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Electrophilic radical coupling at the edge of
graphene†

Amedeo Bellunato and Grégory F. Schneider *

We report the selective functionalization of an edge of graphene via the electrografting of 4-nitrobenzene

diazonium tetrafluoroborate. The edge – a single line of carbon atoms – forms during the process of

cutting a graphene monolayer with an atomically sharp microtome knife. Embedded in a polymeric

matrix, the just cut bare graphene edge efficiently transfers electrons to a ferricyanide probe in solution.

By monitoring the electron exchange reactions of the edge upon functionalization, we observe an

annihilation of the reduction and oxidation peaks of the ferricyanide probe, characteristic of the formation

of a nitroaryl passivation layer on the edge of graphene. For the first time, the chemical state of a single

line of carbon atoms is influenced and monitored using an electrochemical cell, therefore bypassing the

usual requirements of atomic resolution characterization techniques, which often demand very clean gra-

phene samples and vacuum processing.

Introduction

The selective functionalization of the edge of graphene aims to
target the chemically active carbon atoms on the edge without
interfering with the sp2 honeycomb structure of the surface of
graphene.1,2 The abrupt interruption of the conjugated struc-
ture of graphene entails the edges with a higher chemical reac-
tivity with respect to the basal plane,3–11 a consequence of the
rupture in symmetry of the lattice. The exclusive functionali-
zation of the edges, however, has hardly been achieved, often
relying on bulk methods such as ball-milling and plasma or by
polymerizing edge functionalized polycyclic aromatic hydro-
carbon monomers.7,12,13 Here, we selectively functionalize the
edge of a graphene monolayer by grafting electrophilic nitro-
benzene-aryl radicals in acidic conditions.

The graphene edge is prepared by transverse sectioning of a
polymeric block with an embedded graphene film14,15 using a
microtome16 and an ultra-sharp diamond knife. The mechani-
cal cut proceeds by breaking the lattice of graphene forming
an edge. Experimentally, microtomy of graphene from highly
oriented pyrolytic graphite (HOPG) yields edges in graphene
composed of zig-zag and armchair segments alternated by
reconstructed edges where the carbon atoms locally arrange
into heptagons and pentagons.17 Additionally, the cut is per-
formed at the meniscus between water and air, leading to the

passivation of the edges predominantly by hydrogenation and
hydroxylation.18,19

Prior to sectioning, chemical vapour deposition (CVD)
graphene is transferred on top of an ultra-flat polymeric sub-
strate containing a metallic gold contact and moulded as a
replica of a polished Si/SiO2 wafer (Fig. 1a-i and ii). The
flatness of the substrate preserves the electronic structure of
the graphene layer, thereof preventing strains, curvatures or
distortions.20–23

Next, the graphene layer covered with a film of poly(methyl
methacrylate) (i.e., PMMA) is transferred on top of the poly-
meric substrate and electrically wired (Fig. 1a-iii). Lastly, the
PMMA/graphene/polymer stack is further re-embedded inside
the polymer block (Fig. 1a-iv). Upon cutting (Fig. 1b), a single
line of carbon atoms forms on the surface of the polymer and
is constituted by the edge of graphene. Notably, the orthogonal
orientation of the graphene with respect to the blade prevents
the polymer to fall over and hinder the surface of the edge
(Fig. 1c), which is used as an active electrode for monitoring
and characterizing electrochemically the edge electrode upon
functionalization. In fact, the variation of the electrochemical
activity of a graphene edge electrode is proposed as an indirect
characterization tool related to the chemical state of a single
line of carbon atoms, without employing atomic resolution
probe microscopy.24–27 Specifically, the formation of a passiva-
tion layer composed of nitroaryl moieties decouples the edge
electrode from the electrochemical probe, indicating the
functionalization of the edge of graphene. The binding of a
layer of aryl moieties is further characterized by Raman spec-
troscopy. In fact, the functionalization of the edges of gra-
phene, and the nature of the functionalization (either covalent
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bonding or physisorption) can be addressed by studying the
variation of the Raman signature of graphene.28

Results and discussion
The graphene edge electrode

Conventional characterization tools such as scanning tunnel-
ling microscopy and atomic force microscopy (STM/AFM) or
even highly sensitive elemental analysis like X-ray photo-
electron sprectroscopy, can hardly resolve the edge of graphene
from the surrounding polymer, specifically because of the
organic, insulating nature of the embedding material. The
major advantage of graphene is that it is the solely conductive
component of the composite sample, thus, as long as the line
of carbon atoms is exposed through the trimmed surface of
the block, it can be probed electrically and exposed to solvents.

While electrical measurements would require the precise
deposition of metal contacts, such as chromium, on top of the
trimmed polymer/graphene/polymer edge,29 we could here
monitor the functionalization of the edge by electrochemistry.
In fact, the edge of graphene is here the active electrode of an
electrochemical cell. The addition of a redox probe such as
ferricyanide K3Fe(CN)6 provides information on the starting
electrochemical status of the edge by means of electron
exchange reactions between the probe and the edge electrode.
Consequently, the mass transport of ions inside the electro-
lytic solution together with the electron exchange reactions
between the electrode and K3Fe(CN)6 are employed in order to
interface the atomically thin graphene edge. This requires the

edge electrode to be exposed through the surface of the
polymer block. In fact, if the insulating polymer would cover
the edge of graphene, a zero potential would develop across
the edge electrode and the counter electrode, resulting in a
zero-current flow through the cell.

Before electrochemically characterizing the edge, we first
studied the quality of the graphene used to generate the edge
electrode. As shown in the inset of Fig. 2a, the Raman spec-
trum of graphene shows a negligible D peak (around
1340 cm−1) and the intensity ratio I(2D)/I(G) between the 2D
peak at 2700 cm−1 and the G peak at 1590 cm−1 is above one,
characteristic of single layer graphene.

The electrochemical characterization of the graphene was
then first carried in an aqueous solution containing 0.1 M KCl
(Fig. 2a) and in 0.1 M KCl supplemented with 5 mM ferricya-
nide K3Fe(CN)6 (Fig. 2b). In presence of ferricyanide probe, the
cyclic voltammetry presents an oxidation and a reduction peak
on the edge of graphene with a minimum and a maximum
respectively at 0.23 V and 0.3 V, and with a peak separation of
77 mV at 50 mV s−1. These oxidation and reduction peaks were
not detected in KCl solutions without K3Fe(CN)6 (Fig. 2a). The
presence of such peaks suggests the chemical state of the edge

Fig. 2 Characterization of a graphene edge by cyclic voltammetry. (a)
Cyclic voltammetry (CV) of a graphene edge electrode in 0.1 M KCl at
0.1 V s−1, 0.05 V s−1 and 0.01 V s−1. Inset: Raman signature of a control
sample of graphene on Si/SiO2. (b) CV of the as exposed graphene edge
electrode at 0.05 V s−1 in 0.1 M KCl and 5 mM K3Fe(CN)6.

Fig. 1 The graphene-edge electrode. (a) (i) to (iv) embedding of a gra-
phene monolayer within a polymer matrix. (b) Transverse sectioning of
the polymer/graphene/polymer block using microtomy. The inset illus-
trates the embodiment of the graphene inside the polymer. (c) Optical
micrograph of the trimmed surface of the polymer–graphene compo-
site showing the graphene edge electrode obtained after the microtomy
process. The blue arrows indicate the interface between the polymer
and the PMMA coated graphene.
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which is deprived of any passivation layer that would otherwise
hinder the reversible electron exchange reaction with the probe.

As highlighted by Li et al.,15 at scan rates of 50 mV s−1 the
cyclic voltammetry curve of a graphene edge electrode
assumes a peak shape (Fig. 2b), characteristic of a linear
diffusion regime of the electrolytes towards the edge electrode.
The associated wave current density, jp, is described by eqn (1):

jp ¼ ip
S
¼ 2:69� 105n3=2CD1=2v1=2 ð1Þ

where S is the surface of the electrode, n equals to one and is
the number of electrons exchanged in the redox reaction, C is
the electrolyte concentration, D the diffusion constant of the
electrolyte and v the scan rate. The expected theoretical current
density with this model is around 10−3 A cm−2 at 50 mV s−1,
orders of magnitude smaller than our measured peak current
density (i.e. 85 A cm−2, Fig. 2b). Li,15 Yuan14 and Banerjee30

already noticed such a discrepancy in three different studies
concerning graphene edge electrodes, where the current den-
sities varied from 0.11 A cm−2 up to 1.2 × 104 A cm−2.
Accordingly, Li and Yuan observed a more prominent sigmo-
idal shape of the cyclic voltammetry curve at lower scan rates.
Therefore, they proposed to apply a non-linear diffusion
regime,31 described by eqn (2):

js ¼ 2πFDCL ln 4Dt
π
w

� �2
� �� ��1

ð2Þ

where F is the Faraday constant, n the number of electrons
involved in the redox reaction, C the electrolyte concentration,
D the diffusion coefficient,32 L and w the length and thickness
of the graphene electrode, and t defined as t = RT/Fv where v is
the scan rate. At scan rates of 50 mV s−1 applied to a graphene
edge electrode extending over centimeters in length, Yuan also
observed a peak shape cyclic voltammetry curve, suggesting
the transition to a microscopic linear regime. Our measured
steady current of 57 A cm−2 (obtained at 50 mV s−1) is there-
fore in agreement with the theoretical value of 100 A cm−2 cal-
culated with eqn (2) and with an edge electrode extending over
two millimeters in length. Thus, for a two millimeters long
single atom thin electrode at a 50 mV s−1 scan rate, we assume
a mixed diffusion regime characterized by both convergent
and linear diffusion,33 and thus with higher measured current
densities with respect to a purely linear regime.

Consequently, the convergent diffusion could alter the
actual diffusion coefficient of the electrolyte, causing such a
discrepancy from the theoretical peak current intensity. Other
origins could be the quality of the graphene employed in
previous studies, such as multilayer graphene15 and most
importantly the preparation of the edge electrode. Particularly,
we believe that a rough sectioning and processing of the gra-
phene film have detrimental effects on the quality of the edge.

Electrografting of nitroaryl radicals at the edge of graphene

After the electrochemical characterization of the graphene
edge electrode, we electro-grafted aryl radicals from a 1 mM
solution of 4-nitrobenzene diazonium tetrafluoroborate (NBD;

BF4N2C6H4NO2) dissolved in an acidic solution of 0.1 M per-
chloric acid (HClO4). In fact, in acidic environment N2 is
cleaved from the nitrobenzene diazonium, forming an electro-
philic nitro-aryl radical34 with respect to the nucleophilic gra-
phene. The application of a potential difference across the gra-
phene and its counter electrode yields electrophilic reactions,
where aryl radicals from NBD bind the edge of graphene (the
potential difference increases the energy levels of the electron
density of states of graphene overlapping the HOMO’s of gra-
phene with the LUMO’s of the aryl radicals).35

For graphene flakes where both the basal plane and the
edges are exposed, the grafting reaction most likely starts at
the edge,36 which are intrinsically more reactive because of the
rupture of the sp2 conjugation. Similarly, grain boundaries
and defects have also a higher density of states, therefore com-
peting with the aryl radical grafting reaction. In our work, the
selectivity towards the edges of graphene is guaranteed by pro-
tecting the graphene basal plane with a polymeric matrix. The
reduction of the current density at negative oxidative potentials
among the cyclic voltammetry cycles (CV), especially between
the first, second and third cycle (Fig. 3a, black curves), is the
first proof of the formation of a functional passivation layer on
the edge of graphene, with chemical properties similar to

Fig. 3 Functionalization of the edge of graphene. (a) CVs of the gra-
phene edge electrodes in 4-nitrobenzene diazonium in 0.1 M HClO4 at
0.05 V s−1. (b) CVs at 0.05 V s−1 CV in 0.1 M KCl and 5 mM K3Fe(CN)6
before (black curve), and after (dashed curve) the electrografting of the
edge.
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those reported for the electrografting of nitrobenzene on the
surface of graphene.37 In fact, the NO2 moieties from NBD con-
stitute an insulating layer passivating the graphene electrode
therefore preventing additional binding of nitro-aryl radicals,
as confirmed by the stabilization of the CV curves after the
first four cycles (Fig. 3a red curves). As a confirmation, Fig. 3b
compares the cyclic voltammetry in presence of 5 mM K3Fe
(CN)6 in 0.1 M KCl performed before (black curve) and after
(dashed curve) the electrografting of the nitrobenzene aryl-rad-
icals. The formation of an insulating nitrobenzene passivation
layer results in the suppression of the electron exchange with
the redox-probe in the electrolyte (Fig. 3b, dashed curve), as
evidenced by the absence of the redox peaks present before
the functionalization (Fig. 3b, black curve).

Characterization of the edge of graphene after
functionalization

Subsequently, the functionalization of the edge electrode is
investigated by Raman spectroscopy, using a low intensity
power laser at 532 nm, shone directly over the polymer/gra-
phene/polymer stack. The red and black crosses in Fig. 4a
highlight the location on the sample where the Raman was
performed. The inset compares the Raman spectra of the
polymer before (red line) and after (blue line) electrografting to
exclude the adsorption of nitrobenzene on the polymeric

surface. The Raman fingerprints of the polymer arise around
1300 cm−1, 1450 cm−1, 1600 cm−1 and 2600 cm−1, without
overlapping with the D, G and 2D bands of graphene.

Notably, the Raman signature of graphene (black curve in
Fig. 4b) differentiates from the polymer (red curve in Fig. 4b)
allowing the characterization of the graphene edge upon diazo-
nium coupling. Particularly, we monitor the variation of the
intensity I(D) of the D peak with respect the G peak. In fact,
the covalent functionalization of graphene converts the
carbons of the honeycomb lattice from sp2 to sp3, introducing
breaks in the lattice symmetry of graphene and activating the
Raman emission mode yielding the D peak. This mode is
associated to the stretching of the carbon bonds and requires
a defect to be activated.38 The edges naturally break the peri-
odic lattice of graphene and present an intrinsic D signa-
ture,28,38 as observed by the Raman spectra of graphene in
Fig. 4b. The G peak, instead, is an antisymmetric stretching of
the carbon bonds within the hexagons of the lattice of gra-
phene.38 Upon chemical functionalization, the I(D)/I(G) ratio
monitors the density and the modification of the sp3 centers
in the lattice of graphene, thus the proceeding of the reaction.
At the edges particularly, the formation of bonds influences the
vibrations modes activating the D band, modifying its intensity.

Accordingly, upon electrografting (Fig. 4c), we observe the
increase of the D peak intensity with respect to the intensity of

Fig. 4 Raman spectroscopy of the edge of graphene. (a) Optical micrograph of the edge electrode prepared via microtomy. Inset: Comparison
between the embedding polymer before (red) and after (blue) functionalization of the edge electrode and normalized over the peak around
1450 cm−1. (b) Comparison of the Raman signature of the graphene edge and of the polymer embedding only at the positions indicated by the
black and red crosses in panel (a). (c) Comparison between the Raman spectra of the edge of graphene before, and after electrografting of nitro-
benzene. (d) Gate dependent conductivity curves of bare (black curve) and functionalized graphene edge (red curve). Left inset: A graphene field-
effect transistor embedded in the polymeric matrix and sectioned via microtomy. The white arrows indicate the drain and the source. The black
arrow indicates the exposed graphene edge electrode. Right inset: Conductivity curves around the Dirac point and normalized at the gate potential
of the charge neutrality point.
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the G peak, consequently to the covalent functionalization of
the edge.39,40 The Raman results are in agreement with the
cyclic voltammetry study: in presence of nitrobenzene diazo-
nium, the edge electrode shows an initial non reversible wave
at negative potential (Fig. 3a), which is attenuated in the fol-
lowing cycles. The negative wave rises from the reduction of
diazonium moieties into radicals that attack the electrode
forming a barrier, physically hindering the electron exchange
reaction from the edge electrode to the redox probe.35,41

Cyclic voltammetry in Fig. 2a and b, and the Raman spectro-
scopy in Fig 4c, therefore show the formation of a uniform passi-
vation layer on the edge of graphene. In order to quantify the
amount of atoms involved in the reaction, we can model a
minimum amount of nitrobenzene grafted to the edge electrode.
Referring to density functional theory DFT calculations for the
spontaneous grafting of aryl radicals on the edge of graphene,
we can estimate that both zig-zag and armchair edges bind
50% of the carbon atoms composing the edge.42 In a 2 mm
long edge electrode there are around ∼300 × 10−15 mol of
carbon atoms, therefore resulting in the functionalization of
150 × 10−15 mol of carbon atoms at the edge.

At last, a graphene field effect transistor (GFET) was used to
investigate the selectivity of the electrografting at the edges.
For that, a graphene transistor is embedded within the polymer
matrix, which edge is exposed via microtomy. The transistor
(left inset in Fig. 4d) is composed of a drain and a source
embedded in the polymer (white arrows). The gate potential is
applied to edge electrode via an electrolytic solution of 1 M KCl
in ultra pure water.43 By comparing the transistor charac-
teristics of the graphene before and after the functionalization
(respectively black line and red line in Fig. 4d), shows that the
conductivity of graphene is not affected by the electrografting.
In fact, the two curves show the same conductivity values
around the charge neutrality point, as well as far apart from
the Dirac point. Particularly, the basal plane is chemically pre-
served during electrografting and only the edge is functiona-
lized (the right inset in Fig. 3d shows the normalized conduc-
tivity curves at the charge neutrality points, normalized also
with respect to the gate voltage). These results indicate the
preservation of the basal plane of graphene during electro-
grafting and the selective functionalization of the edge. In fact,
in the case of surface functionalization, the conversion from
sp2 to sp3 of the carbon atoms composing the honeycomb
lattice of graphene would affect its electrical properties, lower-
ing its conductivity and modifying the shape of the resistivity
curve close to the neutrality point.44,45

Conclusions

To conclude, the present paper reports the selective
functionalization of a graphene edge prepared by precise trans-
verse microtomy of a PMMA coated graphene layer embedded
inside a polymer matrix. Interestingly, the fine sectioning
appears to offer important advantages in the preparation of
the edge electrode, firstly re-conciliating theoretical models

and experimental results for the convergent diffusion of elec-
trolytes towards sub-nanometric electrodes.

The functionalization step is confirmed through the
measurement of the passivation abilities of the nitro-function-
alities ahead of the graphene edge against a ferricyanide
probe. In fact, the formation of an electrically passivating
layer, specifically the assembly of NO2 functionalities, prevents
the reduction of the ferricyanide ions at the graphene edge
electrode. The cyclic voltammetry after functionalization is
dominated by mass transport rather than redox processes.

The grafting of nitrobenzene at the edge of graphene was
also characterized by Raman spectroscopy: the rise in intensity
of the D band of the graphene edge confirms the covalent
coupling of the nitroaryl radicals selectively on the edge elec-
trode. Conductivity measurements, also, indicate the selective
functionalization of the edges, while preserving the integrity of
the basal plane. Furthermore, the possibility of a physisorbed
layer can be neglected given the established high reactivity of
nitrobenzene radicals in acidic conditions.46

Importantly, the choice of a NO2 terminated functional
group has the double advantage of being easily detected by
means of a redox probe and can be used as a chemical precur-
sor for further functionalization of the edges of graphene.

One of the most important challenge in the chemistry of
graphene is to only functionalize the carbon atoms on the
edges, for example in edge-based sensors such as nanopores
or nanogaps47 or in nanoribbons graphene field-effect transis-
tors.48 Thus, the controlled edge chemistry together with
methods of characterization of the edge state will open new
perspectives to tune the properties of graphene devices in
applications ranging from molecular sensing to consumable
electronics.

Experimental section
Preparation of the embedding polymer

Pentaerythritoltetrakis mercaptopropionate (PEMPT; i.e., com-
ponent A), and triallyl triazinetrione (TATATO; i.e., component
B) are purchased from Sigma-Aldrich® and mixed in molar
proportion 3 : 4 respectively, with 1 wt% of dimethoxy-phenyl-
acetophenone used as photo-initiator. The mixture is degassed
under vacuum for about one hour. The polymer is hardened in
air under irradiation of a 365 nm UV lamp for 30 min.

Preparation of the graphene layer

Graphene was purchased from Graphenea®, grown via chemical
vapor deposition on top of a Cu substrate. The graphene is spin-
coated with PMMA (PMMA 600K, All Resist GmbH) and back-
etched by oxygen plasma at 0.3 mbar O2, 60 W for 45 s (Diener
electronic automated plasma system), in order to remove any
trace of carbon from the uncoated side of the Cu substrate.
Afterwards the Cu is etched in a 0.5 M aqueous solution of
(NH4)2S2O8. Following the etching of the copper, the PMMA
coated graphene is rinsed three times with ultrapure water, in
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order to remove any trace of etchant from the surface of the
graphene.

Transfer of the graphene layer

A drop of polymer is casted and cured onto a Si/SiO2 wafer
patterned with a thermally evaporated gold electrode (around
5 × 5 mm2). The polymer contains thiol functionalities, pro-
moting strong adhesion to the gold: the electrode lifts from
the oxide surface by intercalating a razor-blade in between the
polymer and the surface of the wafer. The lift-off process yields
an ultra-flat polymeric substrate embedding a gold contact pad
suitable for the electrical connection of the graphene sample.
The cured polymer embedding the Au electrode is exposed to
an oxygen plasma (0.3 mbar O2, 60 W for 30 s) in order to convert
its surface hydrophilic. The polymeric substrate is dip into a
petri-dish containing ultrapure water with the Au electrode
facing the water surface. Subsequently, the PMMA coated gra-
phene is transferred on the polymer containing the gold elec-
trode. The transfer proceeds via the suction of the water and
the gentle deposition of the graphene over the surface of the
polymer across the Au electrode. The alignment of the PMMA
coated graphene with the gold electrode is performed using a
needle and a micro-manipulator.

Microtomy

The polymeric matrix embedding the edge of graphene is
first sectioned with a razor blade and then trimmed via
microtomy, employing a Leica® EM UC 6. Specifically, the sec-
tioned surface is trimmed mounting a Diatome® trimtool
20®, followed by microtomy mounting an Ultra Diamond
Knife 35®. The microtomy yields an ultra-flat polymeric
surface exposing the edge of a PMMA-coated graphene film,
namely the edge electrode.

Cyclic voltammetry

The graphene edge acts as working electrode in a two electro-
des system against a Ag/AgCl reference/counter electrode.
Cyclic voltammetry characterizations have been performed
using an Autolab® potentiostat. The characterization of the
edge was performed initially in 0.1 M KCl at 0.1 V s−1, 0.05
V s−1 and 0.01 V s−1. The cyclic voltammetry in presence of a
redox probe were performed at 0.05 V s−1 with a 5 mM solution
of K3Fe(CN)6 in 0.1 M KCl. The functionalization with
diazonium salt, BF4N2C6H4NO2, was carried in a solution of
1 mM BF4N2C6H4NO2 in 0.1 M HClO4 in Milli-Q water. All the
chemicals were purchased from Sigma-Aldrich®.

Raman characterization

Graphene is characterized by Raman spectroscopy on top of
a Si/SiO2 wafer49,50 (inset Fig. 2a). A sample of PMMA coated
graphene is transferred over a Si/SiO2 substrate. Next, the
PMMA is removed with acetone and the sample is rinsed in
isopropanol an ethanol. Afterwards, the Raman spectrum is
acquired with a 532 nm laser source using a WITec Raman
Alpha 3000®.

Electrical characterization

The gating experiments are performed using a lock-in ampli-
fier from Stanford Research System (SR830). The electrical
characterization of the graphene transistor is performed in a
liquid gating configuration. We use the edge of graphene
exposed to a 1 M KCl solution and an Ag/AgCl electrode as the
gating electrode connected to the direct coupling, DC, source
of the amplifier.

The output voltage of the lock-in is set at 1 V and 77.77 Hz
and connected to a 1 MΩ resistor used to impose a 1 µA
current through the source of the transistor, while the drain is
grounded.
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