

bonded with fluorine (binding energies above 289.5 eV), were transformed during the 

synthesis into aromatic sp2 carbons (284.7 eV, 45%), non-functionalized sp3 carbons 

(285.5 eV, 25%), and nitrogen bonded carbons (286.6 eV, 19%), respectively. The other 

components are related to the residual amounts of fluorine (the non-reactive CF2 species 

on the edges) and carbon atoms bonded to oxygen (coming from the environment).  

 



 

 

 

Figure 7 (a) Schematic depiction of the synthesis of GN3. (b)-(d) XPS characterization and 

deconvolutions. (e) CP MAS 13C solid-state NMR and (f) FT-IR spectra of starting product, 

byproducts, and final material. 

The 1 13C CP MAS solid state NMR spectra (Figure 7) showed peaks at 

34 ppm typical for non-functionalized and non nitrogen bonded sp3 carbons in diamond 

and diamond like carbon materials.66 This peak was more intense in the spectrum of 

GN3 final material than in the GN3-4h intermediate, indicating that these sp3 carbons 

were formed as the reaction progressed. Moreover, the presence of a -conjugated 

aromatic network and aromatic >C=N moieties (pyridinic and pyrrolic)66,67 was 

confirmed by the peaks centered at 124 and 154 ppm, respectively.  

The FTIR technique provided thorough insights into the reaction mechanism; 

specifically, the bands of the CF and CF2 groups of GF (1200 and 1305 cm-1, 



 

 

respectively) were progressively replaced with bands at 1580 and 1210 cm-1 

(characteristic of aromatic carbon rings68), indicating the defluorination and formation 

of an sp2 network (Figure 7). Additional aromatic-ring vibrations, corresponding to the 

band at 1400 cm-1, can be assigned to a heteroatom substitution (e.g., with pyridinic 

nitrogens68,69), as suggested using theoretical calculations.70,71   

The high-resolution transmission electron microscopy (HR-TEM) revealed that 

the nature of the GN3 structure is indeed 2D sheets with a very holey design, as shown 

in Figure 8. EDXS elemental mapping with high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM, Figure 8) showed that the GN3 

sheets are densely and homogeneously doped with nitrogen atoms inside the graphenic 

lattice.  

 

 

Figure 8 HR-TEM images of the GN3 material alongside the EDS mapping of carbon and 

nitrogen. 

Pasted films of GN3 material with additives (polymer binder PTFE at 10%wt; 

conductive additive TimCal at 5%wt.) were prepared via the Dr. Blade technique by 

pasting homogeneous slurries on Al foil for density measurements and preparation 



of supercapacitor electrodes. Thickness measurements using SEM49 and digital 

micrometer (Figure 9) showed that pressing the film between two metallic plates for 1 

min at 80 kN caused bed consolidation of the material, increasing the mass density of 

the material to 2.75 g cm-3 compared to 0.5 g cm-3 before pressing. 

Figure 9 Photos of a digital micrometer with GN3 electrodes before and after pressing at 80 kN 

for 1 minute.

All the above-mentioned properties predetermined the GN3 material to be 

superior in energy storage applications, especially in supercapacitors. Briefly, the 

electrochemical properties of GN3 were studied in a symmetric system in an organic 

electrolyte (1 ethyl 3 methylimidazolium tetrafluoroborate EMIM-BF4 with 1,1,2,2-

tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether TTE in a 9:1 ratio). 

Figure 10 Comparison of (a) GCD curves and (b) energy storage values at 2 A g-1 of the GN3 

material with porous carbons.



 

 

Moreover, as proper benchmark materials, the carbons PC and KC72 were tested 

under identical conditions. GN3 material had a significantly better discharging time 

(Figure 10) than PC and KC. Despite the dramatic difference in the BET surface area of 

the GN3 materials and the very porous carbon materials, GN3 exhibited superior 

performance in both volumetric and gravimetric terms, dominating mainly the 

volumetric values owing to its high mass density.  

Volumetric performance is crucial for devices in the portable energy storage 

landscape;53,55,58,59,62,73, when both high energy and high power density are desirable at 

the same time. The former directly affects the amount of energy that can be stored, 

while the latter allows for fast charging and discharging. Energy density is the usual 

weak point of supercapacitors, whereas high power densities are one of their benefits, 

which must be preserved. The GN3 cell (Figure 11) demonstrated ground-breaking 

performance by delivering simultaneously ultrahigh energy density and power density, 

especially when its energy density was ca. 200 Wh L-1 at a power of 2.6 kW L-1 and 

143 Wh L-1 at 52 kW L-1. In order to compare our results with the current state of the 

art, we had selected top-performing materials from the field, as can be found in Figure 

11 (when the same sets of equations and metrics were used in all cases62). 

Lastly, the GN3 cell could also be operated at commercially relevant mass 

loadings of up to 10 mg cm-2, demonstrating 99% retention of low-mass loading 

capacitance at a temperature of 38 which is in the range typically used to evaluate 

energy storage devices,74 77. 

  

 

Figure 11 State-of-the-  



 

 

Conclusions 

In the frame of this work, we have reported a new class of carbon-based 

materials featuring nitrogen-doped graphene with diamond tetrahedral bonds for high 

energy density supercapacitor electrodes. The new materials are prepared by utilizing 

radical-based FG chemistry, allowing the beneficial combination of sp2 and sp3 carbon 

bonds in the same network alongside very high nitrogen doping and vacancies. This 

hybrid carbon achieves a mass density of 2.8 g cm-3 while maintaining efficient charge 

transport, ion penetration, diffusion, and storage, even at commercial level mass 

loading. Specifically, its energy density was approximately 200 Wh L-1 at 2.6 kW L-1 

and 143 Wh L-1 at 52 kW L-1, well above the state-of-the-art literature reports.  

  



 

 

3.2 Graphene with Covalently Grafted Amino Acid as a 

Route Toward Eco-Friendly and Sustainable Supercapacitors 
Text adapted from  

 Vermisoglou, E. C.; Jakubec, P.; Bakandritsos

Acid as a Route Toward Eco-Friendly and Sustainable Supercapacitors. ChemSusChem 2021, 

14 (18), 3904 3914. https://doi.org/10.1002/cssc.202101039. 

 

Introduction 

As mentioned above, direct covalent functionalization of graphene is hard to 

achieve. Fluorographene chemistry circumvents this obstacle, enabling a broad portfolio 

of graphene derivatives to be synthesized with covalently attached functional groups. 

The starting material, graphite fluoride, is well abundant (production in tons) because of 

its use industrially as a lubricant.  

This presented work reported a synthesis of zwitterionic arginine-functionalized 

FG (FG/Arg). The guanidino functional group on arginine acted as a nucleophile and 

caused grafting on FG through the nucleophilic attack. The initiation is known to be 

caused by the electrophilic radical centres at the defect sites of FG.78,79 Employment of 

tert-butoxycarbonyl (Boc) protected Arg was necessary in order to protect the amino 

acid from the random attachment of the arginine onto FG. Afterwards, the arginine 

already covalently grafted on the FG was deprotected from the Boc group.  

These presented findings showed that this strategy of covalent functionalization 

of graphene tuned three key factors important in energy storage application - 

conductivity, FD, and porosity.80 The synthesized material represents eco-friendly Arg-

functionalized graphene that could be used as an efficient supercapacitor in aqueous 

electrolytes.  

 

Results 

The reaction leading to the covalent functionalization of FG with Arg is shown 

in Figure 12. First, the FG reacted through nucleophilic attack with the primary 

guanidino amine of Boc-Arg-OH, followed by the deprotection of FG/Boc with 

hydrochloric acid under heating.  



Figure 12 Scheme illustrating FG reaction with Boc-Arg-OH, followed by removal of the Boc 

protecting group, resulting in the FG/Arg product. Colour coding is as follows: carbon grey; 

fluorine green; nitrogen blue; oxygen red.

FTIR measurements confirmed the successful removal of the Boc-protecting 

group and the presence of a free out-of-plane amino group in the final product (Figure 

2), as well as provided direct evidence for the functionalization of FG with Arg. The 

spectrum of FG/Boc-48h shows the distinctive band of N-H stretching vibrations at 

3187 cm-1
, attributed to the secondary amine. The FG/Arg-48h product exhibited the O-

H vibration (broad band below 3500 cm-1), directly overlapping with a second N-H 

stretching vibration band attributed to the deprotected primary amine.81,82 Boc 

protecting group in the deprotected product was proved by the two weak bands at

~2800-2950 cm-1, attributed to C-H stretching vibrations of present methyls.81

The byproducts and final products were evaluated by XPS to compare the 

atomic ratios. The results showed a significant loss of F atoms with time up to 48 h

(decrease from 55.7 at.% of fluorine to 3.2 at.%), which was further reduced by adding 

the potassium carbonate (2 at.% of fluorine). The complete atomic composition of the 

FG/Arg-48h product is 76.4 at.% of carbon, 13.7 at.% of nitrogen, 6.6 at.% of oxygen 

and 3.3 at.% of fluorine, respectively. 

High-resolution C 1s XPS spectra of the parent material and the covalently 

functionalized graphene derivative FG/Arg-48h are presented in Figure 13. The 

deconvolution the C1s region of both materials resulted in the evident differences of the 

deconvoluted components: C-C (sp2), C-C (sp3), C-N, C*-C-F, O=C-O, C-F and CF2.

As the reaction time increased, the area percentage of C-F decreased, reaching a value 

of 4.3% in the C 1s area in sample treated for 48 h, before remaining constant with 

further time increases.



The formation of the functionalized graphene derivative was further proved by 

means of Raman spectroscopy. Two characteristic bands D (1332 cm-1) and G (1595 

cm-1) bands were present in the spectra of both prepared samples. The FG/Arg-48h 

exhibited a ratio ID/IG of 1.32 (>1), reflecting the high FD as well as the presence of sp3

hybridized carbon atoms.80,83

Figure 13 (a) FTIR spectra of GrF, FG/Boc-48h and FG/Arg-48h. (b) High resolution C1s XPS 

spectra of the parent material GrF and final product FG/Arg-48h. (c) Raman spectra of FG/Arg-

48h and FG/Arg-48h_K samples.

TEM techniques (Figure 14) revealed thin flakes, indicative of exfoliated 

materials, of FG/Arg-48h_K sample. The edges of the FG/Arg-48h_K sheets in HR-

TEM images were almost transparent, indicating that this material's thickness is only a

few graphenic layers. Elemental mapping of FG/Arg-48h_K (Figure 14d-i) revealed

homogeneous grafting of functional groups throughout the flake's surface. Potassium 

was removed entirely during thermal treatment with hydrochloric acid. As evident, a 

high density of functional groups was distributed uniformly across the surface of the 

graphene flakes. This homogeneity in distribution and the precise type of covalently 



grafted functional groups are significant advantages of FG chemistry compared to GO

chemistry.

Figure 14 (a) TEM and (b) HRTEM images of a FG/Arg-48h_K sample. (c) Dark field HRTEM 

image of FG/Arg-48h_K and corresponding chemical mapping: (d) carbon map, (e) nitrogen 

map, (f) oxygen map, (g) fluorine map, (h) carbon-fluorine map, and (i) carbon-nitrogen-oxygen 

combined map.

In order to enhance the double-layer capacitance component of the FG/Arg-48h 

sample, the sample with increased SSA and a microporous structure was prepared using 

potassium carbonate, as described in the previous section. 

A symmetric supercapacitor in a two-electrode setup with 1 M H2SO4 as an 

electrolyte was assembled to evaluate the performance of the FG/Arg-48h_K sample.

Figure 15 shows the GCD profiles of FG/Arg-48h_K using current densities from 0.1 A 

g-1 to 5 A g-1. It can be seen that the shape of the GCD curves is significantly more

symmetrical, suggesting enhanced diffusion of the ions inside the electrochemical cell. 

The rate test revealed outstanding stability of the capacitive response across the wide 

range of current densities. Moreover, the life-time stability test confirmed the stability 

of the FG/Arg-48_K sample, resulting in capacitance retention of 82.3 % after 30,000

GCD cycles. 



Figure 15 (a), (b) GCD profiles of FG/Arg-48h_K recorded at different current densities. (c) 

Stability of FG/Arg-48h_K after 30,000 GCD cycles.

Conclusions

This presented work reported a successful synthesis of covalently functionalized 

graphene derivative with arginine to a graphene surface by reacting arginine was grafted 

via its guanidine group homogeneously on both sides of graphene (3.7 %

functionalization degree). The best performing sample in supercapacitor application was

treated with a pore-forming agent, potassium carbonate, directly boosting the capacitive 

performance (~390 F g-1 at a current density of 0.25 A g-1). After 30,000 

charging/discharging cycles at a current density of 2 A g-1, the capacitance retained over 

80 %. Therefore, as well as being eco-friendly, the material exhibited outstanding 

sustainability with promising properties for supercapacitor materials. Moreover, 

adopting the strategy of successful covalent grafting of particular functional groups on 

the surface of graphene paves the way for the development of energy storage devices

with significantly improved electrochemical performance and stability.



 

 

3.3 New Limits for Stability of Supercapacitor Electrode 

Material Based on Graphene Derivative 
Text adapted from  

 

of Supercapacitor Electrode Material Based on Graphene Derivative. Nanomaterials 2020, 

10 (9), 1731. https://doi.org/10.3390/nano10091731.  

 

Introduction 

Carbon-based materials' surface is prone to be functionalized via different routes 

to graft various functional groups, as discussed previously in this thesis. Our group 

reported that such modifications boost electrochemical stability, capacitive 

performance, and rate performance84,85. As oxygen-containing groups are present in 

most carbon-based materials due to the reactions in the air atmosphere, targetted 

utilization would offer a promising strategy for improving the capacitive performance. 

The insertion of oxygen-containing groups positively affects , 

hydrophilicity, and pseudocapacitive behaviour. Thanks to the oxygen functionalities, 

the material is less restacked due to electrostatic interactions; increased wettability 

enhances the contact between the active material and electrolyte86. Oxygen-containing 

functionalities are usually involved in fast redox reactions, increasing the 

pseudocapacitance contribution87. However, it is of high importance that the oxygen-

containing groups would be covalently attached in a stable form, such as carboxylic 

groups, to prevent possible decomposition, high self-discharge rates, or increased 

leakage current88. 

The presented studies investigated the pseudocapacitive behaviour of graphene 

acid (GA)89 as a supercapacitor electrode material50. GA is a highly conductive, 

hydrophilic graphene derivative, functionalized with carboxyl groups, which are 

homogeneously dispersed among the graphene surface89. GA was already employed 

with excellent results in electrochemical sensing90, catalysis91 93 and electrocatalysis94.  

This paper focused on describing the pseudocapacitive behaviour of GA in an 

acidic electrolyte in supercapacitor application. Contrary to most published reports, we 

showed the excellent reproducibility of the synthesis, with variations in the individual 

measurements. The graphene acid was tremendously stable, exhibiting 95% specific 

capacitance retention after 60,000 cycles in a two-electrode cell and high rate stability. 



These findings again show that covalently functionalized graphene derivatives provide a 

solution for supercapacitor metal-free electrode materials.

Results

Graphene acid was synthesized based on an already published report95. 

However, we decided to repeat the synthesis three times and perform a thorough 

characterization, focusing on the reproducibility of the synthesis. The XRD showed two 

broad peaks at , corresponding to the (0 0 2) and (1 0 1) planes, respectively,

characteristic for stacked sheets with short-range order in amorphous structure96. The d-

space value of 0.3579 nm , is slightly higher than the one 

of graphite (inset of Figure 16 (a)). A Raman spectrum of GA revealed two well-known 

peaks, D-band related to defects and vacancies and G-band related to the aromatic sp2

structure.97,98 The ID/IG ratio of 1.69 confirms the suggested structure of GA, with out-

of-plane functionalities, but retaining the sp2 structure responsible for the conductivity,

which was noted in previously highly functionalized graphene derivatives.37,51,84,85,99

Figure 16 Structural characterization of GA material, (a) XRD and (b) Raman spectra. (c)-(e) 

XPS evaluation of GA.

An XPS survey spectrum (Figure 16) revealed the atomic composition as 

follows: carbon (76.7 at. %), oxygen (18.0 at. %), followed by N (3.5 at. %) and F (1.8 



at. %). Both carbon and oxygen deconvolution confirmed the presence of the carboxylic 

groups, as well as the FT-IR spectrum with a band located at around 1600 cm-1, usually 

attributed to the carbon-oxygen vibration in carboxylic groups.50,95

Microscopic methods further evaluated the structural properties and composition 

of GA (Figure 17), showing the layered structure of GA, with thin graphenic sheets and 

lateral size of units of a micrometre. HAADF-HRTEM was used to investigate the 

elemental distribution of the graphene derivative, showing that the oxygen functional 

groups are homogeneously dispersed across the surface, further confirming GA well-

defined nature. Based on the characterization techniques, the optimized GA structure 

model was designed.

Figure 17 (a), (b) HRTEM images of GA. (c)-(d) HAADF image and corresponding elemental 
mapping of carbon and oxygen. (e) Structural GA model.

Electrochemical testing of a material can be performed in a three- or two-

electrode system, whereas the two electrode system is much closer to the real 



operational conditions of commercial supercapacitors. We first evaluated the GA in a 

three-electrode system; however, more importantly, we tested its performance in a two-

electrode symmetric system to assess the feasibility of GA.

We have assembled a symmetric supercapacitor with 1 mol L 1 H2SO4 as the 

electrolyte. Additive-free, drop-casted electrodes were used, further highlighting the 

high conductivity of GA and the simplicity of the electrode preparation. The charging 

and discharging responses of GA were recorded at a range of 1 to 20 A g-1, showing 

linear response (contrary to the three-electrode system) since the two electrode system 

operates differently with the voltage100. 

Figure 18 (a) GCD profiles of GA in a two-electrode system, (b) the dependence of capacitance 
vs current density. (c) Rate and (d) cycling stability test. (e),(f) Supercapacitors with GA 
electrodes connected in parallel and series, showing increased values as well as lighted up 2V 
LED diode.

The GA exhibited excellent rate stability, as well as remarkable cycling stability 

at 3 A g-1 current density (Figure 18). Such stability for a carbon-based material is

significantly important precedence for its wide use since commercial supercapacitors 

endure many charge/discharge cycles. In real-life applications, supercapacitors are 

usually connected in parallel (to increase the capacitance alias the amount of stored 

energy) or in series (to increase the voltage window). Two supercapacitors with GA as 

electrode material were successfully tested in both configurations, exhibiting the 



 

 

expected electrochemical behaviour. Moreover, we conducted the LED test, where the 

two cells assembled with GA electrodes and sulphuric acid electrolyte lighted up 2V 

LED without fast fading. 

Conclusions 

Graphene acid is a covalently functionalized graphene derivative prepared from 

fluorographene, offering a very stable electrode material for supercapacitors with 

promising performance. The oxygen-containing functional groups offer a high 

pseudocapacitive response in a sulphuric acid electrolyte without compromising the 

stability of the system. Both rate and cycling stability tests revealed the extraordinary 

performance of GA, demonstrating the high feasibility of GA for supercapacitor 

applications.  

 
 

 

  



 

 

4 SUMMARY 

This doctoral thesis focused on the synthesis and characterization of covalently 

functionalized graphene derivatives, using fluorographene as starting material. The 

physicochemical and electrochemical properties of the developed materials were 

evaluated in order to understand their function as electrode materials in electric double-

layer capacitors (supercapacitors). The type of the covalently attached functional groups 

and/or nitrogen doping critically affects their overall properties, enabling their efficient 

use in supercapacitors and improving their operation.  

Within the frame of this thesis, fluorographene chemistry was used to 

cir

using exfoliated graphite fluoride yielded chemically functionalized graphene 

derivatives, with nitrogen doping and with covalently attached amino acid and 

carboxylic groups. 

Firstly, nitrogen superdoped (16 at.%) graphene was synthesized with diamond-

like interlayer bonds with exceptionally high mass density. This material, when used as 

electrode in a symmetric supercapacitor device operating with an ionic liquid, presented 

a ground-breaking volumetric energy density compared to the state-of-the-art materials 

and commercially used high surface area carbons.  

Secondly, amino-acid functionalized graphene derivatives were prepared with 

optimized porous structure using a pore-forming agent and applied as supercapacitor 

electrodes. The final device benefited from the covalently grafted functional groups, 

which provided redox processes during charging and discharging. Moreover, the use of 

eco-friendly electrolyte further increased the feasibility of the whole device.  

Lastly, the highly carboxylated graphene derivative was subjected to an in-depth 

characterization, emphasizing the synthesis reproducibility in terms of stability of the 

electrochemical properties. Remarkably, the graphene acid exhibited exceptional life-

cycle stability in an acidic electrolyte in supercapacitor application. 

The materials and the synthetic procedures reported in this thesis show new 

ways to develop covalent graphene derivatives, which can offer interesting properties in 

technologically important areas, as in electrochemical energy storage and in particular 

in supercapacitors. These reported designs pave the way for new, specifically tailored 

properties of graphene derivatives for desired applications.  
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