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Graphene via sonication assisted liquid-phase
exfoliation†

Artur Ciesielski and Paolo Samorı̀*

Graphene, the 2D form of carbon based material existing as a single layer of atoms arranged in a

honeycomb lattice, has set the science and technology sectors alight with interest in the last decade in view

of its astounding electrical and thermal properties, combined with its mechanical stiffness, strength and

elasticity. Two distinct strategies have been undertaken for graphene production, i.e. the bottom-up and the

top-down. The former relies on the generation of graphene from suitably designed molecular building

blocks undergoing chemical reaction to form covalently linked 2D networks. The latter occurs via exfoliation

of graphite into graphene. Bottom-up techniques, based on the organic syntheses starting from small

molecular modules, when performed in liquid media, are both size limited, because macromolecules

become more and more insoluble with increasing size, and suffer from the occurrence of side reactions

with increasing molecular weight. Because of these reasons such a synthesis has been performed more and

more on a solid (ideally catalytically active) surface. Substrate-based growth of single layers can be done

also by chemical vapor deposition (CVD) or via reduction of silicon carbide, which unfortunately relies on

the ability to follow a narrow thermodynamic path. Top-down approaches can be accomplished under

different environmental conditions. Alongside the mechanical cleavage based on the scotch tape approach,

liquid-phase exfoliation (LPE) methods are becoming more and more interesting because they are extremely

versatile, potentially up-scalable, and can be used to deposit graphene in a variety of environments and on

different substrates not available using mechanical cleavage or growth methods. Interestingly, LPE can be

applied to produce different layered systems exhibiting different compositions such as BN, MoS2, WS2,

NbSe2, and TaS2, thereby enabling the tuning of numerous physico-chemical properties of the material.

Furthermore, LPE can be employed to produce graphene-based composites or films, which are key

components for many applications, such as thin-film transistors, conductive transparent electrodes for

indium tin oxide replacement, e.g. in light-emitting diodes, or photovoltaics. In this review, we highlight the

recent progress that has led to successful production of high quality graphene by means of LPE of graphite.

In particular, we discuss the mechanisms of exfoliation and methods that are employed for graphene

characterization. We then describe a variety of successful liquid-phase exfoliation methods by categorizing

them into two major classes, i.e. surfactant-free and surfactant-assisted LPE. Furthermore, exfoliation in

aqueous and organic solutions is presented and discussed separately.

Introduction

In the last decade graphene has emerged as an exciting new
material, with potential to impact many areas of science and
technology.1–8 However, it is fair to note that research in this
field started already in 1840s,9 when the intercalation com-
pounds of graphite were first reported. A good understanding
of their structures was obtained in the early 1930s with the
introduction of X-ray diffraction techniques. Despite systematic
studies of their physical properties that began in the late 1940s,

only recently the research on graphite intercalation compounds
has become a field of intense activity.10 In 1947,11 a series of
theoretical analyses suggested that isolated12 graphene layers
can exhibit extraordinary electrical properties (e.g. being 100 times
more conducting in-plane than between planes). Nearly 60 years
later, these predictions were proven to be correct, and the isolated
layers of graphite were found to display other remarkable proper-
ties, such as high charge carrier mobility (>2 � 105 cm2 V�1 s�1 at
an electron density of 2 � 1011 cm�2),13–16 very high thermal
conductivity (over 3000 W mK�1),17 exceptional Young modulus
values (>0.5–1 TPa), and large spring constants (1–5 N m�1).18–20

Furthermore, its high surface area, theoretically predicted
as being >2500 m2 g�121 and experimentally measured to be
400–700 m2 g�1,5,22 has also made graphene an attractive
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material for many applications, including gas23–25 and energy22

storage, micro- and optoelectronics,26–29 energy conversion,22

as well as in catalysis30 and biological labeling.31 Interestingly it
is fully impermeable to any gases.32 Numerous other possible
technological applications of graphene, e.g. in photonics and
flexible electronics, ranging from solar cells33 and light-
emitting devices34 to touch screens,35 photodetectors,36–39 ultra-
fast lasers,40,41 spin valves,42,43 etc., are also being explored.

Graphene can be obtained in the form of very high quality
sheets produced in limited quantities by chemical vapor
growth,44,45 annealing SiC substrates,46 and building up
graphene from molecular building blocks47,48 (bottom-up).
Alternatively, defect-free sheets can be produced by micro-
mechanical cleavage,2 ball-milling of graphite,49 and exfoliating
graphite towards graphene50–52 (top-down). In particular,
graphite can be exfoliated in liquid environments by exploiting
ultrasound to extract individual layers. While excellent reviews
have been published on the production and processing of gra-
phene, these reports are either very general and discuss a variety
of graphene production methods without providing much details
on them,12,53 or do not unravel the graphite exfoliation process
from the chemistry viewpoint,51 in particular the one emerging
upon addition of surfactants/intercalating agents. All these issues
prompted us to organize this review as a summary of the recent
progress in the liquid-phase exfoliation of ‘‘pristine’’ graphite by
exploiting a method relying on ultrasonication. Please note that
this review is not intended to be exhaustive and we apologize to
the authors whose work is not discussed below.

Interestingly, the majority of studies on chemistry of graphene
do not involve ‘‘pristine’’ graphene, but rather carbon materials
produced upon reduction of graphene oxide (GO) because of
the proven scalability and ease of these methods. In general,
GO is synthesized by either the Brodie,54 Staudenmaier,55 or

Hummers method,56 or some variation of these methods. All
three methods involve oxidation of graphite to various levels.
Brodie and Staudenmaier used a combination of potassium
chlorate (KClO3) with nitric acid (HNO3) to oxidize graphite,
and the Hummers method involves treatment of graphite with
potassium permanganate (KMnO4) and sulfuric acid (H2SO4).
One of the pros of GO is undoubtedly that it is easily processible
in liquid media such as water.57–59 Moreover all the different
functional groups that are exposed on GO, including hydroxyl,
epoxy, carbonyl and carboxyl groups, can be used to covalently
and non-covalently attach functional units to this 2D scaffold,
thereby changing its physical and chemical properties.60–65

However, because of heteroatomic contamination and/or topo-
graphical defects, it is misleading to refer to such materials as
graphene. Furthermore, GO suffers from some important draw-
backs. Because of the presence of oxides, i.e. epoxy bridges,
hydroxyl groups and carboxyl groups, GO is a poor electrical
conductor.66 While the oxides can be removed by reduction
resulting in reduced graphene oxide (RGO),57,66–70 this adds yet
another step in the processing procedure. The greatest problem
is that reduction cannot remove all structural defects intro-
duced by the oxidation process.66,71–75 These defects disrupt
the band structure and completely degrade the electronic
properties that make graphene unique.

1. Sonication assisted liquid-phase
exfoliation (LPE)

Graphite can be successfully exfoliated in liquid environments by
exploiting ultrasound to extract individual layers. The liquid-phase
exfoliation (LPE) (Fig. 1) process typically involves three steps:
(1) dispersion of graphite in a solvent, (2) exfoliation, and (3)
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purification. Graphene flakes can be produced by surfactant-
free exfoliation of graphite via chemical wet dispersion,
followed by ultrasonication in organic solvents.76–84 During
ultrasonication, shear forces and cavitation,85 i.e. the growth
and collapse of the micrometer-sized bubbles or voids in
liquids due to pressure fluctuations, act on the bulk material
and induce exfoliation. After exfoliation, the solvent–graphene
interaction needs to balance the inter-sheet attractive forces.
Solvents ideal to disperse graphene are those that minimize the
interfacial tension [mN m�1] between the liquid and graphene
flakes, i.e. the force that minimizes the area of the surfaces
in contact.86 Different solvents have been used for graphite
exfoliation, and will be discussed in Section 1.2.

1.1 Characterization methods

The LPE yield can be described by different analytical
approaches. The yield by weight is defined as the ratio between
the weight of dispersed graphitic material and that of the
starting graphite flakes. The yield by single-layered graphene
(SLG) percentage is defined as the ratio between the number of
SLG and the total number of graphitic flakes in the dispersion.
The yield by SLG weight is expressed as the ratio between the
total mass of dispersed SLG and the total mass of all dispersed
flakes. The yield by weight does not give information on the
amount of SLG, but only on the total amount of graphitic

material. Yields by SLG percentage and weight are more suitable
to quantify the amount of dispersed SLGs.

In order to determine exfoliation yields it is necessary to
characterize exfoliated graphitic material providing both quali-
tative and quantitative information. An ideal graphene char-
acterization tool should be fast and non-destructive, offer high
resolution, give structural and electronic information, and be
applicable at both laboratory and mass-production scales. In
particular, the estimation of the concentration c [g L�1] of
dispersed graphitic material is important. c is usually deter-
mined via optical absorption spectroscopy (OAS),76 by exploit-
ing the Beer–Lambert Law: A = acl, where A is the absorbance,
l [m] is the length of the optical path, and a [L g�1 m�1] is the
absorption coefficient. a can be experimentally determined by
filtering a known volume of dispersion, e.g. via vacuum filtra-
tion, onto a filter of known mass,76 and measuring the resulting
mass using a microbalance.

The number of graphene layers (N), i.e. the thickness of
exfoliated graphitic material, is usually determined via trans-
mission electron microscopy (TEM) and atomic force micro-
scopy (AFM) (Fig. 2). In TEM, N can be counted both by
analyzing the edges87 of the flakes and by using electron
diffraction patterns. AFM enables the estimation of N by
measuring the height of the deposited flakes and dividing it
by the graphite interlayer distance. However, the estimation of

Fig. 1 Schematic representation of the liquid-phase exfoliation process of graphite in the absence (top-right) and presence (bottom-right) of surfactant
molecules.
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the height of a single layer of graphene via AFM depends on the
substrate and on the environmental conditions such as relative
humidity. Indeed, on SiO2, a single-layer graphene (SLG) can
appear to have a height of B1 nm,2 while on mica it amounts to
B0.4 nm.88

The number of graphene layers (N) in a sample can be
determined by elastic light scattering (Rayleigh) spectro-
scopy,90,91 although this approach only works for exfoliated
samples on optimized substrates and does not provide other
structural or electronic information. On the other hand, Raman
spectroscopy92,93 can be applied to all graphene samples.87,94

Moreover, it is able to identify unwanted by-products, structural
damage, functional groups, chemical modifications and
electronic perturbations introduced during the preparation,
processing or placement of graphene.53 As a result, a Raman
spectrum is an invaluable tool for quality control, and for
comparing samples used by different research groups.

In the past six years, there has been a significant step
forward in the understanding of Raman spectroscopy in
graphene, fuelled by new results on doping,95–100 edges,101–105

oxidation,106 and electrical mobility.107,108 Typically, Raman
spectroscopy is used for the determination of exfoliation yield
and to confirm the results obtained with TEM and/or AFM (Fig. 3).

1.2 Solvent

The distance between stacked parallel graphene layers in bulk
graphite amounts to 3.35 Å. Although the van der Waals
attractions among adjacent layers are weak enough to let them
slide on each other in the direction perpendicular to the c-axis,
the attraction is strong enough to make complete exfoliation
into individual layers challenging. The first attempt by Brodie
to produce single-layer graphene sheets by exfoliation dates as
far back as 1859.109 Since then, many unsuccessful attempts
have been made to come up with solutions for the large-scale
production of graphene.110–113 Successful exfoliation requires
the overcoming of the van der Waals attractions between the
adjacent layers. One of the most effective and straightforward
methods to reduce the strength of the van der Waals attractions
is liquid immersion, where the potential energy between adja-
cent layers is contributed by the dispersive London inter-
actions, which in the presence of a solvent are significantly
reduced with respect to vacuum. In the past decades, it has
been found that interfacial tension plays a key role when a solid
surface is immersed in a liquid medium.86 If the interfacial
tension between solid and liquid is high, there is poor disper-
sibility of the solid in the liquid.86 In the case of graphitic flakes
in solution, if the interfacial tension is high, the flakes tend to
adhere to each other and the work of cohesion between them is
high (i.e. the energy per unit area required to separate two flat
surfaces from contact),86 hindering their dispersion in the
liquid. Solvents with surface tension (viz. the property of the
surface of a liquid that allows it to resist an external force,
due to the cohesive nature of its molecules) g B 40 mJ m�276

are the best solvents for the dispersion of graphene and
graphitic flakes, since they minimize the interfacial tension
between solvent and graphene. Unfortunately, the majority of
solvents with g B 40 mJ m�2 such as N-methyl-2-pyrrolidone
(NMP – 40 mJ m�2), N,N-dimethylformamide (DMF – 37.1 mJ m�2),
and ortho-dichlorobenzene (o-DCB – 37 mJ m�2) (Fig. 4)

Fig. 2 (a) A graphene sheet freely suspended on a micrometre-sized
metallic scaffold. The TEM image is adapted from ref. 89 with permission
from the Nature Publishing Group; (b–e) high-resolution images of
a folded edge of a single layer (a) and a wrinkle within the layer (c);
folded edge of a two layer (d), and internal foldings of the two layer (e),
adapted from ref. 87 with permission from the American Physical Society;
(f) graphene visualized using an AFM (adapted from ref. 2 with permission
from the National Academy of Sciences). The folded region exhibiting a
relative height of E4 Å clearly indicates that it is a single layer; (g) scanning
electron micrograph of a relatively large graphene crystal, which shows
that most of the crystal’s faces are zig-zag and arm-chair edges as
indicated by blue and red lines and illustrated in the inset (adapted from
ref. 3 with permission from the Nature Publishing Group).

Fig. 3 Evolution of Raman spectra with the number of graphene layers.
The spectra are normalized to have the same G peak intensity. Spectra
adapted from ref. 87 with permission from the American Physical Society.
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[see ref. 76 for a complete list of solvents tested as exfoliation
media] have some disadvantages, e.g. NMP is an eye irritant and
may be toxic to the reproductive organs,114 while DMF may
have toxic effects on multiple organs.115 Therefore, the search
for additional solvents in this context is highly recommended
in order to strengthen the universal character of this genuine
approach by providing more choices.

In 2009 Bourlinos77 and co-workers proposed solvents belong-
ing to a peculiar class of perfluorinated aromatic molecules and
tested their efficiency in exfoliating graphite; to this end perfluori-
nated analogues of hydrocarbon solvents, i.e. benzene, toluene,
nitrobenzene, and pyridine, were employed (Fig. 5).

Graphite fine powder was suspended by relatively short
sonication (1 h) in a series of perfluorinated aromatic solvents
yielding moderately dark-gray colloidal dispersions. Depending
on the solvent, the concentrations of the dispersions ranged
between 0.05 and 0.1 mg mL�1, whereas the solubilization yield
spanned from 1% to 2%. The performance of each solvent
sorted by increasing order was as follows: octafluorotoluene B
pentafluoropyridine o hexafluorobenzene o pentafluorobenzo-
nitrile. Hence, pentafluorobenzonitrile provided the highest
colloidal concentration and solubilization yield (0.1 mg mL�1,
2%) with octafluorotoluene and pentafluoropyridine equally
exhibiting the poorest function (0.05 mg mL�1, 1%). Hexafluoro-
benzene displayed an intermediate efficacy within this series,
as testified by a concentration of 0.07–0.08 mg mL�1 and a
solubilization yield of 1.5%. Raman and IR spectroscopy
provided evidence for the virtual non-oxidization of the as-
dispersed graphitic solids. AFM analysis of average flake

thickness was estimated to range between 0.6 and 2.0 nm,
suggesting the existence of a few-layer thick graphene (FLG)
nanosheets.

Noteworthy, in 2011 Mariani and co-workers81 suggested
that graphene could be obtained by sonication of graphite
powder in an ionic liquid, namely 1-hexyl-3-methyl-imidazo-
lium hexafluorophosphate (HMIH). Unfortunately, while the
graphene concentration was estimated as being as high as
5.33 mg mL�1, the AFM analysis showed the presence of 2 nm
thick graphite-like flakes, highlighting a low exfoliation yield.

These above solvents have surface tensions close to 40 mJ m�2,
and are suitable for the direct exfoliation of graphene. However,
their high boiling points (NMP 203 1C, o-DCB 181 1C, DMF
154 1C) limit their viability for real manipulation, in particular
in organic electronics. Especially, it is of paramount impor-
tance to extract the conductivity and field-effect mobility in
field-effect transistor (FET) devices if solution processed
graphene flakes are to be harnessed in real electronics applica-
tions given that the mobility governs the device’s frequency
response. Furthermore, high-mobility devices are absolutely
desirable in electronics because they can work at moderately
low-voltage conditions, i.e. they can be integrated in low-power
and portable circuitry. Some attempts of using liquid-
phase exfoliated graphene have been made, e.g. field-effect
mobility measured on liquid-phase exfoliated graphene-based
FETs prepared by inkjet printing was found to be as high as
95 cm2 V�1 s�1.64

In general, sample preparation for electrical measurements
requires complete removal of solvents, since the presence of
remaining solvent can greatly impact the device performance.
Thus, dispersion of graphene in low boiling solvents is prefer-
able. On the other hand, most low boiling solvents, e.g. water,
ethanol, and chloroform, have a surface tension (72.8 mJ m�2,
22.1 mJ m�2 and 27.5 mJ m�2, respectively) unsuitable for the
direct exfoliation of graphene.

Hitherto several attempts of producing graphene by LPE
in low boiling solvents have been reported. For example, in
2009 Hou63 and co-workers anticipated a solvothermal-assisted

Fig. 4 Chemical structure of common solvents used as liquid media in
the graphite exfoliation process.

Fig. 5 Colloidal dispersions obtained after liquid-phase exfoliation of graphite using perfluorinated aromatic solvents. Image adapted from ref. 77 with
permission from Wiley-VCH.
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exfoliation process of expanded graphite (EG) in a highly polar
organic solvent, i.e. acetonitrile. It has been proposed that the
dipole-induced dipole interactions between graphene and aceto-
nitrile facilitate the exfoliation and dispersion of graphene.
The solvothermal-assisted exfoliation process resulted in yield
of ca. 10 wt% graphene.

Recently, Feringa and co-workers80 reported that dispersion
of graphene could be obtained in ethanol using solvent
exchange from NMP, which enables broader application of
dispersed graphene. Approximately 200 mg of graphite in
200 ml NMP was sonicated for 2 h and centrifuged at 4000 rpm
for 30 min to remove large particles. The supernatant of
graphene in NMP was decanted and then filtered through a
poly-tetrafluoroethylene (PTFE) membrane. The obtained filter
cake was dispersed in ethanol with mild sonication and filtered
again. This process was repeated five times and finally the
filter cake was redispersed in ethanol. This suspension was
centrifuged at 1000 rpm for 30 min, the supernatant was
decanted and further sonicated for several minutes to give
the required homogeneous graphene dispersion in ethanol.
The repeated washing steps yield a stable dispersion of gra-
phene in ethanol (0.04 mg mL�1) containing ca. 0.3 vol% NMP.
Films prepared from such dispersions show good conductivity
(1130 S m�1). Noteworthy, over one week, the sample shows
20% sedimentation.

1.3 Sonication time

Since the first successful exfoliation of graphene in an organic
solvent such as NMP in 2008,76 improvements in concentra-
tions of graphene dispersions have been achieved, e.g. by using
drastically longer sonication times (B500 h–2 mg mL�1)79

(Fig. 6). Such a time consuming approach requires high energy;
in addition, as previously observed for nanotubes, with the
increasing sonication time, the size of the flakes is severely
reduced,116 being a critical parameter for several applications.

In addition to the reduced flake size, long sonication of
graphite can also affect the quality of graphene. The analysis of
Raman spectra can provide information on the number and
position of broken-conjugation areas in graphene, so-called
graphene atomic- or point-defects, which can affect the electronic
properties of graphene. Typically, sonication of graphite is
considered as a nondestructive process; therefore defects are
predominantly located at the edges of the graphene flakes, and

the basal plane of the flakes is relatively defect free.117 However,
in some cases the small size of the flakes precludes spatial
mapping of the defects and hence identification of their loca-
tion on the edge or in the basal plane.

1.4 Centrifugation

The majority of the material in the dispersion after sonication
is composed of thick graphite-like flakes, which can be
removed by different strategies based on differential ultra-
centrifugation (sedimentation-based separation, SBS)62 in a
uniform medium or in a density gradient medium (DGM).118 The
SBS process separates particles on the basis of their sedimentation
degree in response to centrifugal force acting on them.62

It is worth taking into account that liquid-phase exfoliation
of graphite generally results in flakes with lateral size of one
micrometer or less, hence being too small for many applica-
tions such as mechanical reinforcement of composites.119 To
address this issue, Coleman and co-workers described a
method to separate an existing dispersion with a mean flake
size length of E1 mm into fractions, each with different mean
flake size.84 The initial graphene dispersion in NMP was
centrifuged at a high centrifugation rate, separating the small
flakes in the supernatant from large flakes in the sediment.
Redispersion of the sediment, followed by successive centrifu-
gation, separation and redispersion cycles resulted in separa-
tion of flakes by size (Fig. 7a). Such a procedure resulted in a
range of dispersions with the mean flake length varying from
1 mm for the highest centrifugation rate to 3.5 mm for the sample
whose final centrifugation rate was 500 rpm. By TEM analysis of
various samples, it has been found that flakes obtained with
3000 rpm centrifugation speed are much smaller than the
500 rpm ones (Fig. 7b). Noteworthy, by decreasing the centri-
fugation speed increased number of graphene layers per flake
was noted (Fig. 7c).

2. Surfactant assisted exfoliation

The use of small organic molecules such as surfactants, can
promote the exfoliation of graphite into graphene, in particular
when such a molecule has a high energy of adsorption on the
basal plane of graphene, and in particular being higher than
the one of the solvent molecule interacting with the graphene.
The use of surfactants can also stabilize exfoliated graphene in
water and organic solvents, where the z potential of the
surfactant-coated graphene nanosheets controls the dispersed
concentration.117

2.1 Aqueous dispersions

Water is a natural choice because of its non-toxicity which
opens perspective for the formation of biocompatible graphene
based materials for biomedical applications.120 However, the
exfoliation of graphene in water is particularly challenging due
to the hydrophobic nature of the sheets. Such a challenge can
be overcome by using surfactants which allow exfoliated sheets
to remain suspended.77,102,117,121–136 In particular polycyclic

Fig. 6 Concentration of graphene in NMP after centrifugation as a func-
tion of sonication time. Adapted from ref. 79 with permission from Wiley-
VCH.
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aromatic hydrocarbons (PAHs)137–141 show promise in this regard
due to their p–p stacking interactions with graphene.142,143

2.1.1 Pyrenes. Pyrene derivatives have been used by various
groups to stabilize carbon nanotube and graphene dispersions.144

Adsorption of these compounds onto the graphene surface
occurs through p–p interactions between the planar p-conjugated
surfaces, by reducing the surface free energy of the dispersion.
In these interactions both aromatic planar surfaces share the
electrons of p-orbitals through a non-covalent bond. Fig. 8
portrays the chemical formulae of various pyrene derivatives
used as surfactant additives in LPE of graphite. In these
representative molecules, different functional polar or apolar
groups are decorating the pyrene aromatic core.

For example, He and co-workers exfoliated single layers of
graphene into an aqueous dispersion by using 1,3,6,8-pyrene-
tetrasulfonic acid tetrasodium salt (Py–(SO3)4) (see Fig. 8) and
aminomethylpyrene (Py–Me–NH2) to fabricate transparent
conductive films.145 However, neither the graphene yield nor
the dispersion effectiveness and stability were examined, and
aggregates likely remained in these dispersions besides final
products. In other attempts to stabilize graphene through p–p
stacking, Shi et al.,146 Müllen et al.,123 and Honma et al.126 used
pyrenebutyrate and pyrenesulfonic acid sodium salt (Py–SAH)
to stabilize graphene in water for use in electrochemical, solar
cell, and composite applications.

In a different study, a variety of pyrenes were employed by
Green and co-workers to test their ability to obtain high
exfoliation yield and dispersion of graphene in water.134 Among
all investigated pyrene derivatives, i.e. pyrene (Py), 1-aminopyrene
(Py–NH2), 1-aminomethyl pyrene (Py–Me–NH2), 1-pyrene-
carboxylic acid (Py–CA), 1-pyrenebutyric acid (PyBA), 1-pyrene-
butanol (PyBOH), 1-pyrenesulfonic acid hydrate (PySAH),
1-pyrenesulfonic acid sodium salt (Py–SO3) and 1,3,6,8-pyrene-
tetrasulfonic tetra acid tetra sodium salt (Py–(SO3)4), the Py–SO3

was found to be the most effective one, yielding graphene final
concentrations as high as 0.8–1 mg mL�1 (Fig. 9a). To confirm
the presence of single- or few-layer stabilized graphene in the

dispersions, the Py–SO3-stabilized graphene samples were char-
acterized by HRTEM. A commonly used method to quantify the
number of layers in graphene is by counting the number of
folds at the edge of a graphene sheet in HRTEM images. A
HRTEM image of a Py–SO3-stabilized graphene sheet is shown
in Fig. 9b. The edge count of the graphene sheets reveals that
the Py–SO3-stabilized graphene is 2–4 layers thick, as com-
monly observed in sonicated and centrifuged samples.

By using a similar approach to that using pyrene derivatives,
Palermo and co-workers135 went one step further into the
thermodynamics of liquid-phase exfoliation of graphite. The
authors studied the mechanism of surface adsorption of
organic pyrene dyes on graphene, and successive exfoliation
in water of these dye-functionalized graphene sheets. A syste-
matic, comparative study was performed on pyrenes functiona-
lized with an increasing number of sulfonic groups, i.e.
1-pyrenesulfonic acid sodium salt (Py–SO3), 6,8-dihydroxy-1,3-
pyrenedisulfonic acid disodium salt (Py–(OH)2(SO3)2),
8-hydroxy-1,3,6-pyrenetrisulfonic acid trisodium salt (Py–OH(SO3)3),
and 1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt (Py–(SO3)4).
By combining experimental and modeling investigations, the
correlation between graphene–pyrene interaction energy, the
molecular structure and the amount of graphene flakes solu-
bilized has been unravelled. The results obtained indicate that
the molecular dipole is not important per se, but since it
facilitates adsorption on graphene, it promotes lateral displace-
ment of water molecules collocated between the aromatic cores
of the organic dye and graphene. Additionally, the effect of
charges present corresponding to –OH groups has been
explored by sonicating graphite with the respective dyes at
different pH. A distinct influence of pH on the total amount
of suspended graphene was observed. The pH dependent
absorption of dyes is portrayed in Fig. 10a.

2.1.2 Alternative surface stabilizers. Several alternative sur-
factants, also called surface stabilizers, have been used to
promote the exfoliation of graphite in aqueous solutions,
including perylene-based bolaamphiphiles122,147 (PBBA – Fig. 11),

Fig. 7 (a) Schematic representation of the flake separation process; (b) TEM images of flakes prepared at final centrifugation rates of 5000 rpm and 3000
rpm; (c) individual flake length plotted versus estimated flake thickness (number of monolayers, N) for dispersions with final centrifugation rates of 500,
1000 and 3000 rpm; (d) mean flake size as measured from TEM images. Adapted from ref. 84 with permission from Elsevier.
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Fig. 8 Chemical structures of pyrene derivatives used as surfactants in the process of LPE of graphite towards graphene, with their names and
corresponding acronyms as used in the text.

Fig. 9 (a) Final concentration of graphene for different pyrene derivatives. The initial concentration of graphite in all samples is 20 mg mL�1; (b) TEM
image of stabilized graphene layers in a Py–(SO3)–graphene dispersion. The lateral size of graphene sheets is about 2–2.5 mm. Adapted from ref. 134 with
permission from the American Chemical Society.
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Fig. 10 (a) Image of the solutions obtained on sonicating graphite with the different pyrenes at pH = 2, 7 and 10; (b) contribution of the different
components of pyrenes to the interaction energy of the molecules with graphene; (c) electrostatic and van der Waals contributions of the pyrene core of
adsorbed molecules with the surrounding aqueous medium. Adapted from ref. 135 with permission from the Royal Chemical Society.

Fig. 11 Chemical structures of organic molecules used as surfactants in the process of LPE of graphite towards graphene, with their names and
corresponding acronyms as used in the text.

Chem Soc Rev Review Article



390 | Chem. Soc. Rev., 2014, 43, 381--398 This journal is©The Royal Society of Chemistry 2014

7,7,8,8-tetracyanoquinodimethane (TCNQ),148 coronene tetra-
carboxylic acids (CTCA),125 or pyrene-based hydrophilic
dendrones,127 to name a few. In particular, graphene disper-
sions can be stabilized in water by the surfactant sodium
cholate (SC),129,149 at concentrations up to 0.3 mg mL�1.
The dispersed concentration increases with sonication time
while the best quality dispersions are obtained for centrifuga-
tion rates between 500 and 2000 rpm. Detailed TEM analysis
shows the flakes to consist of 1–10 stacked monolayers with up
to 20% of flakes containing just one layer. The average flake
consists of B4 stacked graphene layers and has a length and
width of B1 mm and B400 nm, respectively. These dimensions
are surprisingly stable under prolonged sonication. However,
the mean flake length falls from B1 mm to B500 nm as the
centrifugation rate is increased from 500 to 5000 rpm.

Exfoliation of graphite can be also achieved by non-covalent
functionalization using 9-anthracene carboxylic acid (ACA).124 Inter-
estingly, ACA–graphene based materials possess remarkable elec-
tronic properties, i.e. an ACA–graphene based ultracapacitor
demonstrates a high specific capacitance value of 148 F g�1.

Though the majority of the previously mentioned studies
showed improved stability, only a few of them provided a
quantitative investigation of the average lateral size or thick-
ness of the sheets obtained. In fact conventional studies simply
relied on a TEM analysis showing the presence of monolayers
and a few-layer stacks. A quantitative insight into the effective-
ness of the proposed method, in particular the choice of the
surfactant, can be achieved only by an in-depth analysis of
exfoliated material. In particular, Coleman and co-workers117

demonstrated that the use of sodium dodecylbenzene sulfonate
(SDBS) could be extremely successful. Statistical Raman analysis
revealed a reasonable population of few-layer graphene, e.g.
B43% of flakes had o5 layers. More importantly, B3% of the
flakes were found to be monolayer thick. These data are
illustrated in the histogram for the standard dispersion in
Fig. 12. Even more importantly, the sediment remaining after
centrifugation can be recycled to improve the overall yield of

graphene exfoliation. Recycling the sediment results in narrow-
ing of the flake thickness distribution, shifting it toward
thinner flakes with large quantities of bilayers and trilayers;
67% of flakes observed had o5 layers.

Another effective and efficient method for the preparation of
graphene by LPE in aqueous solutions was demonstrated by
Stoddart, Stupp and co-workers.136 N,N0-dimethyl-2,9-diazaper-
propyrenium dichloride (DAP) molecules were used in order to
stabilize exfoliated graphene sheets in water. It was found that
the electrostatic repulsion between the positively charged
regions present in DAP2+ minimizes the aggregation of gra-
phene layers and helps in sustaining a stable dispersion of the
graphene sheets in water. Photographs (Fig. 13a) of aqueous
dispersions of graphite, DAP, and DAP–graphene dispersions in
water under ambient and UV light offered qualitative evidence
for the almost complete quenching of the strong fluorescence
signature associated with solvated DAP in the presence of
graphene. The thicknesses of the graphene sheets were mea-
sured by AFM, with both the AFM height image of graphene
sheets and the height profile of the AFM image (Fig. 13b)
revealing the thickness of the graphene sheets and the distribu-
tion of layer thickness. These observations showed that the
exfoliated graphene sheets are predominantly 2 to 4 layers thick.

2.2 Organic dispersions

The use of water as an exfoliation medium is not recommended
for the exploitation of graphene in electronic devices such as
field-effect transistors (FETs) because the presence of residual
water molecules at the interface with dielectrics can enhance
charge trapping phenomena.150 Therefore, the use of organic
solvents as exfoliating media has to be explored. Despite the
increasing interest in the field, the knowledge gathered about
the surfactant-assisted LPE of graphite in organic solvents is
still relatively poor (Fig. 14).151–154

A recently reported approach153 involves the use of 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethyleneglycol)-5000] (DSPE-mPEG) molecules in combination

Fig. 12 (a) Graphite concentration after centrifugation as a function of starting graphite concentration (CSDBS = 10 mg mL�1). Upper inset: the same data
represented as the fraction of graphite remaining after centrifugation. Lower inset: fraction of graphite after centrifugation as a function of SDBS
concentration (CG,i = 0.1 mg mL�1); (b) histogram of number of layers per flake for dispersions from original sieved graphite and from recycled sediment.
Adapted from ref. 117 with permission from the American Chemical Society.
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with TBA-inserted oleum-intercalated graphite. Such mixture
was sonicated in DMF to give a homogeneous dispersion.
The organic stability of exfoliated graphitic material enabled
Langmuir–Blodgett (LB) films to be made on various transparent
substrates, including glass and quartz, to produce films that are
transparent and conducting. The one-, two- and three-layer LB
films on quartz afforded sheet resistances of B150, 20 and
8 kO at room temperature (Fig. 15) and transparencies (defined
as transmittance at a wavelength of 1000 nm) of B93, 88 and

83%, respectively (Fig. 15b and c). With a three-layer LB film, a
sheet resistance of 8 kO can be achieved with a transparency
greater than 80%.

Graphene flakes directly exfoliated from graphite using
sonication and CTAB as a stabilizer have been demonstrated
by Valiyaveettil and co-workers.154 The flakes could be dis-
persed in common organic solvents such as DMF. Character-
ization of the flakes by UV-visible spectroscopy, SEM, TEM,
AFM and Raman spectroscopy showed the exfoliation into

Fig. 13 (a) Photographs of graphite, DAP�2Cl, and DAP�2Cl/graphene in water under ambient light and under UV light (insets); (b) probability of
occurrence of graphene layers with various thicknesses calculated by measuring the thickness of the graphene sheets using the AFM height image; (c)
AFM height image of DAP�2Cl/graphene, along with the height profile. Adapted from ref. 136 with permission from Wiley VCH.

Fig. 14 Chemical structures of organic molecules used as surfactants in the process of LPE of graphite towards graphene in organic solvents, with their
names and corresponding acronyms as used in the text.
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graphene flakes of average B1.18 nm thickness. Field emission
measurements showed a turn on voltage of 7.5 V mm�1 and an
emission current density of 0.15 mA cm�2.

Porphyrins interact with various carbon materials, such as
graphite, fullerenes and carbon nanotubes (CNTs), through
p-stacking that takes place between their electron-abundant
aromatic cores and conjugated surfaces of the carbon
materials.155–157 Therefore, similar interactions are expected
to occur between graphene and porphyrins.158,159 To explore
this idea, graphite was dispersed in solutions of porphyrins in
NMP containing organic ammonium ions. The porphyrin used
in this effort was 5,10,15,20-tetraphenyl-(4,11-acetylthiounde-
cyl-oxyphenyl)-21H,23H-porphine (TATPP), which strongly
interacts with the graphite surface as proven by UV-vis spectro-
scopy (Fig. 16a). It was found that the TATPP-assisted exfolia-
tion of graphite can be employed to produce monolayer
graphene sheets of high quality (TEM image in Fig. 16b),
although statistical analysis of flake size and thickness has
not been reported.

Exfoliation of graphite can also be achieved in ethanol by
using quinquethiophene-terminated PEG (5TN-PEG) as a

surfactant. A high electro-optical graphene film was fabricated
from the graphene dispersion by vacuum filtration. After wash-
ing the surfactant with THF followed by chemical treatment
with HNO3 and SOCl2, the graphene film exhibited high
performance (a transmittance of 74% at 550 nm, a sheet
resistance of 0.3 kO sq�1 and sdc/sac = 3.65).

3. Polymer-assisted exfoliation

It has been recently shown that graphite can be exfoliated in
water40,128,130,160–162 and organic solvents163,164 by using a
range of conventional polymers, such as polybutadiene (PBD),
polystyrene-co-butadiene (PBS), polystyrene (PS), polyvinyl-
chloride (PVC), polyvinyl acetate (PVAc), polycarbonate (PC),
polymethyl methacrylate (PMMA), polyvinylidenechloride
(PVDC), cellulose acetate (CA),164 ethyl cellulose (EC),162 poly-
vinylpyrrolidone (PVP),160 and even more complex systems
such as water soluble pyrene-functionalized DNA,128 which
opens the door to biocompatible materials for bio-medical
applications.120

Fig. 15 Large-scale Langmuir–Blodgett (LB) film prepared from graphene sheets. (a) A photograph of a two-layer GS LB film on quartz with part of it left
clear. The scale bar is 10 mm. (b) Transparency spectra of one- (black curve), two- (red curve) and three-layer (green curve) GS LB films. The transparency
was defined as the transmittance at a wavelength of 1,000 nm; (c) resistances (red) and transparencies (blue) of one-, two- and three-layer LB films.
Adapted from ref. 153 with permission from the Nature Publishing Group.

Fig. 16 (a) UV-visible spectra of graphene dispersions in 5,10,15,20-tetrakis(4,11-acetylthioundecyl-oxyphenyl)-21H,23H-porphyrin (TATPP) and
tetrabutyl-ammonium hydroxide (TBA); (b) a single-layer graphene sheet visualized using a TEM; (c) electron diffraction (ED) pattern corresponding
to the encircled area in panel (b). Adapted from ref. 152 with permission from the Royal Society of Chemistry.
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Through a modeling study, Coleman et al. have predicted
that maximal graphene concentration can be reached when the
polymer and solvent have similar Hildebrand solubility para-
meters as the graphene sheets.164 Though effective, graphene
concentration in the dispersions obtained therein, however, is
often too low, e.g., in the range of 0.006–0.022 mg mL�1 in THF
and 0.068–0.141 mg mL�1 in cyclohexanone, to meet the
requirements in large-scale applications. The search for a
suitable polymer–solvent combination is thus important to
render high quality graphene dispersions at high concentrations
in conventional low-polarity, low-boiling-point organic solvents.

Graphene sheets can be exfoliated upon sonication in a
variety of organic solvents such as NMP and o-DCB. Further-
more, exfoliated graphene in NMP can be treated with an acidic
solution of poly[styrene-b-(2-vinylpyridine)] (PS-b-P2VP) or
poly(isoprene-b-acrylic acid) (PI-b-PAA) block copolymers130

(Fig. 17), resulting in aqueous solubilization of graphene.
Unfortunately, the thickness of graphitic flakes amounts to
2.5 nm and 44 nm respectively, suggesting that the exfoliation
protocol needs to be further optimized.

Successful production of stable high-concentration graphene
dispersions in low-boiling-point, low-polarity conventional
organic solvents (CHCl3 and THF) was reported recently by Ye
and co-workers.163 Liquid-phase exfoliation of graphite assisted
with a hyperbranched polyethylene (HBPE) as the stabilizer
resulted in remarkably high-concentration (up to 0.045 mg mL�1

in THF and 0.18 mg mL�1 in chloroform) dispersions of few-
layer graphene flakes. HBPE is a novel polyethylene grade
synthesized through the unique ethylene chain walking poly-
merization technique.165 Noteworthy, HBPE has been used

recently to functionalize and solubilize multiwalled carbon
nanotubes.166 Moreover, the dispersions were further concen-
trated to reach graphene concentration as high as 3.4 mg mL�1.
Through their characterization by using TEM, AFM, and Raman
spectroscopy, the majority of the graphene products was found
to be high-quality, defect-free, few-layer thick graphene flakes,
in particular exhibiting between 2 and 4 layer stacks and lateral
dimensions in the range of 0.2–0.5 mm. Noteworthy, even after
extensive washing the presence of HBPE at a significant
amount was monitored by TGA, indicating its adsorption on
the surface of graphene flakes.

In another investigation, a variety of ionic and non-ionic
surfactants were explored by Guardia and co-workers,161 testing
their ability to aid sonication-based exfoliation and dispersion
of graphene in water. Generally, non-ionic surfactants signifi-
cantly outperformed their ionic counterparts (Fig. 18). The best
result, a dispersion of B1 mg mL�1 graphene after just 2 hours
of sonication, was achieved by using the triblock copolymer
Pluronics P-123. Interestingly, an increase in sonication time
to 5 hours yielded solutions in P-123 at 1.5 mg mL�1, consistent
with the benefits of the extended sonication time seen for
exfoliation in organic solvents. It has been shown that ionic
surfactants adsorb onto graphene and impart an effective
charge, providing electrostatic repulsion to prevent graphene
from aggregation. In the case of non-ionic surfactants, which
have a hydrophobic tail and a long hydrophilic part, steric
repulsions stabilize graphene. AFM analysis revealed that
sheets obtained with the best surfactants had lateral sizes in
the range of hundreds of nanometers, where almost all sheets
were less than 5 layers thick (10–15% monolayers), consistent
with other investigations of surfactant-assisted and sonication-
based exfoliation.

Importantly, there is one disadvantage in using surfactants/
intercalators to assist the LPE process of graphite. Regardless of
whether the graphene films are prepared by drop casing or
filtration, in most of the cases, the resulting material consists
of graphitic flakes, surfactants, solvent or residuals from the
filter, which can be problematic in the field of organic electro-
nics. Typically, surfactants are used only to prompt the exfolia-
tion yield, and do not possess any interesting electronic
properties; however they can affect the properties of FET
devices, e.g. by n-doping of graphene-based devices.65 It is
therefore crucial to extract graphene from post-LPE processed
graphene–surfactant composites, which can be nearly impos-
sible in the case of water-based LPE. Due to the hydrophobic
nature of the graphene sheets, only the use of surfactants can
complete the exfoliation of graphene in water. On the other
hand, graphene–surfactant composites in organic media such
as NMP or o-DCB should be relatively easy to process, i.e. to
remove residual organic molecules, e.g. by washing the disper-
sions/films with the solvents capable of dissolving the mole-
cules. Noteworthy, according to our knowledge, there has been
only one report discussing this issue,151 where the surfactant
was successfully removed from graphene–surfactant films by
sequential rinsing with ethanol, methanol, THF, DMSO
and DMF, and chemical treatment with HNO3 and SOCl2.

Fig. 17 Chemical structures of chosen polymers and block copolymers
used as surfactants in the process of liquid-phase exfoliation of graphite
towards graphene, with their names and corresponding acronyms as used
in the text.
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Nevertheless, such extraction of graphene from graphene–sur-
factant dispersions has to be still improved, since graphene
treatment with SOCl2 can result in hole doping.151

From the viewpoint of the final graphene concentration the
use of polymers in the LPE process is undoubtedly better than
the use of simple organic molecules; however, because of the
strong polymer–graphene interactions the majority of graphene
produced by polymer-assisted LPE of graphite cannot be extracted
from graphene–polymer composites. One interesting approach
relies on the use of graphene ‘‘bad solvents’’. Bourlinos160 and
co-workers successfully extracted graphene from the graphene–
PVP mixture. To this end, the graphene was extracted from the
graphene–polymer dispersion by washing it with an ethanol–
chloroform mixture (both ethanol and chloroform dissolve PVP)
followed by centrifugation at 4000 rpm for 10 min.

4. Conclusions & outlooks

Liquid-phase exfoliation of bulk graphite is an extremely mild,
versatile and potentially up-scalable approach to obtain high-
quality graphene inks using equipment available in all chem-
istry labs. From the chemistry point of view, the LPE in
the presence of a given solvent molecule with the aid of an
additional pre-designed (macro)molecule as an exfoliating
agent is a path not only to increase exfoliation yield but also
to avoid graphene re-aggregation due to van der Waals attrac-
tion, thereby compromising the effort made during exfoliation.
Moreover, the use of the additional (macro)molecule interact-
ing with the graphene via non-covalent forces makes it possible

to modulate the properties of the graphene by imparting new
functions to the 2D material via physical phenomena such as
doping. From the technology point of view, the LPE approach is
highly relevant as many applications rely on large-scale produc-
tion using low-cost methods such as ink-jet printing and R2R.
Liquid-phase exfoliation is appealing for the preparation of
stable inks that can be processed in thin films and composite
materials; in this regard future research is needed to control
on-demand the number of layers and lateral size.

In this review, we have shown that graphene can be obtained
by sonication in certain liquids. Extensive effort has been made
to improve the yield and degree of exfoliation; however the yield
of single-layer graphene sheets is still relatively low and
requires long lasting sonication treatments. Furthermore,
the material obtained has quite an amount of ‘‘waste’’ or
by-products: because of this reason centrifugation has to be
used in order to remove unexfoliated material. It will become
important in the near future to define a reproducible protocol
relying on the best conditions for the LPE process. This is
particularly needed since to date the sonication parameters
(power and time) differ from one experiment to another, e.g.
sonication time varies from 30 min to 1000 h. While the results
obtained by different research groups are very different, e.g.
final concentration of graphene and lateral flake size, the
technical factors such as sonication power are not discussed.
As the potential applications of graphene multiply, it will
become more and more important to be able to produce
defect-free graphene in large quantities. In order to improve
the exfoliation yield and reduce the by-products future effort
should be devoted to the design and synthesis of new molecules

Fig. 18 Concentration of graphene in aqueous dispersions achieved by the use of different surfactants, as estimated from UV-vis absorption
measurements. Two surfactant concentrations are shown: 0.5% and 1.0% wt/vol. Inset figure – histogram showing the distribution of apparent flake
thickness measured by AFM on 200 objects from dispersions stabilized by the non-ionic triblock copolymer P-123. Adapted from ref. 161 with permission
from Elsevier.
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featuring an enhanced affinity for the basal plane of graphene,
thereby boosting the LPE and enhancing the average size of the
crystal yet retaining a good solubility in organic media such as
chloroform or ethanol. Such an explorative research will pave
the way towards the scaling up of LPE of graphene. Signifi-
cantly, most of the knowledge generated on graphene can
be applied to other layered crystals such as BN, MoS2, WS2,
NbSe2, and TaS2

60 thereby opening novel avenues towards 2D
materials exhibiting a set of new properties.
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V. Palermo and C. Casiraghi, Carbon, 2013, 53, 357–365.

134 D. Parviz, S. Das, H. S. T. Ahmed, F. Irin, S. Bhattacharia
and M. J. Green, ACS Nano, 2012, 6, 8857–8867.

135 A. Schlierf, H. Yang, E. Gebremedhn, E. Treossi, L. Ortolani,
L. Chen, A. Minoia, V. Morandi, P. Samorı̀, C. Casiraghi,
D. Beljonne and V. Palermo, Nanoscale, 2013, 5, 4205–4216.

136 S. Sampath, A. N. Basuray, K. J. Hartlieb, T. Aytun, S. I.
Stupp and J. F. Stoddart, Adv. Mater., 2013, 25, 2740–2745.

137 B. Schmaltz, T. Weil and K. Müllen, Adv. Mater., 2009, 21,
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