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Graphene

Pencil + Scotch Tape = the Nobel Prize
(6 years of waiting)



Graphene 2D material, which should not exist
• ”More than 70 years ago, Landau and Peierls argued that strictly two-dimensional (2D) 

crystals were thermodynamically unstable and could not exist11,12. Their theory 
pointed out that a divergent contribution of thermal fluctuations in low-dimensional 
crystal lattices should lead to such displacements of atoms that they become comparable 
to interatomic distances at any finite temperature13. The argument was later extended 
by Mermin14 and is strongly supported by a whole omnibus of experimental 
observations. Indeed, the melting temperature of thin films rapidly decreases with 
decreasing thickness, and they become unstable (segregate into islands or decompose) at 
a thickness of, typically, dozens of atomic layers15,16. For this reason, atomic monolayers 
have so far been known only as an integral part of larger 3D structures, usually grown 
epitaxially on top of monocrystals with matching crystal lattices15,16. Without such a 3D 
base, 2D materials were presumed not to exist until 2004, when the common wisdom 
was flaunted by the experimental discovery of graphene7 and other free-standing 2D 
atomic crystals (for example, single-layer boron nitride and half-layer BSCCO)8. These 
crystals could be obtained on top of non-crystalline substrates8-10, in liquid 
suspension7,17 and as suspended membranes18.” 

taken from … Nature Mat. 6, 183–191, 2007



2D Materials
• Graphene - 2004 by Novoselov and Geim
• Wide family of 2D materials

• One element
• graphene (C), phosphorene (P) …

• More elements
• graphene derivatives – graphane (CxHx), fluorographene (CxFx), 

graphene oxide
• graphene analogs – hBN
• G-C3N4
• MXenes (Ti3C2 …)
• transition metal chalcogenides (MoS2 …)
• transition metal oxides and hydroxides (TiO2, … Ni(OH)2)
• 2D zeolites
• 2D MOFs, COFs 



Band-gaps of 2D Materials 2D materials are chosen for their
experimental significance and 
demonstration, with depictions of
a perspective view of their crystal
structures. Arrangement is in 
accordance with their bandgap, 
guided by the bottom
wavelength/bandgap scale, 
whereas the bar beneath each
structure indicates bandgap range
from bulk to monolayer. Typically, 
the bulk bandgap is smaller than
that of its monolayer (black bars), 
but there are exceptions (red bars). 
2D materials on the far left, 
indicated by a gray box, are zero or
near-zero bandgap, metallic, or
semimetallic.

npj 2D Materials and 
Applications 4, 29 (2020)



Carbon nanoallotropes
(i) 0D carbon nanostructures
such as fullerenes, OLC 
structures, C-dots, and 
nanodiamonds, (ii) 1D 
nanoallotropes such as 
CNTs, carbon nanofibers, and 
SWNHs (although the latter
are organized into 3D 
aggregates), and (iii) 2D 
nanoallotropes such as 
graphene, graphene
nanoribbons, and few-layer
graphenes

Chem. Rev. 2015, 115, 11, 
4744–4822



Graphene functionalization An overview of noncovalent
and covalent graphene
functionalization. CDs stands
for carbon dots, GO graphene
oxide, rGO reduced GO, and NP 
nanoparticle.

Biosens. Bioelectron., 166, 
112436, 2020

Georgakilas V, Otyepka M, Bourlinos AB, Chandra V, 
Kim N, Kemp KC, Hobza P, Zbořil R, Kim KS: 
Functionalization of Graphene: Covalent and Non-
Covalent Approaches, Derivatives and 
Applications. Chem. Rev., 112(11), 6156-6214, 2012.



(A) Band structure of graphene and zoom-in of the energy
bands close to the Dirac points.  (B) Ambipolar electric field
effect in single-layer graphene. (C) Position of the Dirac
point and FL as a function of doping. The upper panel is n-
type doped, pristine and p-type doped free 
standing graphene (a-c). The lower panel is n-type doped, 
pristine and p-type doped epitaxial graphene grown on 
silicon carbide (SiC) (d to f). 

Concentration, △n, of induced charge carriers in single-
layer graphene exposed to different concentrations, C, of NO2. (b) Changes in 
resistivity, �, at zero B caused by graphene's exposure to various gases diluted
in concentration to 1 ppm. The positive (negative) sign of changes is chosen
here to indicate electron (hole) doping. (c) Constant mobility of charge carriers
in graphene with increasing chemical doping. The parallel shift implies a 
negligible scattering effect of the charged impurities induced by chemical
doping.

J. Mater. Chem., 2011, 21, 3335 (+ refs therein)

p-type

n-type

Nano Lett. 2008, 8, 1, 173

Nature Materials 6, 652, 2007Noncovalent functionalization



Doping

PCCP, 16, 14231, 2014

Classical n/p doping

Smaller effect but the 
same trend for N/B

G + XHx 

M è M+ + e−

Wf

ACS Sustainable Chem. Eng. 2020, 8, 8, 3437

local potential difference (LCPD) 
measured above the dopant atoms

J. Mater. Chem., 2011, 21, 3335 



Graphene functionalization

• 2007 – Graphane and Graphene fluoride predicted
• Sofo JO et al. PRB 75, 153401 (2007)

• 2009 – Graphane synthesized
• Elias DC et al. Science, 323, 610 (2009)

• 2010 – Fluorographene/G. fluoride prepared
• Fluorination of graphene

• Robinson JT et al. Nano Letters 10, 3001 (2010)
• Cheng SH et al. PRB 81, 205435 (2010)

• Mechanical exfoliation of graphite fluoride
• Nair RR et al. Small 6, 2877 (2010)

• Chemical exfoliation of graphite fluoride
• Zbořil R et al. Small 6, 2885 (2010)

Phys. Rev. B, 75, 153401 (2007)



Graphene functionalization

ACS Nano 2013, 7, 8, 6434 Chem. Mater. 2010, 22, 2142

sp2 carbons to sp3, decrease in conductivity
depends on the element, DF, topography/arrangement, … 



Graphene functionalization
sp2 carbons to sp3, decrease in conductivity
depends on the element, DF, topography/arrangement, … 

Carbon 2012, 50, 5403 J. Chem. Phys. 2012, 137, 034709Nano Lett. 2010, 10, 3001



Graphene oxide
• Prepared by oxidation of graphene/graphite + exfoliation, hydrophilic material, but non-conductive
• Chemically very complex material 

ChemNanoMat 4, 3, 224, 2018

Nature Communications 11, 1566 (2020) 



Graphene derivatives
• Noncovalent

• Affecting properties of both graphene/adsorbate
• Can be used for detection …

• Covalent
• Significant effect on properties – band gap opening

• Depend on element, degree of functionalization and topography



Fluorograhene

Discovered in 2010

Mechanical exfoliation of graphite fluoride
Nair RR et al. Small 6, 2877 (2010)

Chemical exfoliation of graphite fluoride
Zbořil R et al. Small 6, 2885 (2010)

Fluorination of graphene
Robinson JT et al. Nano Letters 10, 3001 (2010)
Cheng SH et al. PRB 81, 205435 (2010)

ACS Nano 7, 6434, 2013
Appl. Mater. Today, 9, 60, 2017 



Properties of Fluorographene 

fluorographene

graphene

ACS Nano 7, 6434, 2013
Appl. Mater. Today, 9, 60, 2017 

?

C1F1(1.1)



CF + KI ® KF + [CI] ;  [CI] ® C + ½ I2       (180 °C) IR

Zbořil et al., Small 6, 2885, 2010 

Nair et al., Small 6, 2878, 2010 

Fluorographene is Reactive



CF Nu CxFyNuz

Mechanism?

C-F ® C� + F�

C-F ® C+ + F-

SN2 dE‡ = 18 kcal/mol

Srad dE‡ = 109 kcal/mol

SN1 dE‡ > 200 kcal/mol

C-F ® C� + F�
Srad dE‡ = 112 kcal/mol

PBC
ωB97xD/6‐311G(d,p)//B97D/6‐311G(d,p)

NaOH

Fluorographene Reactivity

Exp. dE‡ in acetone

14 ± 5  kcal/mol

J. Phys. Chem. Lett. 6, 1430, 2015

Finite size model



Fluorographene Reactivity

Reaction profiles of the SN2 reaction of FG with  OH!in gas phase and different solvents 

⍵B97XD/6-311+G(d,p)/SMD



1 defect per ~1000 C, 5 x 5 nm2 

Fluorographene Chemistry is Triggered by Defects

Nanoscale 10, 4696, 2018 

Some like it hot (1959)

EPR



J. Phys. Chem. Lett. 9, 3580, 2018 

Reaction profiles of the SN2 reaction of FG with 
OH!in gas phase and different solvents 

Reaction profiles for Nu attack of OH! on a FG radical site, 
followed by release of F!.

Nu attack on pristine FG Nu attack on a FG radical site

Exp. barrier in acetone is 14 ± 5  kcal/mol*

*J. Phys. Chem. Lett. 6, 1430, 2015

- 70.4 kcal/mol

Defects are Elphiles



Alongside with decrease in F content an 
increase in C sp2 content is observed

Reductive defluorination occurs simultaneously with substitution
Appl. Mater. Today, 9, 60, 2017

Nanoscale, 10, 4696, 2018  

Elimination
Substitution

Coverage – 2-15%

Fluorographene Reactivity



Defluorination and nucleophilic substitution starting on 
FG radical centers. A. Electron transfer. B. Hydrogen 
transfer. C. Nucleophilic attack

Possible reaction pathways 

Different thermodynamics

Different kinetics

Different solvent effects

Possibility to control reduction and 
substitution by changing reaction 

time, temperature, solvent
substitutionelimination

J. Phys. Chem. Lett. 9, 3580, 2018 

Reaction Channels



DCBDMF

substitutionelimination

FG + Octylamine 
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Reaction Control by Solvent



Elimination
Substitution

Covergage – 5-15%

DMFDCB

J. Phys. Chem. Lett. 9, 3580, 2018 

Reaction Control



Complexity of C-F Bonding in CxFy

J. Phys. Chem. C 123 (45), 27896, 2019 

IMPORTANT FOR FLUORINATION C → CxFy
Compact clusters are preferred

C-F bonds in 
aromatics
CCSD (Xtal 
database) 

Various fluorination motifs are 
observed experimentally

Kinetic partitioning mechanism  



Directionality of Defluorination

ACS Nano 12, 12847, 2018 

MODEL
C18F5(OH)40.29 nmSTEM/HAADFSTEM/MAADF

EELS

period of 0.29 nm

0.3 nm

IMPORTANT FOR DEFLUORINATION 

Zig-zag sp2 lines inside sp3 matrix are preferred

LEADS TO RT 
MAGNETIC ORDERING 

(talk by P. Blonski) 

favored







Cyanographene to Graphene Acid

30

G-CN + HNO3® G-COOH

ACS Nano 11, 2982, 2017 

G-COOH + NH2-R



31
ACS Sustainable Chem. Eng., 8, 4764, 2020  



Fluorograhene reacts at mild conditions

Appl. Mater. Today, 9, 60, 2017
[refs therein] 

Nanoscale 10, 4696, 2018
J. Phys. Chem. Lett. 9, 3580, 2018

ACS Sustainable Chem. Eng., 8, 4764, 2020  

Org. 
funct.

Metals

Prots
/NAselimination (Csp3-F → Csp2) + substitution (C-F → C-X)

reaction is triggered by point defects, which behave 
like el-philes

lead to graphene derivatives with a high degree of 
surface functionalization 2-20 at. %

dual functionalization is possible

doped graphenes can also
be prepared

graphene acid



Graphene derivatives based on fluorographene chemistry

33

FLUOROGRAPHENE

C-F

I. GENERATION 
of

GRAPHENE 
DERIVATIVES 

C-X

II. GENERATION 
of

GRAPHENE 
DERIVATIVES 

C-X-Y

AMINES
GRIGNARD
CYANIDES
AMIDES
AZIDES

…

CDI
CLICK CHEM



Fluorographene 
derivatives are useful 
for many applications

Supercaps

Batteries

Spin control
Magnetism

Nano-bio interface

Antibacterial mat.; Adv. Sci. 2021, 2003090

Sensing

Biosens. Bioelectron, 2020, 166, 112436
ACS Omega 2019, 4, 19944
Biosens. Bioelecron. 2017, 89, 532
Biosens. Bioelecron. 2021, 195, 113628
Green Chem. 2023, in press
Small 2023, in press

Catalysis
Adv. Mater. 2019, 31, 1900323
Green Chemistry 2019, 21, 5238
Chem. Sci. 2019, 10, 9438
ACS Appl. Mater. Interfaces 2020, 12, 250
Adv. Mater. Int. 2021, 2001392
Small 2021, 17, 2006477
Nature Commun. 2023, in press

Environment
Detox-monitoring

Adv. Mater. 2018, 30, 1705789
Adv. Funct. Mater. 2018, 28, 1801111
Adv. Fun. Mater. 2019, 27, 1906998
Chem. Mater. 2019, 31, 4698
J. Mater. Chem. A 2020, 8, 25716
Adv. Mater. 2021, 33, 2004560 
Env. En. Sci. 2022, 15, 740 

Adv. Funct. Mater. 2021, 2101326
Adv. Energy Mater. 2022, 12, 2103010

Nat. Commun. 2017, 8, 1
ACS Nano 2018, 12, 12847
Nature Commun. 2018, 9, 1
Adv. Mater. 2019, 31, 1902587
ACS Appl. Mater. Interfaces 2020 12, 34074, 2020

ACS Nano 2021, 15, 3349
Small 2022, 18, 2201003

Single Atom
Catalysis



Htcr j gpg!f gtkxcvkxgu
hqt!ugpukpi

• Active sensing material

• Meet adulteration
• EuroNanoMed III (2022-25)

GLEBioassay: a multiplexed point of care (PoC) nanobiosensing platform to
monitor the efficacy of the naxitamab-based immunotherapy in
neuroblastoma

• ATB sensing via PoC

Arben Merkoçi

Biosens. Bioel. 195, 
113628, 2022
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