
Graphene	  



Graphene	  is	  an	  allotrope	  (form)	  of	  carbon	  consis4ng	  of	  a	  single	  layer	  of	  carbon	  	  
atoms	  arranged	  in	  an	  hexagonal	  la9ce.	  
	  
It	  can	  be	  considered	  as	  an	  indefinitely	  large	  aroma4c	  molecule,	  the	  ul4mate	  	  
case	  of	  the	  family	  of	  flat	  polycyclic	  aroma4c	  hydrocarbons.	  
	  
The	  material	  was	  rediscovered,	  isolated,	  and	  characterized	  in	  2004	  by	  	  
Andre	  Geim	  and	  Konstan4n	  Novoselov	  at	  the	  University	  of	  Manchester.	  
	  	  
This	  work	  resulted	  in	  the	  two	  winning	  the	  Nobel	  Prize	  in	  Physics	  in	  2010	  	  
"for	  groundbreaking	  experiments	  regarding	  the	  two-‐dimensional	  material	  graphene”.	  

Andre	  Geim	   Konstan4n	  Novoselov	  



Epitaxial	  growth	  

highly	  oriented	  pyroly4c	  graphite	  (HOPG)	  
tinkering for >10 years 
with the following idea 

MANY MANY
DIFFERENT 

EPITAXIAL SYSTEMS

~few nm thick Al 
grown by MBE

on top of GaAlAs
from Nottingham

metallic electronics
Schlesinger 2000

Lemanov & Kholkin 1994
Petrashov 1991

…
Bose (1906)
Mott (1902)

chemically remove 
the substrate 

↓
ultra-thin monocrystal

WOULD IT BE STABLE,
OR MELT AND OXIDIZE?

One Little Thought Cloud
exfolia4on	  



Graphene	  can	  be	  considered	  an	  "infinite	  alternant"	  (only	  six-‐member	  carbon	  ring)	  
polycyclic	  aroma4c	  hydrocarbon	  

"Graphene"	  is	  a	  combina4on	  of	  "graphite"	  and	  the	  suffix	  -‐ene,	  named	  by	  	  
Hanns-‐Peter	  Boehm,	  who	  described	  single-‐layer	  carbon	  foils	  in	  1962.	  

nanoscale	  corruga4on	  



tection efficiency for the read beam is $ ;
0.04, so we infer the efficiency of quantum
state transfer from the atoms onto the pho-
ton, O ; 0.03.

We have realized a quantum node by
combining the entanglement of atomic and

photonic qubits with the atom-photon quan-
tum state transfer. By implementing the
second node at a different location and
performing a joint detection of the signal
photons from the two nodes, the quantum
repeater protocol (11), as well as distant te-
leportation of an atomic qubit, may be real-
ized. Based on this work, we estimate the
rate for these protocols to be R2 ; ($O"ns)

2 R ;
3 ! 10j7sj1. However, improvements in O
that are based on increasing the optical
thickness of atomic samples (16), as well as
elimination of transmission losses, could pro-
vide several orders of magnitude increase in
R2. Our results also demonstrate the possi-
bility of realizing quantum nodes consisting
of multiple atomic qubits by using multiple
beams of light. This approach shows prom-
ise for implementation of distributed quan-
tum computation (20, 21).
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Electric Field Effect in Atomically
Thin Carbon Films

K. S. Novoselov,1 A. K. Geim,1* S. V. Morozov,2 D. Jiang,1

Y. Zhang,1 S. V. Dubonos,2 I. V. Grigorieva,1 A. A. Firsov2

We describe monocrystalline graphitic films, which are a few atoms thick but are
nonetheless stable under ambient conditions, metallic, and of remarkably high
quality. The films are found to be a two-dimensional semimetal with a tiny overlap
between valence and conductance bands, and they exhibit a strong ambipolar
electric field effect such that electrons and holes in concentrations up to 1013 per
square centimeter and with room-temperature mobilities of È10,000 square
centimeters per volt-second can be induced by applying gate voltage.

The ability to control electronic properties of
a material by externally applied voltage is at
the heart of modern electronics. In many
cases, it is the electric field effect that allows
one to vary the carrier concentration in a
semiconductor device and, consequently,
change an electric current through it. As the

semiconductor industry is nearing the limits
of performance improvements for the current
technologies dominated by silicon, there is a
constant search for new, nontraditional mate-
rials whose properties can be controlled by
the electric field. The most notable recent
examples of such materials are organic
conductors (1) and carbon nanotubes (2). It
has long been tempting to extend the use of
the field effect to metals Ee.g., to develop all-
metallic transistors that could be scaled down
to much smaller sizes and would consume
less energy and operate at higher frequencies

than traditional semiconducting devices (3)^.
However, this would require atomically thin
metal films, because the electric field is
screened at extremely short distances (G1 nm)
and bulk carrier concentrations in metals are
large compared to the surface charge that can
be induced by the field effect. Films so thin
tend to be thermodynamically unstable, be-
coming discontinuous at thicknesses of sev-
eral nanometers; so far, this has proved to be
an insurmountable obstacle to metallic elec-
tronics, and no metal or semimetal has been
shown to exhibit any notable (91%) field ef-
fect (4).

We report the observation of the electric
field effect in a naturally occurring two-
dimensional (2D) material referred to as
few-layer graphene (FLG). Graphene is the
name given to a single layer of carbon atoms
densely packed into a benzene-ring struc-
ture, and is widely used to describe proper-
ties of many carbon-based materials, including
graphite, large fullerenes, nanotubes, etc. (e.g.,
carbon nanotubes are usually thought of as
graphene sheets rolled up into nanometer-sized
cylinders) (5–7). Planar graphene itself has
been presumed not to exist in the free state,
being unstable with respect to the formation of
curved structures such as soot, fullerenes, and
nanotubes (5–14).

Table 1. Conditional probabilities P(IkS) to detect the idler photon in state I given detection of the signal
photon in state S, at the point of maximum correlation for %t 0 100 ns delay between read and write
pulses; all the errors are based on counting statistics of coincidence events.

Basis P(HikHs) P(VikHs) P(VikVs) P(HikVs)

0- 0.92 T 0.02 0.08 T 0.02 0.88 T 0.03 0.12 T 0.03
45- 0.75 T 0.02 0.25 T 0.02 0.81 T 0.02 0.19 T 0.02
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Fig. 4. Time-dependent entanglement fidelity
of the signal and the idler Fsi; circles for %t 0
100 ns, diamonds for %t 0 200 ns.

1Department of Physics, University of Manchester,
Manchester M13 9PL, UK. 2Institute for Microelec-
tronics Technology, 142432 Chernogolovka, Russia.

*To whom correspondence should be addressed.
E-mail: geim@man.ac.uk

R E P O R T S

22 OCTOBER 2004 VOL 306 SCIENCE www.sciencemag.org666

 o
n 

A
pr

il 
24

, 2
01

7
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 2	  OCTOBER	  2004	  VOL	  306	  SCIENCE,	  p.	  666	  

We have been able to prepare graphitic
sheets of thicknesses down to a few atomic
layers (including single-layer graphene), to
fabricate devices from them, and to study
their electronic properties. Despite being
atomically thin, the films remain of high
quality, so that 2D electronic transport is
ballistic at submicrometer distances. No
other film of similar thickness is known to
be even poorly metallic or continuous under
ambient conditions. Using FLG, we demon-
strate a metallic field-effect transistor in
which the conducting channel can be
switched between 2D electron and hole gases
by changing the gate voltage.

Our graphene films were prepared by
mechanical exfoliation (repeated peeling) of
small mesas of highly oriented pyrolytic
graphite (15). This approach was found to
be highly reliable and allowed us to prepare
FLG films up to 10 6m in size. Thicker films
(d Q 3 nm) were up to 100 6m across and
visible by the naked eye. Figure 1 shows
examples of the prepared films, including
single-layer graphene Esee also (15)^. To
study their electronic properties, we pro-
cessed the films into multiterminal Hall bar
devices placed on top of an oxidized Si
substrate so that a gate voltage Vg could be
applied. We have studied more than 60
devices with d G 10 nm. We focus on the
electronic properties of our thinnest (FLG)
devices, which contained just one, two, or
three atomic layers (15). All FLG devices
exhibited essentially identical electronic
properties characteristic for a 2D semimetal,
which differed from a more complex (2D
plus 3D) behavior observed for thicker,
multilayer graphene (15) as well as from
the properties of 3D graphite.

In FLG, the typical dependence of its sheet
resistivity D on gate voltage Vg (Fig. 2)
exhibits a sharp peak to a value of several
kilohms and decays to È100 ohms at high Vg

(note that 2D resistivity is given in units of
ohms rather than ohms ! cm as in the 3D
case). Its conductivity G 0 1/D increases
linearly with Vg on both sides of the resistivity
peak (Fig. 2B). At the same Vg where D has its
peak, the Hall coefficient RH exhibits a sharp
reversal of its sign (Fig. 2C). The observed
behavior resembles the ambipolar field effect
in semiconductors, but there is no zero-
conductance region associated with the Fermi
level being pinned inside the band gap.

Our measurements can be explained
quantitatively by a model of a 2D metal
with a small overlap &( between conductance
and valence bands (15). The gate voltage
induces a surface charge density n 0 (0(Vg/te
and, accordingly, shifts the position of the
Fermi energy (F. Here, (0 and ( are the
permittivities of free space and SiO2, respec-
tively; e is the electron charge; and t is the
thickness of our SiO2 layer (300 nm). For

typical Vg 0 100 V, the formula yields n ,
7.2 ! 1012 cmj2. The electric field doping
transforms the shallow-overlap semimetal
into either completely electron or completely
hole conductor through a mixed state where
both electrons and holes are present (Fig. 2).
The three regions of electric field doping are
clearly seen on both experimental and
theoretical curves. For the regions with only

electrons or holes left, RH decreases with
increasing carrier concentration in the usual
way, as 1/ne. The resistivity also follows the
standard dependence Dj1 0 G 0 ne6 (where
6 is carrier mobility). In the mixed state, G
changes little with Vg, indicating the substi-
tution of one type of carrier with another,
while the Hall coefficient reverses its sign,
reflecting the fact that RH is proportional to

Fig. 1. Graphene films. (A) Photograph (in normal white light) of a relatively large multilayer
graphene flake with thickness È3 nm on top of an oxidized Si wafer. (B) Atomic force microscope
(AFM) image of 2 6m by 2 6m area of this flake near its edge. Colors: dark brown, SiO2 surface;
orange, 3 nm height above the SiO2 surface. (C) AFM image of single-layer graphene. Colors: dark
brown, SiO2 surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm;
orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a
differential height of È0.4 nm. For details of AFM imaging of single-layer graphene, see (15). (D)
Scanning electron microscope image of one of our experimental devices prepared from FLG. (E)
Schematic view of the device in (D).

Fig. 2. Field effect in FLG. (A) Typical
dependences of FLG’s resistivity D on
gate voltage for different temperatures
(T 0 5, 70, and 300 K for top to bottom
curves, respectively). (B) Example of
changes in the film’s conductivity G 0
1/D(Vg) obtained by inverting the 70 K
curve (dots). (C) Hall coefficient RH
versus Vg for the same film; T 0 5 K. (D)
Temperature dependence of carrier
concentration n0 in the mixed state
for the film in (A) (open circles), a
thicker FLG film (squares), and multi-
layer graphene (d , 5 nm; solid circles).
Red curves in (B) to (D) are the
dependences calculated from our mod-
el of a 2D semimetal illustrated by
insets in (C).0
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We have been able to prepare graphitic
sheets of thicknesses down to a few atomic
layers (including single-layer graphene), to
fabricate devices from them, and to study
their electronic properties. Despite being
atomically thin, the films remain of high
quality, so that 2D electronic transport is
ballistic at submicrometer distances. No
other film of similar thickness is known to
be even poorly metallic or continuous under
ambient conditions. Using FLG, we demon-
strate a metallic field-effect transistor in
which the conducting channel can be
switched between 2D electron and hole gases
by changing the gate voltage.

Our graphene films were prepared by
mechanical exfoliation (repeated peeling) of
small mesas of highly oriented pyrolytic
graphite (15). This approach was found to
be highly reliable and allowed us to prepare
FLG films up to 10 6m in size. Thicker films
(d Q 3 nm) were up to 100 6m across and
visible by the naked eye. Figure 1 shows
examples of the prepared films, including
single-layer graphene Esee also (15)^. To
study their electronic properties, we pro-
cessed the films into multiterminal Hall bar
devices placed on top of an oxidized Si
substrate so that a gate voltage Vg could be
applied. We have studied more than 60
devices with d G 10 nm. We focus on the
electronic properties of our thinnest (FLG)
devices, which contained just one, two, or
three atomic layers (15). All FLG devices
exhibited essentially identical electronic
properties characteristic for a 2D semimetal,
which differed from a more complex (2D
plus 3D) behavior observed for thicker,
multilayer graphene (15) as well as from
the properties of 3D graphite.

In FLG, the typical dependence of its sheet
resistivity D on gate voltage Vg (Fig. 2)
exhibits a sharp peak to a value of several
kilohms and decays to È100 ohms at high Vg

(note that 2D resistivity is given in units of
ohms rather than ohms ! cm as in the 3D
case). Its conductivity G 0 1/D increases
linearly with Vg on both sides of the resistivity
peak (Fig. 2B). At the same Vg where D has its
peak, the Hall coefficient RH exhibits a sharp
reversal of its sign (Fig. 2C). The observed
behavior resembles the ambipolar field effect
in semiconductors, but there is no zero-
conductance region associated with the Fermi
level being pinned inside the band gap.

Our measurements can be explained
quantitatively by a model of a 2D metal
with a small overlap &( between conductance
and valence bands (15). The gate voltage
induces a surface charge density n 0 (0(Vg/te
and, accordingly, shifts the position of the
Fermi energy (F. Here, (0 and ( are the
permittivities of free space and SiO2, respec-
tively; e is the electron charge; and t is the
thickness of our SiO2 layer (300 nm). For

typical Vg 0 100 V, the formula yields n ,
7.2 ! 1012 cmj2. The electric field doping
transforms the shallow-overlap semimetal
into either completely electron or completely
hole conductor through a mixed state where
both electrons and holes are present (Fig. 2).
The three regions of electric field doping are
clearly seen on both experimental and
theoretical curves. For the regions with only

electrons or holes left, RH decreases with
increasing carrier concentration in the usual
way, as 1/ne. The resistivity also follows the
standard dependence Dj1 0 G 0 ne6 (where
6 is carrier mobility). In the mixed state, G
changes little with Vg, indicating the substi-
tution of one type of carrier with another,
while the Hall coefficient reverses its sign,
reflecting the fact that RH is proportional to

Fig. 1. Graphene films. (A) Photograph (in normal white light) of a relatively large multilayer
graphene flake with thickness È3 nm on top of an oxidized Si wafer. (B) Atomic force microscope
(AFM) image of 2 6m by 2 6m area of this flake near its edge. Colors: dark brown, SiO2 surface;
orange, 3 nm height above the SiO2 surface. (C) AFM image of single-layer graphene. Colors: dark
brown, SiO2 surface; brown-red (central area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm;
orange (top left), 2.5 nm. Notice the folded part of the film near the bottom, which exhibits a
differential height of È0.4 nm. For details of AFM imaging of single-layer graphene, see (15). (D)
Scanning electron microscope image of one of our experimental devices prepared from FLG. (E)
Schematic view of the device in (D).

Fig. 2. Field effect in FLG. (A) Typical
dependences of FLG’s resistivity D on
gate voltage for different temperatures
(T 0 5, 70, and 300 K for top to bottom
curves, respectively). (B) Example of
changes in the film’s conductivity G 0
1/D(Vg) obtained by inverting the 70 K
curve (dots). (C) Hall coefficient RH
versus Vg for the same film; T 0 5 K. (D)
Temperature dependence of carrier
concentration n0 in the mixed state
for the film in (A) (open circles), a
thicker FLG film (squares), and multi-
layer graphene (d , 5 nm; solid circles).
Red curves in (B) to (D) are the
dependences calculated from our mod-
el of a 2D semimetal illustrated by
insets in (C).0
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graphene:
thermodynamically unstable

for <24,000 atoms  or size < 20 nm

graphene sheets
should scroll
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Braga et al Nanolett 2004

THERMODYNAMIC STABILITY

Shenderova, Zhirnov, Brenner Crit Rev Mat Sci 2002

THERMODYNAMICALLY UNSTABLE 
does not mean IMPOSSIBLE 

-JUST METASTABLE-
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WHY THIS PAPER IMPORTANT
� observation of large isolated graphene crystals
� simple and accessible method for their isolation
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AFM

suspension of
graphene oxide

crystallites

2004: simple method of isolation of large crystals
unambiguous observations of monolayers

Benjamin Brodie
Phil Trans. 1859

optics

just
observations:
not enough 
to inspire 

further work

-OBLIVION-

digging through old literature

“carbonic acid”

Ruess & Vogt 1948; Boehm & Hofmann 1962
TEM studies of the dry residue

DISCOVERY OF GRAPHENE

remained the best observation for over 40 years!

“Graphon 33”



All Natural Materials Are 3D
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222 atoms or 37 benzene rings
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2D-Crystals-Based Heterostructures

Graphene Boron-Nitride
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GraFane

Graphane
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fluorographene	  
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Graphene Field Effect Transistors
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breaking	  strength	  of	  ~	  40	  N/m	  
	  
Record	  values	  for	  room-‐	  temperature	  thermal	  conduc4vity	  (~5000	  W	  m–1	  K–1)	  	  
	  and	  Young’s	  modulus	  (~1.0	  TPa)	  	  
	  
Graphene	  can	  be	  stretched	  elas4cally	  as	  much	  as	  20%,	  more	  than	  any	  other	  crystal	  	  
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The	  associated	  strain	  and	  curvature	  can	  markedly	  influence	  local	  reac4vity.	  
	  
reagents	  can	  aeach	  to	  both	  graphene	  faces	  	  
	  	  
	  

Covalent	  Func4onaliza4on	  Strategies	  for	  Graphene	  	  

many	  of	  the	  strategies	  already	  used	  for	  fullerenes	  or	  CNT	  may	  be	  applied	  to	  
covalently	  decorate	  graphene	  



Exfolia4on	  strategies	  

separation. However, none of those materials have been tested
so far in energy conversion schemes as active components (i.e.,
photoanodes) in prototype devices. Actually, the only example
in which a graphene-based hybrid material integrated as a
component in a photovoltaic cell concerns a supramolecularly
interacting zinc phthalocyanine-poly(p-phenylene vinylene)
with graphene.32 Therefore, it is absolutely timely to prepare
new graphene-based materials and exploit them on the search
for advancing the incident photon-to-current conversion
efficiency (IPCE).
Phthalocyanines are aromatic macrocycles with a high

electronic delocalization and an intense absorption in the red
to near-IR zone. They possess a great thermal and photo-
chemical stability and are very versatile, since it is possible to
change the central atom and to introduce substituents in the
peripheral and axial positions, thus bringing the possibility to
tune their physicochemical and optical properties.33,34 In
addition to their applications as photosensitizers for photo-
dynamic therapy,35,36 as liquid crystals,37,38 and in nonlinear
optics,39,40 phthalocyanines have emerged with force in the field
of photovoltaic devices. They have been used in bulk
heterojunction organic solar cells41−43 and, particularly, in
dye-sensitized solar cells (DSSCs),44−46 as lower-cost and
efficient red-absorbing substitutes for standard ruthenium
polypyridyl dyes. Recently, there have been substantial
increases in power conversion efficiencies in DSSCs using
unsymmetrically substituted ‘‘push−pull’’ zinc phthalocyanines
with bulky substituents.47−50 Among them, phthalocyanines

have been also covalently and noncovalently connected with
different electron acceptor carbon nanostructures,51,52 such as
C60,

53−56 C59N,
57 carbon nanotubes,58 and perylenebisi-

mides,59−66 and the photoinduced electron- and/or energy-
transfer properties of these systems have been studied for their
use as artificial photosynthetic systems and in organic solar
cells.
In the present work, we follow the direct nucleophilic

addition67,68 of primary amines to carbon nanostructured
materials for the covalent functionalization of chemically
exfoliated graphene, as derived upon ultrasonication treatment
with o-dichlorobenzene (o-DCB), with the custom synthesized
(2-aminoethoxy)(tri-tert-butyl) zinc phthalocyanine (ZnPc)
160,62,69 (Scheme 1) serving as a light-driven electron donor.
The aim of the current research is four-fold, namely, (i) to
succeed in the chemical exfoliation of graphene sheets, (ii) to
covalently anchor ZnPc dye to exfoliated graphene, (iii) to
assess the photophysical properties of the ZnPc−graphene
hybrid material, and eventually (iv) to assemble and fabricate
the graphene-based hybrid material as a photoanode in a
prototype photoelectrochemical cell. The new graphene-based
nanohybrid material 2, in which ZnPc is anchored to the
graphitic network through a covalent bond, is rendered soluble
in common organic solvents and characterized by comple-
mentary spectroscopic, thermal, and microscopy techniques.
Furthermore, photoinduced intrahybrid electron-transfer phe-
nomena were investigated and significant photophysical
parameters were evaluated. Most importantly, a prototype

Scheme 1. Covalent Functionalization of Exfoliated Graphene Sheets with ZnPc in o-DCB

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp305783v | J. Phys. Chem. C 2012, 116, 20564−2057320565
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Fig. 1. Schematic representation of the liquid-phase exfoliation (LPE) process of graphite in the absence (top-right) and presence (bottom-right) of surfactant molecules.
Reproduced from Ref. [43] with permission from the Royal Chemical Society.

solutions, with the major focus on the exfoliation protocols, yields
and quality of graphene sheets. Some of the recent developments
on the well-known graphite exfoliation processes, namely, liquid-
phase exfoliation, reduction of graphite oxide and electrochemical
exfoliation techniques, as well as their challenges will be discussed
in detail. The dry chemical exfoliation methods from graphite, like
ball-milling assisted by chemical functionalization [27] will not be
discussed due to the low efficiency and/or scalability compared to
the wet chemical exfoliation methods.

2. Liquid-phase exfoliation (LPE)

Liquid-phase exfoliation (LPE) typically involves a dispersion of
graphite in a solvent mediated by an exfoliation process to extract
individual layers (Fig. 1) [28–30]. The successful exfoliation of
graphene layers requires overcoming the van der Waals forces
between the adjacent layers. One of the most effective and straight-
forward methods for reducing the strength of the van der Waals
forces is to immerse graphite into a liquid medium, where the
potential energy between adjacent layers receives contributions
from dispersive London interactions, which in the presence of a
solvent are significantly lower than that in vacuum. The surface
energy of graphene has been estimated to be 46.7 mN/m [31].
Therefore, solvents with a surface tension of ∼40 mN/m, such as
N-methylpyrrolidone (NMP, 40 mN/m), N,N’-dimethylformamide
(DMF, 37.1 mN/m), !-butyrolactone (GBL, 35.4 mN/m), and ortho-
dichlorobenzene (o-DCB, 37 mN/m), are the best media for the
exfoliation of graphite because they minimize the interfacial
tension between the solvent and the graphene layer. The first
successful LPE of graphite was achieved in NMP [28]. The obtained
graphene sheets are considered to be pristine graphene because
no chemical functionalization is involved. After centrifuging
to remove the unexfoliated bulk material, the remaining sam-
ples consist of 28% monolayer graphene. A thin film fabricated
from LPE graphene presents a conductivity value of ∼6500 S/m.

Unfortunately, the overall yield of monolayer graphene is very
low, approximately 1 wt% with a concentration of 0.01 mg/mL.
Further optimization of the solvents led to some improvements
in the dispersibility of graphene. For instance, concentrations as
high as 0.03 mg/mL, 0.1 mg/mL and 0.5 mg/mL were achieved
using o-DCB [32] and perfluorinated aromatic solvents such as
pentafluorobenzonitrile [33] and benzylamine [34], respectively.
However, due to the long ultrasonication process, the lateral
dimension of LPE graphene is relatively small (<3 "m). Neverthe-
less, despite the low yield and small flake size, LPE graphene is of
high quality, and the field-effect mobility measured for an ink-jet-
printed graphene film was reported to be as high as 95 cm2/V s
[35].

Several attempts have been made to increase the concentra-
tion and the yield of LPE graphene by functionalization with small
organic molecules during the exfoliation process. For example,
large graphene flakes can be produced by the addition of N-2-
mercapto-propionyl glycine (tiopronin) during the exfoliation of
graphite in DMF [36]. It is hypothesized that ultrasonication in
organic solvents generates free radicals, such as peroxyl radi-
cals. These radical species are strong enough to oxidize graphene
sheets, initially at the edges and inner defects, thereby cutting the
graphene into small pieces. The addition of tiopronin during the
LPE process can inhibit reactions promoted by oxygen, peroxides
and radicals, thereby preventing the graphene sheets from breaking
into small pieces to some extent. As-prepared LPE graphene yielded
a concentration of 0.027 mg/mL, with the majority of the graphene
sheets in the size range of 2–5 "m. In another attempt, LPE
graphene in chloroform was covalently functionalized with 4-tert-
butylphenyldiazonium tetrafluoroborate (BPD) [37]. As a result,
concentrations of 1.2 "g/mL for medium BPD-functionalized and
27 "g/mL for highly BPD-functionalized graphene were obtained.
The intact graphene layers could be fully restored by thermal treat-
ment of the functionalized graphene material. Recently, Samori
and co-workers reported that simple alkane molecules, such as

Esfolia4on	  of	  graphene	  

Schema4c	  representa4on	  of	  the	  liquid-‐phase	  exfolia4on	  (LPE)	  process	  of	  graphite	  in	  the	  absence	  (top-‐right)	  	  
and	  presence	  (boeom-‐right)	  of	  surfactant	  molecules.	  	  

N-‐methylpyrrolidone	  (NMP,	  40mN/m),	  N,N’-‐dimethylformamide	  (DMF,	  37.1	  mN/m),	  	  
γ ︎-‐butyrolactone	  (GBL,	  35.4	  mN/m),	  and	  ortho-‐	  dichlorobenzene	  (o-‐DCB,	  37mN/m),	  
	  are	  the	  best	  media	  for	  the	  exfolia4on	  of	  graphite	  	  
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For comparison, the value reported for graphene grownon a
nickel surface by Kim et al. is ∼280 Ω/sq.86

6. Conclusions
While this Account includes only a small number of the
many possible chemical methods for producing graphene

nanoparticles from bulk graphite, the strategies presented

here focus on synthetic routes that bypass an oxidative

reaction of the material. The clear consequence of this is

that much of the functionalization is limited to edges of the

material and thus preserves the crystallinity of the basal

plane where many of the unique electronic and mechanical

properties of graphene are derived. This research is now at a

stage where these compounds can be applied to various

technologies, such as conductive coatings and carbon com-

posites, where their performance can be directly compared

with current materials.

The authors are deeply indebted to their past and current
collaborators that have contributed to this work. Special thanks

to Drs. Yanqiu Sun and Jianxin Lu for assistance with the manu-
script. The authors received financial support for this research
from the Robert A. Welch Foundation (C-0490 and C-1605), the
National Science Foundation (CHE-0450085 and ECS-0901348),
and the Houston Area Research Council.

BIOGRAPHICAL INFORMATION

K. F. Kelly received a B.S. in engineering physics from Colorado
School of Mines in 1993 and a Ph.D. in applied physics from Rice
University in 1999. He joined the ECE department in 2002 after
postdoctoral fellowships at the Institute for Materials Research in
Sendai, and in the chemistry department at Penn State University.
His lab is currently focused on imaging and spectroscopy at the
nanoscale along with understanding the role of mathematics in
image acquisition and interpretation.

W. E. Billups obtained a B.S. in chemistry degree from Marshall
University in 1961. After a period in industry, he entered the
graduate program at the Pennsylvania State University where he
received the Ph.D. in 1970. He then joined the Chemistry Depart-
ment at Rice University. His current research interests are focused
on the synthesis of soluble carbon nanomaterials.

FOOTNOTES
*To whom correspondence should be addressed. E-mail: billups@rice.edu.
The authors declare no competing financial interest.

REFERENCES
1 Berger, C.; Song, Z.; Li, T.; Li, X.; Ogbazghi, A. Y.; Feng, R.; Dai, Z.; Marchenkov, A. N.;

Conrad, E. H.; First, P. N.; de Heer, W. A. Ultrathin epitaxial graphite: 2D electron gas
properties and a route toward graphene-based nanoelectronics. J. Phys. Chem. B 2004,
108, 19912–19916.

2 Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Katsnelson, M. I.; Grigorieva, I. V.;
Dubonos, S. V.; Firsov, A. A. Two-dimensional gas of massless Dirac fermions in graphene.
Nature 2005, 438, 197–200.

3 Zhang, Y.; Tan, Y.-W.; Stormer, H. L.; Kim, P. Experimental observation of the quantum Hall
effect and Berry's phase in graphene. Nature 2005, 438, 201–204.

4 Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.; Stach, E. A.;
Piner, R. D.; Nguyen, S. T.; Ruoff, R. S. Graphene-based composite materials. Nature
2006, 442, 282–286.

5 Niyogi, S.; Bekyarova, E.; Itkis, M. E.; McWilliams, J. L.; Hamon, M. A.; Haddon, R. C.
Solution properties of graphite and graphene. J. Am. Chem. Soc. 2006, 128, 7720–7721.

6 Han, M. Y.; €Ozyilmaz, B.; Zhang, Y.; Kim, P. Energy band-gap Engineering of Graphene
Nanoribbons. Phys. Rev. Lett. 2007, 98, 206805.

7 Zhou, S. Y.; Gweon, G.-H.; Fedorov, A. V.; First, P. N.; de Heer,W. A.; Lee, D.-H.; Guinea, F.;
Castro Neto, A. H.; Lanzara, A. Substrate-induced bandgap opening in epitaxial graphene.
Nat. Mater. 2007, 6, 916.

8 Watcharotone, S.; Dikin, D. A.; Stankovich, S.; Piner, R.; Jung, I.; Dommett, G. H. B.;
Evmenenko, G.; Wu, S.-E.; Chen, S.-F.; Liu, C.-P.; Nguyen, S. T.; Ruoff, R. S. Graphene-
silica composite thin films as transparent conductors. Nano Lett. 2007, 7, 1888–1892.

9 Geim, A. K.; Novoselov, K. S. The rise of graphene. Nat. Mater. 2007, 6, 183–191.
10 Bunch, J. S.; van der Zande, A. M.; Verbridge, S. S.; Frank, I. W.; Tanenbaum, D. M.;

Parpia, J. M.; Craighead, H. G.; McEuen, P. L. Electromechanical resonators from graphene
sheets. Science 2007, 315, 490–493.

11 Pereira, J. M.; Vasilopoulos, P.; Peeters, F. M. Tunable quantum dots in bilayer graphene.
Nano Lett. 2007, 7, 946–949.

12 Ramanathan, T.; Abdala, A. A.; Stankovich, S.; Dikin, D. A.; Herrera Alonso, M.; Piner, R. D.;
Adamson, D. H.; Schniepp, H. C.; Chen, X.; Ruoff, R. S.; Nguyen, S. T.; Aksay, I. A.;
Prud'Homme, R. K.; Brinson, L. C. Functionalized graphene sheets for polymer nano-
composites. Nat. Nanotechnol. 2008, 3, 327–331.

13 Stoller, M. D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R. S. Graphene-based ultracapacitors. Nano
Lett. 2008, 8, 3498–3502.

FIGURE 11. (a) Single layer of exfoliated graphene from lower left of (d)
showing defects on the edges. Imaging conditions: 33.7 ! 33.7 nm2,
[Vbias] = "83 mV, [It] = 1.5 nA. (b) Cross section of (a) showing normal
layer spacing of graphite. (c) Atomic structure from the boxed area of (a).
Imaging conditions: 3.6! 3.6 nm2, [Vbias] ="83mV, [It] = 2.3 nA. (d) 2-D
Fourier transform of (c). Adapted from ref 80. Copyright 2011 American
Chemical Society.
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certain conditions even CGO might contain up to
5.6 atom % sulfur.36 Thus, the existence of covalent
sulfates on the GO platform as a part of its chemical
composition is well established. Note that H2SO4

molecules and HSO4
! ions are already present in the

graphite galleries when a new C!O bond forms on a
graphene layer due to oxidation. Under these condi-
tions, HSO4

! ions and/or H2SO4 molecules can easily
react with the newly formed epoxides immediately
after they have formed, leading to covalent sulfates
cross-linking two neighboring GO layers.34

The third step of GO formation, conversion of PGO to
GO, was investigated and discussed in previous
reports.34,35 In addition to exfoliation into single atomic
layer sheets, this step involves hydrolysis of covalent
sulfates serving as protective groups, and additional
modification of oxygen functionalities due to reaction

with water. Figure 5 summarizes and schematically
represents the three steps constituting the process of
conversion of bulk graphite into GO.

CONCLUSION

In summary, the formation of GO from bulk graphite
constitutes three distinct and independent steps. The
first step is conversion of graphite into a stage-1 GIC.
The second step is conversion of the stage-1 GIC into
an oxidized and c-axis ordered form of graphite, which
we define as PGO; it involves insertion of the oxidizing
agent into the preoccupied graphite galleries. This
rate-determining step makes the entire process diffu-
sive-controlled. TheuniquePGOstructure opens greater
understanding for themechanism of GO formation. The
third step is conversionof PGO intoGOafter exposure to
water where there is no remaining c-axis order.

METHODS
Materials. The graphite flakes were obtained from Sigma-

Aldrich, lots nos. 13802EH and MKBH6922V. The sulfuric
acid was from Fisher Scientific, batch no. L-13345, and from
J.T.Baker, batch no. 0000027217. KMnO4 was from J.T. Baker, lot
no. J41619, and from Amresco, lot no. 3413C120.

Oxidation of Graphite. Graphite flakes (400 mg, 33.3 mmol)
were dispersed in 98% sulfuric acid (60 mL) at room tempera-
ture using a mechanical stirrer. After 10 min of stirring, 1 wt
equiv of KMnO4 (400 mg, 2.52 mmol) was added. The mixture
became green due to the formation of the oxidizing agent
MnO3

þ. Additional portions of KMnO4 (400mg, 2.52mmol each)
were added when the green color of MnO3

þ was diminished,
indicating that the oxidizing agent was consumed. A total of
4 wt equiv of KMnO4 portions were sequentially added. The end

of the oxidation was always determined by the disappearance
of the green color after each KMnO4 addition. The graphite
samples of different oxidation levelswere separated (see below)
from the rest of the reaction mixture and used for characteriza-
tion without any purification.

Monitoring the Oxidation Reaction by Optical Microscopy and Raman
Spectroscopy. To acquire optical microphotographs and/or
Raman spectra, the graphite flake in a certain stage of its trans-
formation from graphite to PGO was withdrawn from the reac-
tion mixture with a pipet and sandwiched between a micro-
scope slide and a glass coverslip. A layer of H2SO4 solution was
always present between the graphite surface and the coverslip;
the graphite flake was free-floating in the acid mixture. Micron-
sized air bubbles were occasionally floating between the cover-
slip and the observed graphite surface.

Figure 5. Schematics of conversionof bulk graphite intoGOwith correspondingmicrographic images or sample appearances
at each phase. The three steps signify formation of the two intermediate products (stage-1 GIC and PGO) and the final GO
product. The solid black lines represent graphene layers; dotted black lines represent single layers of GO; wide blue lines
represent H2SO4/HSO4

! intercalant; wide purple lines represent a layer of the mixture of H2SO4/HSO4
! intercalant with the

reduced form of oxidizing agent.
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Schema4cs	  of	  conversion	  of	  bulkgraphite	  into	  GO	  with	  corresponding	  micrographic	  images	  or	  sample	  appearances	  at	  
	  each	  phase.	  The	  three	  steps	  signify	  forma4on	  of	  the	  two	  intermediate	  products	  (stage-‐1	  GIC	  and	  PGO)	  and	  the	  
	  final	  GO	  product.	  The	  solid	  black	  lines	  represent	  graphene	  layers;	  doeed	  black	  lines	  represent	  single	  layers	  of	  GO;	  	  
wide	  blue	  lines	  represent	  H2SO4/HSO4	  intercalant;	  wide	  purple	  lines	  represent	  a	  layer	  of	  the	  mixture	  of	  
	  H2SO4/HSO4	  intercalant	  with	  the	  reduced	  form	  of	  oxidizing	  agent.	  	  

Mechanism	  of	  Graphene	  Oxide	  Forma4on	  



ress in the field[33] and attempting to guide future synthetic
efforts.[34]

Among the most popular covalent functionalization
routes is the 1,3-dipolar cycloaddition reaction of in-situ
generated azomethine ylides.[35] Proposed by Prato and co-
workers, the reaction allows for the covalent functionaliza-
tion of exfoliated graphene by in-situ-generated azomethine
ylides incorporating fused pyrrolidines onto the skeleton of
graphene (Scheme 2). Moreover, the reaction has been
shown to proceed with either NMP or dimethylformamide
(DMF) as the exfoliating agent.[36] The diversity of the pro-
duced materials offered by the careful selection of the alde-
hyde and a-amino acid used for thermally generating the
azomethine ylides is also noteworthy. In this context, donor–
acceptor hybrids with porphyrin,[37] and very recently phtha-
locyanine[38] with exfoliated graphene have been successfully
synthesized, opening up the route for energy harvesting ap-
plications. Furthermore, PAMAM dendrimers can also be
covalently attached to the graphitic skeleton by means of
the 1,3-dipolar cycloaddition reaction.[39] In that same publi-
cation, Quintana et al. took advantage of the carboxy de-
fects created from the sonication process and decorated the
edges of the sheets to offer an alternative route to function-
alize the graphene produced through peptide-bond forma-
tion.

Azide chemistry has also been employed in graphene
functionalization. Using o-DCB as the exfoliating agent, co-
valent attachment of perfluorophenylazides onto graphene
has been achieved[40] (Scheme 3). The reaction is character-
ized by the transformation of the perfluoroazide to the sin-
glet perfluoronitrene and its subsequent addition to the sp2

carbon. On a similar note, the aforementioned chemical
process and its photoreactivity-driven mechanism was ex-

ploited to allow for graphene immobilization and patterning.
The logic was to specifically anchor perfluoroazide function-
al groups on a substrate and then place highly oriented py-
rolytic graphite onto them. The use of appropriate masking
and subsequent photoirradiation to promote reactivity on
the exposed surfaces, allowed for the removal of the un-
reacted graphite, resulting in single-layer graphene immobi-
lized on perfluorophenylazide sites. The induced electrical
deterrence, in fabricated field-effect transistors from the de-
fects introduced by the functionalization process, was not

Scheme 3. Azide, nitrene, nucleophilic and cyclopropanation addition re-
actions onto exfoliated graphene flakes.

Scheme 2. Schematic representation of various 1,3-dipolar cycloaddition reactions of azomethine ylides for the functionalization of graphene sheets. a) i)
Exfoliation using o-DCB, ii) sarcosine, porphyrin-CHO, 160 8C, 7 days; b) i) Exfoliation using DMF, ii) BocNHCH2CH2NHCH2COOH, HCHO, 130 8C,
3 days, iii) TFA, 12 h, iv) PAMAM dendrons, EDC, DMAP, HOBt, 12 h; c) i) Exfoliation using NMP, ii) BocNH ACHTUNGTRENNUNG(CH2CH2O)2CH2CH2NHCH2COOH,
HCHO, 125 8C, 5 days.
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c)	  i)	  Exfolia4on	  using	  NMP,	  ii)	  BocNH(CH2CH2O)2CH2CH2NHCH2COOH,	  HCHO,	  125	  °C,	  5	  days.	  	  
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Among the most popular covalent functionalization
routes is the 1,3-dipolar cycloaddition reaction of in-situ
generated azomethine ylides.[35] Proposed by Prato and co-
workers, the reaction allows for the covalent functionaliza-
tion of exfoliated graphene by in-situ-generated azomethine
ylides incorporating fused pyrrolidines onto the skeleton of
graphene (Scheme 2). Moreover, the reaction has been
shown to proceed with either NMP or dimethylformamide
(DMF) as the exfoliating agent.[36] The diversity of the pro-
duced materials offered by the careful selection of the alde-
hyde and a-amino acid used for thermally generating the
azomethine ylides is also noteworthy. In this context, donor–
acceptor hybrids with porphyrin,[37] and very recently phtha-
locyanine[38] with exfoliated graphene have been successfully
synthesized, opening up the route for energy harvesting ap-
plications. Furthermore, PAMAM dendrimers can also be
covalently attached to the graphitic skeleton by means of
the 1,3-dipolar cycloaddition reaction.[39] In that same publi-
cation, Quintana et al. took advantage of the carboxy de-
fects created from the sonication process and decorated the
edges of the sheets to offer an alternative route to function-
alize the graphene produced through peptide-bond forma-
tion.

Azide chemistry has also been employed in graphene
functionalization. Using o-DCB as the exfoliating agent, co-
valent attachment of perfluorophenylazides onto graphene
has been achieved[40] (Scheme 3). The reaction is character-
ized by the transformation of the perfluoroazide to the sin-
glet perfluoronitrene and its subsequent addition to the sp2

carbon. On a similar note, the aforementioned chemical
process and its photoreactivity-driven mechanism was ex-

ploited to allow for graphene immobilization and patterning.
The logic was to specifically anchor perfluoroazide function-
al groups on a substrate and then place highly oriented py-
rolytic graphite onto them. The use of appropriate masking
and subsequent photoirradiation to promote reactivity on
the exposed surfaces, allowed for the removal of the un-
reacted graphite, resulting in single-layer graphene immobi-
lized on perfluorophenylazide sites. The induced electrical
deterrence, in fabricated field-effect transistors from the de-
fects introduced by the functionalization process, was not

Scheme 3. Azide, nitrene, nucleophilic and cyclopropanation addition re-
actions onto exfoliated graphene flakes.

Scheme 2. Schematic representation of various 1,3-dipolar cycloaddition reactions of azomethine ylides for the functionalization of graphene sheets. a) i)
Exfoliation using o-DCB, ii) sarcosine, porphyrin-CHO, 160 8C, 7 days; b) i) Exfoliation using DMF, ii) BocNHCH2CH2NHCH2COOH, HCHO, 130 8C,
3 days, iii) TFA, 12 h, iv) PAMAM dendrons, EDC, DMAP, HOBt, 12 h; c) i) Exfoliation using NMP, ii) BocNH ACHTUNGTRENNUNG(CH2CH2O)2CH2CH2NHCH2COOH,
HCHO, 125 8C, 5 days.
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disrupts the p conjugation in graphene,

making it non-conductive.

Limited methods have been reported

for the covalent functionalization of

pristine graphene. Most involves reactive

species, for example, nitrenes from

azides14–18 and free radicals generated

from diazonium ions,8,19–22 perfluorinated

alkyl iodides,23 2,2,6,6-tetramethylpiper-

idinyloxy (TEMPO),24 or benzoyl

peroxide.25 Addition of nitrenes or radi-

cals to graphene converts sp2 carbons to

sp3, and yields the corresponding covalent

adducts as a result. Other covalent

modification methods include aryne

cycloaddition26 or 1,3-dipolar cycloaddi-

tion reaction by azomethine ylide, which

was generated in situ from the thermal

condensation reaction of a-amino acid

and aldeyde.27,28 The Bingel reaction,29

a fullerene cyclopropanation reaction

using the diethyl malonate in the presence

of a base, has recently been adapted to

graphene functionalization.30

We employed fluorinated phenylazides

for the covalent functionalization of pris-

tine graphene.15–17 Upon photochemical or

thermal activation, PFPA is converted to

the highly reactive singlet per-

fluorophenylnitrene that can subsequently

undergo CH insertion and/or C]C addi-

tion reactions with the neighboring mole-

cules (Fig. 1).31–33 Introduction of halogen

atoms (F or Cl) to the aromatic ring greatly

suppresses the ring expansion reaction of

the singlet phenylnitrene and increases the

yield of the insertion/addition reactions.34

We have investigated extensively the appli-

cation of PFPAs in the synthesis of func-

tional surfaces and nanomaterials,33 and

have found that PFPAs are highly efficient

in the covalent functionalization of a wide

range of materials including synthetic

polymers,35–37 carbohydrates,38–41 C60,42

and small molecules.43 Not surprisingly,

PFPAs are equally efficient in functional-

izing graphene. We have therefore

employed PFPAs to derivatize pristine

graphene with well-defined functional

groups,17 to fabricate stable graphene films

and ribbons from the highly oriented

pyrolytic graphite (HOPG),15 and to

construct patterned graphene structures by

photolithography.16 In the sections below,

we focus on this specific graphene func-

tionalization chemistry by highlighting the

development of these three approaches. For

details of other graphene functionalization

methods, the readers are referred to addi-

tional articles published in this special issue.

Solution-phase functionalization
of graphene with PFPAs

We developed a solution-phase approach

for the covalent functionalization of

pristine graphene using PFPAs by either

thermal or photochemical activation.17

Starting from solvent-exfoliated graphene

flakes, thermal reaction was carried out

by heating the graphene flakes with PFPA

derivatives in o-dichlorobenzene (DCB)

at 90 !C for 72 h (Fig. 2). For the photo-

chemical reaction, a solution of PFPA

together with graphene flakes in DCB was

irradiated under ambient conditions with

a 450 W medium pressure Hg lamp for 60

min. A 280 nm optical filter was used

during the irradiation. The functional

group on the PFPA introduced well-

defined chemical functionalities and

rendered the resulting graphene soluble in

organic solvents (PFPAs 1 and 3) or in

water (PFPA 2). The ability to control the

chemical functionalities and to fine-tune

the solubility and surface properties of

graphene greatly enhance the process-

ability of graphene-based materials. The

functional groups can be furthermore

derivatized with additional molecules and

materials, enabling the synthesis of

Fig. 1 Insertion and addition reactions of

singlet perfluorophenylnitrene generated from

photolysis or thermolysis of PFPAs.

Fig. 2 Solution-phase functionalization of

pristine graphene with PFPAs.

Fig. 3 Fabrication of covalently immobilized graphene (a) and patterned structures (b) on PFPA-

functionalized silicon wafers.
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thermal activation, PFPA is converted to

the highly reactive singlet per-

fluorophenylnitrene that can subsequently
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tion reactions with the neighboring mole-

cules (Fig. 1).31–33 Introduction of halogen
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suppresses the ring expansion reaction of

the singlet phenylnitrene and increases the

yield of the insertion/addition reactions.34

We have investigated extensively the appli-

cation of PFPAs in the synthesis of func-

tional surfaces and nanomaterials,33 and
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in the covalent functionalization of a wide

range of materials including synthetic

polymers,35–37 carbohydrates,38–41 C60,42

and small molecules.43 Not surprisingly,

PFPAs are equally efficient in functional-

izing graphene. We have therefore

employed PFPAs to derivatize pristine

graphene with well-defined functional

groups,17 to fabricate stable graphene films

and ribbons from the highly oriented

pyrolytic graphite (HOPG),15 and to

construct patterned graphene structures by

photolithography.16 In the sections below,

we focus on this specific graphene func-

tionalization chemistry by highlighting the

development of these three approaches. For

details of other graphene functionalization

methods, the readers are referred to addi-

tional articles published in this special issue.

Solution-phase functionalization
of graphene with PFPAs

We developed a solution-phase approach

for the covalent functionalization of

pristine graphene using PFPAs by either

thermal or photochemical activation.17

Starting from solvent-exfoliated graphene

flakes, thermal reaction was carried out

by heating the graphene flakes with PFPA

derivatives in o-dichlorobenzene (DCB)

at 90 !C for 72 h (Fig. 2). For the photo-

chemical reaction, a solution of PFPA

together with graphene flakes in DCB was

irradiated under ambient conditions with

a 450 W medium pressure Hg lamp for 60

min. A 280 nm optical filter was used

during the irradiation. The functional

group on the PFPA introduced well-

defined chemical functionalities and

rendered the resulting graphene soluble in

organic solvents (PFPAs 1 and 3) or in

water (PFPA 2). The ability to control the

chemical functionalities and to fine-tune

the solubility and surface properties of

graphene greatly enhance the process-

ability of graphene-based materials. The

functional groups can be furthermore

derivatized with additional molecules and

materials, enabling the synthesis of
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a variety of functional graphene mate-

rials.

Immobilization of graphene films
and patterned structures

Graphene films can be immobilized on

a solid substrate using PFPA as the

coupling agent (Fig. 3). In this case, the

substrate was first treated with a PFPA

bearing a substrate-reactive group, for

example, silane for silicon wafers and

glass,44 thiol and disulfides for gold

films,40,41 and phosphate for metal oxides

such as magnetites38 (Fig. 4).

We use HOPG to fabricate covalently

immobilized graphene films and ribbons.

In the example shown in Fig. 3a, a silicon

wafer was first treated with silane-func-

tionalized PFPA (Fig. 4). HOPG was then

pressed on the wafer by applying pres-

sure, and the sample was heated at 140 !C

for 40 min to initiate the covalent bond

formation between the bottom graphene

layer of HOPG and the wafer. Removal

of HOPG followed by sonication

produced single- and few-layer graphene

on the wafer surface (Fig. 3a). Graphene

films obtained by this method are resis-

tant to copious washing and sonication

with isopropanol, acetone, and N-methyl-

2-pyrrolidone (NMP), a solvent that has

been widely used for liquid-phase exfoli-

ation and solubilization of graphite.45 The

process is also highly reproducible and

can produce stable graphene films, which

are important for both fundamental

studies and practical applications of the

material. By using different functional

groups on PFPA (Fig. 4), the method can

be readily applied to other technologically

important substrates. For example, we

have successfully fabricated graphene on

gold films following the same procedure

described in Fig. 3a by using gold films

that had been treated with a disulfide-

functionalized PFPA (Fig. 4).

The PFPA-functionalized substrate

can be further used to fabricate patterned

graphene structures (Fig. 3b).16 In this

case, graphene flakes, obtained by solu-

tion exfoliation of graphite in DCB, were

deposited onto PFPA-functionalized

wafers by spin-coating or drop-coating. A

photomask was placed on top of the

graphene-coated wafer, and the wafer was

irradiated under ambient conditions with

a 450 W medium pressure Hg lamp for

10–30 min. Sonication of the wafer in

DCB generated patterned graphene

structures after the un-irradiated areas

were removed by the solvent. Patterns of

various sizes and configurations were

obtained using this method (Fig. 3b).16

The process is simple and efficient, and

can be readily applied to other substrates

and any form of graphene materials.

To test the impact of covalent modifi-

cation on graphene properties, test struc-

tures were fabricated on the single-layer

graphene (SLG) immobilized on a PFPA-

functionalized wafer (Fig. 5a).46 Sets of

two consecutive electrodes were selected

to act as source and drain to produce

back-gated FETs. Transfer characteris-

tics of the devices were obtained by

sweeping the back gate voltage from

"40 V to +40 V while keeping the source/

drain voltage constant. The conductivity

increased linearly with the gate voltage

for both positive and negative polarities

(Fig. 5b) which is similar to the mechan-

ically exfoliated graphene devices on

SiO2.47 The minimum conductivity was

about 1.8 e2 h"1. Using the uniform

mobility transconductance relationship,

the field-effect carrier mobility was

determined to be 2700 cm2 V"1 s"1.47,48

This value is about a factor of 2 higher

than for a similar device on SiO2 with Cr–

Au contacts.49

Concluding remarks

The potential of graphene to revolu-

tionize electronics, photonics, sensing,

and nanocomposite materials has been

hampered by the availability and proc-

essability of graphene materials. The

ability to process graphene in solution

and to modify graphene with well-defined

chemical functionalities are critical steps

in making new graphene materials and

integrating them into high-performance

devices. Taking advantage of the high

reactivity of PFPAs towards p bonds, we

developed a solution-phase procedure to

covalently functionalize solvent-exfoli-

ated graphene. By choosing the proper

functional group on PFPA, graphene

with well-defined surface functionalities

can be synthesized. The method can be

used to control the solubility of graphene

in solvents ranging from non-polar

organic to aqueous solutions. A variety of

functional groups can be conjugated to

graphene to tailor the chemical property

and to introduce additional functional-

ities and materials to graphene. We have

also immobilized graphene films and

ribbons on PFPA-functionalized wafers

and gold films. When a photomask is

used, selective functionalization is ach-

ieved where patterned graphene struc-

tures are fabricated with control over the

spatial features.

The key feature of PFPA is its high

reactivity and fast kinetics. The reaction

takes place in solutions as well as in solid

states in high efficiency. The functionali-

zation reaction can be initiated by various

energy sources including heat, photons,

and electrons, which can be selected

Fig. 4 PFPAs derivatized with silane, disul-

fide and phosphate.

Fig. 5 (a) Test structure fabricated on SLG ribbon. Electrical contacts were fabricated on top of the

graphene ribbon by electron beam lithography via thermal evaporation of 40 nm of Cr followed by

60 nm of Au and finally the lift-off process with acetone. (b) Dependence of conductance on back-

gate voltage. Copyright ª 2011 American Scientific Publishers.
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Nitrene	  radical	  addi4on	  



Nucleophilic	  addi4on	  to	  an	  alkene.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
The	  driving	  force	  for	  the	  addi4on	  to	  alkenes	  is	  the	  forma4on	  of	  a	  nucleophile	  X−	  that	  forms	  
a	  covalent	  bond	  with	  an	  electron-‐poor	  unsaturated	  system	  -‐C=C-‐	  (step	  1).	  The	  nega4ve	  
charge	  on	  X	  is	  transferred	  to	  the	  carbon	  –	  carbon	  bond.	  	  

Ordinary	  alkenes	  are	  not	  suscep4ble	  to	  a	  nucleophilic	  aeack.	  	  
Perfluorinated	  alkenes	  (alkenes	  that	  have	  all	  hydrogens	  replaced	  by	  fluorine)	  	  
are	  highly	  prone	  to	  nucleophilic	  addi4on,	  



separation. However, none of those materials have been tested
so far in energy conversion schemes as active components (i.e.,
photoanodes) in prototype devices. Actually, the only example
in which a graphene-based hybrid material integrated as a
component in a photovoltaic cell concerns a supramolecularly
interacting zinc phthalocyanine-poly(p-phenylene vinylene)
with graphene.32 Therefore, it is absolutely timely to prepare
new graphene-based materials and exploit them on the search
for advancing the incident photon-to-current conversion
efficiency (IPCE).
Phthalocyanines are aromatic macrocycles with a high

electronic delocalization and an intense absorption in the red
to near-IR zone. They possess a great thermal and photo-
chemical stability and are very versatile, since it is possible to
change the central atom and to introduce substituents in the
peripheral and axial positions, thus bringing the possibility to
tune their physicochemical and optical properties.33,34 In
addition to their applications as photosensitizers for photo-
dynamic therapy,35,36 as liquid crystals,37,38 and in nonlinear
optics,39,40 phthalocyanines have emerged with force in the field
of photovoltaic devices. They have been used in bulk
heterojunction organic solar cells41−43 and, particularly, in
dye-sensitized solar cells (DSSCs),44−46 as lower-cost and
efficient red-absorbing substitutes for standard ruthenium
polypyridyl dyes. Recently, there have been substantial
increases in power conversion efficiencies in DSSCs using
unsymmetrically substituted ‘‘push−pull’’ zinc phthalocyanines
with bulky substituents.47−50 Among them, phthalocyanines

have been also covalently and noncovalently connected with
different electron acceptor carbon nanostructures,51,52 such as
C60,

53−56 C59N,
57 carbon nanotubes,58 and perylenebisi-

mides,59−66 and the photoinduced electron- and/or energy-
transfer properties of these systems have been studied for their
use as artificial photosynthetic systems and in organic solar
cells.
In the present work, we follow the direct nucleophilic

addition67,68 of primary amines to carbon nanostructured
materials for the covalent functionalization of chemically
exfoliated graphene, as derived upon ultrasonication treatment
with o-dichlorobenzene (o-DCB), with the custom synthesized
(2-aminoethoxy)(tri-tert-butyl) zinc phthalocyanine (ZnPc)
160,62,69 (Scheme 1) serving as a light-driven electron donor.
The aim of the current research is four-fold, namely, (i) to
succeed in the chemical exfoliation of graphene sheets, (ii) to
covalently anchor ZnPc dye to exfoliated graphene, (iii) to
assess the photophysical properties of the ZnPc−graphene
hybrid material, and eventually (iv) to assemble and fabricate
the graphene-based hybrid material as a photoanode in a
prototype photoelectrochemical cell. The new graphene-based
nanohybrid material 2, in which ZnPc is anchored to the
graphitic network through a covalent bond, is rendered soluble
in common organic solvents and characterized by comple-
mentary spectroscopic, thermal, and microscopy techniques.
Furthermore, photoinduced intrahybrid electron-transfer phe-
nomena were investigated and significant photophysical
parameters were evaluated. Most importantly, a prototype

Scheme 1. Covalent Functionalization of Exfoliated Graphene Sheets with ZnPc in o-DCB

The Journal of Physical Chemistry C Article
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nucleophilic	  addi4on	  of	  primary	  amines	  to	  carbon	  nanostructured	  materials	  	  

X-band spectrometer (JES-RE1XE) with an attached variable-
temperature apparatus. The magnitude of modulation was
chosen to optimize the resolution and the signal-to-noise (S/N)
ratio of the observed spectra when the maximum slope line
width of the EPR signals was unchanged with a larger
modulation magnitude. The g value was calibrated with a
Mn2+ marker.
Exfoliation of Graphite Flakes. Graphite flakes (200 mg)

were placed in a cylindrical vial with 100 mL of o-DCB. The
mixture was sonicated using a Bandelin Sonoplus Ultrasonic
Homogenizer HD 3200 equipped with a flat head probe
(VS70T), running at 10% of maximum power (25 W) for 15
min, and then using a Soltec Sonica 3300 ETH-S3 sonic bath
for another 2.5 h. The inklike graphene dispersion was
centrifuged using an Eppendorf 5702 at 3500 rpm for 15
min, and the supernatant was collected.
Preparation of ZnPc−Graphene Hybrid Material.

Exfoliated graphene in o-DCB (0.13 mg/mL) was treated
with ZnPc 1 (6.8 mg, 8 μmol) at 120 °C for 96 h, and then the
mixture was filtered through PTFE (0.1 μm pore size) and
washed thoroughly with o-DCB, methanol, and dichloro-
methane. The product (11.2 mg) collected from the top of
the filter was found to form a stable inklike dispersion in
dichloromethane.

■ RESULTS AND DISCUSSION
Covalent functionalization of exfoliated graphene sheets is an
attractive way of incorporating functional organic moieties with
interesting properties directly onto the graphene layer via stable
and robust bonds. Especially, when a photoactive unit is added,
such covalent attachment can result in more efficient electronic
communication of the photoactive moiety with the graphene
part, as opposed to noncovalent interactions. Initially, on the
basis of that, exfoliation of few-layered graphene sheets from
graphite flakes, in the presence of o-DCB, was achieved after tip
sonication for a limited time period (i.e., 15 min), followed by
milder ultrasonication for a longer time (i.e., 2.5 h). Thermal
reaction between exfoliated graphene sheets and ZnPc 1,
carrying an alkylamino chain as substituent, then resulted in the
nucleophilic addition of phthalocyanine moieties onto the
graphene’s basal plane, forming ZnPc−graphene 2 (Scheme 1).
Hybrid material 2 was found to form black solutions in
common organic solvents (i.e., dichloromethane, THF,
acetonitrile), and was stable for several weeks, without
observing any precipitation, which allowed proceeding with
spectroscopic studies in solution.
The exfoliated graphene sheets have an average size (i.e., 650

nm length; 350 nm diameter) and form inklike stable
dispersions in o-DCB. Morphological evaluation of exfoliated
graphene was performed with transmission electron micros-
copy. Although it is obvious from TEM images that
identification of the exact number of exfoliated graphene sheets
cannot be accurately measured, the absence of large graphitic
particles guarantees the efficiency of the exfoliation protocol
followed. The presence of overlapping oligolayered graphene
flakes, with typical folding and ripple patterns, being few to
several hundred nanometers size in the periphery, is shown in
Figure 1a. Imaging of ZnPc−graphene 2 by electron
microscopy did not show any alterations on the morphology
of the newly formed hybrid material as compared to exfoliated
graphene. The particle size distribution of the ZnPc−graphene
hybrid material was estimated by dynamic light-scattering
measurements as the average diameter for the hybrid material is

around 750 nm in dichloromethane solution (Figure 1b).
Further insight into the nanosized structure of the ZnPc−
graphene hybrid material was derived from AFM. When we
analyzed several AFM images, graphene sheets reaching almost
0.5 μm in the lateral dimension, with a height of around 3 nm,
were found. Considering the height of a single graphene sheet
to be less than 1 nm and the added contribution from the
attached ZnPc moiety, it is reasonable to expect that the
obtained images are representative of single and/or bilayers of
ZnPc−graphene sheets (Figure 1c). Obviously, oligolayered
graphene sheets were also present.
Raman spectroscopy is a powerful tool for characterizing

materials possessing conjugated carbon sp2-hybridized bonds,
such as graphene, due to their intense Raman signals. A detailed
micro-Raman spectroscopy characterization was carried out for
ZnPc−graphene material 2, and the corresponding spectrum is
shown in Figure 2. The Raman spectrum of exfoliated graphene

shows a D band at 1353 cm−1 due to exfoliation, a sharp G
band at 1582 cm−1 red shifted by ca. 1 cm−1 as compared with
that of pristine graphite, and a 2D band at 2725 cm−1 lowered
and broadened as compared with that of intact graphite,
proving the existence of exfoliated sheets in the examined
sample. The ZnPc−graphene hybrid material 2 shows a similar

Figure 1. (a) Representative transmission electron micrograph of
exfoliated graphene. (b) DLS distribution of ZnPc−graphene hybrid
material, obtained in dichloromethane. (c) AFM image of ZnPc−
graphene and profile analysis showing a height of 3 nm.

Figure 2. Raman spectra of pristine graphite (black), exfoliated
graphene (gray), and ZnPc−graphene hybrid material 2 (red),
obtained at λexc = 514 nm.

The Journal of Physical Chemistry C Article
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Raman	  spectra	  of	  pris4ne	  graphite	  (black),	  exfoliated	  graphene	  (gray),	  	  
and	  ZnPc−graphene	  hybrid	  material	  2	  (red),	  obtained	  at	  λexc	  =	  514	  nm.	  	  

D	  band	  

G	  band	  

2D	  band	  



Bingle	  Cyclopropana4on	  

the volume of benzylamine was kept to a maximum of
2 mL in all experiments.

Following the reaction on the microwave oven, the
yielded nanohybrid material was filtrated and washed
several times with DMF, methanol, and dichlo-
romethane (DCM) to remove excess organic content
not attached to the graphene skeleton. Then the resi-
due was suspended in DCM and centrifuged. The super-
natant formed stable dispersions for several days in
various organic solvents (DCM, o-DCB, DMF, toluene),
enhancing the notion that functionalization indeed
took place. The enhanced solubility achieved for the
Bingel-functionalized graphenes allowed us to perform
studies in solution. Thus, the electronic absorption

spectrum UV!vis!NIR of G1 material in DCM was re-
corded, showing a continuous absorbance from the UV
to the NIR region. Similarly, the UV!vis!NIR spectrum
of G2 was also featureless with a continuous absor-
bance throughout the recorded spectral regions with
the exTTF absorbance being masked and flattened
(Supporting Information, Figure S2).

Pristine graphite shows an almost featureless infra-
red spectrum. In contrast, in the attenuated-total-
reflectance infrared (ATR-IR) spectra of G1 and G2, the
presence of the characteristic C!H stretching vibrations
due to the grafted malonate moieties at 2920 and 2847
cm!1 is evident (Supporting Information, Figure S3); as
well the carbonyl vibration due to malonate units are

Scheme 1. Synthetic procedure affording functionalized graphene-based materials G1 and G2.
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notably high and the devices were comparable to mechani-
cally exfoliated graphene sheets on SiO2 substrates. The
azide chemistry also allows for anchoring of simple acety-
lene groups that can subsequently act as anchoring sites for
any number of appropriately modified conjugated polymers,
affording interesting donor–acceptor structures as Castelain
et al. recently demonstrated with the anchoring of polyfluor-
ene onto graphene.[41] Besides highly functionalized gra-
phene by other aromatic azides,[42] nitrene chemistry has
also yielded polymer-functionalized graphene.[43]

Exploiting the direct nucleophilic addition of primary
amines to carbon nanostructured materials for the covalent
functionalization of exfoliated graphene, Karousis and co-
workers recently demonstrated electronic communication
between photoreactive metallophthalocyanines and gra-
phene sheets[44] (Scheme 3). Besides the hybrid synthesized,
their study involved an electrochemical solar-cell prototype
device fabrication. Although modest efficiency measure-
ments (ca. 2 %) were reported, the authors noticed an
almost tenfold increase in incident photon-to-current con-
version efficiency compared to noncovalently attached Zn–
phthalocyanine chromophores to graphenes.[45]

The Bingel cyclopropanation reaction has also been ap-
plied in our group, for graphene functionalization process,
offering a simple and efficient route towards hybrids, soluble
in common organic solvents.[27] The benzylamine moiety
offers a solid basis for the exfoliation of graphene affording
stable dispersions for several days. The concentration of the
produced graphene dispersions is also among the highest re-
ported in the literature, reaching up to about 1 mg mL!1.
With its relatively high boiling point, it is fairly challenging
to remove traces of benzylamine after the exfoliation proc-
ess, so annealing at approximately 200 8C for t=1–2 h is re-
quired. The Bingel reaction approach offers the possibility
of being microwave-activated, reducing the reaction time to
minutes, a prospect of importance when industrial-scale ap-
plications are factored-in. In most of the functionalization
approaches, the reaction times consist from several hours to
days, while the microwave route can essentially eliminate
this factor. The reaction also exhibits tolerance to different
malonates and can prove a useful tool for organic soluble
graphene hybrids (Scheme 3).

The aryl diazonium salt reaction represents another effi-
cient way toward graphene functionalization[46] (Scheme 4).
The incorporation of bulky aryl moieties onto the basal
plane of graphene facilitates steric repulsion between gra-
phene layers, thus preventing reaggregation.[47] Importantly,
the functionalization degree of graphene can be modulated
by the diazonium salt concentration, thus making possible to
retain the novel electronic structure of graphene even after
the covalent modification. Furthermore, the reaction has
been tested with graphene obtained from nanotube unzip-
ping[48] and graphene obtained through a reverse process
employing mostly edge functionalization of expanded graph-
ite and subsequent exfoliation and individualization of the
graphene sheets, using DMF.[47] It is worth mentioning that
the chemical reactivity of aryl diazonium salts with graphene

has been recently shown to be extremely preferential to-
wards areas of graphene with higher curvature[49] and to
depend substantially on the number of graphene layers,[50]

thus allowing not only selective functionalization, but open-
ing up possible routes towards surface patterning. This func-
tionalization route has very recently been employed for the
assembly of a molecular monolayer sandwiched between
two graphene sheets, used as electrodes.[51] The reaction has
also shown potential as an intermediate step, allowing for
post-functionalization processes onto the obtained aryl-
modified graphene through “click chemistry”, allowing en-
richment of the decoration of the resulting product.[52] Fur-
thermore, the aryl diazonium salts strategy has been applied
to functionalize exfoliated graphene obtained by reduction
of graphite with NaK alloy[53] (Scheme 4). In this last
system, the intercalated metal cations neutralize the nega-
tively charged graphene sheets, which are held apart with
the aid of repulsive electrostatic forces.[54]

Finally, on a different route, the negatively charged gra-
phene sheets, derived upon reduction of graphite with NaK,
have been trapped with hexyl iodide.[55] This kind of func-
tionalization, based on reductive alkylation of graphene, can
potentially be utilized to get easy access to a new class of
materials by simply quenching the negative charges on re-
duced graphene by diverse electrophiles.

Summary and Outlook

The diverse materials based on the covalent functionaliza-
tion of graphene should be improved along two basic axes.
First and foremost the scaling-up for the production meth-
ods should be considered. Liquid-phase exfoliation provides
a facile way for obtaining high-quality raw material improv-

Scheme 4. Diazonium salt functionalization processes on graphene. a) i)
Exfoliation using SDS, azide, 8 h, ii) Azide-(dPEG)4-acid, sodium ascor-
bate, CuSO4, THPTA, 18 h; b) i) Exfoliation using NaK, 3 days, ii) 4-tert-
butylphenyldiazonium tetrafluoroborate; c) i) Dispersion of expanded
graphene using HClSO3, ii) NaNO2, cat. AIBN, bromoaniline, iii) sonica-
tion in DMF.
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Aryl	  diazonium	  salt	  reac4on	  

Diazonium	  salt	  func4onaliza4on	  processes	  on	  graphene.	  a)	  i)	  Exfolia4on	  using	  SDS,	  azide,	  	  
8	  h,	  ii)	  Azide-‐(dPEG)4-‐acid,	  sodium	  ascorbate,	  CuSO4,	  THPTA,	  18	  h;	  
	  b)	  i)	  Exfolia4on	  using	  NaK,	  3	  days,	  ii)	  4-‐tert-‐	  butylphenyldiazonium	  tetrafluoroborate;	  	  
c)	  i)	  Dispersion	  of	  expanded	  graphene	  using	  HClSO3,	  ii)	  NaNO2,	  cat.	  AIBN,	  bromoaniline,	  	  
iii)	  sonica-‐	  4on	  in	  DMF.	  	  
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Recent advances in the growth, isolation, and study of graphene
establish this material as a promising candidate for the next
generation building block for the electronics industry.1–9 A suitably
patterned graphene sheet can serve as a source of individual devices
and interconnects that can transport charge and spin with unprec-
edented mobility and coherence and thereby enable a new genera-
tion of nanoscale integrated circuits that are essentially fashioned
from a macromolecule. The ability to introduce a band gap in
graphene in a simple and reproducible manner will facilitate the
fabrication of graphene-based devices; the development of an energy
band gap has been successfully achieved by lateral confinement of
the charge carriers in patterned graphene nanoribbons.6,9 While
physical engineering of graphene using traditional lithographic
processes is essential for the development of highly integrated
graphene electronics, the large scale fabrication of electronic devices
at the molecular level will require processing that falls within the
realm of organic chemistry. Here we show that the chemical
formation of carbon-carbon bonds offers an alternative approach
to the control of the electronic properties of epitaxial graphene;
the transformation of the carbon centers from sp2 to sp3 introduces
a barrier to electron flow by opening a band gap and allows the
generation of insulating and semiconducting regions in graphene
wafers. This prototype chemistry when applied to carbon nanotubes
allowed both covalent and ionic chemical modification of the
electronic structure;10 thus the covalent attachment of dichlorocar-
bene has been shown to transform the metallic single-walled carbon
nanotubes (SWNTs) into semiconductors.11

In the present communication we demonstrate the chemical
modification of epitaxial graphene (EG)1,3 by covalent attachment
of aryl groups to the basal carbon atoms. Epitaxial graphene grown
on SiC wafers (Supporting Information, SI)1,3 was chemically
modified with aryl groups by covalent bond formation to the
conjugated carbon atoms. The surface modification of EG with
nitrophenyl groups was achieved through the spontaneous reaction
of the diazonium salt with the graphene layer as illustrated in Figure
1. The reaction (below) is due to spontaneous electron transfer from
the graphene layer and its substrate to the diazonium salt. The
reduction of diazonium salts has been widely utilized for grafting
aryl groups to the surface of sp2-hybridized carbon materials
including glassy carbon,12 HOPG,13 and carbon nanotubes,14 as
well as to the sp3-bonded carbon atoms of diamond.15,16

The presence of NO2 groups on the EG surface is confirmed by
FT-IR spectroscopy (Figure 1); the spectrum of the nitrophenyl-
functionalized EG (NP-EG) exhibits new bands at 1565 and 1378
cm-1, which fall within the range of the symmetric and asymmetric
stretching modes of the NO2 group.

The NP-modified EG surface was further examined by X-ray
photoelectron spectroscopy. Figure 2a shows the expected C1s XPS
spectrum of pristine EG on SiC. After the chemical attachment of
NP groups, the single peak at 284.2 eV, which is due to the sp2

hybridized C atoms, is transformed into a broad envelope and
deconvolution reveals that it consists of several components; of
most importance are the peaks at a binding energy (BE) of 285.57
eV (assigned to C-N) and the peak at 283.45 eV which is thought
to be due to p-type doping of epitaxial graphene.17 In addition the
XPS survey spectrum reveals N1s peaks (SI) and the high resolution
N1s spectrum shows two peaks centered at 399.30 and 406.36 eV
(Figure 2c). The peak at higher BE is assigned to the nitro groups
and confirms the presence of nitrophenyl groups on the EG surface.
The lower BE N1s peak at 399.30 eV is associated with the presence
of reduced nitrogen species and may be due to transformation of
the nitro groups to amine groups by X-ray irradiation in the XPS
spectrometer chamber.18,19

The surface coverage of nitrophenyl groups was estimated by
electrochemistry; cyclic voltammetry on NP-EG in acetonitrile (SI)
led to a surface coverage on the order of ∼1 × 1015 molecules/
cm2 on the graphene sheet. This is in reasonable agreement with
the theoretical coverage of 12.5 × 10-10 mol/cm2 or 8 × 1014

molecules/cm2, which is based on an ideal fully ordered close-
packed monolayer of vertically oriented nitrophenyl groups.

To demonstrate the robust nature of the chemical bond to
graphene, we electrochemically reduced the NO2 groups to NH2 in
aqueous solution by using the functionalized graphene surface as

† University of California.
‡ Georgia Institute of Technology.

Figure 1. (Top) Schematic illustration of the spontaneous grafting of aryl
groups to epitaxial graphene via reduction of 4-nitrophenyl diazonium (NPD)
tetrafluoroborate. (Bottom) Transmission FT-IR spectrum of NP-function-
alized epitaxial graphene (EG).
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The	  reac4on	  (below)	  is	  due	  to	  spontaneous	  electron	  transfer	  from	  the	  	  
graphene	  layer	  and	  its	  substrate	  to	  the	  diazonium	  salt.	  	  
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Reactions with Aryl Diazonium Salts
Diazonium salts withmany different functional groups have
been successfully grafted to graphene, including 4-nitroben-
zene diazonium tetrafluoroborate (4-NBD),7,8,10,11,14,16,17,21

4-bromobenzene tetrafluoroborate (4-BBD),7,18,20 4-propar-
gyloxybenzene diazonium tetrafluoroborate (4-PBD),6,7 and
4-tert-butylphenyldiazonium tetrafluoroborate (4-TBD).19

Reaction Mechanism: Theory and Experiment. The
most common reaction mechanism of covalent functionali-
zation with aryl diazonium salts is illustrated in Figure 1. A
delocalized electron is transferred from the graphene to the
aryl diazonium cation, which becomes an aryl radical after
releasing a molecule of N2. The aryl radical then forms a
covalent bond with a carbon atom in the graphene lattice,
changing its hybridization to sp3 and displacing it out of the
plane by∼0.7 Å.22 The attachment of a phenyl group results
in a delocalized, unpaired electron. Density functional theo-
ry (DFT) calculations have shown that a second aryl group
preferentially attacks at the para-position, also known as
(1,4)-functionalization.22 Pairwise additions in the A and B
sublattices are thermodynamically favorable, and for small
adsorbates such as hydrogen atoms, the theoretical max-
imum coverage is 25% for an areal concentration of
∼9 ! 1014/cm2.23 However for phenyl groups, Jiang et al.
calculate a maximum packing of only 11% coverage
(∼4 ! 1014/cm2), attributed to steric hindrance, still in a
(1,4)-configuration (Figure 1).22 These theoretical simula-
tions predicting long-range ordering are based on the ther-
modynamics of the reaction. However, since the aryl radical
is so reactive, the activation energy for the reaction is very
low and the reaction is likely dominated by kinetics rather
than thermodynamics, preventing any long-range ordering.3

Quite surprisingly there does exist some experimental

evidence of long-range ordering in selected area electron
diffraction pattern (SAED) data of functionalized graphene,24

although the observed pattern deviates from the theoreti-
cally predicted (1,4)-functionalization. It is very likely that the
reaction conditions determine whether one operates in
the thermodynamic or the kinetic regime. Throughout this
Account, we will elaborate on the effects of the reaction
conditions.

Experimentally, different concentrationsof covalently bound
species have been reported: 25% by using cyclic voltammetry
(CV),1112.5%bySAED,245%byscanning tunnelingmicroscopy
and spectroscopy (STM/STS),16 13% and 1.2% by a thermo-
gravimetric analysis coupled tomass spectroscopy (TGA/MS),19

and 0.3% based on Raman spectroscopy.10 Rather than con-
cluding that these results are contradictory, we argue that the
reported values strongly dependon the reaction conditions and
the conditions at which the measurements are taken.

Under some reaction conditions, physisorption of aryl
molecules is promoted rather than (or in addition to) chemi-
sorption. Englert and co-workers show with TGA/MS that
4-TBD functionalized graphene loses mass in two steps:
at ∼210 !C due to the desorption of physisorbed mole-
cules and at ∼480 !C due to cleavage of covalently bound
molecules.19 Hossain et al. report STM images of epitaxial
graphene functionalized with 4-NBD showing chain-like
features, suggestive of aryl oligomers.16 The physisorbed
portion of the oligomers inhibits further covalent attach-
ment.16 Atomic force microscopy (AFM) measurements also
suggest multilayer formation.17,24 Farmer et al. use milder
reactions conditions than most others (1 mM of 4-BBD
in a 1:1 mixture of water and methanol for 2 h at room
temperature) anddonot observe a significant increaseof the
D peak in their Raman spectra but do observe other Raman
changes indicative of doping via physisorption.20 Koehler et al.
explicitly demonstrate how Raman spectroscopy can distin-
guish between physi- and chemisorption by exposing SLG
to a concentrated 4-NBD solution (ensuring chemisorp-
tion) as well as to pure nitrobenzene, which lacks the
diazonium group for covalent attachment (thereby ensuring
physisorption).17 In the first case, they observe a strongly
increased value of the D to G integrated peak intensity ratio
(ID/IG), whereas for the latter case, they detect an upshift of
the G-peak position and a decrease of the 2D/G intensity
ratio (I2D/IG), both indicative of doping.25 Under many reac-
tion conditions, a combination of both covalent binding or
chemisorption (increased ID/IG) and noncovalent doping or
physisorption (shifts in the G and 2D peak, as well as an
decreased I2D/IG) is present.

7,10

FIGURE 1. Schematic illustration of grafting a diazonium salt with
functional group R and counterion X" to a graphene sheet. Two carbon
atoms (in theAandB sublattices)makeup the unit cell (graydiamond) of
the graphene sheet (with lattice vectors a and b). Thermodynamically
favored lattice positions for further functionalization are marked with
black triangles.

Schema4c	  illustra4on	  of	  grasing	  a	  diazonium	  salt	  with	  func4onal	  group	  R	  and	  	  
counterion	  X	  to	  a	  graphene	  sheet.	  Two	  carbon	  atoms	  (in	  the	  A	  and	  B	  subla9ces)	  
	  make	  up	  the	  unit	  cell	  (gray	  diamond)	  of	  the	  graphene	  sheet	  (with	  la9ce	  vectors	  a	  and	  b).	  	  
Thermodynamically	  favored	  la9ce	  posi4ons	  for	  further	  func4onaliza4on	  are	  marked	  	  
with	  black	  triangles.	  	  
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was made by thermal expansion of intercalated graphite,
followed by dispersion in a sodium cholate aqueous solu-
tion.54 The solution-phase graphene was covalently func-
tionalized with 4-PBD in the presence of SDS to provide a
handle for click-chemistry attachment (via 1,3-dipolar azide!
alkyne cycloaddition) of a short chain poly(ethylene glycol)
(PEG) molecule terminated by a carboxylic acid, as illustrated
in Figure 9a.6 The click-functionalized graphene is stable after
removal of the surfactant, as shown by surface tension and ζ

potential measurements (Figure 9b).

Conclusions and Outlook
In this Account, we have reviewed the extensive literature
focused on functionalizing graphene with diazonium salts.
We covered the reaction mechanism both from a theoreti-
cal and from an experimental perspective and found that
although thermodynamics predict long-range ordering,
in reality the process is mostly governed by kinetics and
influenced by electron!hole puddles and ripples. Depend-
ing on the reaction conditions, the entire range between

physisorption and chemisorption canbeachieved, as shown
by Raman spectroscopy and charge transport characteristics
of functionalized graphene transistors. The degree of reac-
tivity is also strongly influenced by the structure of gra-
phene: monolayers react more strongly than multilayers
and edges are more prone to react than the basal plane of
the graphene. We have also reviewed some applications of
covalently functionalized graphene and discuss how its
electronic properties can be modulated by means of differ-
ent chemistries and reaction conditions. The functionalized
graphene can be used as a biosensor, filler in polymeric
matrices, and catalyst in solution. The diazonium chemistry
is a versatile, convenient, and powerful tool for selectively
modifying and manipulating graphene.
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FIGURE 9. (a) Reaction scheme for the diazonium functionalization
of graphene followed by click-chemistry with a PEG-COOH moiety.
(b) Effect of azido-dPEG4-acid on colloidal stability of the click-
functionalized solution-phase graphene. Adapted from ref 6. Copyright
2011 American Chemical Society.



Characteriza4on	  of	  func4onal	  graphene	  

AFM	  
TEM	  
TGA	  
Raman	  spectroscopy	  	  
	  



Non	  covalent	  func4onaliza4on	  of	  graphene	  

all	  the	  strategies	  seen	  for	  CNT	  



Graphene:	  applica4ons	  

Reinforced	  plas4cs	  
	  
Opto	  and	  electronic	  applica4ons	  
	  
Sensing	  applica4on	  at	  atomic	  level,	  Field	  effect	  transistors	  
	  
	  
Biomedical	  applica4ons	  
	  



The	  excep4onal	  electron	  and	  thermal	  transport,	  mechanical	  proper4es,	  barrier	  proper4es	  and	  high	  specific	  surface	  	  
area	  of	  graphene	  and	  combina4ons	  thereof	  make	  it	  a	  poten4ally	  disrup4ve	  technology	  across	  a	  ras	  of	  industries.	  
	  In	  2010,	  there	  were	  over	  400	  patents	  issued	  on	  graphene	  and	  3,000	  research	  papers	  published.	  	  
	  
The	  European	  Union	  is	  funding	  a	  10	  year	  1,000	  million	  euro	  coordina4on	  ac4on	  on	  graphene.	  	  
Graphene	  Flagship	  
South	  Korea	  is	  set	  to	  spend	  $350	  million	  on	  commercializa4on	  ini4a4ves	  and	  the	  United	  Kingdom	  has	  announced	  
	  investment	  of	  £50million	  in	  a	  new	  commercializa4on	  hub.	  
The	  following	  informa4on	  refers	  to	  end	  user	  markets	  graphene	  companies	  are	  targe4ng	  their	  products	  to,	  	  
by	  percentage.	  This	  informa4on	  was	  accrued	  from	  a	  comprehensive	  survey	  of	  graphene	  companies.	  	  

Graphene:	  applica4ons	  
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Graphene	  Market	  Forecast	  2015-‐2025	  

















In	  the	  area	  of	  biomedical	  applica4ons,	  graphene	  is	  especially	  involved	  in	  drug	  delivery,	  	  
biosensing	  and	  4ssue	  engineering,	  with	  strong	  contribu4ons	  to	  the	  whole	  	  
nanomedicine	  area.	  	  
	  
	  
mechanical	  proper4es	  
Biocompa4bility	  
Transparency	  
Electrical	  conduc4vity	  
	  
graphene	  is	  the	  ideal	  component	  for	  flexible	  biomedical	  electronic	  devices	  or	  implants,	  	  
ac4ng	  as	  a	  structural	  reinforcement	  or	  as	  an	  integral	  element.	  
	  
In	  addi4on,	  graphene	  possesses	  broadband	  absorp4on	  and	  high	  transparency	  in	  the	  visible	  
range	  (2.3%	  absorp4on	  for	  single-‐layer	  graphene),	  which	  grants	  a	  unique	  role	  in	  medicine	  	  
enabling	  optoelectronic	  s4mula4on.	  
	  
The	  electronic	  proper4es	  of	  graphene	  are	  very	  important	  for	  medical	  purposes	  
	  (e.g.	  2	  x	  104	  cm2	  V-‐1	  s-‐1	  carrier	  mobility	  and	  1013	  cm2	  carrier	  density	  for	  mechanically	  	  
Exfoliated	  graphene),	  in	  par4cular	  to	  act	  as	  conduc4ng	  component,	  electrode	  or	  support	  
	  in	  bioelectronic	  devices,	  exceedingly	  outperforming	  current	  silicon	  and	  noble	  metal	  	  
analogues.	  



Graphene	  materials	  as	  plaRorms	  for	  drug	  delivery	  

Chem.	  Soc.	  Rev.,	  2017,	  46,	  4400-‐-‐4416	  



FLG	  dispersions	  have	  a	  specific	  
killing	  ac4on	  on	  monocytes,	  displaying	  neither	  toxic	  nor	  ac4va4on	  
effects	  on	  the	  other	  immunocompetent	  cells.	  
This	  therapeu4c	  
ac4vity	  of	  graphene	  was	  applied	  against	  an	  aggressive	  form	  of	  cancer,	  namely	  the	  	  
myelomonocy4c	  leukemia,	  where	  the	  monocytes	  are	  in	  a	  malignant	  form.	  	  
In	  this	  work	  it	  was	  demonstrated	  that	  FLG	  has	  the	  unique	  ability	  to	  cause	  specifically	  the	  
necrosis	  of	  monocy4c	  cancer	  cells.	  

Few-‐Layer	  Graphene	  Kills	  Selec4vely	  Tumor	  Cells	  from	  
Myelomonocy4c	  Leukemia	  Pa4ents	  
Angew.	  Chem.	  Int.	  Ed.	  2017,	  56,	  3014	  –3019	  



Impact	  of	  FLG	  on	  different	  immune	  cell	  popula4ons.	  A)	  Rela4ve	  
percentage	  of	  the	  different	  immune	  cells	  either	  incubated	  for	  
24	  h	  with	  50	  mgmL@1	  FLG	  or	  les	  untreated.	  Sta4s4cal	  significance	  
compared	  to	  untreated	  cells	  (Student’s	  T-‐test)	  is	  indicated	  by	  
**=p<0.01.	  B)	  Rela4ve	  morphological	  dot	  plots	  out	  of	  at	  least	  three	  
experiments	  of	  total	  peripheral	  blood	  mononuclear	  cell	  (PBMCs)	  	  
treated	  with	  FLG	  or	  les	  untreated.	  The	  
gate	  on	  monocytes	  was	  done	  looking	  at	  the	  CD14	  posi4ve	  events	  (red	  
dots).	  The	  other	  immune	  popula4ons	  are	  les	  in	  green.	  

the	  comparison	  between	  FLG	  and	  a	  common	  
chemotherapeu4c	  drug	  confirmed	  the	  specificity	  	  
and	  higher	  toxicity	  of	  FLG	  on	  cancer	  cells,	  evidencing	  	  
the	  absence	  of	  toxicity	  on	  other	  immune	  cell	  	  
popula4ons.	  



Graphene-‐based	  bioanaly4cal	  devices	  

The	  sensing	  mechanism	  is	  produced	  by	  the	  change	  of	  the	  electronic	  proper4es	  of	  GFET	  
induced	  by	  the	  interac4ons	  with	  the	  target	  element	  

Ex	  situ	  bioanaly4cal	  sensing	  
In	  situ	  sensing	  implants	  


