





Palacky University Olomouc
Faculty of Science

Department of Physical Chemistry

Chemical functionalization of graphene

Doctoral Thesis

Author: Mgr. Veronika Sedajova

Supervisor: Aristeidis Bakandritsos, Ph.D.

Study programme: P 1417 Chemistry
Field of study: Physical Chemistry
Form of study: Full-time study

Olomouc 2022






I declare that I have written this doctoral thesis under the supervision of
Aristeidis Bakandritsos, Ph.D. It is based on research activities in which I was the first
author or contributed as a co-author unless stated otherwise. All used information
sources in this thesis have been referenced in the list of references.

This thesis was designed and carried out in the Czech Advanced Technologies
and Research Institute, Regional Centre of Advanced Technologies and Materials
(CATRIN-RCPTM) and the Department of Physical Chemistry, Palacky University

Olomouc.

In Olomouc ...............

Veronika Sedajova






Acknowledgment

I would like to greatly thank my supervisor, Aristeidis Bakandritsos, Ph.D., for his
beneficial advice, motivation, patience, and help with working and writing this thesis.
I would like to express my sincere gratitude to prof. RNDr. Michal Otyepka, Ph.D., for
his continuous support, involving me in exciting research directions, and all advices

during my Ph.D.

My thanks belong to all Regional Centre of Advanced Technologies and Materials
employees who answered my questions, helped me during Ph.D. studies and measured
my samples. Special thanks belong to Mgr. Petr Jakubec, Ph.D. for his valuable help
throughout my Ph.D. studies.

Moc bych chtéla podékovat své rodiné za jejich stdlou podporu a pochopeni. Velmi

dékuji svému partnerovi za veskeré kompromisy, motivaci, pomoc a Oskara.

Podekovani patii také mym nejbliz§im pratelim za jejich trpélivost a podporu a

kolegim z kancelafe 2.25 za vzajemnou motivaci.

Merci beaucoup mes amis.



Bibliograficka identifikace

Jméno a pfijmeni autora:
Nazev prace:

Typ préace:

Pracoviste:

Vedouci prace:

Rok obhajoby prace:
Abstrakt:

Kli¢ova slova:

Pocet stran:
Pocet pitiloh:
Jazyk:

Veronika Sedajova

Chemicka funkcionalizace grafenu
Doktorska

Katedra fyzikalni chemie

Aristeidis Bakandritsos, Ph.D.

2022

Tato dizertacni prace se zabyva syntézou,
charakterizaci a aplikaci  kovalentné
funkcionalizovanych grafenovych derivati
pfipravenych chemii fluorografenu.
Uplatnéni téchto derivatd je zejména na poli
ukladani energie, specificky \
superkondenzatorech.

grafen, fluorografen, derivaty, ukladani
energie, superkondenzatory

83

3

Anglictina



Bibliographical identification:

Author’s first name and surname:
Title:

Type of thesis:

Department:

Supervisor:

Defense year:

Abstract:

Key words:

Number of pages:
Number of appendices:

Language:

Veronika Sedajova

Chemical functionalization of graphene
Doctoral

Department of Physical Chemistry
Aristeidis Bakandritsos, Ph.D.

2022

This thesis focuses on the synthesis,
characterization and  application  of
covalently functionalized graphene
derivatives prepared via fluorographene
chemistry. The  prepared  graphene
derivatives are used in energy storage
applications, especially in supercapacitors.
graphene, fluorographene, derivatives,
energy storage, supercapacitors

83

3

English



List of publications to which the author of this doctoral thesis has

contributed as main author or co-author during her doctoral studies

(2018 - 2022):

(1)

2)

€)

(4)

()

(6)

(7)

Petr, M.; Jakubec, P.; Ranc, V.; gedajové, V.; Langer, R.; Medved’, M.;
Blonski, P.; Kaslik, J.; Kupka, V.; Otyepka, M.; Zbofil, R. Thermally
Reduced Fluorographenes as Efficient Electrode Materials for
Supercapacitors. Nanoscale 2019, 11 (44), 21364-21375.
https://doi.org/10.1039/CONRO7255A.

a. IF=7.8

Zaoralova, D.; Hruby, V.; gedajové, V.; Mach, R.; Kupka, V.; Ugolotti, J.;
Bakandritsos, A.; Medved', M.; Otyepka, M. Tunable Synthesis of Nitrogen
Doped Graphene from Fluorographene under Mild Conditions. ACS
Sustain. Chem. Eng. 2020, 8 (12), 4764—4772.
https://doi.org/10.1021/acssuschemeng.9b07161.

a. IF=8.2, back cover

Sedajové, V.; Jakubec, P.; Bakandritsos, A.; Ranc, V.; Otyepka, M. New
Limits for Stability of Supercapacitor Electrode Material Based on Graphene

Derivative. Nanomaterials 2020, 10 9), 1731.
https://doi.org/10.3390/nano10091731.
a. IF=5

Chalmpes, N.; Bourlinos, A. B.; éedajové, V.; Kupka, V.; Moschovas, D.;
Avgeropoulos, A.; Karakassides, M. A.; Gournis, D. Hypergolic Materials
Synthesis through Reaction of Fuming Nitric Acid with Certain
Cyclopentadienyl Compounds. C 2020, 6 4), 61.
https://doi.org/10.3390/c6040061.

Jakubec, P.; Bartusek, S.; Dvofacek, J. J.; Sedajové, V.; Kupka, V.; Otyepka,
M. Flax-Derived Carbon: A Highly Durable Electrode Material for
Electrochemical Double-Layer Supercapacitors. Nanomaterials 2021, 11
(9), 2229. https://doi.org/10.3390/nano11092229.

a. IF=5

Chalmpes, N; Asimakopoulos, G; Baikousi, M; Moschovas, D;
Avgeropoulos, A; Bourlinos, AB; Sedajova, V; Bakandritsos, A; Gournis, D;
Karakassides, MA. Fast and Direct Microwave Synthesis of Carbon from
Bovine Blood Waste: A Feedstock Material for Extractive Metallurgy,
Carbon Dots Production and Graphite Synthesis. J. Nanotechnol. Res. 2021,
3, 011-028. https://doi.org/10.26502/jnr.2688-85210021

Vermisoglou, E. C.; Jakubec, P.; Bakandritsos, A.; Kupka, V.; Pykal, M.;
Sedajova. V.; Vigek, J.; Tomanec, O.; Scheibe, M.; Zbotil, R.; Otyepka, M.
Graphene with Covalently Grafted Amino Acid as a Route Toward Eco-
Friendly and Sustainable Supercapacitors. ChemSusChem 2021, 14 (18),
3904-3914. https://doi.org/10.1002/cssc.202101039.

a. IF=8.9



(8)

©)

(10)

(11)

(12)

(13)

(14)

Saini, H.; Srinivasan, N.; Sedajové, V.; Majumder, M.; Dubal, D. P;
Otyepka, M.; Zbofil, R.; Kurra, N.; Fischer, R. A.; Jayaramulu, K. Emerging
MXene@Metal-Organic Framework Hybrids: Design Strategies toward
Versatile Applications. ACS Nano 2021, 15 (12), 18742-18776.
https://doi.org/10.1021/acsnano.1c06402.

a. IF=15.9, cover

Obraztsov, I.; Bakandritsos, A.; Sedajové, V.; Langer, R.; Jakubec, P.;
Zoppellaro, G.; Pykal, M.; Presser, V.; Otyepka, M.; Zbotil, R. Graphene
Acid for Lithium-Ion Batteries—Carboxylation Boosts Storage Capacity in
Graphene. Adv. Energy Mater. 2022, 12 (5), 2103010.
https://doi.org/10.1002/aenm.202103010.

a. IF=294

Dédek, I.; Kupka, V.; Jakubec, P.; Sedajové, V.; Jayaramulu, K.; Otyepka,
M. Metal-Organic Framework/Conductive Polymer Hybrid Materials for
Supercapacitors. ~ Appl. Mater. Today 2022, 26, 101387.
https://doi.org/10.1016/j.apmt.2022.101387.

a. IF=10

Sedajova, V.; Bakandritsos, A.; Blonski, P.; Medved’, M.; Langer, R.;
Zaoralova, D.; Ugolotti, J.; Dzibelova, J.; Jakubec, P.; Kupka, V.; Otyepka,
M. Nitrogen Doped Graphene with 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.

a. IF=38.5

Hruby, V.; Zdrazil, L.; Dzibelova, J.; Sedajova, V.; Bakandritsos, A.; Lazar,
P.; Otyepka, M. Unveiling the True Band Gap of Fluorographene and Its
Origins by Teaming Theory and Experiment. Appl. Surf. Sci. 2022, 587,
152839. https://doi.org/10.1016/j.apsusc.2022.152839.

a. IF=6.7

Asimakopoulos, G.; Moschovas, D.; Avgeropoulos, A.; Bourlinos, A.B.;
Tantis, I; Sedaiové, V.; Tomanec, O.; Salmas, C.E.; Gournis, D.;
Karakassides, M.A. From Waste Tea to Carbon Rocket Fuels through a
Piranha Solution-Mediated Carbonization Treatment J. Nanotechnol. Res.

2022, 4, 31. https://doi.org/10.26502/jnr.2688-85210029

Chaloupkova, Z.; Mediikova, Z.; Kral, M.; gedaiové, V.; Ranc, V.; Label-
free determination of PSA and freePSA using MA-SERS. Front. Anal. Sci.
2022, 2, 847730. https://doi.org/10.3389/frans.2022.847730



(15)

(16)

Panacek, D.; Zdrazil, L.; Langer, M.; Sedajové, V.; Bad'ura, Z.; Zoppellaro,
G.; Yang, Q.; Nguyen, P.E.; Alvarez, R.; Hruby, V.; Kolafik, J.; Chalmpes,
N.; Bourlinos, A.B.; Zboiil, R.; Merkogi, A.; Bakandritsos, A.; Otyepka, M.
Graphene Nanobeacons with High-Affinity Pockets for Combined, Selective,
and Effective Decontamination and Reagentless Detection of Heavy Metals
Small 2022, 18, 2201003. https://doi.org/10.1002/sm11.202201003

a. IF=13.3

A. Inman, V. Sedajové, K. Matthews, J. Gravlin, J. Busa, C. E. Shuck, A.
VahidMohammadi, A. Bakandritsos, M. Shekhirev, M. Otyepka and Y.
Gogotsi, J. Mater. Res. Shear delamination of multilayer MXenes. Just
accepted. https://doi.org/10.1557/s43578-022-00690-3.

a. IF=2.9



Conferences and other achievements:

2017
Graphene Study School — Electronic and photonic devices and their applications, poster
presentation

2018
Graphene Study School — Structural characterization of graphene-based materials,
poster presentation

2019
Graphene Study School — Science and technologies of 2D materials

2020
WORKSHOP on Low Dimensional Materials 2020 — oral presentation

2020
NanoCon Conference 2020 — poster presentation

2021
School of Catalysis — oral presentation, award for TOP 3 presentations

2021
NanoCon Conference 2021 — poster presentation, poster award

2022
Jean-Marie Lehn Prize for Chemistry 2022 — first place



List of figures

Figure 1 The schematic representation of a graphene’s structure. Adapted from ref”....22
Figure 2 a) The schematic showing p.-orbitals of graphene with ¢- and n- bonds.
Adapted from ref!!. b) Crystalographic sublattices A (red atoms) and B (blue
atoms). Adapted from 1ef12..........c.ooiieieeeeeeee e 23
Figure 3 a), b) Calculated band structure for single-layer graphene. The valence and
conduction band touch at K and K* points. Adapted from ref'? and ref*°............... 24
Figure 4 Schematic representation of the broad portfolio of the possible application
utilizing functionalized graphene derivatives. Adapted from ref’ ............cccoco....... 26
Figure 5 Idealized representation of m-m-interaction of graphene with aromatic
molecules like benzene or naphtalene. Adapted from ref?. ...........cccoooevveveinennnene, 27
Figure 6 Schematic representation of a non-covalent functionalization of graphene and
graphene oxide. Adapted from ref>2............ooiiiiiiieeeee s 28
Figure 7 General mechanism of a) nucleophilic addition and b) cycloaddition via
aziridine adduct onto graphene. Adapted from ref>*.............cocoooieiiiieieieieee. 29
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 ref?* ...........ccooooiiieieeeeeeeeeee e, 31
Figure 9 Examples of possible graphene derivatives synthesized via fluorographene
chemistry. Adapted from 1ef3%..............coooiiviieececeeeeee e 32
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 ref*¢.33
Figure 11 (a) Schematic depiction of the synthesis of GN3. (b)-(d) XPS characterization
and deconvolutions. (e) CP MAS '3C solid-state NMR and (f) FT-IR spectra of
starting product, byproducts, and final material............ccccoceriininiiniincnninieene. 46
Figure 12 The formation of GN3 structures via the reaction of FG with sodium azide in
DMF modeled at the ®B97X-D/6-31++G(d,p)/SMD(solvent=DMF) level of

theory100,101

, showing the formation of different nitrogen configurations. The
energies are given in kcal Mol ™! .........oooiiiieeeeeeeeeeeeeeeeeeee e, 48

Figure 13 HR-TEM images of the GN3 material alongside the EDS mapping of carbon
AN NIITOZI. ...eevvieiieeiieeie ettt ettt et e st e et eestbeesbeesaeesabeesseeenbeeseesnseenseesnseennseenns 49

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

analysis of GN3 product in the air atmosphere. .........c.ccoevvveeeiieeciiieeeeee e 50



Figure 15 Photos of a digital micrometer with GN3 electrodes before and after pressing
at 80 KN fOr 1 MINULE. ..c..eotiiiiiiieiieieeeeeeee et 50
Figure 16 (a) Adsorption and desorption N2 isotherms of the GN3 material, recorded at
77 K. (b) Pore width distribution for GN3 material. ..........ccceeeveeeiiiencieeeiieeee. 51
Figure 17 Cyclic voltammograms of GN3 material in a symmetric full cell system. .... 52
Figure 18 Comparison of (a) GCD curves and (b) energy storage values at 2 A g™ of the
GN3 material with pOTOUS CArbONS. .....ccveeeiiiiiiiieeiee e e 53
Figure 19 State-of-the-art comparison of the previously published report and this work’s
TESULES. ettt ettt st 54
Figure 20 Scheme illustrating FG reaction with Boc-Arg-OH, followed by removal of
the Boc protecting group, resulting in the FG/Arg product. Color coding is as
follows: carbon — grey; fluorine — green; nitrogen — blue; oxygen —red. .............. 56
Figure 21 TGA graphs of Arg, FG/Arg-48h, and FG/Arg-48h K .....cccooovviiniininnnnnn. 58
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. (¢)
Raman spectra of FG/Arg-48h and FG/Arg-48h K samples. .........ccceevevveerveeenneen. 59
Figure 23 (a) C-potential curve of an FG/Arg-48h aqueous dispersion versus pH, (b)
water droplet contact angle measurements of parent material and FG/Arg-48h.... 60
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 SAMPIES. ...ooviiiiiiiiiiieeiiecie ettt e 60
Figure 25 SEM images of (a) the FG/Arg-48h and (b) FG/Arg-48h_K samples. .......... 61
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. ...........ccceeeeveeueennen. 62
Figure 27 (a) CVs of graphene derivatives with Arg groups at different reaction times.
(b) GCD profiles of the prepared materials. (¢) GCD profiles of FG/Arg-48h K, at

current densities from 0.25 A g'to 5 A g!, and (d) the specific capacitance vs.

current density Profile. .......cocviieiiiieiiieeie e e 63
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....................... 64

Figure 29 Structural characterization of GA material, (a) XRD and (b) Raman spectra.
(c)-(e) XPS evaluation of GA. ......ccocuiiiiiiieiee et 67



Figure 30 (a), (b) HRTEM images of GA. (c)-(d) HAADF image and corresponding
elemental mapping of carbon and oxygen. (e) Structural GA model...................... 68

Figure 31 (a) Raman and (b) XPS spectra comparing three different syntheses of GA. 69

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. ........cccoevevieniiieniieeieee, 70



List of abbreviations

Arginine — Arg

Brunauer—Emmett-Teller - BET

Capacitance — C¢/Cy

Cyanographene — GCN

Cyclic voltammetry — CV

Density functional theory — DFT

Energy density — E¢/Ey

Energy-dispersive X-ray spectroscopy — EDS
Electrochemical impedance spectroscopy — EIS
Fluorographene — FG / GrF

Fourier transformed infrared spectroscopy — FTIR
Functionalization degree — FD

Galvanostatic charge / discharge — GCD
Graphene acid — GA
Graphene oxide — GO

Graphite fluoride — GF

High angle annular dark field — HAADF

High-resolution transmission electron microscopy — HR-TEM
Kuraray carbon — KC

Mass spectroscopy — MS

N-doped graphene ref ' — GN3

Nuclear magnetic resonance — NMR

Porous carbon — PC

Power density — Py/Py

Scanning electron microscopy — SEM
Specific surface area — SSA
Tert-butoxycarbonyl — Boc

Thermogravimetric analysis — TGA



Transmission electron microscopy — TEM
X-ray diffraction — XRD

X-ray photoelectron spectroscopy — XPS



Table of contents

I INTRODUCTION ...ttt ettt sttt sttt e et s e eseeseesseeseennenseens 21
Ll GIAPRENE ..ottt ettt ettt et et en 22
1.1  Functionalization of raphene............cccceecuieiiieiiieiienii et 25

1.1.1  Non-covalent approaches..........cccceeceieriiieriiiieiiie et 26
1.1.2 Covalent approaches ..........ccceeveeiierieeiiienieeieeree et 29
1.2 FIUOTOZIAPNENE .....ooiiiiiieiiieiece ettt et 31
1.3 Graphene derivatives in electrochemical applications - supercapacitors......... 32

2 AIM OF THE THESIS ...ttt 35

3 EXPERIMENTAL PART ..ottt 36
3.1  Methods of characterization............cceceerieiiieeiienieie e 36

3.1.1  Fourier transformed infrared SpectroSCOPY .......cceervvrerueeriieniieriienieeieene 36
3.1.2  X-ray photoelectron SPECtrOSCOPY ....eevvveevieruieeiieeriieeieeiieereesiee e eiee e 36
3.1.3  MicroSCOPY tEChNIQUES ....ccuveeeeiiieeiiieeiee ettt evee e 36
3.1.4  Raman SPECIIOSCOPY ..euveerrureerririerriieeeiteeeiteeeieeesteeesieeesiseeenanreesseeesseens 37
3.1.5  X-ray diffraction SPECIIOSCOPY ...vveevierrrieiieriieeiieeeieeieeeieenieeseeeereesseeenees 37
3.1.6  Thermogravimetric analysis .......ccccceeerueeerireeiieeeiieeeieeeeieeesreeeseveeeeneees 37
3.1.7  Surface area analysiS.........ccceevieriieriieniiieiieeie et 38
3.1.8  Nuclear magnetic TESONANCE .........ccvueeriieriierieeriienieeteeeaeerieesteeseeseneennns 38
3.1.9  Electrochemical teStINg.........ccccuireiiieiiiieeiie et 38
3.2 Syntheses of graphene derivatives featured in the thesis..........cccevveeverienncns 41
3.2.1  Synthesis of nitrogen superdoped graphene, denoted as GN3, adapted
FEOM TEET L.ttt 41
3.2.2  Synthesis of amino acid functionalized graphene, denoted as FG/Arg_48h,
adapted fTOmM Te12 ...ttt 41
3.2.3  Synthesis of carboxyl-functionalized graphene derivatives, denoted as
GA, adapted from 1ef> 7. ... e 42

4 RESULTS AND DISCUSSION .....ooitiieiieiertee ettt 44
4.1  Nitrogen Doped Graphene with Diamond-like Bonds Achieves Unprecedented
Energy Density at High Power in a Symmetric Sustainable Supercapacitor ............. 44

INEEOAUCTION ..ottt ettt et e s en 44
RESULILS ...t ettt et et 45
CONCIUSIONS ...ttt sttt ettt st sbe et st e bt et esbe e saeenbeenees 54
4.2 Graphene with Covalently Grafted Amino Acid as a Route Toward Eco-
Friendly and Sustainable SUpercapacitors ..........cccveeeeeeeeiieesiiieenieeerieeeseeeeeveeeivee e 55
INEEOAUCHION ..ttt st 55
RESULILS ...ttt et ettt 56



0 9 N D

43 New Limits for Stability of Supercapacitor Electrode Material Based on

Graphene DETIVATIVE .......cccuiiiiiiiiiiiieceiie et esee e s et e e sbeeesaeeessseessaeeessaeesnseaeens 65
0T q 0T L 1o 1o ) USSP 65
RESUILS ...ttt ettt et e s abeebeeenbeenneas 66
CONCIUSIONS ..eetteeeiiieeeiieeeite et et e et e et eeetaeestaeessteeeessaeessseeesseesnsseeensseeensseeennns 70
SUMMARY oottt ettt ettt ettt b e te e ebeesaaeesbeesaseesseesnseesnseenns 71
ZAVER ..ot 72
REFERENCES ...ttt ettt et eta e ae e beessaeensaeenneens 73
LIST OF APPENDICES .......ooiiioiiee ettt ettt ve e eaneens 83









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 sp? hybridization, honeycomb
lattice, and aromatic network, comes with relatively low reactivity of graphene itself.
Moreover, combined with graphene’s zero band gap and hydrophobicity, these facts
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
because the fluorographene’s reactivity is much higher than graphene’s.

Within this work, new ways of chemical functionalization of graphene were
pursued with a focus on tuning the materials’ properties toward energy 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.
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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 1947> and experimentally
prepared during the next 50 years™*. In 2004, Geim and Novoselov published their
breakthrough re-discovery and characterization of graphene’. It disproved the long-
standing claim that strictly 2D crystals can not be thermodynamically stable — therefore
exist®’. Alongside graphene, the boron nitride was another example of stable 2D
material®. 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 The schematic representation of a graphene’s structure. Adapted from ref”

Graphene consists of units of six sp>-carbon atoms tightly bonded in hexagonal,
honeycomb-like rings, forming a conductive network thanks to the delocalized electrons
in - 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 graphene'’. 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 p.-orbitals of graphene with c- and ©- bonds. Adapted from
ref!'!. b) Crystalographic sublattices A (red atoms) and B (blue atoms). Adapted from ref!?

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 alter its properties. Defects change graphene’s
chemical and electronic properties since they act as centres of activity. Targeted
interactions on the defects can lead to the proper identification of the defects'? and
toward the modification of the electronic structure of graphene.’!3-?’

The electronic structure of graphene is particularly unique. Usually, the
Schrédinger equation is enough to describe the properties of materials. 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
massless fermions are graphene’s charge carriers.?® 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, related to graphene’s electronic applications, 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 velocity®.
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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 and K¢ points. Adapted from ref*® and ref*’.

The strong sigma bonding of the carbon atoms in the graphene layer results in
exciting mechanical properties, such as high Young’s modulus (approx. 1 TPa) and an
insignificant drop of electrical conductivity when strained. Apart from electrical
conductivity, its thermal conductivity is theoretically predicted to reach up to 6000 W
mK-!, 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 tension®’, insoluble in most traditional
solvents and self-aggregating due to w-7 interactions, disrupting 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
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fundamental limit (like Si-based technology). Functionalization of graphene is a

solution to graphene’s issues.

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 derivatives overcome the pristine graphene’s
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 sp?> conductive network of the parent graphene oxide. Thus, the
functionalization of graphene oxide will not be discussed in detail.?

Thanks to their unique and tunable properties, functionalized graphene derivatives
are utilized in various applications (Figure 4), including catalysis®®>, water
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remediation®**, bio-applications®®, sensing’’™’, hydrogen storage*® or the field of

41,42

energy storage” 7, 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 ref’

1.1.1 Non-covalent approaches

Non-covalent functionalization is an elegant way to improve graphene’s intrinsic
properties while retaining most features like pristine structure. It usually utilizes
different types of non-covalent interactions, such as electrostatic or m-interactions,
which offer effective synthetic methods for attaching functional groups without
disrupting the conducting electronic network. The m-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.

e Hydrogen-m-interaction: As a type of hydrogen bond, this interaction largely
depends on the polarizability of the w-system, driving the nature and geometry of
the interaction. Moreover, large n-systems with multiple hydrogen bonding need

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

like benzene or naphthalene. Adapted from ref*.

n-n-interaction: The m-m-interaction is of high interest because the m-systems,
having similar electron densities, the attractive forces are driven by dispersion
interactions. Depending on the other functional groups attached to the m-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

d,**® estimating the interaction energy to ~2 kcal mol!, which is

studie
considered favourable. However, the n-n-interaction also heavily depends on the
position and orientation in space because the electrostatic energies and exchange
interactions are significant energetic contributions. The m-m-interaction is critical
in supramolecular self-assembly due to the favourable energy exchanges while

forming ordered structures or designing mechanosensitive molecules®’.

Cation-m-interaction: When the cation is of metallic nature, the prevailing
dominant interaction energies are induction and electrostatic, while when an
organic cation counter molecule is part of the m-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-m-interaction, is Tcaton-T-interaction, which differs in the binding energy -
being weaker than the actual cation-minteraction, but still being significantly

stronger than the m-m-interaction itself.

Anion-m-interaction: Considered as a base for possible anion recognition or anion
host designed materials, the anion-m-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.*

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 ref*.
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1.1.2 Covalent approaches

Covalently grafted electron-donating or electron-withdrawing groups
significantly alter graphene’s electronic structure, - conjugation system, and open its
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.!** 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: 320212450

e 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.>"!
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Figure 7 General mechanism of a) nucleophilic addition and b) cycloaddition via

aziridine adduct onto graphene. Adapted from ref**
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e 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 vyields a five-membered ring, mainly utilizing
decarboxylation initiated formation of unstable azomethine ylides, which
consequently reacts with the sp? graphene network (known from fullerene
chemistry as Prato reaction).’?>?

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 (sp?> graphene network) is a one-step process

while being heat-treated.?!

e 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 N», a reaction in both acidic
and base/neutral environments produces reactive radical aryl moiety, responsible

for the covalent grafting onto the graphene network.>*>

e 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.3%-7
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1.2

derivative with a fluorine atom bonded to every carbon atom in a graphene-like
structure. With a CiF; 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.

the m-conjugated system, fluorographene is the thinnest known insulator with a recently

Fluorographene, sometimes so-called “2D-teflon”,
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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 ref?*

Rearrangement is a rarely used approach to covalently graft moieties onto e.g.
graphene oxide, where it is possible with the rearrangement reaction the

“exchange” of a -hydroxyl group for a carbonyl group.

Fluorographene

Because the covalent attachment of fluorine atoms to the carbon atoms disrupts
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accurately theoretically calculated and experimentally verified (by means of DRIFT)
bandgap of 5.7 eV.*8

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.>-¢!

Moreover, the exceptional strength of the C-F bond is usually beneficial in the
means of thermal stability and chemical inertness — therefore, the “nickname” 2D-
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 fluorographene’s

structure.®>764

C,F

A 0

Nucleophilic substitution

OH

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

Adapted from ref®!.

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''.% 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.

i YRRy A A Ay
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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 ref®.

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 sp? conjugated network and sp® carbon bearing the
functional groups, they offer precise tweaking of their conductivity.*>°*263 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:

e Firstly, a highly nitrogen doped graphene derivative (GN3) was prepared,
further characterized, and used in energy storage application.

e Secondly, a new amino acid functionalized material was prepared and used as
active electrode material in a sustainable supercapacitor.

e 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™' 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 with the material’s crystal lattice. According to Bragg’s law of
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
atmospheres and the mass loss is recorded. Based on this TGA “spectrum”, the
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 groups®”:

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 materials®®,

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

active materials such as metal oxides®”’°, MOFs’"72, MXenes>.

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 materials’*. The reference
electrode is an electrode with constant standard electrode potential; it is used for the

determination of applied potential on a working electrode’>, 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 steel’®,
but new electrode materials have lately emerged, as well’””’®. 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 sealed’””. 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 pores®’, such as any
insulating material, e.g. paper, glass fibers or polypropylene membrane (Celgard)®!.
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 s7!) , while the
range of scanned potential is known as the potential window. The resulting current (/)
vs. potential (E£) CV voltammogram enables a diagnosis of the tested material both from
the quantitative and qualitative points of view 2. 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 ®°. From different scan rates, it is also possible to extract

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

84,85 86,87

described by Trassati or Dunn

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 conditions®, such as
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capacitance results, energy density, power density, efc. 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)
i1s 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) ¥-°!. 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 ref!

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
heated for 72 hours at 130 °C in an oil bath for 72 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 HCI).
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 ref’’
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 at 125 °C for 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 at 100 °C for 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_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 at 125 °C for 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 at 100 °C for
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 ref**5,
Graphene acid is synthesized from another graphene derivative, the cyanographene.
The synthesis of graphene acid is similar to the first published protocol®. 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 at 130 °C in an oil bath for 72 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
HCI). 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 100 °C with a
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

1,94

contributed as a first author in two of those publications~* and as a co-author in the

third one”?.

4.1 Nitrogen Doped Graphene with Diamond-like Bonds
Achieves Unprecedented Energy Density at High Power in a

Symmetric Sustainable Supercapacitor

Text adapted from
. gedajovd, V.; Bakandritsos, A.; Blonski, P.; Medved, M.; Langer, R.; Zaoralovd, D.; Ugolotti,
J.; Dzibelovd, J.; Jakubec, P.; Kupka, V., Otyepka, M. Nitrogen Doped Graphene with
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 long cycle-life.”
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 Whkg'! (5-8 Wh L)% In comparison, lead-
acid batteries offer 20-35 Whkg™! (40-80 Wh L™!)*, with the state-of-the-art Li-ion
batteries achieving ~150 Wh kg! (~250 Wh L1).1%01%1 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 metal atoms in electrode materials with earth-abundant, 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 improve”’ %1919 The highest energy density reported to date was
obtained using electrodes consisting of bilayers of exfoliated graphene-mediated
hydrogen iodide-reduced graphene oxide (EGM-GO)!°® with a mass density of ca.
1 g cm™ exhibiting capacitance 203 F cm™ and, at that time, the record energy density
of 113 Wh L' at 0.9 kW L"! (current density 1 A g'!). Within this work, we reported a
novel carbon-based electrode material, GN3, with an unprecedented mass density of
2.8 gem™. Its excellent ability to host ions surpasses commercially used porous
materials (S.A> 2000 m? g'!). GN3, with its extraordinary properties, achieved an
energy density of 200 Wh L™ at a power density of 2.6 kW L', corresponding to
improvements of 74% and 190%, respectively, over the previous record.'%

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 sp*-rich carbon materials,07-1%° via
fluorine and radical chemistry!!%!11 and by the high density of such materials,''? The
carbon atoms in between fluorine atoms in FCCF manner in (C:F), are adopting a
diamond-like structure,*'3'1* giving rise to the high mass density.'** Theoretical and
experimental verifications of similar sp’-rich systems were observed for bilayer

117 with intrinsic high mass

graphene.1*>11® Fluorocarbons are large band-gap insulators
density. However, the lack of sites for solid interaction with ionic species hinders ionic
transport. The radical reactions propagated by fluorine elimination?'®11% are known to
trigger the defluorination and functionalization of fluorographene, potentially being the
driving force of sp® 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
119-121

through reactions of fluorographene with other nitrogen-containing nucleophiles.

Exfoliated fluorographene was subjected to a reaction with NaN3 in dimethylformamide
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at 130 °C, 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, the GN3 material’s N content reached 16.1 at.%
after the reaction also reflected in the Cls deconvolutions. The carbon atoms, initially
bonded with fluorine (binding energies above 289.5 eV), were transformed during the
synthesis into aromatic sp? carbons (284.7 eV, 45%), non-functionalized sp* 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 CF species

on the edges) and carbon atoms bonded to oxygen (coming from the environment).
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Figure 11 (a) Schematic depiction of the synthesis of GN3. (b)-(d) XPS characterization and
deconvolutions. (€) CP MAS 3C solid-state NMR and (f) FT-IR spectra of starting product,

byproducts, and final material.
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The 'H—!3C CP MAS solid-state NMR spectra (Figure 11) showed peaks at
34 ppm typical for non-functionalized and non-nitrogen bonded sp® carbons in diamond
and diamond-like carbon materials.'?? This peak was more intense in the spectrum of
GN3 final material than in the GN3-4h intermediate, indicating that these sp® carbons
were formed as the reaction progressed. Moreover, the presence of a m-conjugated
aromatic network and aromatic >C=N moieties (pyridinic and pyrrolic)'?2123 was
confirmed by the peaks centered at 124 and 154 ppm, respectively. ’F—!*C 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.!?*

The FTIR technique provided thorough insights into the reaction mechanism;
specifically, the bands of the CF and CF» groups of GF (1200 and 1305 cm™,
respectively) were progressively replaced with bands at 1580 and 1210 cm™
(characteristic of aromatic carbon rings'?®), indicating the defluorination and formation
of an sp? network (Figure 11). Additional aromatic-ring vibrations, corresponding to the
band at 1400 cm™!, can be assigned to a heteroatom substitution (e.g., with pyridinic
nitrogens!?>126) as suggested using theoretical calculations.??”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 N 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.®%!10-111.119

47



la lla Illa

-
p -0.7 -154.4
graphitic N
Ib/c Illb IVb
4 N ¥ 3.9V .
Ny Ny pyridinic N
-10.8K
F -56.2
lib/c lllc Ve
10.7 121
* ¢

pyrrolic N

Figure 12 The formation of GN3 structures via the reaction of FG with sodium azide in DMF
modeled at the ®B97X-D/6-31++G(d,p)/SMD(solvent=DMF) level of theory'?*!3°, showing the

formation of different nitrogen configurations. The energies are given in kcal mol ',

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 sp® 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 sp® 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.3! 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 of 675 °C as CO»

(m/z=40), which corresponds to the graphene lattice decomposition.
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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 SEM! 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™ compared to 0.5 g cm™ before pressing.

1.4 mg loading 1.4 mg loading

sﬁg ﬁm 38115 Hm

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™) and YP-80F Kuraray carbon (KC) (mass density of 0.6 g cm™).
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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 N> sorption isotherm using the BET equation
(Figure 16) was 128 m? g'!, while the surface area determined by methylene blue
sorption was 300 m? g’!. 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,'*, or it can probably be due to the requirement of a very
long equilibration time during the desorption.!*> 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).
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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 material!34,

retaining the same shape even at a high scan rate.
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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, 118s discharging at 2 A g, 95% energy
efficiency), resulting from predominantly capacitive behaviour!3®, accompanied by a
fast charge transport in the material and at the interfaces.04

Moreover, as proper benchmark materials, the carbons PC and KC!3® 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™ of the GN3

material with porous carbons.

Volumetric performance is crucial for devices in the portable energy storage
landscape;®7:9%:102,103,106,137 " \yhen 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' at a power of 2.6 kW L! and
143 Wh L' at 52 kW L', 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 cases'®).
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Figure 19 State-of-the-art comparison of the previously published report and this work’s results.

Lastly, the GN3 cell could also be operated at commercially relevant mass
loadings of up to 10 mgcm?, demonstrating 99% retention of low-mass loading
capacitance at a temperature of 38 °C, which is in the range typically used to evaluate

energy storage devices, 1387141,

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 sp? and sp* 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™ 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' at 2.6 kW L!
and 143 Wh L' at 52 kW L', 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
e Vermisoglou, E. C.; Jakubec, P.; Bakandritsos, A.; Kupka, V.; Pykal, M.; S‘edajovd, V.; Vicek,
J.; Tomanec, O.; Scheibe, M.; Zboril, R.; Otyepka, M. Graphene with Covalently Grafted Amino
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.!!'%!42 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 capacitance'*’), 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 (K>CO3) 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 K.COj 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.'* 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.

d L b Boc ~5M HCI
E— —_—
- Boc
FG

FG/Arg-Boc FG/Arg
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™ and 1307 cm’
! assigned to stretching vibrations of C-F bonds.!**!*> The spectrum of FG/Boc-48h
shows the distinctive band of N-H stretching vibrations at 3187 cm™! attributed to the
secondary amine. The FG/Arg-48h product exhibited the O-H vibration (broad band
below 3500 cm™), directly overlapping with a second N-H stretching vibration band
attributed to the deprotected primary amine.'*®!*” Boc protecting group in the
deprotected product was proved by the two weak bands at ~2800-2950 cm!, attributed
to C-H stretching vibrations of present methyls.!*¢ Moreover, a missing stretching
vibration of the C=0 group in the Boc protecting group at ~1670 cm™! is absent in the
FG/Arg-48h spectrum, further indicating effective deprotection of the Arg.'*’ An
absorption band at ~1571 cm™ 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. 145147
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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 (sp?), C-C (sp°), C-N, C*-C-F, O=C-0O, C-F and CF..
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 sp> 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™) and G (1595
cm™') bands were present in the spectra of both prepared samples. The FG/Arg-48h
exhibited a ratio In/lG of 1.32 (>1), reflecting the high FD as well as the presence of sp’
hybridized carbon atoms.'*!** However, the present carbon sp? 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.'*® The sample FG/Arg-
48h had the highest FD (3.7) and the highest Ip//c ratio (1.32). The slightly lower I/l
ratio for the FG/Arg-48h_K sample could be explained by the lower amount of the sp?
less ordered carbon configuration, which increased the sp? 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 Cls XPS
spectra of the parent material GrF and final product FG/Arg-48h. (¢) Raman spectra of FG/Arg-
48h and FG/Arg-48h_K samples.

Zeta potential { measurements as a function of pH 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.
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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 N>
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 m?*/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.'*!'** 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.
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Figure 24 (a) N, 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
um. These images provide evidence of successful implementation of exfoliation during

the initial steps of the synthesis.
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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-1) 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™) 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).!>® The redox response of the system comes from the

151152 a5 previously discussed and experimentally

presence of oxygen-containing groups
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.!33154

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~! revealed the highest value of specific capacitance at 0.25 A
g1 (391 F g). 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.
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Figure 27 (a) CVs of graphene derivatives with Arg groups at different reaction times. (b) GCD
profiles of the prepared materials. (¢) GCD profiles of FG/Arg-48h_K, at current densities from
0.25 A g'to 5 A g'!, and (d) the specific capacitance vs current density profile.

A symmetric supercapacitor in a two-electrode setup with 1 M H>SO4 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
glto 5A g 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! at a current density of 0.25 A g!). After 30,000
charging/discharging cycles at a current density of 2 A g'!, 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
e  Sedajovd, V.; Jakubec, P.; Bakandritsos, A.; Ranc, V.; Otyepka, M. New Limits for Stability

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 performance!>'%%. 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 a material’s wettability,
hydrophilicity, and pseudocapacitive behaviour. Thanks to the oxygen functionalities,
the material is less restacked due to electrostatic interactions; increased wettability

157

enhances the contact between the active material and electrolyte™”’. Oxygen-containing

functionalities are usually involved in fast redox reactions, increasing the

pseudocapacitance contribution'®

. 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 current!'>’.

The presented studies investigated the pseudocapacitive behaviour of graphene
acid (GA)'¥ as a supercapacitor electrode material®*. GA is a highly conductive,
hydrophilic graphene derivative, functionalized with carboxyl groups, which are
homogeneously dispersed among the graphene surface'®. GA was already employed

161-163 and

with excellent results in electrochemical sensing'®®, catalysis
electrocatalysis'®*.

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 report”.
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 29° and 50°, corresponding to the (0 0 2) and (1 0 1) planes, respectively,
characteristic for stacked sheets with short-range order in amorphous structure!®>. The
d-space value of 0.3579 nm, calculated from the 29° peak, 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 sp? structure.!%¢!®” The Ip/Ig ratio of 1.69 confirms the suggested structure of
GA, with out-of-plane functionalities, but retaining the sp? structure responsible for the
conductivity, which was noted in previously highly functionalized graphene
derivatives 4292155.156,168

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 DMF®*>, 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 sp®> (C=C), sp’® (C—C), and -COOH bonds, respectively. The
deconvoluted O 1s XPS spectrum was deconvoluted using two peaks, attributed to
oxygen in C=0 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, usually attributed to the

carbon-oxygen vibration in carboxylic groups.**
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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.

In order to highlight the importance of the chemical syntheses® reproducibility,
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™ HySO4 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, showing
linear response (contrary to the three-electrode system) since the two electrode system
operates differently with the voltage'®. The GA exhibited excellent rate stability, as
well as remarkable cycling stability at 3 A g™ 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
circumvent graphene’s low reactivity during direct functionalization. The pathways
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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6 ZAVER

Tato disertacni prace byla zaméfena na syntézu a charakterizaci kovalentné
funkcionalizovanych derivatd grafenu s vyuzitim fluorografenu jako vychoziho
materidlu. Vlastnosti a benefity prezentovanych materiali byly zkoumény a testovany
pro jejich aplikaci jako elektrodovych materidldi na poli ukladani energie v
superkondenzatorech. Functionalizace a dusikovy doping kladn¢ ovliviiuji jejich
chovani, a proto zlepsuji jejich vykon v zatfizenich.

V ramci této prace byla vyuzita fluorografenovad chemie k ptrekonani nizké
reaktivity grafenu pii jeho pifimé funkcionalizaci. Syntetické procesy vyuzily
exfoliovany grafit fluorid pro ptipravu chemicky funkcionalizovanych derivatd grafenu
s dopovanim dusikem a s kovalentn¢ pfipojenymi aminokyselinami a karboxylovymi
skupinami.

Prvné byl syntetizovan dusikem superdopovany (16 at.%) grafen s
mezivrstvovymi vazbami podobnymi diamantu s mimofadné vysokou hustotou. Tento
material, v symetrickém zafizeni za pouziti iontové kapaliny jako elektrolytu,
predstavuje prilom v objemovém ukladani energie ve srovnani s diive publikovanymi
vysledky.

Nasledné byly ptipraveny derivaty grafenu funkcionalizované aminokyselinami,
které byly dale optimalizovany pomoci pérotvorného ¢inidla a vyuzity jako aktivni
material v superkondenzatorech. Findlni zafizeni benefitovalo pravé z kovalentné
navazanych funkénich skupin, které zajistovaly redoxni procesy v superkondenzatoru.
Pouziti ekologického elektrolytu navic dale zvysilo relevantnost, udrzitelnost a moznost
komeréniho vyuziti celého zafizeni.

Jako posledni byl v ramci prace charakterizovan vysoce karboxylovany derivat
grafenu s dirazem na reprodukovatelnost syntézy. Grafenova kyselina vykazovala
vyjime¢nou cyklickou stabilitu v kyselém elektrolytu a nasSla opét vyuziti v
superkondenzétorech.

Materialy a syntetické postupy uvedené v této praci ukazuji nové cesty pro vyvoj
kovalentnich derivati grafenu. Ty byly pfesné€ navrzeny tak, aby poskytovaly vyjime¢né
a excelentni vlastnosti v technologicky dulezitych oblastech, s dliirazem na pouziti v

aplikacich pro ukladani energie, zejména v superkondenzétorech.
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Broader context

Nitrogen doped graphene with diamond-like
bonds achieves unprecedented energy density
at high power in a symmetric sustainable
supercapacitory
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Miroslav Medved,® Rostislav Langer,”® Dagmar Zaoralova,™ Juri Ugolotti,®
Jana Dzibelova,®® Petr Jakubec,® Vojtéch Kupka® and Michal Otyepka () *2¢

Supercapacitors have attracted great interest because of their fast, reversible operation and
sustainability. However, their energy densities remain lower than those of batteries. In the last decade,
supercapacitors with an energy content of ~110 W h L™t at a power of ~1 kW L™* were developed by
leveraging the open framework structure of graphene-related architectures. Here, we report that the
reaction of fluorographene with azide anions enables the preparation of a material combining
graphene-type sp? layers with tetrahedral carbon—carbon bonds and nitrogen (pyridinic and pyrrolic)
superdoping (16%). Theoretical investigations showed that the C-C bonds develop between carbon-
centered radicals, which emerge in the vicinity of the nitrogen dopants. This material, with diamond-like
bonds and an ultra-high mass density of 2.8 g cm™>, is an excellent host for the ions, delivering
unprecedented energy densities of 200 W h L™ at a power of 2.6 kW L™t and 143 W h L™t at 52 kW L%,
These findings open a route to materials whose properties may enable a transformative improvement in
the performance of supercapacitor components.

Modern society relies on electricity. The demand is bound to grow due to the increasing electromobility, the number of mobile devices, and extending the

networks for the internet of things. The depleting reserves of fossil-based energy resulted in efforts to support renewable resources, which are, however,
intermittent in their production. These facts call for the development of electrochemical energy storage devices with improved performance, safety, eco-
friendliness, and lower cost in order to contribute to the goal of the United Nations for affordable, reliable, and sustainable energy. Lithium-ion batteries have
matured and currently dominate the field. Nevertheless, carbon-based supercapacitors offer independence of critical elements, alongside safety, long life-cycle,

and ultrafast charging-discharging. Here, we present a nitrogen superdoped graphene material with diamond-like interlayer bonds that dramatically increases
the energy content, which can be stored per volumetric unit of the electrode—the Achilles heel of contemporary supercapacitors. The electrode displays an
ultrahigh mass density compared to porous carbons, keeping intact its ability to host the electrolyte ions—the energy carriers. Consequently, a supercapacitor
device made from this electrode delivers energy density twice as high as that of top-rated materials and several-fold higher than commercial supercapacitor
carbons, thus enhancing the performance of supercapacitor components.
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Supercapacitors are energy storage devices with remarkable
qualities including fast charging/discharging (i.e. high power)
and extralong cycle-life." Unfortunately, the energy density of
the best existing supercapacitors (i.e. their ability to store
charge/energy) is low. Commercial supercapacitors have cell-
level specific energies (and energy densities) of 10 W h kg™ *
(5-8 W h L™"),>* while lead-acid batteries offer 20-35 W h kg ™"
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(40-80 W h L™")* and state-of-the-art Li-ion batteries achieve
~150 W h kg™* (~250 W h L™").>® However, Li-ion batteries
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suffer from long charging times and, unlike supercapacitors,
undergo irreversible processes during cycling that gradually
reduce their energy density and thus their cycle-life. To exploit
the benefits of supercapacitors in a broader range of applica-
tions, it will be necessary to identify electrode materials that
have substantially improved energy densities combined with
long life and high power. In addition, replacing metal atoms in
electrode materials with non-metal and earth-abundant ele-
ments, such as carbon, would have significant environmental
advantages, reducing our reliance on critical natural resources
and increasing sustainability.

Due to the importance of the electrode material/electrolyte
interface for charge storage,” intense efforts have been focused on
lightweight materials with high surface areas such as nitrogen-
doped mesoporous carbon® (2000 m® g~ %), carbon nanosheets’
(2500 m* g~ "), activated graphene'® (3100 m> g '), and carbon
nanotubes'" (1300 m> g~ ). The specific energies of these materials
range from ca. 10 to 90 W h kg™, with the highest values being
reported for activated graphene,'® carbon nanosheets,” and
nanotubes™ in ionic liquid (IL)-based electrolytes. Unfortunately,
like most commercial electrodes,"* these carbon materials have very
low mass densities (ca. 0.3-0.7 g cm™*).>'® Consequently, the energy
densities achieved with mesoporous carbon,® activated graphene, '
and carbon nanosheets® (or single wall carbon nanotubes'') are
only 22, 26, and 45 W h L™, respectively.

To achieve higher energy densities, which is a key perfor-
mance parameter,” *"*7'¢ efforts have been made to increase
the mass density of electrode materials. Compressing a gra-
phene electrode increased its mass density from 0.34 to
0.75 g cm® and its energy density from 26'° to 48 W h L™"
(ref. 17) without adversely affecting the interactions between
the electrolyte ions and the carbon surface. Capillary densifica-
tion of a chemically reduced graphene gel in the presence of an
IL led to an even higher density of 1.3 g cm?, resulting in a
material that delivered 90 W h L' at a power density of
11 kw L' (1 A g ')."® It was deduced that densification in
the presence of the non-evaporating IL prevented the restacking
of the graphene sheets and helped preserve the material’s
charge transport properties. Mechanical compression of a
H,0,-treated reduced graphene oxide" yielded a material with
a density of 0.7 g cm* and a holey structure (beneficial for ion
diffusion) that very effectively promoted three-dimensional
ionic transport, delivering 85 W h L™"' at 1.75 kW L'
(1 A g". In 2016, capillary drying was combined with a
different pore-forming agent (ZnCl,), to afford a monolithic
dense (0.9 g cm ) graphene electrode* exhibiting 60 W h L ™"
at 0.4 kW L' (0.6 A g ). Further attempts to increase the
energy density by heteroatom tri-doping®® and densification®!
were not more effective, resulting in energy densities of 40 and
65 W h L7, respectively. Even high mass density inorganic
phases such as 1T-MoS, did not exceed 80 W h L' at
1.12 kW L ™" (0.5 A g ').**> The highest energy density reported
to date was obtained using electrodes consisting of interdigi-
tated bilayers of exfoliated graphene-mediated hydrogen
iodide-reduced graphene oxide (EGM-GO)** with a mass den-
sity of ca. 1 ¢ em™> and a capacitance of 203 F cm™>. These

This journal is © The Royal Society of Chemistry 2022
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electrodes offered an energy density of 113 W h L' at
0.9 kW L ™" (1 A g™ ") (see the experimental section for informa-
tion on the metrics used). Thus, over the last decade there have
been small improvements in materials design for higher energy
contents, and power densities have remained relatively low.

Here we report a carbon-based electrode material, GN3, with
an unprecedented density of 2.8 ¢ cm ™ and an N, sorption-
based surface area of 128 m”> g~ " that can host ions even more
efficiently than carbon materials with surface areas exceeding
2000 m> g '. GN3, which is prepared by reacting graphite
fluoride with sodium azide, has tetrahedral (sp®) C-C bonds,
which were identified by solid-state nuclear magnetic reso-
nance in the same region as the C-C bonds in diamond.
However, it retains a 2-D structure with a very high content of
aromatic (and thus conductive) regions, together with nitrogen
superdoping in the vacancies and holes of the aromatic lattice.
The ultrahigh mass density of GN3 combined with its polar
nitrogen moieties and vacancies facilitated an energy density of
200 W h L™ at a power density of 2.6 kW L™, corresponding to
improvements of 74% and 190%, respectively, over the previous
record.”

2. Results and discussion

Motivated by the importance of fluorine and radical chemistry”***
in the synthesis of sp>rich carbon materials,”*>* and by the high
density of such materials,”® we hypothesized that fluorographene
chemistry could produce carbon derivatives with high mass densi-
ties. This hypothesis was strengthened by the fact that in (C,F),,
whereby fluorine atoms occupy one side of every other carbon sheet
in an FCCF manner, the carbon atoms in between adopt a
diamond-like structure,’®*' ascribing high mass density.>’ The
formation of similar sp>rich structures was also verified theoreti-
cally and experimentally for bilayer graphene.*>** Despite their high
mass density, fluorocarbons are large band-gap insulators® and
lack sites capable of interacting strongly with ionic species and
facilitating their transport. However, because the defluorination and
functionalization of fluorographene is known to occur via radical
reactions propagated by fluorine elimination,**® these processes
could potentially be exploited to drive sp* C-C bond formation and
create graphene-based materials with high mass density.

To investigate this hypothesis, we experimentally and theoreti-
cally probed the reaction of few-layered fluorographene with sodium
azide as a defluorinating agent that could at the same time
introduce nitrogen atoms into the formed structure. This would
increase the polarity of the carbon surface and create vacancies, as
previously observed following reactions of fluorographene with
various nitrogen-containing nucleophiles.**® Sonicated bulk gra-
phite fluoride reacted very efficiently with NaN; in dimethylforma-
mide at 130 °C, resulting in nitrogen superdoping (Fig. 1a). X-ray
photoelectron spectroscopy (XPS) revealed a decrease in the materi-
al’s content of F atoms after a reaction time of 4 h and almost
complete elimination of F after 72 h, at which point the material’s N
content reached 16.1 at% (Fig. 1b and c). This change was reflected
in the C 1s regions of the materials’ XPS spectra (Fig. 1c): the initially

Energy Environ. Sci., 2022, 15, 740-748 | 741
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Fig. 1 Synthesis and characterization of the GN3 material. (a) Schematic depiction of the synthesis of GN3 from sonicated graphite fluoride (GF). (b) XPS
survey spectra of the starting GF and the N-doped derivative after reaction times of 4 h and 72 h (GN3). (c) Elemental compositions of the same materials

determined by XPS. (d) Deconvoluted HR-XPS spectra for the C 1s regions.
intermediates at various time points, and the final GN3 product.

F-bonded carbon atoms of fluorographene, with binding energies
above 289.5 eV, were transformed into (i) aromatic sp® carbons
(284.7 €V, 45%), (ii) non-functionalized sp® carbons (285.5 eV, 25%),
and (iii) nitrogen bonded carbons (286.6 €V, 19%). The other
components in this spectral region were attributed to small
amounts of residual fluorine and oxygen from the environment.
The HR-XPS spectra of the N 1s envelope (Fig. S1, ESIt) revealed the
presence of nitrogen atoms in pyridinic and pyrrolic configurations
(or protonated and non-protonated N centres), as well as a very
small number of graphitic nitrogens (44, 49, and 7 at%, respec-
tively). The dominance of pyridinic and pyrrolic nitrogens is
consistent with the vacancies present in the parent material*® and
with the extensive development of such vacancies during
defluorination.**®

The 'H — C CP MAS solid-state NMR spectra of the
GN3-4 h intermediate and GN3 show peaks at 34 ppm (Fig. 1e).

742 | Energy Environ. Sci., 2022, 15, 740-748

(e) CP MAS C solid state NMR spectra and (f) IR spectra of GF, reaction

Chemical shifts in this range are typical for non-functionalized
and non-nitrogen bonded sp® carbons in diamond and
diamond-like carbon materials.*® This peak was stronger in
the spectrum of GN3 than the GN3-4 h intermediate, indicating
that these sp® carbons formed gradually as the reaction pro-
gressed. Furthermore, the peaks centred at 124 and 154 ppm
indicate the presence of a m-conjugated aromatic network
and aromatic >C=N moieties (pyridinic and pyrrolic),**"*°
respectively. F — C CP MAS of the starting GF
revealed peaks corresponding to CF, (117 ppm) and CF
(94 ppm) groups, typical for FG.*' Such non-functionalized
tetrahedral carbons at 34 ppm are not detected in graphene
oxide, reduced graphene oxide, or graphene.">** The reaction’s
progress was also verified by infra-red spectroscopy (Fig. 1f).
Specifically, the bands of the CF and CF, groups of GF (1200
and 1305 cm™ ', respectively) were progressively replaced with

This journal is © The Royal Society of Chemistry 2022
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bands at 1580 and 1210 cm ™ * (characteristic of aromatic carbon
rings*?), indicating the formation of an sp> network. Additional
aromatic-ring vibrations, appearing at 1400 cm ', could be
ascribed to heteroatom substitution (e.gz with pyridinic
nitrogens***®), as suggested by theoretical calculations.*®*”
The Raman spectrum of GN3 featured broad D and G bands
at 1300 and 1590 cm ™", respectively, and an Ip/Ig ratio of 1.3,
which remained unchanged even after heating at 1000 °C in an
argon atmosphere (Fig. S2, ESIT), indicating the presence of a
large number of non heat-susceptible sp® carbons and non-
healable defects (i.e. vacancies). Raman bands and X-ray dif-
fraction peaks (XRD) deconvolution performed on GN3, and on
the commercial porous carbon for comparison (Fig. S3 and S4,
ESIY), showed that the GN3 displays a disordered structure with
randomly developed tetrahedral C-C bonds. Results also high-
lighted the very small planarity of the aromatic areas, with a
lateral size (L,) of ca. 4 nm (Fig. S3 and S4 (ESIt), and comments
in the caption). Further insights into the N-doping of fluoro-
graphene with NaN; were obtained through density functional
theory (DFT) calculations. The N5~ anion initiated the reaction
by nucleophilic attack on carbon radical defects, leading to N,
release and fluorine elimination (Fig. S5, ESIT). The attachment
of azide groups in the initial stages of the reaction was
confirmed by the infra-red spectrum of the 2 h intermediate
(Fig. 1f). High-resolution transmission electron microscopy
(HR-TEM, Fig. 2a and b) revealed that GN3 indeed exists as
sheets with patches and holes.

View Article Online
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Energy dispersive X-ray spectroscopy (EDXS) elemental map-
ping with high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM, Fig. 2c) showed that the
GN3 sheets (Fig. 2d) are densely and homogeneously covered
with nitrogen (Fig. 2e). Thermogravimetric and evolved gas
analyses in air (Fig. S6, ESIt) indicated that these nitrogen
atoms were embedded in the lattice rather than being out-of-
plane functionalities, because emission of NO gas (m/z = 30)
peaked at very high temperature (675 °C), at which CO, emis-
sion also took place due to carbon lattice decomposition.

To better understand the formation of the tetrahedral C-C
bonds, theoretical models of GN3 sheet fragments were studied
using spin-polarized DFT (Fig. 3), consistent with the experi-
mental findings (ie. containing vacancies and nitrogen
dopants mainly in pyridinic and pyrrolic configurations,
Fig. 3). Remarkably, the system relaxed into a thermodynami-
cally stable structure with spontaneously formed tetrahedral
sp® C-C bonds, verifying the experimental NMR findings. The
bonds were formed between the carbons in the pyridinic
vacancies, where radicals were centred (highlighted by spheres
in Fig. 3). Similar sp® bonding was suggested to form after the
introduction of 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.*®

Films of GN3 or GN3 with additives (polymer binder 10%j;
conductive additive 5%) were formed by pasting slurries onto
15 pm-thick Al foils for density measurements and preparation

Fig. 2

(a) and (b) High-resolution transmission electron microscopy images of GN3 flakes; several areas had extensively holey structure, as shown in

(b), and in Fig. S1b (ESIt). (c) HAADF image of a GN3 flake used for EDXS mapping, along with the corresponding (d) carbon and (e) nitrogen map.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Theoretical model of GN3 structural fragment (C : N atomic ratio of
ca. 84:16) optimized by first-principles spin-polarized DFT calculations.
Top view of this structure with the carbons bearing radicals and forming
interlayer bonds highlighted as spheres (zoomed side-view). The model
simulates the structure locally (few-atom level) and does not (and cannot)
provide macroscopic structural information.

of supercapacitor electrodes (ESI,1 Methods). Scanning elec-
tron microscopy (SEM, Fig. 4a—c) showed that compression at
80 kN for 1 minute (~65 MPa) reduced a ca. 10 pm thick film of
GN3 to a thickness of 2 pm (Fig. 4d-f). From thickness
measurements performed using SEM and a digital micrometer
(Fig. S7c and d, ESIt), the density of these films consistently
reached values of 2.7-2.8 ¢ cm >, compared to ~0.5 ¢ cm >
before pressing. The same mass density was also attained for a
high-mass loading electrode (8.3 mg cm ™2, Fig. $7i and j, ESI}).
The NMR spectrum of the pressed material was identical to that
before pressing, indicating that pressing caused only bed
consolidation, and not formation of bonds. Five GN3 batches

View Article Online
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from different reactions were measured to determine the mass
density; it should be noted that densities were only measured
after dialysis of GN3. Control tests were performed using the
same procedure with Al foil alone (Fig. S7a and b, ESI}) and
with commercial carbons of high surface area (Fig. S7e-h,
ESIT), namely porous carbon (PC) from ACS Material
(0.3 g em™*, 2000 m* g~ ' according to N, BET) and YP-80F
Kuraray carbon (KC) (0.6 g em 2, 2363 m” g~ ! according to N,
BET; also measured in-house, Fig. S8b and d, ESIf). The
thickness measurements for the PC carbon were -cross-
checked by SEM (Fig. S9, ESIt). Results verified that no com-
pression took place for Al foil, and that all mass density
calculations for the commercial carbons after their pressing
matched those given by the provider. Moreover, we performed
elemental analysis for Na showing that 0.02 mass% of sodium
remained in GN3, and therefore, the respective contribution in
mass density of the material is negligible. The surface area of
GN3 determined from the N, sorption isotherm using BET
equation was only 128 m* g ', (Fig. S8a and c, ESIt). The
surface area determined by methylene blue sorption was
300 m> g~' (Fig. S10, ESIf), suggesting that under solvated
conditions (as in an electrolytic supercapacitor cell), charged
species/molecules, like methylene blue in this case, may pene-
trate into the structure of GN3. Interestingly, preliminary
electrochemical testing of GN3 showed that pressing did not
affect its charge storage properties; in fact, pressing increased
the capacitance relative to the non-pressed electrode (Fig. S11,
ESIY).

The electrochemical properties of GN3 were studied in a
symmetric full cell using as the electrolyte the IL 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIM-BF,) with 1,1,2,2-
tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) in a 9:1

Fig. 4 SEM images of GN3 with 10 mass% additives pasted on Al foil. (a)—(c) Before pressing and (d)—(f) after pressing. Pressing the Al foil itself did not

affect its thickness (Fig. S7a and b, ESI¥).

744 | Energy Environ. Sci., 2022, 15, 740-748
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Fig. 5 Electrochemical characterization of a symmetric supercapacitor cell with GN3 electrodes. (a) CV curves in the EMIM-BF, and TTE (9:1)
electrolyte at low scan rates. (b) GCD profiles at different specific currents. (c) Energy and power density of GN3 at increasing specific currents.

(d) Comparison of the GN3 cell with symmetric cells made using commercial high surface area (2000 m=g

2 g7Y porous carbons (PC and KC) at 2 Ag~tand

(e) the performance of these cells. (f) Cyclic stability of GN3 showing the GCD profiles at the beginning, mid-point, and end of a 10 000 cycle test at

20 A gt current density.

ratio. The cyclic voltammograms (CVs, Fig. 5a) were quasi-
rectangular in shape with minor redox peaks, probably due to
the nitrogen lattice atoms of the GN3 material.*® This shape
was preserved even at very high scan rates (Fig. S12, ESIY),
indicating that the system exhibits predominantly capacitive
behaviour'® with fast charge transport in the material and at
the interfaces."> These features were verified by galvanostatic
charge/discharge measurements (GCD, Fig. 5b), which yielded
linear and symmetric profiles (124 s charging, 118 s discharg-
ing at 2 A g ', 95% energy efficiency). The efficiency improved
to 100% at 20 A g~ ' (22 s charging, 22 s discharging). At 1A g,
the GN3 cell achieved an ultrahigh energy density of
197.6 Wh L ™" at a power of 2.6 kW L', At 20 A g ', the energy
density remained high at 143.5 W h L', while the power
density jumped to 51.8 kW L~ " (Fig. 5c).

For benchmarking, the carbons PC and KC (the latter widely
used in commercial supercapacitors®®) were evaluated under
identical conditions. GN3 had a significantly better discharging
time (Fig. 5d) than PC and KC, and its performance was

This journal is © The Royal Society of Chemistry 2022

superior in both volumetric and gravimetric terms (Fig. 5e),
which is impressive given the dramatic differences in the
materials’ BET surface areas. The cycling stability test of the
GN3 material showed capacitance retention of 100% after
10 000 cycles at 20 A g~ (Fig. 5f) and 98% after 14 000 cycles
at 5 A g~ ' (Fig. S15, ESIt). Rate testing of the GN3 cell showed
that 76% retention of its capacitance at 40 A g~ " (Fig. 6a). A
similar (70%) capacitance retention was achieved at 40 A g™ for
a cell made with exfoliated graphene-mediated HI-reduced
graphene oxide (EGM-GO), which contained 50% exfoliated
graphene.

For comparative purposes, reported capacitance retention
values for other high-performance graphene-based electrodes
are ca. 65% at 40 A g ' for liquid-mediated densified
graphene,'® 70% at 40 A g ' for holey graphene,'® 57% at
10 A g™ " for capillary-densified graphene,” and 77% at 20 Ag™"
for vertically aligned graphene electrodes® (a much more
conductive aqueous electrolyte was used in the latter case,
which unfortunately keeps energy content low). These

Energy Environ. Sci., 2022,15, 740-748 | 745
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comparisons highlight the excellent charge transport proper-
ties of GN3, which are also reflected in its electrochemical
impedance spectroscopic features before and after cycling
(Fig. 6b). Based on the modified Frumkin-Melik-Gaykazyan
circuit (Fig. S17, ESIY), the intersection of the Nyquist plot with
the real axis at the start of the high frequency region corre-
sponded to an equivalent series resistance (R;) of 3.9 Q before
cycling, which was only marginally increased to 4.4 Q after
10000 cycles.

Furthermore, the total absence of semicircles in the high
frequency region indicated a very low charge transfer resistivity
(Re) in the bulk material and at the interfaces.">>” The almost
vertical slope of the spectrum in the low frequency region
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(on the right of the x-axis) suggested a highly capacitive
behaviour and effective ionic charge transport in the bulk of
the electrode material.

Volumetric performance is particularly important for devices in
the modern portable energy storage landscape;>*'*'42%* both
energy and power density are desired. The former directly affects
the amount of energy that can be stored, while high power density
enables fast charging and discharging. Energy density is the Achilles
heel of supercapacitors, whereas high power densities are one of
their greatest strengths, which must be preserved. The GN3 cell
(Fig. 5¢ and Fig. S18, ESIt) demonstrated ground-breaking perfor-
mance by delivering both ultrahigh energy density and power
density. Specifically, its energy density was ca. 200 W h L™" at a

Capacitance retention

EGM-GO
MosS, 1T

Ultrathick G
Densified G

tri-doped carbon

Dense MEGO

100 Wh L

Holey G

KC

PC

GN3 (2A g™)

by

power .

GN3 (1A g™")

o

50 100 150
Energy density (Wh L")

1]
density (kW L)

b oWl \
= (

10 mg cm?

1 mg cm?

this ‘ }
work

200

Fig. 7 (a) The energy and power density output achieved with GN3 electrodes compared to electrodes made with commercial 2000 m? g~* active
carbon and prominent analogues selected from the literature, chosen for their promising features; (holey G: holey graphene;*® dense MEGO:
compressed, microwave expanded and activated reduced graphene oxide;Y tri-doped carbon;?° densified G: capillary densified graphene;18 ultrathick
graphene;** 1T-MoS; (ref. 22) and EGM-GO: exfoliated graphene-mediated graphene oxide®®). (b) Specific capacitance in symmetric full cell at high
(10 mg cm™~?) mass loading of GN3 was 99% of the recorded capacitance of the low-mass-loading (1 mg cm~2) symmetric full cell. (c).(d) Coin cell GN3
electrodes on aluminium foils before (c) and after assembly (d); the assembled cell was used to operate a 4 V LED diode.
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power of 26 KWL, 1770 Wh L "at52 kWL ',and 143Wh L ™"
at 52 kW L. To set these results into the context of the current
state of the art, they are presented alongside literature data on top-
performing materials in Fig. 7a. When making these comparisons,
care was taken to ensure that the same set of equations and metrics
were used in all cases.>>* The equations from ref. 23 were used, as
described in the experimental section. The comparisons highlight
the transformative performance of GN3: not only does it have a
higher energy density than the previously best-in-class EGM-GO
electrode (170 W h L™ for GN3 vs. 113 W h L™ " for EGM-GO™), but
this energy could be delivered at a power of 5.2 kW L' compared to
0.9 kW L™, Importantly, the GN3 cell could also be operated at
mass loadings of up to 10 mg cm ™2, demonstrating almost identical
capacitance (Fig. 7b) at a temperature of 38 °C, which is in the range
typically used to evaluate energy storage devices,”*>® and 81%
retention at the same testing conditions as the low mass-loading
supercapacitor cell (see experimental part, ESIf). The coin cell
shown in Fig. 7c and d, was constructed with a commercial ultrathin
25 um membrane operating a 4 V LED lamp. Successful operation
of carbon materials with such highly attractive features lays the
ground for the fabrication of competitive, commercially
relevant cells.

3. Conclusions

We have discovered a new class of carbon-based materials
comprising nitrogen doped graphene with diamond-like
tetrahedral bonds for high energy density supercapacitor elec-
trodes that are significantly more dense than comparable
materials prepared by mechanical compression,"” capillary
densification,"® and other methods.'®** The new materials
are prepared by leveraging the radical-based chemistry of
fluorographene, which enables the fruitful combination of
sp> and sp® carbon bonds in the same network, along with
very high nitrogen doping and vacancies. This hybrid carbon
achieves mass densities of 2.8 g cm ™, while retaining efficient
charge transport, ion penetration, diffusion, and storage.
Therefore, cells with electrodes made from these materials
offer ground-breaking energy storage capability at very high
charging/discharging rates. The discovery of this class of mate-
rials will spur intense research on other high-density conduc-
tive carbon materials with different functionalities, with the
aim of further increasing the competitiveness of supercapaci-
tors in the portable energy storage landscape.
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Graphene with Covalently Grafted Amino Acid as a Route
Toward Eco-Friendly and Sustainable Supercapacitors

Eleni C. Vermisoglou,” Petr Jakubec,” Aristides Bakandritsos,™® Vojtéch Kupka,”
Martin Pykal,”” Veronika Sedajova,”™“ Jakub Vi¢ek, " OndFej Tomanec,”
Magdalena Scheibe,”” Radek Zbofil,”* " and Michal Otyepka*™

Eco-friendly, electrochemically active electrode materials based
on covalent graphene derivatives offer enormous potential for
energy storage applications. However, covalent grafting of
functional groups onto the graphene surface is challenging due
to its low reactivity. Here, fluorographene chemistry was
employed to graft an arginine moiety via its guanidine group
homogeneously on both sides of graphene. By tuning the
reaction conditions and adding a non-toxic pore-forming agent,
an optimum degree of functionalization and hierarchical
porosity was achieved in the material. This tripled the specific

Introduction

Depleted natural resources, such as fossil fuels, and severe
environmental pollution problems related to the greenhouse
effect and global warming as well as ever-growing energy
consumption have prompted the search for clean energy
sources and renewable energy storage technologies." Electro-
chemical energy storage devices utilize physical-chemical
processes to store electricity. Rechargeable batteries and super-
capacitors have attracted great attention in applications
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surface area and yielded a high capacitance value of approx-
imately 390 Fg™' at a current density of 025Ag™'. The
applicability of the electrode material was investigated under
typical operating conditions by testing an assembled super-
capacitor device for up to 30000 charging/discharging cycles,
revealing capacitance retention of 82.3%. This work enables the
preparation of graphene derivatives with covalently grafted
amino acids for technologically important applications, such as
supercapacitor-based energy storage.

concerning hybrid electric vehicles, mobile electronics, and
smart displays.”*¥ Even though rechargeable batteries can store
large amounts of energy (i.e., enable a high energy density)
they provide a low power density due to long charge/discharge
times. Moreover, they often suffer from poor lifecycle stability,
which restricts their versatility. In contrast, supercapacitors
achieve a high power density and long cycle lifetimes, and
significant efforts to improve their relatively low energy density
have been made worldwide.*® Ultra-long electrochemical
stability and slow aging are fundamental requirements for
cutting-edge technology products.”

Graphene, an allotrope of carbon in the form of a
monolayer, appears to be excellent candidate for supercapaci-
tor electrode material due to its huge theoretical specific
surface area (SSA, 2675 m?g™"), high conductivity, and intrinsic
mechanical strength, giving rise to a specific capacitance of
550 Fg~"."* This lightweight and flexible material may exhibit
much lower values of specific capacitance due to irreversible
restacking and agglomeration upon preparation processes as a
result of graphene interlayer van der Waals forces. Conse-
quently, the active surface area accessible to electrolyte ions is
significantly reduced."” Functionalization of graphene with
small biocompatible organic molecules that can act as spacer
materials prevents the aggregation of graphene sheets, facilitat-
ing ion transfer. Furthermore, bio-organic functionalities are
renewable, typically low cost, allow rational design synthesis,
and generate minimum waste."" These low-molecular units
afford extra redox sites, contributing pseudocapacitance to the
overall capacitance. So far, only a few electrode materials have
been prepared by functionalization of graphene with biocom-
patible organic molecules (Table S1 in the Supporting Informa-
tion). In 2017, El-Gendy et al. reported the covalent functional-
ization of spongy graphene with biocompatible adenine, where
the labile oxygen groups of graphite oxide (GO) were covalently

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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bound to the amino groups of adenine, for preparing green
and high-performance supercapacitors. A capacitance of
322.1 Fg™' at a current density of 1 Ag™' was achieved using
aqueous 0.5m H,SO, as an electrolyte in a three-electrode
system. The material was tested for 1000 charging/discharging
cycles and exhibited capacitance retention of 102%."? How-
ever, tests in a two-electrode setup corresponding more closely
to real capacitor devices have not yet been performed. In 2020,
Deng etal. presented the non-covalent functionalization of
graphene with methylene blue as a binder-free electrode for
solid-state supercapacitors. The material had an outstanding
capacitance of 517 Fg™' at a current density of 0.5 Ag™' using
aqueous 0.5m H,SO, as an electrolyte in a three-electrode
setup. The corresponding device showed capacitance retention
of 72% in 10000 charging/discharging cycles in H,SO,/polyvinyl
alcohol (PVA) electrolyte."® Zhou et al. confined methylene blue
in three-dimensional reduced graphene oxide, and the pre-
pared electrode material displayed a capacitance of 311 Fg~' at
a current density of 1 Ag™' using 1 m H,S0, as an electrolyte in
a three-electrode setup. The capacitance retention for
10000 cycles was 96%. The material in a device exhibited
capacitance retention of 81 % for 10000 cycles using PVA/H,SO,
as an electrolyte.™ However, non-covalently functionalized
materials are susceptible to spontaneous disintegration. There-
fore, it is desirable to prepare covalently functionalized
graphene using biocompatible organic molecules. Covalent
functionalization compared to non-covalent functionalization
has the benefits of stability and controllability of the structure,
enabling better processability."® The functionality is fixed on
graphene and cannot easily be detached into the electrolyte
solution. Therefore, the integrity of the material is preserved for
a longer time."®

Direct covalent functionalization of graphene is hard to
achieve. However, the use of fluorographene (FG) chemistry
bypasses this obstacle, enabling a wide portfolio of graphene
derivatives to be synthesized with grafted functional groups.
The source of FG (i.e., graphite fluoride) is abundant since it is
produced in tons industrially to be used as a lubricant. Further,
FG has a well-defined structure, that is, a hexagonal lattice of
sp® carbons homogeneously bonded to fluorine atoms. FG is
easily susceptible to nucleophilic attack, reacting readily with
amines, alcohols, thiols, and others."”™

(a)

FG FG/Arg-Boc

In the present work, the synthesis of zwitterionic arginine-
functionalized FG (FG/Arg) is reported. Owing to the guanidino
functional group, Arg can act as a nucleophile and can be
grafted onto FG through nucleophilic attack, initiated on the
electrophilic radical centers at the defect sites of FG.2**" To
avoid random grafting of Arg on FG, the functionalization
initially employed tert-butoxycarbonyl (Boc)-protected Arg,
which was afterwards deprotected. Different reaction times
were investigated to optimize the reaction conditions in terms
of the defluorination (increasing the conductivity) and function-
alization degree (FD, increasing the zwitterionic character
benefiting the capacitance™). The derivative with the optimum
porosity exhibited the maximum capacitive performance, which
was further improved by adding potassium carbonate (K,CO;).
The surface area was increased by a factor of around 3, and (in
addition to the existing mesoporosity) micropores (centered at
~ 1.5 nm) were developed in situ during the reaction, yielding a
hierarchically porous derivative. The impact of hierarchical
porosity was profound, increasing the capacitance by 30% in
comparison to the derivative without K,CO; treatment, reaching
390 Fg~' at a current density of 0.25 Ag™". These findings show
that the present strategy can tune three key features of
graphene derivatives (conductivity, FD, and porosity), signifi-
cantly enhancing the capacitance of the products.” The
synthesized material represents an eco-friendly Arg-functional-
ized graphene that could be used as an efficient supercapacitor
in aqueous electrolytes. This work opens new avenues for
grafting amino acids onto a graphene surface. Owing to the N-
and C-termini, such graphenes could be useful in many
applications, including biosensing, analytical chemistry, and
others.

Results and Discussion

The strategy used for the specific covalent functionalization of
FG with Arg is summarized in Figure 1a. First, the available
primary guanidino amine of Boc-Arg-OH was reacted with FG
through nucleophilic attack and then de-protection was carried
out by treatment of FG/Boc-48 h with hydrochloric acid under
heating. The successful removal of the Boc protecting group
and presence of a free a-amino group in the produced FG/Arg-
48 h were confirmed by the Kaiser test and Fourier-transform

Absorbance (a.u.)

500 600 700
Wavelength (nm)

FG/Arg

Figure 1. (a) Scheme illustrating FG reaction with Boc-Arg-OH and subsequent removal of the Boc protecting group to generate the FG/Arg product
(hydrogens are not shown). Color of important elements in 3D visualization of molecules is coded as follows: carbon = grey; fluorine = green; nitrogen = blue;

oxygen =red. (b) Kaiser test of FG/Arg-48 h sample.
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(FT)IR measurements. Reaction with ninhydrin generated a
deep blue solution (with absorption maximum at ~583 nm,
Figure 1b), whereas in the absence of FG/Arg-48 h, both FG/
Boc-48 h and the blank solutions were colorless (Figure S1).
Direct evidence for the functionalization of GrF with Arg
was obtained from FTIR measurements of GrF, FG/Boc-48 h, and
FG/Arg-48 h samples. The FTIR spectrum of GrF (Figure 2a)
showed a characteristic strong band at 1204 cm™' and weaker
band at 1307 cm™' assigned to stretching vibrations of covalent
C—F bonds and peripheral C—F, bonds, respectively.”**" The
spectrum of FG/Boc-48 h showed the characteristic band of
N-H stretching vibrations at around 3187 cm™' which was
attributed to the secondary amine, and a band at around
3341 cm™!, which was assigned to O—H stretching vibrations. In
the case of FG/Arg-48 h, the O—H stretching vibration over-
lapped with a second N—H stretching vibration band attributed
to the deprotected primary amine.”? Two weak bands at
around 2800-2950 cm™' in the FG/Boc-48 h spectrum were
attributed to C—H stretching vibrations of methyls present in
the Boc protecting group.””’ A stretching vibration of the C=0
group in the Boc protecting group was detected in the FG/Boc-
48 h spectrum at around 1670 cm™' but was absent in the FG/
Arg-48 h spectrum, indicating effective de-protection of the Arg
primary amine” An absorption band at approximately
1571 cm™" was suggested to be related to C=C skeleton

(a)

vibrations in aromatic graphene regions in FG/Boc-48 h and
also N-H bending vibration of the primary amine in FG/Arg-
48 h.*** A band at around 1400 cm™' was assigned to either
C-O-H bending due to a carboxylic group and/or C—N
stretching vibration and —CH, deformation.””-* A band at
approximately 1451 cm™' was also attributed to —CH, bending
vibration.”” Broad strong bands centered at around 1207 cm™'
for FG/Boc-48 h and 1181 cm™' for FG/Arg-48 h were assigned
to C—F stretching vibration (=~1200 cm™') and C-N vibration
(1000-1250 cm').*°*"" The intensity ratio (>1.5) of the bands
attributed to aromatic graphene and C—F stretching vibration in
FG/Arg-48 h_K and FG/Arg-48 h indicated extensive graphitiza-
tion and effective defluorination of the functionalized FG
(Figure S2a). All the FTIR spectra are presented in Figure S2b.

Changes in the surface chemistry of graphene derivatives as
a function of reaction time and upon addition of potassium
carbonate to the reaction were elucidated by X-ray photo-
electron spectroscopy (XPS). The results showed a significant
loss of F atoms with time up to 48 h and greater elimination of
F atoms for the sample prepared under alkaline conditions (FG/
Arg-48_K) (Table 1).

High-resolution C1 s XPS spectra of the parent material GrF
and the covalently functionalized graphene derivative FG/Arg-
48 h are presented in Figure 2b. The C1 s peak was deconvo-
luted into six components in the case of GrF and 5 components

(b)
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Figure 2. (a) FTIR spectra of GrF, FG/Boc-48 h, and FG/Arg-48 h. (b) High-resolution C1 s XPS spectra of the parent material GrF and final product FG/Arg-48 h.

(c) Raman spectra of FG/Arg-48 h and FG/Arg-48 h_K samples.
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Table 1. Atomic composition of GrF, FG/Arg-xh (x: 24, 48, and 72 h)and
FG/Arg-48 h_K samples derived from XPS analyses..
Sample Element content [at %] C/F
C N 0] F
GrF 44.1 - 0.2 55.7 0.8
FG/Arg-24 h 784 10.6 6.0 5.0 15.7
FG/Arg-48 h 76.4 13.7 6.6 33 232
FG/Arg-72 h 77.2 13.2 6.3 33 234
FG/Arg-48_K 779 13.6 6.5 2.0 39.0

for the derivatives FG/Arg-xh (x: 24, 48, 72 h) and FG/Arg-48 h_
K. The presence of a C—C (sp’) bond was denoted by the peak
located at around 284.81 eV, while the presence of C—C (sp?),
C—N, C*—C—F, O=C—0, C—F, and CF, bonds was implied by the
peaks centered around 285.97, 287.17, 287.84, 288.61, 289.87,
and 291.83 eV, respectively. XPS spectra of all the samples are
shown in Figure S3. As the reaction time was increased, the
atomic percentage of C—F decreased, reaching a value of 4.3 at
48 h, before remaining constant with further increases of time.
This C—F content was lower for the sample prepared in the
presence of potassium carbonate. The atomic percentage of C
atoms bound in C=C (sp? was maximum at 24 h and then
decreased with increasing time, whereas C atoms bound in C—C
(sp®) showed the inverse trend. Similar trends were observed for
the sample prepared in the presence of potassium carbonate.
Values for the content of C atoms participating in C—N and
O=C—0 groups indicative of FD were maximum for the sample
prepared at 48 h (Table 2).

To estimate FD of the graphene derivatives, we combined
results from thermogravimetric analysis (TGA) and XPS data.
TGA of Arg as well as derivative thermogravimetry (DTG) graphs

of all the samples are presented in Figure S4a,b. An example of
the FD calculations is presented in the Supporting Information.
For samples prepared at 24, 48, and 72 h, the corresponding
FDs reached 2.9, 3.7, and 3.3, respectively. FD of FG/Arg-48 h_K
was 3.5. The FD, low content of F atoms, and high content of
sp? C atoms may indicate reasonable conductivity of the
graphene with grafted Arg.

Raman spectra of the samples confirmed formation of the
functionalized graphene derivative. Two prominent and rather
wide D (1332cm™) and G (1595 cm™') bands were present in
the spectra. A high intensity ratio /p/lc~1.32 (>1) for FG/Arg-
48 h reflected the high FD due to the presence of sp® hybridized
carbon atoms.”””®' Nevertheless, carbon sp” hybridized atoms
constituted a dominant fraction, giving rise to an intense G
peak. It should be noted that the parent material GrF is a
Raman-silent material.®? The /p//; ratio increased with increas-
ing FD (Figures 2c and S5). The sample FG/Arg-48 h had the
highest FD (3.7) as well as the highest /y/l; ratio (1.32). The
slightly lower Iy/l; ratio for the FG/Arg-48 h_K sample could
reflect the role of the pore-forming agent, which may etch the
less ordered carbon phase, increasing the sp® content in the
sample.

When the covalently functionalized derivatives were dis-
persed in water, a zwitterionic network was formed, as shown
by zeta potential Cp measurements as a function of pH
(Figure 3a). The FG/Arg-48 h sheets in an aqueous environment
were positively charged (up to 4+36.8 mV) due to protonation
of the amino groups (pH 3.0-8.0). The isoelectric point (IEP) of
FG/Arg-48 h was estimated to be around 8 (7.9), shifted from
the isoelectric point of Arg (10.8) This pronounced shift of IEP
can be considered indirect proof of Arg grafting via the

Table 2. Atomic percentage (at%) of characteristic groups in FG/Arg-xh derivatives and the parent GrF obtained from deconvolution of high-resolution C1 s
core level XPS spectra.
Sample Group content [at%]
C—C (sp?) C—C (sp?) C-N *_C—F 0=C-0 C-—F CF,
~284.81 eV ~285.97 eV ~287.17 ~287.84 eV ~28861 eV ~289.87 eV ~291.83 eV
GrF 0.7 1.1 - 3.2 0.8 74.6 19.6
FG/Arg-24 h 62.5 14.1 13.7 - 4.1 5.6 -
FG/Arg-48 h 58.4 15.6 17.3 - 4.4 4.3 -
FG/Arg-72 h 56.9 18.1 16.5 - 4.2 43 -
FG/Arg-48_K 559 20.1 17.2 - 4.3 2.5 -
(a) (b) ~—
FG/Arg-48h|  GrF 2 mm FG/Arg-48h
40 - 2 mm
20
. IEP, pH=79

04

L (mV)

20

2 4 6 8 10

1 — N
B
-40 .

Figure 3. (a) Cp-potential curve of an FG/Arg-48 h aqueous dispersion versus pH. (b) Water droplet contact angle measurements of GrF and FG/Arg-48 h.
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guanidine group. Above this pH=8, the Cp values became
negative (up to —41.8 mV).

Both FG and graphene are hydrophobic materials, whereas
graphene with grafted Arg is hydrophilic and highly water
dispersible. The hydrophilicity of the graphene derivatives was
studied by water droplet contact angle measurements. Fig-
ure 3b shows there was a sharp change in the hydrophilicity
upon Arg functionalization of the hydrophobic parent GrF, with
a decrease in the water droplet contact angle from 142.5° for
GF to 10.7 and 15.2° for FG/Arg-48 h. The high wettability of
Arg functionalized graphene verifies the effective functionaliza-
tion of hydrophobic GrF. The contact angles of all the samples
prepared for different reaction times are presented in Figure Sé.

The SSA of FG/Arg-48 h and FG/Arg-48 h_K was determined
by N, adsorption/desorption measurements (Figure 4a) togeth-
er with their corresponding pore size distribution (PSD)
characteristics (Figure 4b). Adsorption/desorption isotherms of
all the samples with PSD characteristics are shown in Figures S7
and S8, respectively. The Brunauer-Emmett-Teller (BET) surface
areas of FG/Arg-24 h, FG-Arg-48 h, and FG/Arg-72 h were 61, 29,
and 34 m?’g~", respectively. The relatively small surface areas of
the graphene derivatives may be because in the dried samples,
the functionalized graphene sheets were closely associated
with each other, whereas this behavior was unlikely to occur in

(a)

125
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FG/Arg-48h (des)

100 4 —— FG/Arg-48h_K (ads)
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504

25 e
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i \\
S

Surface Area: 29 m2/g

0.0 0.2 04 06 0.8 1.0

plp°

an aqueous dispersion.”* It is worth noting that the SSA
decreased with increasing FD. The open isotherm of FG/Arg-
48 h_K indicates slow desorption kinetics. We performed addi-
tional measurements with prolonged equilibration times (from
10s used for all other measurements to 60s, Figure S9).
Although the equilibration time was extended considerably, the
shape of isotherm remained the same. This confirms slow
desorption kinetics, which may originate from the co-existence
of micropores observed only in FG/Arg-48 h_K. Micropores may
have been introduced by the release of CO, and etching from
the potassium ions since the potassium carbonate is present
during the material synthesis. The size of the micropores (=~
1.5 nm) was sufficient to accommodate electrolyte ions, which
is advantageous for supercapacitor electrode materials.
Scanning (SEM) and transmission electron microscopy (TEM)
were employed to investigate the morphological characteristics
of graphene derivatives prepared using different reaction times
and with/without potassium carbonate. SEM images (Fig-
ure S10) showed the presence of platy, thin flakes of function-
alized graphene with lateral sizes not exceeding 1 um, provid-
ing evidence of satisfactory separation of the sheets. The
absence of charging during the SEM imaging implied that the
graphene-based sheets were electrically conductive. TEM evalu-
ation of the FG/Arg-48 h_K sample (Figure 5a) after being
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Figure 4. (a) N, adsorption/desorption isotherms obtained at —196°C for FG/Arg-48 h and FG/Arg-48 h_K samples. (b) Pore size distributions of FG/Arg-48 h

and FG/Arg-48 h_K samples.

Figure 5. (a) TEM and (b) HRTEM micrographs of a FG/Arg-48 h_K sample. (c) Dark-field HRTEM image of FG/Arg-48 h_K and corresponding EDS chemical
mapping: (d) carbon map, (e) nitrogen map, (f) oxygen map, (g) fluorine map, (h) carbon-fluorine map, and (i) carbon-nitrogen-oxygen overall map. (c-i)

Scale bars: 100 nm.
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dispersed in ethanol and then dried showed thin, almost
transparent, flakes indicative of exfoliated materials. TEM
images of all samples are illustrated in Figure S11. The edges of
the FG/Arg-48 h_K sheets in high-resolution (HR)TEM images
(Figure 5b) were almost transparent, indicative of few-layer
graphene. A dark-field HRTEM image of a FG/Arg-48 h_K flake is
presented in Figure 5c. The corresponding energy-dispersive X-
ray spectroscopy (EDS) elemental mapping of this flake revealed
homogeneous grafting of functional groups throughout the
surface of the flake. Potassium was completely removed during
thermal treatment with hydrochloric acid. It should be stressed
the high density of functional groups were distributed
uniformly across the surface without areas that were more or
less densely functionalized (Figures 5d-i). This homogeneity is a
major advantage of FG chemistry compared to GO chemistry.
The atomic force microscopy (AFM) image in Figure 6a,b
shows a typical FG/Arg-48 h_K flake and corresponding height
profile. The lateral size of the flake was around 0.8 um and the
corresponding height profile ranged from 3.9 to 11.5nm.
Assuming that the thickness of double-sided functionalized
graphene with Arg was approximately 0.93 nm, the number of

FG/Arg layers was estimated as ranging from 4 to 12, implying
few-layer graphene. The few-layer graphene structure would be
detrimental to its capacitive performance in aqueous electro-
lytes because it was extensively hydrated due to its high
hydrophilicity attributed to Arg functionalities. A snapshot from
molecular dynamics (MD) calculations (Figure 6c) illustrates the
packing of double-sided functionalized FG with Arg. It was
observed that arginines easily form a network of intermolecular
hydrogen bonds between the layers (on average 7 H-bonds per
10 surface groups). Moreover, the material contains several
intramolecular hydrogen bonds (5 intralayer H-bonds per 10
Arg groups), which may improve the final stability and
structural rigidity of FG/Arg.

Figure 7a plots a set of cyclic voltammograms (CVs)
recorded in 1 m H,SO, (at a constant scan rate of 50 mVs™") for
samples prepared with different reaction times. The potential
window was fixed at 1V to prevent the electrolysis of water. As
can be seen, the CV curves featured blunt and slanted profiles
with small broad redox peaks located at around 0.45V. The
deviation from the ideal rectangular shape can be explained in
terms of electron spin resonance (ESR; finite resistance of the
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Figure 6. (a) AFM image of a representative flake and (b) corresponding height profile in direction 1. (c) Snapshot from MD simulations showing double-sided

functionalized FG with Arg (solvent is not shown for clarity).
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electrode material) and electron paramagnetic resonance (EPR;
ohmic conduction across the capacitor via the electrolyte), as
explained by Boonpakdee et al.*” while the redox response of
the system reflects the presence of oxygen-containing
groups®*® as proved 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. Such current
enhancement is connected with a higher FD because the
presence of amino groups from Arg can significantly improve
the electrochemical performance, especially the
conductivity.’”*® To enhance the capacitance performance of
the FG/Arg-48 h sample, we prepared a sample with increased
SSA and a microporous structure 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 current response of the FG/Arg-48 h_K sample.
However, a high SSA together with the high level of surface
functionalization are still able to improve the capacitive
performance of FG/Arg-48 h_K sample as obvious from galva-
nostatic charge/discharge (GCD) records (Figure 7b). Figure 7c
shows GCD profiles of the “activated” sample recorded at
current densities ranging from 0.25 to 5 Ag~". The correspond-
ing specific capacitance versus current density profile (Fig-
ure 7d) revealed the highest value of specific capacitance at
0.25Ag™" (391 Fg™). In the FG/Arg-48 h_K sample, the pore
size was around 1.5 nm. Such a pore size enables sulfate ions to
interact with the surface and pores of the FG/Arg-48 h_K
sample, especially at a low current density, resulting in high
capacitance.

Nyquist and Bode representations of impedance spectro-
scopy were used to provide further insights into the perform-
ance of the tested samples (Figure 8a,b). The absence of a
semicircle in the high-frequency region of the Nyquist plot
(Figure 8a) indicated the low resistivity of all the tested
materials, in agreement with the enhanced conductivity
described above. This was accompanied by a low value of ESR,
particularly for the FG/Arg-48 h_K sample, as shown in Fig-
ure 8a. The slope of the impedance curve of 45° corresponded

(@) (o)

to diffusion-controlled Warburg impedance and reflected the
frequency dependence of ion diffusion in the electrolyte to the
electrode surface® It is important to note that the
impedance response showed a significantly shortened path for
materials prepared at 24-48 h than at 72 h, indicating efficient
ion transfer to the electrode surface. Further, the vertical line
visible at low frequencies in the Nyquist plot indicated the
capacitive behavior of the tested material. The FG/Arg-48 h_K
sample showed a more vertical curve to the y-axis compared to
the other samples, indicating that its behavior was close to that
of an ideal capacitor (Figure 8a). Bode analysis in the mHz
region revealed that the phase angle was —85° for the FG/Arg-
48 h_K sample, as shown in Figure 8b, which is close to the
value of —90° indicative of an ideal capacitor.*" The shape of
the curves in both impedance representations suggested
interaction of ions at high-energy carbon sites (e.g., defects or
functional groups) as well as diffusion of adsorbed electroactive
species over the pore walls.*?

A symmetric supercapacitor with 1 m H,S0, as supporting
electrolyte was assembled to evaluate the performance of the
arginine-based graphene derivative (the cell assembly is shown
in the inset of Figure 9¢). Figure 9a,b shows the GCD response
of FG/Arg-48 h_K in a two-electrode setup for current densities
from 0.1 to 5A g™". It can be seen that the shape of the GCD
curves became more symmetrical, suggesting enhanced diffu-
sion of the ions inside the electrochemical system. Such an
observation was also reflected by the perfectly stable capacitive
response across the wide range of current densities. Figure 9c
shows the extraordinary life-time stability of FG/Arg-48 h_K,
that is, capacitance retention of 82.3% after 30000 GCD cycles.
The results from both the three- and two-electrode systems
confirmed that FG modified with Arg may be an excellent
candidate for supercapacitor applications.
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Figure 8. (a) Nyquist plots of graphene derivatives modified with Arg prepared using different reaction times. (b) Bode representation of impedance data of

all the derivatives; the inset shows the electrical circuit used for data fitting.
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48 h_K after 30000 GCD cycles.

Conclusions

We report the successful covalent grafting of arginine onto a
graphene surface by reaction of Boc-protected arginine with
fluorographene. Arginine was grafted via its guanidine group
homogeneously on both sides of graphene with around 3.7%
maximum functionalization degree. This method of arginine
grafting leaves both the C and N amino acid termini freely
available for further chemical derivatization and introduces
hydrophilic and zwitterionic groups onto a conductive gra-
phene surface. Optimization of the composition, functionaliza-
tion degree, and conductivity of the material was accomplished
by monitoring the impact on capacitance performance. The
best-performing sample was treated in situ with potassium
carbonate, creating hierarchical micro/mesoporosity and tri-
pling the specific surface area. This had a direct effect of
boosting the capacitive performance (~390 Fg™' at a current
density of 0.25 Ag™") because microporosity affords numerous
sites for electrolyte ions adsorption, whereas mesoporosity
offers ion diffusion paths and facilitates charge propagation.
The principal advantage of this material was demonstrated by
the durability of the assembled supercapacitor. After numerous
(~30000) charging/discharging cycles under typical operation
conditions, the capacitance retention was around 82.3 %. There-
fore, as well as being eco-friendly, the material exhibited
outstanding sustainability with promising properties for super-
capacitor materials. Moreover, adopting the strategy of success-
ful covalent grafting of small molecules on the surface of
graphene lays the ground for the development of similar
energy storage systems with significantly improved electro-
chemical performance in terms of capacitance, as well as
lifetime stability of these derivatives in both aqueous and
organic electrolytes.
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Experimental Section

Reagents and materials

Graphite fluoride (GrF) (C/F 1:1.1), a Kaiser test kit, and Boc-Arg-OH
(Boc) were purchased from Sigma-Aldrich. Acetone (pure), ethanol
(absolute),  N,N-dimethylformamide (DMF), and potassium
carbonate were purchased from Penta. Hydrochloric acid (35 %) and
sulfuric acid (96%) were bought from Lachner. All reagents were
used as received without further purification. All stock solutions
were prepared with ultrapure water (18 MQcm™). The Kaiser test
protocol is described in the work of Kaiser et al.**! and recently by
Soriano and Céardenas.*"

Synthesis of Boc- and Arg-functionalized FG

First, 200 mg of GrF was dispersed in 10 mL of DMF and subjected
to ultrasonication for 10 min (Bandelin Sonoplus, type UW 3200,
probe VS70T). The flask containing the dispersion was then
sonicated in a sonication bath for 2.5 h (Bandelin Sonorex, DT255H
type, frequency 35 kHz, power 640 W, effective power 160 W). Next,
1.76 g of Boc-Arg-OH was added to the flask and the mixture was
sonicated for a further 1 h. Afterwards, the reagents were heated
under stirring at 125°C for x=24, 48, or 72 h. The black product
was separated by centrifugation and was purified by repeated
centrifugal washings with DMF, water, and ethanol. The purified
product (FG/Boc-xh) was transferred to a flask to which were added
20 mL hydrochloric acid (~5.7 M) and around 3.75 mL acetone. The
mixture was heated under stirring at 100°C for 1 h to remove the
Boc protecting group. Finally, the black product was isolated by
centrifugation and purified by successive centrifugal washings with
water, acetone, and ethanol. The purified product was labeled FG/
Arg-xh.

Synthesis of Boc- and Arg-functionalized FG in the presence
of potassium carbonate

First, 200 mg of GrF was dispersed in 10 mL of DMF and then
subjected to ultrasonication for 10 min (Bandelin Sonoplus, type
UW 3200, probe VS70T). The flask containing the dispersion was
subsequently sonicated in a sonication bath for 2.5 h (Bandelin
Sonorex, DT255H type, frequency 35 kHz, power 640 W, effective
power 160 W). Next, 1.76 g of Boc-Arg-OH was added to the flask

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH



Chemistry

Full Papers Europe
doi.org/10.1002/cssc.202101039

European Chemical
Societies Publishing

ChemSusChem

and the mixture was sonicated for a further 1 h. Afterwards, 0.44 g
of potassium carbonate in 2 mL of water was added and the
mixture was sonicated for a further 15 min. Subsequently, the
reagents were heated under stirring at 125°C for 48 h. The black
product was separated by centrifugation and was purified by
repeated centrifugal washings with DMF, water, and ethanol. The
purified product (FG/Boc-48 h_K) was then transferred to a flask to
which were added 20 mL hydrochloric acid (/5.7 m) and around
3.75 mL acetone. The mixture was heated under stirring at 100°C
for 1h to remove the Boc protecting group. Finally, the black
product was isolated by centrifugation and was purified by
successive centrifugal washings with water, acetone, and ethanol.
The purified product was labeled FG/Arg-48 h_K.

Characterization techniques

FTIR spectra were recorded on an iS5 FTIR spectrometer (Thermo
Nicolet) using the Smart Orbit ZnSe ATR accessory. Briefly, a droplet
of an ethanolic dispersion of the test material was placed on a ZnSe
crystal and left to dry to form a film. Spectra were acquired by
summing 100 scans obtained using N, gas flow through the ATR
accessory. ATR and baseline correction were applied to the
collected spectra.

UV/Vis absorption spectra were collected on a SPECORD S600 UV-
vis spectrophotometer (Analytikjena) over the range 230-900 nm.
During the Kaiser test, around 5 mg of the FG/Arg-48 h sample was
placed in a test tube and then three solutions were added in the
following order: (A) 75 pL of solution | (I: 10 g phenol dissolved in
20 mL ethanol), (B) 100 uL of solution II (Il: 2 mL of an aqueous
solution of 1 mm KCN dissolved in 98 mL of pyridine), and (C) 75 pL
of solution Ill (Illl: 1.0 g of ninhydrine dissolved in 20 mL of ethanol).
The test tube was incubated in a heating oil bath at 100°C for
7 min and then removed. Next, 4.8 mL of ethanol was added to
reach a final volume of 5 mL. A deep blue supernatant appeared
and was separated by centrifugation and then transferred to a UV/
Vis cuvette (100-QS, Suprasil, 10 mm purchased from Fischer
Scientific). Finally, the UV/Vis absorption spectrum was recorded.
An intense peak centered at around 583 nm was detected, verifying
the presence of a primary amine group in the sample FG/Arg-48 h.
For comparison, a reference Kaiser test was performed in the
absence of FG/Arg-48 h, which generated a colorless solution.
Further Kaiser test was performed in presence of FG/Boc-48 h (
~4 mg) where the supernatant was also colorless (Figure S1).

XPS was employed with a PHI VersaProbe Il (Physical Electronics)
spectrometer using an AlK, source (15kV, 50 W). Samples were
deposited onto a silicon holder as an ethanol-based slurry, which
was left to dry prior to measurement. The obtained data were
evaluated and deconvoluted with the MultiPak (Ulvac - PHI, Inc.)
software package. Spectral analysis included a Shirley background
subtraction and peak deconvolution employing mixed Gaussian—
Lorentzian functions.

Water droplet contact angle measurements were performed in a
drop shape analyzer (DSA30S, Kriiss, GmbH).

Raman spectra were collected using a DXR Raman spectroscope
(Thermo Scientific) equipped with a laser operating at wavelength
of 633 nm.

Zeta-potential (Cp) measurements were performed with a Malvern
ZetaSizer Nano instrument on aqueous dispersions of around
0.03 mgmL~".

Thermal decomposition of the samples was investigated using TGA
and DTG (SDT 650, TA Instruments, USA) with a sample mass of 5-
10 mg. All measurements were carried out in a N, atmosphere with
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a flow rate of 100 mLmin~". The heating rate was set at 5°Cmin~’,

starting from 40 up to 1000°C.

Surface area and pore size analyses were performed by N,
adsorption/desorption measurements at —196°C on a volumetric
gas adsorption analyzer (3Flex, Micromeritics, USA) up to 0.965 p/p°.
Prior to the analysis, the sample was degassed under high vacuum
(107" Pa) at 130°C for 12 h, whereas high-purity (99.999%) N, and
He gases were used for the measurements. The BET surface area
was determined with respect to Rouquerol criteria™®' for the N,
isotherm. The pore size distribution was analyzed by the N2-NLDFT
77-carbon slit pore kernel.

The samples were analyzed by SEM using a Hitachi SU6600
instrument (Hitachi, Japan) with an accelerating voltage of 5 kV. For
these analyses, a drop of a dispersion of the material in ethanol was
placed on a copper grid with a carbon film and dried at room
temperature.

TEM images in the Supporting Information were obtained with a
JEOL JEM 2100 instrument at an accelerating voltage of 200 kV. The
samples were dispersed in ethanol and sonicated for 5 min. A drop
of the dispersion was placed on a copper grid with a holey carbon
film and dried at room temperature. STEM-HAADF (high-angle
annular dark-field imaging) analyses for elemental mapping of the
products was performed with a FEl Titan HRTEM microscope
operated at 80 kV. Figure 5a was also obtained with FEI Titan
HRTEM. For these analyses, a droplet of a dispersion of the material
in ethanol with concentration of around 0.1 mgmL~" was deposited
onto a carbon-coated copper grid and dried.

AFM images were obtained in the amplitude-modulated semi-
contact mode on an NT-MDT NTegra system equipped with a VIT-P
AFM probe and using freshly cleaved muscovite mica as a
substrate.

Electrochemical measurements

Three-electrode measurements were performed using a Metrohm
Autolab PGSTAT128 N instrument (Metrohm Autolab B.V., Nether-
lands) equipped with NOVA software (version 1.11.2). Sulfuric acid
with concentration c=1m was used as a supporting electrolyte.
Electrochemical impedance spectroscopy (EIS) was carried out by
applying an AC voltage with 5 mV amplitude and frequency range
of 0.01 Hz to 100 kHz at open-circuit potential (OCP). A modified
Randles circuit was used for fitting all the obtained data.

A three-electrode system was used to obtain initial information
about the electrochemical behavior of the studied sample. A
platinum wire electrode was used as the auxiliary electrode,
whereas a Ag/AgCl electrode was used as the reference electrode.
A modified glassy carbon electrode (GCE) served as the working
electrode. A well homogenized dispersion of the sample in
deionized water (c~2 mgmL™") was prepared, and then 10 uL of
the dispersion was drop-cast onto the surface of the GCE and left
to dry at room temperature. A thin film of the sample was formed
on the electrode. According to this procedure, small deviations in
mass at such low concentrations and volumes can result into
different masses deposited on the GCE. Furthermore, the GCE
surface is fully exposed to the electrolyte and therefore possible
mass losses to the electrolyte cannot be estimated. For this reason
the y-axis in Figure 7a is not normalized as specific current (mA
g™ "), but only current is reported. The CV curves were used in order
to gain better understanding of the operation mechanism, such as
the presence of the redox peaks, which are not visible in the GCD
curves.
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Two-electrode measurements were carried out using a BCS-810
battery tester (BioLogic Company, Seyssinet-Pariset, France) driven
by BT-Lab software (version 1.65). A well homogenized dispersion
(concentration 5 mgmL™") of the sample in DI water was drop-cast
onto a gold electrode (diameter 18 mm) to achieve at least
1.8 mgcm™? loading, then dried under an IR-lamp, followed by
additional water removal in a desiccator for 2 h. Two electrodes
with nearly identical loadings of the material were used to
assemble a symmetrical electrochemical cell (EI-CELL GmbH,
Germany) using a Whatman glass microfiber membrane (thickness
0.26 mm) as separator and 100 L of 1 m sulfuric acid as electrolyte.

The specific capacitance C; was calculated from GCD profiles using
the following Equation (1):

B I x At
G ol =may M

where [ is the applied current [A], At is the discharge time [s], m is
the mass of total electrode material [g] (on both electrodes in a
two-electrode system), and AV is the potential window [V].

Theoretical calculations

MD simulations were carried out in Gromacs 5.0 software using
the Amber99 force field.*” Aromatic carbons in the graphene layer
were modeled as uncharged LJ spheres using the modified Cheng
and Steele parameters for graphitic carbons.*® The dimensions of
graphene were assumed to be approximately 4x4 nm with a
functionalization degree of 3.5%. In the initial geometry, three
sheets of FG/Arg were placed in the middle of a square box (a=
75nm) and solvated with TIP4P water.”® Periodic boundary
conditions were applied in all directions. First, the system was
minimized and thermalized at 300 K under the NpT ensemble. This
was followed by a 30 ns production run under the NVT ensemble.
The Lennard-Jones (LJ) potential was used for atomic interactions.
Long-range electrostatic interactions were treated by the particle-
mesh Ewald (PME) technique. Cut-off distances for LJ interactions
and the real space term of the PME were set to 1 nm. Temperature
and pressure were maintained using the V-rescale thermostat®™”
and Berendsen barostat with isotropic scaling (1 bar),”" respec-
tively. Hydrogen atoms were constrained by the LINCS algorithm.®?
The Newtonian equations of motion were integrated with a 2 fs
time step.
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Abstract: Supercapacitors offer a promising alternative to batteries, especially due to their excellent
power density and fast charging rate capability. However, the cycling stability and material
synthesis reproducibility need to be significantly improved to enhance the reliability and durability
of supercapacitors in practical applications. Graphene acid (GA) is a conductive graphene derivative
dispersible in water that can be prepared on a large scale from fluorographene. Here, we report a
synthesis protocol with high reproducibility for preparing GA. The charging/discharging rate stability
and cycling stability of GA were tested in a two-electrode cell with a sulfuric acid electrolyte. The rate
stability test revealed that GA could be repeatedly measured at current densities ranging from 1 to
20 A g7 without any capacitance loss. The cycling stability experiment showed that even after
60,000 cycles, the material kept 95.3% of its specific capacitance at a high current density of 3 A g71.
The findings suggested that covalent graphene derivatives are lightweight electrode materials suitable
for developing supercapacitors with extremely high durability.

Keywords: graphene acid; supercapacitor; pseudocapacitance; cycling stability

1. Introduction

There is tremendous interest in developing different kinds of power supplies owing to the
escalating consumption of energy and the need for (mobile) energy storage [1]. Energy devices with
high power and energy densities are increasingly important in fields such as industry, the automotive
sector and energy supplies, e.g., for portable and medical devices [2]. Supercapacitors (also known
as ultracapacitors) offer a higher power density than batteries and a higher energy density than
conventional capacitors [3]. These attributes, together with high stability and rather low costs,
make them suitable candidates for energy storage devices. Based on their charge storage mechanism,
they can be divided into two main classes: electrochemical double-layer capacitors (EDLCs),
where the main contribution to the overall capacitance comes from the charge accumulated at
the electrode/electrolyte interface [4], and pseudocapacitors, where the charge storage mechanism is
driven by fast and reversible faradaic (redox) reactions [5]. Pseudocapacitive materials with a typical
faradaic response are able to store more energy (per mole of material) than EDLCs since redox processes
occur both at the surface and in the interior of the electrodes. The capacitance of pseudocapacitors
can be up to 100 times higher than that of EDLCs [6]. Since the intrinsic properties of redox-active
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materials can significantly influence both capacitance and rate performance, the selection of a suitable
material is of paramount importance.

Common materials that undergo faradaic responses include conventional transition metal oxides,
such as RuO; [7,8], MnO; [9-12] and Co304 [13,14] and various conducting polymers [15-18]. However,
these compounds often fail to meet the necessary criteria for practical applications, such as low costs
and stability during life cycling [19]. By contrast, carbon-based materials offer the advantages of
reasonable prices and a suitable capacitive response. Moreover, the surface of carbon derivatives
can be easily modified by different functional groups [20,21]. Such modifications can boost the
electrochemical stability as well as capacitive performance. For example, porous carbon has been
modified with nitrogen- [22-24], oxygen- [25-27] and phosphorus-containing functional groups [28,29].
As oxygen-containing groups often occur in carbon materials [30], their use may offer a promising
strategy for improving the capacitive performance. The insertion of oxygen-containing groups
can have positive effects on a material’s wettability and pseudocapacitive behavior. In particular,
the wettability of the material by an electrolyte increases, and the pore volume becomes more accessible
to electrolytes. Therefore, the electrostatic interactions between the electrode and electrolyte ions spread
over a larger surface, enhancing the capacitance [21]. Oxygen-containing functionalities may also be
involved in fast redox reactions, which can enhance the overall capacitance by the pseudocapacitance
contribution [31]. However, it should be noted that some disadvantages counteract the benefits
of introducing oxygen-containing groups. The most commonly occurring shortcomings include
potential organic electrolyte decomposition, high self-discharge rates, increased leakage current and
decreased conductivity [32].

Attention has been paid to optimizing carbon-based materials and improving their lifetime
stability. For instance, Cao et al. studied graphene derivatives prepared at different temperatures
containing different amounts of oxygen-containing functional groups. The best sample displayed a life
cycle stability of 10,000 cycles, with capacitance retention of 98% [33]. Cherusseri et al. showed that
oxygen-containing functional groups in hierarchically mesoporous carbon nanopetal based electrodes
significantly improved their lifetime stability, reaching 28,900 cycles [34]. Chen et al. investigated
the influence of oxygen-containing groups on the supercapacitive performance of nitrogen-doped
graphene. Their derivatives exhibited good lifetime stability over 5000 cycles, with capacitive retention
of 86.36% and 91.14% [35]. The importance of oxygen-containing functional groups was also shown for
graphene modified with triethanolamine by Song et al. The lifetime cyclic stability reached 10,000 cycles,
with capacitance retention of 91.7% [36]. However, since supercapacitor devices need to withstand a
huge number of charge/discharge cycles, there is scope for further improvements.

In the present study, we investigated the pseudocapacitive behavior of graphene acid (GA) [37]
as a potential supercapacitor electrode material with a particular focus on synthesis reproducibility,
i.e., batch-to-batch variability and life cycle stability. GA is a conductive, hydrophilic graphene
derivative that is well-endowed with oxygen-containing carboxyl groups homogeneously distributed
over the graphene surface [37]. GA can be used as a promising material in electrochemical sensing [38],
catalysis [39-41] and electrocatalysis [42]. Its properties as an electrode supercapacitor material
were tested in a neutral salt environment together with cyanographene [38]. Here, we provide a
significantly more interesting look at a pseudocapacitive behavior of GA obtained in 1 mol L™
sulfuric acid. A comparison of the properties of three independent GA batches showed the high
reproducibility of its synthesis. We also demonstrated that it had very large specific capacitance
retention after 60,000 cycles (95.3%) recorded at a high current density of 3 A g~! in a two-electrode
cell, suggesting that electrodes based on GA may offer outstanding rate stability. These findings
place covalent graphene derivatives bearing oxygen-containing functional groups at the forefront for
achieving high-durability eco-friendly electrode materials (without the presence of any heavy-metal
elements) that can be used in supercapacitors.
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2. Materials and Methods

2.1. Reagents and Materials

Graphite fluoride (>61 wt % F), sodium cyanide (p.a. > 97%), N,N-dimethylformamide (>98%),
sodium sulfate (p.a. > 99%) and potassium hydroxide (BioXtra >85%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Nitric acid (Analpure 65%) and sulfuric acid (p.a. 96%) were obtained from Lach-Ner.
Acetone (pure) and ethanol (absolute) were purchased from Penta, Czech Republic. All chemicals were
used as delivered without any further purification. Ultrapure water (18 MQ cm™') was used for the
preparation of all aqueous electrolyte solutions.

2.2. Synthesis of Graphene Acid

GA was synthesized from cyanographene similarly to a previously published method [37]. Briefly,
graphite fluoride (120 mg) was dispersed in 15 mL N,N-dimethylformamide (DMF) and stirred for
2 days under a nitrogen atmosphere. Next, the mixture was sonicated for 4 h and then left under
stirring overnight. Afterwards, 800 mg of NaCN was added, and the mixture was heated at 130 °C
for 72 h with a condenser and under stirring with a Teflon coated magnetic bar (400 rpm). At the
end of the reaction, the reaction flask was left to cool down, and then washing steps were performed
using a variety of solvents covering an extensive polarity window (DMF, acetone, ethanol, hot water,
cool water and acidified water—3% solution of HCI). Materials were separated from the solvents
using centrifugation (centrifuge Sigma 4-16K, Sigma Laborzentrifugen GmbH, Osterode am Harz,
Germany) at 10,000 RCF. The final (pure) cyanographene was subjected to hydrolysis to obtain GA [37].
Concentrated nitric acid (65%) was added to a suspension of cyanographene in water under stirring in
a ratio to obtain a 25% concentration. The mixture was heated at 100 °C for 24 h with a condenser and
under stirring with a Teflon coated magnetic bar (400 rpm). The final product was left to cool down,
and washing steps with cold water, hot water and acidified water were performed until precipitation
of the product ceased. GA was separated from the solvents using centrifugation at 20,000 RCE.

2.3. Characterization Techniques

X-ray diffraction (XRD) measurements were recorded using X'Pert PRO MPD diffractometer
(PANalytical) in the Bragg—Brentano geometry. A Co X-ray tube (iron filtered Co K« radiation with
A = 0.178901 nm), fast X’Celerator detector, and programmable divergence and diffracted beam
antiscatter slits were equipped. Fourier transform infrared (FTIR) spectra were measured on an iS5
FTIR spectrometer (Thermo Scientific Nicolet) using the Smart Orbit ZnSe ATR accessory. A drop of an
ethanolic dispersion of the material was placed on a ZnSe crystal and left to dry to form a film at ambient
temperature. Spectra were recorded by summing 50 scans acquired while nitrogen gas flowed through
the ATR accessory. Baseline correction was used on the collected spectra. Raman spectra were recorded
on a DXR Raman microscope using a diode laser with a 633 nm excitation line. X-ray photoelectron
spectroscopy (XPS) was performed on a PHI VersaProbe II (Physical Electronics) spectrometer using
an Al K« source (15 kV, 50 W). The MultiPak (ULVAC-PHI Inc., Kanagawa, Japan) software package
was used for evaluation of the obtained data. High-resolution transmission electron microscopy
(HRTEM) images including STEM-HAADF (scanning transmission electron microscopy-high-angle
annular dark-field imaging) analyses for elemental mapping of the products were acquired with a
FEI Titan HRTEM microscope using an operating voltage of 200 kV. For these analyses, a droplet of a
dispersion of the material in ultrapure H,O with a concentration of 0.1 mg mL~! was deposited onto
a carbon-coated copper grid and dried. Atomic force microscopy (AFM) images were obtained on
an NTEGRA Spectra instrument (NT-MDT, Moscow, Russia) in tapping mode using NSG30 probes.
In total, 5 uL of an ethanolic dispersion (c = 1 mg/L) of the analyzed nanomaterial was deposited
on a SiO; wafer and left to dry for 30 min, and then the sample was immediately scanned by AFM.
Pore size and surface area analyses (Brunauer, Emmett and Teller; BET) were carried out using a
volumetric gas adsorption analyzer (3Flex, Micromeritics, Norcross, USA) at =196 °C and up to
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0.9626 bar. The sample was degassed under high vacuum conditions for 24 h at room temperature
using high-purity gases (N, and He). Conductivity measurements were performed using an Ossila
four-point probe system operating over a current range of 10 nA to +150 mA (voltage range +100 puV to
+10 V). The parameters used for the obtained results were as follows: range max 2000 nA; 8192 points
per sample; target current was set to 0.5 mA, with a maximum voltage of 1 V with 0.1 V increments;
50 repeats were measured. A fluorine-doped tin oxide (FTO) substrate (1.5 cm X 2.5 cm) was modified
with the sample by drop-casting, i.e., a 150 uL drop of a powder suspension (5 g L) was coated onto
the substrate in the center and dried using an infrared light lamp (Helago, Parchim, Germany) to form
a thin film, with a diameter of 11.8 mm and a thickness of 4 um. During the measurement, the four
probes were placed carefully on top of the dried film, centered and pressed slightly in order not to
touch the FTO substrate.

2.4. Electrochemical Measurements

A MetrohmAutolab PGSTAT128N instrument (MetrohmAutolab B.V., Netherlands) controlled
with the NOVA software package (version 1.11.2) was used for complex characterization of GA
in a three-electrode setup. A BCS-810 battery tester (BioLogic Company, Seyssinet-Pariset, France)
controlled with BT-Lab software (version 1.63) was used for two-electrode cell experiments. Sulfuric acid
(c =1 mol L7!) was used as a supporting electrolyte unless otherwise stated. All experiments were
carried out at room temperature (22 + 2 °C).

The three-electrode system consisted of a glassy carbon electrode (GCE) serving as the working
electrode, a platinum wire electrode as a counter electrode and an Ag/AgCl (3 M KCl) electrode as a
reference electrode. Electrochemical impedance spectroscopy (EIS) spectra were recorded using a 5 mV
amplitude. All EIS spectra were recorded over the frequency range of 0.1 Hz to 10 kHz at open circuit
potential (OCP). The GCE was modified as follows: a 10 uL drop of a powder suspension (2 mg mL™!)
was coated onto the surface of the GCE electrode and allowed to dry at ambient temperature to form a
thin film.

For the two-electrode system, a symmetrical supercapacitor device was constructed according
to the following protocol. Briefly, the active material was homogeneously dispersed in ultrapure
water (~5 mg mL™') and sonicated for 1 h. Next, 300 uL of the dispersion was drop-coated onto
the surface of a gold disk electrode (diameter 18 mm) and dried under an infrared light lamp in a
desiccator to achieve a mass loading of at least 1.2 mg cm 2. For assembly of the supercapacitor device,
two gold disk electrodes with the same loading of active material were placed in an insulator sleeve
(EL-Cell insulator sleeve, EL-Cell GmbH, Hamburg, Germany) using Whatman glass microfiber filter
paper with a thickness of 0.26 mm as a separator. The separator membrane was soaked with 100 uL
of electrolyte. Stainless steel plungers were used to press the electrodes, and the whole device was
tightened and connected.

In the three-electrode setup, the specific capacitance of the active material (Cs, F g ~!) was
calculated from the galvanostatic charging/discharging (GCD) curves as follows (Equation (1)):

Cs = Zl—mzf Vit )
(Vi=Vi)" Jv;

where iy, represents the current density in A g1, “Vdt” is the integrated area under the discharge
curves and V¢ and V; are the final and initial values of the potential range (V), respectively.
In the two-electrode setup, the specific capacitance of the cell (Cs, F g ~!) was calculated using
Equation (2):
I'x At

C = XAy @

where C; is the gravimetric capacitance of the electrode (F g™!), I is the discharge current (A), At is the
discharge time (s), AV is the potential window and m is the total mass of both electrodes (g).
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3. Results and Discussion

The Bragg diffraction of GA displayed two broad peaks centered at 29° and 50° corresponding
to the diffraction of the (0 0 2) and (1 0 1) planes (Figure 1a). The intense broad peak recorded at
29° related to a d-space value of 0.3579 nm, which was slightly higher than the equivalent value for
the graphite structure (inset of Figure 1a). Such peaks suggest an amorphous structure containing
stacked sheets with short-range order [43]. A Raman spectrum of GA revealed two peaks in the
range of 1000 to 1800 cm™!. The D-band at 1336 cm™! originated from a breathing mode of k-point
phonons of Ajg symmetry, whereas the G-band at 1605 cm™! originated from the first-order scattering
of Ey; phonons by sp? carbon domains. The higher intensity of the D-band (Ip/Ig ratio of 1.69)
indicated atomic-scale defects, such as vacancies and grain boundaries [44,45], which commonly
appear in highly functionalized graphene derivatives [46—48]. An XPS survey spectrum (Figure 1c)
showed the dominant presence of C (76.7 at. %) and O (18.0 at. %), followed by N (3.5 at. %) and F
(1.8 at. %) elements. The fluorine content probably originated from the graphite fluoride precursor,
whereas the nitrogen content may have originated from unreacted nitrile groups, as cyanographene is
a reaction intermediate of GA [37]. The deconvoluted C 1s XPS spectrum of GA (Figure 1d) exhibited
six symmetric peaks corresponding to carbon atoms in different functional groups. The first two
peaks located at 284.75 eV and 286.75 eV were assigned to sp?> C=C and sp® C-C bonds, respectively,
whereas the peaks located at 287.80, 288.84, 286.99 and 290.03 eV were attributed to carbon involved
in C-O, O=C-O, C-N and C-F covalent bonds, respectively. The deconvoluted O 1s XPS spectrum
(Figure le) exhibited two symmetrical peaks located at 531.62 and 533.32 eV, which were attributed to
oxygen in C=0 and C-OH covalent bonds, respectively. Therefore, the XPS analysis confirmed that
GA contained a high content of oxygen-containing carboxyl functional groups, as supported by FTIR
measurements (Figure S1) and in agreement with the literature [37]. BET measurements revealed the
specific surface area of 18.6 m? g~! (Figure S4) with an average pore size of approximately 6.2 nm in
diameter. It should be noted that the specific surface area in the dry state was low due to the tendency
for restacking of individual sheets of graphene functionalized by hydrophilic groups [37,49].

The structural properties and composition of GA were further evaluated by microscopic methods.
HRTEM indicated the layered nature of GA, with thin flakes of micrometer-scale lateral size (Figure 2a).
Selected area electron diffraction (SAED) analysis displayed two well-developed rings, confirming the
graphitic nature of GA with the presence of the (0 0 2) and (1 0 1) planes (Figure 2b). HRTEM imaging
was also employed to provide more detailed information about the structure and topography of the
chemical element composition (Figure 2c—e). Dark-field HRTEM images were used for energy dispersive
X-ray spectroscopy (EDS) chemical mapping of carbon, oxygen, fluorine and nitrogen (Figure 2d,e),
which all showed a homogeneous distribution over the surface, confirming the homogeneous surface
functionalization of graphene. The energy-dispersive X-ray (EDS) spectrum of GA acquired during
HRTEM analysis (Figure 2f) showed dominant peaks for C and O and small peaks for N, F, Na and Ca.
The last two elements probably originated from metal ion impurities present in the water used for
the sample preparation, as XPS did not detect these metal elements. An AFM image of a GA flake
and the corresponding height profile are shown in Figure S3a,b, respectively. A structural model of
GA is shown Figure 2g. All the obtained data corroborated that the GA sample could be considered a
layered system with a homogeneous distribution of all tested elements over the surface. The findings
confirmed that GA is a graphene derivative homogenously functionalized by oxygen-containing
carboxyl groups, in agreement with previous reports [37].
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Figure 1. (a) X-ray diffraction (XRD) of graphene acid (GA); inset: crystal structure of graphite
(hexagonal P 63 mc, a: 2.456 A, b: 2456 A, c: 6.696 A) obtained from the American Mineralogist
Crystal Structure Database (database code: amcsd 0011247). The crystal structure was visualized with
the program VESTA (version 3.4.7), developed by Koichi Momma and Fujio Izumi [50]. (b) Raman
spectrum of GA with corresponding Ip/Ig ratio; (c¢) X-ray photoelectron spectroscopy (XPS) survey
spectrum and elemental composition (inset) of GA; (d) XPS spectra of C 1s and (e) O 1s derived from
the GA sample.
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Figure 2. (a) High-resolution TEM (HRTEM) image of a GA sample; (b) selected area electron diffraction
(SAED) analysis of a GA sample; (c) high-magnification HRTEM image of a GA sample; (d) dark-field
HRTEM image used for EDS chemical mapping; (e) EDS elemental mapping of GA sample (on a Cu
grid), including carbon, oxygen, fluorine and nitrogen atoms; (f) energy-dispersive X-ray (EDAX)
spectrum of a GA sample; (g) optimized structure of GA. The molecular structure of GA was visualized
using VMD software (version 1.9.3) [51]. Scale bars were unified from the graphical point of view in
order to possess better visibility.

The reproducibility of chemical syntheses is important for practical applications, especially in
nanomaterial chemistry. Thus, we prepared and tested three independent batches of GA. Both Raman
and XPS spectroscopy confirmed minimal changes in chemical composition among the different
batches (Figure S2a,b). The high reproducibility of GA synthesis was also corroborated by the results
of electrochemical experiments, as described below.
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Electrochemical Performance of Graphene Acid

A three-electrode setup including a reference electrode is able to describe the electrochemical behavior
of a tested material more properly than a two-electrode cell can [52,53]. However, a two-electrode setup is
closer to the operational conditions of real capacitor devices. Thus, we decided to use a three-electrode
setup first to obtain an insight into the electrode/electrolyte behavior of the tested GA. Figure 3a shows a
cyclic voltammetry (CV) response of GA in the presence of three different electrolytes over the potential
range of 0.0 to 1.0 V at a constant scan rate of 20 mV s~ 1. Sulfuric acid has the ability to boost the current
(capacitive) performance compared to a neutral or alkaline electrolyte of the same ionic strength [54].
The recorded CV scan of GA exhibited distortion of the “ideal” rectangular shape, with a pair of redox
peaks located at 0.4-0.45 V. The slight potential separation (<0.1 V) between the anodic and cathodic peak
potentials suggests that the electrochemical response of GA could be considered a highly reversible system
accompanied by minimal or no structural changes. Such behavior is expected for a system containing
oxygen-containing functional groups, as shown above for GA. Oxygen-containing functional groups could
enhance capacitive performance; they increased the interaction of the tested material with the electrolyte
and made the surface more accessible for ion-exchange reactions. Moreover, fast redox reactions of carbon
surface functionalities may introduce an extra capacitance (pseudocapacitive effect) and boost the overall
performance [31]. This pseudocapacitive effect was apparent in the CV and could be attributed to the
presence of oxygen-containing groups (FTIR spectra of GA—Figure S1). The absence of redox peaks
in the neutral or base-derived solutions could be attributed to the lack of protons in these electrolytes
(the absence of H* prevents the undergoing of the redox reaction of oxygen-containing functional groups).
As the sweep rate was increased (Figure 3b), both the anodic and cathodic peak currents exhibited a
significant shift, reflecting the ohmic contribution. During a linear scan of a constant rate, the current can
be expressed according to a power law as follows (Equation (3)):

i=ao 3)

where i is the current, 2 and b are adjustable values and v is the scan rate. Thus, the b factor can be
obtained from the slope of a linear fit when log i is plotted against log v at a fixed potential. A value
of b = 0.5 indicates the current is controlled by semi-infinite diffusion processes, whereas b = 1 indicates
that the current is surface-controlled (influenced by capacitive or nondiffusive processes) [55,56].
As shown in Figure 3c, the b factor was close to 1 (data for both the anodic and cathodic current peaks
were collected at a constant potential of 0.4 V), suggesting strong surface-associated processes. The ratio
between the surface-associated processes (e.g., redox reactions) and diffusion-controlled processes
(e.g., EDLC contribution) was further evaluated using Trasatti’s method [57] (a detailed methodology
description can be found in the Supplementary Materials, Figure S6). As expected, the presence
of oxygen-containing functional groups on the surface of GA reflected the high portion of the
pseudocapacitive mechanism (55.9%). Since GA has the structure of layered graphene, the contribution
from the EDLC mechanism (44.1%) was apparent as well. Figure 3d shows GCD curves recorded at
current densities ranging from 0.5 to 10 A g~!. Their symmetric quasitriangular shape suggests the
presence of redox-active material as well as a satisfactory capacitive response of GA, even at high
current densities. In addition, three samples of GA were synthesized and tested to investigate the
reproducibility of the synthesis (Figure 3e). The standard deviation of the results was found to be
smaller than 10% (current densities ranging from 0.5 to 5 A g~!), suggesting the practical applicability
of the GA sample. A small deflection was observed at the highest current density of 10 A g~!, for which
the standard deviation was found to be 13%. A maximum specific capacitance (Csp) of 111 F g
(average for the three independent syntheses of the GA sample (S.D. 5.3%)) was obtained at a current
density of 0.5 A g~!. The obtained results show that GA is a very competitive material comparable
to previously published reports (Table S1 and Figure S5 in the Supplementary Materials). EIS was
also employed to evaluate the GA sample based on a modified Frumkin-Melik—Gaykazyan circuit
(inset of Figure 3i). The suitability of this circuit for analyzing the EIS spectra was reflected in the
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good error of fit (Figure 3i). One can see from the magnified region of the Nyquist plot (Figure 3g)
that in the high-frequency region, the EIS spectrum of GA did not exhibit a significant semicircle,
indicating a small value of charge transfer resistance, R¢t. According to the data fit, the Rt was around
1.06 Q). Such findings predict good conductivity for the GA sample. We also employed the four-point
probe method to test the conductivity of GA. The obtained data confirmed a high conductivity for
GA at 8.174 x 10° Sm~! and a rather low value of resistivity at 1.229 x 10~ () m (sheet resistance
30.74 Q) square™!). An almost vertical line in the low-frequency region of the Nyquist plot (Figure 3f)
indicated the nearly ideal capacitive response of GA, which could be attributed to fast ion diffusion [58].
The slight deflection from the parallel line was assigned to redox reactions of the oxygen-containing
functional groups [5]. A Bode representation for a GCE modified with GA is depicted in Figure 3h.
As can be seen, when the frequency decreased, the phase angle reflected a change from a resistive to a
fully capacitive response in the mHz region (phase angle: ~—84°). It should be noted that a phase
angle close to —90° indicates an almost ideal capacitor.
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Figure 3. (a) Cyclic voltammetry (CV) response of a glassy carbon electrode (GCE) modified with GA
in different electrolytes recorded at a constant scan rate of 20 mV s71; (b) CVs for a GCE modified with
GA at different potential scan rates ranging from 10 to 200 mV s~; (c) calculation of b factor from a
linear fit when log i is plotted against log v; (d) galvanostatic charging/discharging (GCD) response of a
GCE modified with GA recorded at different current densities ranging from 0.5 to 10 A g~*; (e) specific
capacitance evolution with increasing current density (0.5 to 10 A g~1) for three independent syntheses
of GA; (f) Nyquist plot of a GCE modified with GA; (g) magnified high-frequency region of the Nyquist
plot for a GCE modified with GA; (h) Bode representation of a GCE modified with GA; (i) the error of fit
for the equivalent circuit used; inset: a modified Frumkin-Melik-Gaykazyan circuit. All measurements
were performed in 1 mol L1 H,50, unless otherwise stated.
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To further assess the feasibility of GA for actual applications, a symmetric capacitor using 1 mol L™
H,S0; as the electrolyte was assembled. To avoid any capacitance interferences or boosting effects
originating from binders or different additives, we used an aqueous suspension of GA. Figure 4a shows
the GCD response of GA in the two-electrode configuration recorded at current densities ranging
from 1to 20 A g7, As expected, all the GCD curves were more symmetrical compared to those of
the three-electrode setup, suggesting the reduced influence of ion diffusion as well as satisfactory
capacitive behavior. Faster ion diffusion is also demonstrated in Figure 4b, which shows a slow
decline in the specific capacitance response across a wide range of current densities. Based on these
observations, we also performed a rate stability test (Figure 4c) to evaluate the capacitance stability
of the GA system. After 10 repeated GCD tests over a range of current densities from 1to 20 A g™},
the capacitive response remained stable. Hence, it was possible to select a relatively high current density
(3 A g7) and cycle the system during a long-term experiment. The results confirmed the remarkable
stability of GA after 60,000 cycles, with specific capacitance retention of 95.3% (Figure 4d). In practical
applications, a single supercapacitor is not able to meet all the energy and power requirements.
Therefore, two cells were connected in series (to boost the voltage range) or in parallel (to increase the
energy storage density), as illustrated in Figure 4e. The GCD test recorded at 2 A g~! revealed that
the voltage window could easily be increased up to 2 V for two cells connected in series compared to
a single supercapacitor operating at 1 V. On the other hand, connecting supercapacitors in parallel
could enhance the energy storage density twice as well. To demonstrate that GA can be used as a
candidate for supercapacitor applications, two cells were connected in series and used to power a red
light-emitting diode. After charging the system to 2 V, the LED was illuminated without any obvious
fading effects, as shown in Figure 4f (Figure 4f (left) shows the open circuit without the presence of
GA-based supercapacitors, whereas Figure 4f (right) illustrates the closed circuit with fully charged
GA-based supercapacitors).
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Figure 4. (a) GCD response of GA in a two-electrode configuration recorded at current densities
ranging from 1 to 20 A g~!; (b) decrease in the specific capacitance of GA with increasing current
density; (c) rate stability test of GA recorded at current densities ranging from 1 to 20 A g‘1 ; (d) cycling
stability of GA after 60,000 cycles; inset shows first and last 10 cycles in a potential difference of 1 V
(recorded from —0.35 V to 0.65 V); (e) response of two supercapacitor cells equipped with GA connected
in series or in parallel; (f) LED test of two supercapacitor cells equipped with GA connected in series.
All measurements were performed in 1 mol L1 H,S0,.
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4. Conclusions

GA is a graphene derivative prepared from fluorographene that offers a promising stable
electrode material for supercapacitors. GA is well-equipped with oxygen-containing groups and
exhibited an encouraging pseudocapacitive response in 1 mol L™! sulfuric acid. By prepared three
independent GA samples, we showed the high reproducibility of its synthesis and electrochemical
performance. Owing to the unique features of its surface chemistry, GA exhibited good performance as
a pseudocapacitive material, having an enormous rate and lifetime stability. GA could be cycled at least
10 times at various current densities without any capacitance loss. Such an attribute was accompanied
by an enormous specific capacitance retention after 60,000 cycles (95.3%) recorded at a reasonably high
current density of 3 A g7! in a two-electrode cell system. The obtained results demonstrate that GA
is a suitable candidate for preparing supercapacitors with exceptional lifetime stability. Generally,
covalent graphene derivatives with selected functional groups should be considered a potentially
important class of supercapacitor electrode materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/9/1731/s1.
Figure S1: Fourier transform infrared (FTIR) spectrum of graphene acid; Figure S2: Comparison of (a) Raman and
(b) X-ray photoelectron spectroscopy (XPS) spectra of graphene acid from three independent syntheses; Figure S3:
(a) Atomic force microscopy (AFM) image of graphene acid and its corresponding high profile (b). Figure S4
BET measurement of graphene acid with corresponding pore distribution (inset of Figure S4), Figure S5 Ragone
plot showing energy and power density of GA, commercial graphene and other comparable published materials.
Specific capacitance was recalculated using the same metrics and formulas as in described in the main text of the
manuscript, preferably from discharging time of GCD profiles. Energy density and power density values were
calculated using the following equations: E = (Cs x 0.5 X AV2)/3.6; P = 3600 x (E/At), where E is the energy density
(Wh kg‘l), P is the power density (W kg‘l), Cs has the meaning of specific capacitance (F g‘l), AV is the voltage
window (V) and At is the discharge time (s). Figure S6 (a) Dependence of q on v71/2, (b) dependence of q‘1 on
v1/2 for GA in 1 mol L™! sulphuric acid electrolyte. (c) bar chart of the contribution of pseudocapacitance (PC)
and electrochemical double-layer capacitance (EDLC) to the total capacitance. Table S1: Comparison of specific
capacitance, energy density, power density, cyclic stability and capacitance retention in GA, commercial graphene
from Ossila and other published comparable materials
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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 sp? hybridization, honeycomb
lattice, and aromatic network, comes with relatively low reactivity of graphene itself.
Moreover, combined with graphene’s zero band gap and hydrophobicity, these facts
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
because the fluorographene’s reactivity is much higher than graphene’s.

Within this work, new ways of chemical functionalization of graphene were
pursued with a focus on tuning the materials’ properties toward energy 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 1947' and experimentally
prepared during the next 50 years®’. In 2004, Geim and Novoselov published their
breakthrough re-discovery and characterization of graphene®. It disproved the long-
standing claim that strictly 2D crystals can not be thermodynamically stable — therefore
exist™®. Alongside graphene, the boron nitride was another example of stable 2D
material’. 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 The schematic representation of a graphene’s structure. Adapted from ref®

Graphene consists of units of six sp>-carbon atoms tightly bonded in hexagonal,
honeycomb-like rings, forming a conductive network thanks to the delocalized electrons
in - 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 graphene’. 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 p.-orbitals of graphene with c- and ©- bonds. Adapted from
ref'?. b) Crystalographic sublattices A (red atoms) and B (blue atoms). Adapted from ref!!

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 alter its properties. Defects change graphene’s
chemical and electronic properties since they act as centres of activity. Targeted
interactions on the defects can lead to the proper identification of the defects'? and
toward the modification of the electronic structure of graphene.!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 tension?’, insoluble in most traditional solvents and self-
aggregating due to m-m interactions, disrupting 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

solution to graphene’s issues.



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 derivatives overcome the pristine graphene’s
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 sp?> conductive network of the parent graphene oxide. Thus, the
functionalization of graphene oxide will not be discussed in detail.**

Thanks to their unique and tunable properties, functionalized graphene derivatives
are utilized in various applications (Figure 3), including catalysis®®, water
remediation®>*, bio-applications®!, sensing’**, hydrogen storage® or the field of

36,37

energy storage’™’, closely related to the research done within this thesis.
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Figure 3 Schematic representation of the broad portfolio of the possible application utilizing

functionalized graphene derivatives. Adapted from ref®

1.1.1 Non-covalent approaches
Non-covalent functionalization is an elegant way to improve graphene’s intrinsic

properties while retaining most features like pristine structure. It usually utilizes
different types of non-covalent interactions, such as electrostatic or m-interactions,
which offer effective synthetic methods for attaching functional groups without
disrupting the conducting electronic network.'® The m-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).

e Hydrogen-n-interaction

e m-m-interaction

e (Cation-m-interaction

e Anion-m-interaction

e Other graphene-ligand interactions



Figure 4 Schematic representation of a non-covalent functionalization of graphene and

graphene oxide. Adapted from ref*®,

1.1.2 Covalent approaches

Covalently grafted electron-donating or electron-withdrawing groups
significantly alter graphene’s electronic structure, m-m conjugation system, and open its
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.!'* 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: '%1%-20:23:40
e Nucleophilic addition:
e Cycloaddition: [2+1] cycloaddition, [2+2] cycloaddition, [3+2] cycloaddition,

[4+2], mostly known as Diels-Alder, cycloaddition

e Radical reactions



e Substitution reaction

e Rearrangement

1.2 Fluorographene

Fluorographene, sometimes so-called “2D-teflon”, is a stoichiometric graphene
derivative with a fluorine atom bonded to every carbon atom in a graphene-like
structure. With a C1F; 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
the m-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.*!

Moreover, the exceptional strength of the C-F bond is usually beneficial in the
means of thermal stability and chemical inertness — therefore, the “nickname” 2D-
Teflon. However, contrary to Teflon, fluorographene offers a plethora of possible
reactions (Figure 5) thanks to the fluorine vacancies, partial positive change on the
carbanion and resulting nucleophilic substitution on such region in the fluorographene’s

structure.*>4

CF,

Ly 0

7

OH

Nucleophilic substitution

Figure 5 Examples of possible graphene derivatives synthesized via fluorographene chemistry.

Adapted from ref*.



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% 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 ref*’.

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 sp? conjugated network and sp* carbon bearing the
functional groups, they offer precise tweaking of their conductivity.3”#*434% 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:

e Firstly, a highly nitrogen doped graphene derivative (GN3) was prepared,
further characterized, and used in energy storage application.

e Secondly, a new amino acid functionalized material was prepared and used as
active electrode material in a sustainable supercapacitor.

e 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

49,50

contributed as a first author in two of those publications and as a co-author in the

third one>!.

3.1 Nitrogen Doped Graphene with Diamond-like Bonds
Achieves Unprecedented Energy Density at High Power in a

Symmetric Sustainable Supercapacitor

Text adapted from
e Sedajovd, V.; Bakandritsos, A.; Blohski, P.; Medved, M.; Langer, R.; Zaoralovd, D.; Ugolotti,
J.; Dzibelova, J.; Jakubec, P.; Kupka, V., Otyepka, M. Nitrogen Doped Graphene with
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/DIEE02234B.

Introduction

Supercapacitors belong to the portfolio of energy storage devices with their
extraordinary qualities, like fast charging/discharging and very long cycle-life.?
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 Whkg! (5-8 Wh L)% In comparison, lead-
acid batteries offer 20-35 Wh kg! (40-80 Wh L), with the state-of-the-art Li-ion
batteries achieving ~150 Wh kg™ (~250 Wh L).3%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 metal atoms in electrode materials with earth-abundant, 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 improve®*=>°°%6! The highest energy density reported to date was
obtained using electrodes consisting of bilayers of exfoliated graphene-mediated
hydrogen iodide-reduced graphene oxide (EGM-GO)®? with a mass density of ca.
1 g cm™ exhibiting capacitance 203 F cm™ and, at that time, the record energy density
of 113 Wh L' at 0.9 kW L"! (current density 1 A g'!). Within this work, we reported a
novel carbon-based electrode material, GN3, with an unprecedented mass density of
2.8 gem™. Its excellent ability to host ions surpasses commercially used porous
materials (S.A> 2000 m? g'!). GN3, with its extraordinary properties, achieved an
energy density of 200 Wh L™ at a power density of 2.6 kW L', corresponding to

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

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.®3-%°
Exfoliated fluorographene was subjected to a reaction with NaN3 in dimethylformamide
at 130 °C, 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, the GN3 material’s N content reached 16.1 at.%
after the reaction also reflected in the Cls deconvolutions. The carbon atoms, initially
bonded with fluorine (binding energies above 289.5 eV), were transformed during the
synthesis into aromatic sp* carbons (284.7 eV, 45%), non-functionalized sp* 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).
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Figure 7 (a) Schematic depiction of the synthesis of GN3. (b)-(d) XPS characterization and
deconvolutions. (€) CP MAS 3C solid-state NMR and (f) FT-IR spectra of starting product,

byproducts, and final material.

The 'H—!3C CP MAS solid-state NMR spectra (Figure 7) showed peaks at
34 ppm typical for non-functionalized and non-nitrogen bonded sp* carbons in diamond
and diamond-like carbon materials.®® This peak was more intense in the spectrum of
GN3 final material than in the GN3-4h intermediate, indicating that these sp® carbons
were formed as the reaction progressed. Moreover, the presence of a m-conjugated
aromatic network and aromatic >C=N moieties (pyridinic and pyrrolic)®®®” 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 CF» groups of GF (1200 and 1305 cm™,



respectively) were progressively replaced with bands at 1580 and 1210 cm™
(characteristic of aromatic carbon rings®®), indicating the defluorination and formation
of an sp? network (Figure 7). Additional aromatic-ring vibrations, corresponding to the
band at 1400 cm™!, can be assigned to a heteroatom substitution (e.g., with pyridinic
nitrogens®®%%), as suggested using theoretical calculations.”%’?

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 SEM* 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™ compared to 0.5 g cm™ before pressing.

~ GN3 p GN3

1.4 mgloading
—
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).

m C,(Fg)
EE C, (F cm™)
N E (Wh L")

Cell voltage (V)

0 25 50 75 100 125 150 175 200 225 250 GN3 PC KC
Time (s)
Figure 10 Comparison of (a) GCD curves and (b) energy storage values at 2 A g! of the GN3

material with porous carbons.



Moreover, as proper benchmark materials, the carbons PC and KC”? 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;>3:5>58:59.6273 ' wwhen 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' at a power of 2.6 kW L! and
143 Wh L' at 52 kW L. 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 cases®?).

Lastly, the GN3 cell could also be operated at commercially relevant mass
loadings of up to 10 mgcm?, demonstrating 99% retention of low-mass loading
capacitance at a temperature of 38 °C, which is in the range typically used to evaluate

energy storage devices,”*"7.
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Figure 11 State-of-the-art comparison of the previously published report and this work’s results.



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 sp? and sp* 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™ 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' at 2.6 kW L!
and 143 Wh L at 52 kW L', 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
e Vermisoglou, E. C.; Jakubec, P.; Bakandritsos, A.; Kupka, V.; Pykal, M.; S‘edajovd, V.; Vicek,
J.; Tomanec, O.; Scheibe, M.; Zboril, R.; Otyepka, M. Graphene with Covalently Grafted Amino
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.”®” 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.®’ 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.



ey Boc ~5M HCl
—_— —_—
| - Boc
FG

FG/Arg-Boc FG/Arg
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’!, attributed to the secondary amine. The FG/Arg-48h product exhibited the O-
H vibration (broad band below 3500 cm™), directly overlapping with a second N-H
stretching vibration band attributed to the deprotected primary amine.’®? Boc
protecting group in the deprotected product was proved by the two weak bands at
~2800-2950 cm’!, attributed to C-H stretching vibrations of present methyls.®!

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 Cls region of both materials resulted in the evident differences of the
deconvoluted components: C-C (sp?), C-C (sp°), C-N, C*-C-F, O=C-0O, C-F and CF.
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™) and G (1595
cm™') bands were present in the spectra of both prepared samples. The FG/Arg-48h
exhibited a ratio In/lG of 1.32 (>1), reflecting the high FD as well as the presence of sp®

hybridized carbon atoms. "33
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Figure 13 (a) FTIR spectra of GrF, FG/Boc-48h and FG/Arg-48h. (b) High resolution Cls 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-1) 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 H>SO4 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
glto 5A g 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 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! at a current density of 0.25 A g!). After 30,000
charging/discharging cycles at a current density of 2 A g'!, 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
e  Sedajovd, V.; Jakubec, P.; Bakandritsos, A.; Ranc, V.; Otyepka, M. New Limits for Stability

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 performance®*®. 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 a material’s wettability,
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 electrolyte®®. Oxygen-containing
functionalities are wusually involved in fast redox reactions, increasing the
pseudocapacitance contribution®’. 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 current®,

The presented studies investigated the pseudocapacitive behaviour of graphene
acid (GA)® as a supercapacitor electrode material®>. GA is a highly conductive,
hydrophilic graphene derivative, functionalized with carboxyl groups, which are
homogeneously dispersed among the graphene surface®®. GA was already employed

91793 and electrocatalysis’™.

with excellent results in electrochemical sensing”, catalysis

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 report®.
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 29° and 50°, corresponding to the (0 0 2) and (1 0 1) planes, respectively,
characteristic for stacked sheets with short-range order in amorphous structure®®. The d-
space value of 0.3579 nm, calculated from the 29° peak, 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 sp>
structure.””?® The Ip/Ig ratio of 1.69 confirms the suggested structure of GA, with out-
of-plane functionalities, but retaining the sp? structure responsible for the conductivity,

which was noted in previously highly functionalized graphene derivatives.?7-1:8485.99
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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™', usually
attributed to the carbon-oxygen vibration in carboxylic groups.’%%®

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. (¢)-(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™ H,SO4 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!, showing
linear response (contrary to the three-electrode system) since the two electrode system

operates differently with the voltage'®.
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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 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
circumvent graphene’s low reactivity during direct functionalization. The pathways
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.



5 ZAVER

Tato disertacni prace byla zaméfena na syntézu a charakterizaci kovalentné
funkcionalizovanych derivatd grafenu s vyuzitim fluorografenu jako vychoziho
materidlu. Vlastnosti a benefity prezentovanych materiali byly zkoumény a testovany
pro jejich aplikaci jako elektrodovych materidldi na poli ukladani energie v
superkondenzatorech. Functionalizace a dusikovy doping kladn¢ ovliviiuji jejich
chovani, a proto zlepsuji jejich vykon v zatizenich.

V ramci této prace byla vyuzita fluorografenovd chemie k ptrekonani nizké
reaktivity grafenu pii jeho pifimé funkcionalizaci. Syntetické procesy vyuzily
exfoliovany grafit fluorid pro ptipravu chemicky funkcionalizovanych derivatd grafenu
s dopovanim dusikem a s kovalentné pfipojenymi aminokyselinami a karboxylovymi
skupinami.

Prvné byl syntetizovan dusikem superdopovany (16 at.%) grafen s
mezivrstvovymi vazbami podobnymi diamantu s mimofadné vysokou hustotou. Tento
material, v symetrickém zafizeni za pouziti iontové kapaliny jako -elektrolytu,
predstavuje prilom v objemovém ukladani energie ve srovnani s diive publikovanymi
vysledky.

Nasledné byly ptipraveny derivaty grafenu funkcionalizované aminokyselinami,
které byly dale optimalizovany pomoci pdrotvorného ¢inidla a vyuzity jako aktivni
material v superkondenzatorech. Findlni zafizeni benefitovalo pravé z kovalentné
navazanych funkénich skupin, které zajistovaly redoxni procesy v superkondenzatoru.
Pouziti ekologického elektrolytu navic dale zvysilo relevantnost, udrzitelnost a moznost
komeréniho vyuziti celého zafizeni.

Jako posledni byl v ramci prace charakterizovan vysoce karboxylovany derivat
grafenu s dirazem na reprodukovatelnost syntézy. Grafenova kyselina vykazovala
vyjime¢nou cyklickou stabilitu v kyselém elektrolytu a nasSla opét vyuziti v
superkondenzétorech.

Materialy a syntetické postupy uvedené v této praci ukazuji nové cesty pro vyvoj
kovalentnich derivati grafenu. Ty byly pfesné€ navrzeny tak, aby poskytovaly vyjime¢né
a excelentni vlastnosti v technologicky dulezitych oblastech, s dliirazem na pouziti v

aplikacich pro ukladani energie, zejména v superkondenzétorech.
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