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Abstract: The technological exploitation of the extraordinary
properties of graphene relies on the ability to achieve full
control over the production of a high-quality material and its
processing by up-scalable approaches in order to fabricate
large-area films with single-layer or a few atomic-layer thick-
ness, which might be integrated in working devices. A simple
method is reported for producing homogenous dispersions of
unfunctionalized and non-oxidized graphene nanosheets in N-
methyl-2-pyrrolidone (NMP) by using simple molecular
modules, which act as dispersion-stabilizing compounds
during the liquid-phase exfoliation (LPE) process, leading to
an increase in the concentration of graphene in dispersions.
The LPE-processed graphene dispersion was shown to be
a conductive ink. This approach opens up new avenues for the
technological applications of this graphene ink as low-cost
electrodes and conducting nanocomposite for electronics.

In the last decade graphene has emerged as an exciting
material possessing unprecedented properties thereby hold-
ing potential to impact many areas of science and technol-
ogy.[1] The extraordinary electronic, thermal, and mechanical
properties of graphene make it a promising candidate for
practical applications[2] in electronics,[3] sensing,[4] energy
storage,[5] and conversion,[6] as well as in catalysis,[7] and
biological labeling.[8] Graphene can be obtained in very-high-
quality sheets produced in limited quantities by microme-
chanical cleavage,[9] chemical vapor growth,[10] annealing SiC
substrates,[11] ball-milling of graphite,[12] building up graphene

from molecular building blocks[13] (bottom-up) and as defec-
tive sheets by reducing graphene oxide.[14] Defect-free sheets
can be produced by exfoliating graphite towards graphene
(top-down).[15] In particular, graphite can be exfoliated in
liquid environments by exploiting ultrasounds to extract
individual layers. The liquid-phase exfoliation (LPE)[16]

process generally involves three steps, that is, dispersion of
graphite in a solvent, exfoliation, and purification. Exfoliation
of graphene occurs because of the strong interactions between
the solvent molecules and the graphitic basal planes, over-
coming the energetic penalty for exfoliation and subsequent
dispersion. It has been reported that solvents with surface
tensions of about 30–40 mJm�2, such as N-methyl-2-
pyrrolidone (NMP 40 mJm�2),[17] ortho-dichlorobenzene
(o-DCB 37 mJm�2),[18] N,N-dimethylformamide (DMF
37.1 mJm�2),[19] or pentafluorobenzonitrile (PFBN
30 mJm�2)[20] are typically good candidates for graphene
exfoliation.

The intercalation compounds of graphite were first
reported in the 1840s.[21] A good understanding over their
structures was obtained in early 1930s with the introduction of
X-ray diffraction techniques. Despite the beginning of
systematic studies on their physical properties in the late
1940s, only recently the research on graphite intercalation
compounds has become a field of intense activity.[19,22] In this
regard, it was shown that the exfoliation of graphite in a liquid
media could be assisted by using organic molecules such as
surfactants,[23] functionalized pyrenes,[24] diazaperopyrenium
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dications,[25] and biomolecules.[26] The organic molecules
mainly act as a stabilizer by physisorption of their hydro-
phobic moieties on the graphene surfaces once graphite is
exfoliated by sonication. The exfoliation of graphene in water
is particularly challenging because of the hydrophobic nature
of the sheets, but surfactants can solve this problem and help
exfoliated sheets to remain suspended. However, the use of
water as a media is not recommended for the exploitation of
graphene in electronic devices because the presence of
residual water molecules at the interface with dielectrics can
enhance charge-trapping phenomena.[27] Thus, the use of
organic solvents as an exfoliating media has to be explored.
The exfoliation in an organic media could be promoted by
adding a further organic molecule acting as dispersion-
stabilizing agent during the exfoliation process.[16] In partic-
ular, only two examples were reported so far on the use of
noncharged small organic molecules. Graphene dispersions
were prepared in NMP with the aid of nonionic porphyrin
molecules.[22c] Organic molecules such as, for example, 1,2-
distearoyl-sn glycero-3-phosphoethanolamine-N-[methoxy
(polyethyleneglycol)-5000] (DSPE-mPEG) were also used
to stabilize graphene sheets at the end of the exfoliation
process to inhibit the re-stacking of graphene sheets.[19] It has
also been shown recently, that polymeric systems can have an
impact on the exfoliation yield.[28]

Here we show that the concentration of defect-free, few-
layer-thick (with about 30 % single layers) graphene disper-
sions in NMP can be increased by addition of simple alkane
molecules in the LPE process. The chosen dispersion-
stabilizing compound needs to meet primarily two criteria:
1) its adsorption energy on graphene has to be larger than the
adsorption of solvent molecules; 2) it needs to be very well
soluble/miscible in/with organic media such as CHCl3. We
focused our attention on two simple molecular modules, that
is, 1-phenyloctane and arachidic acid, the calculated adsorp-
tion energy on graphene of which is (�19.1 and �28.2 kcal
mol�1, respectively) much higher than the adsorption energy
of NMP (�8.5 kcal mol�1; see the Supporting Information for
details), thus fulfilling with criterion (1). Additionally, to
qualitatively test the affinities of both molecules for graphene
surface we performed scanning tunneling microscopy
(STM)[29] experiments at the solid–liquid interface, using
highly oriented pyrolitic graphite (HOPG) as a substrate.
Self-assembly of molecular building blocks capable of under-
going controlled self-assembly from solution at surfaces and
interfaces relies on a subtle balance between molecule–
molecule, molecule–substrate, molecule–solvent, and sol-
vent–substrate interactions leading to the targeted 2D
patterns.[30] In fact, alkanes and in particular carboxylic
acids are one of the first molecules visualized with the
submolecular resolution at the solid–liquid interface by
STM.[31] Because of its simple structure, capability to form
highly ordered architectures on graphite surface, as well as its
low costs we decided to focus our attention on its C20

derivative, that is, arachidic acid. Noteworthy, it is well
accepted in the STM community that 1-phenyloctane (typi-
cally used as a solvent in STM experiments) by itself doesn’t
form ordered monolayers (at room temperature) at the
solution–HOPG interface. Although its adsorption energy on

graphene is as high as�19.1 kcal mol�1, the dynamic nature of
the adsorption/desorption process of this small molecule on
HOPG occurs on a time scale which is much faster than the
scanning speed of a STM tip, hindering its visualization by
STM.

The self-assembly of arachidic acid in 2D has been
investigated by applying 4 mL drop of a (100� 2) mm solution
on the freshly cleaved HOPG surface. Given that the solvent
used for STM experiments has to be apolar (dielectric
constant, e = 2–4), STM measurements cannot be performed
by using NMP as a liquid medium (e = 31), thus 1-phenyl-
octane was chosen as a solvent. The STM current image in
Figure 1 shows a monocrystalline lamellar structure. In this

2D crystal, arachidic acid molecules are physisorbed flat on
the surface adopting an in-plane zig–zag conformation and
forms H-bonded dimers, which are interdigitated between
adjacent lamellae. Conversely, the 1-phenyloctane molecules
have not been found to pack on HOPG. In light of this
observation the calculated adsorption energy of arachidic acid
on graphene is twice that of the monomeric species, thus
amounting to �56.4 kcalmol�1. The unit cell, containing two
molecules, exhibits the following parameters: a = (0.84�
0.10) nm, b = (2.52� 0.10) nm, and a = (88� 2)8, leading to
an area A = (2.12� 0.25) nm2, in agreement with previous
reports.[32]

To test the capability of the two molecules to increase the
graphene exfoliation yields we prepared dispersions by
adding graphite powder in NMP (1 wt %) by bath sonication
(6 h), in the presence of the dispersion-stabilizing compounds,
and compared it with the blank experiments, that is,
a graphene dispersion prepared in the absence of additional
molecules. By considering the initial graphite powder as
a single graphene sheet, we calculated the number of
molecules needed to form densely packed monolayers on
graphene (see the Supporting Information). Given that the
calculated quantity of the molecules will be higher than the
real surface of graphite in the form of powder, we have used 5,
10, 15, and 20 % of molecules needed to cover the entire
graphene surface. Sonication of all samples, that is, two
samples containing organic molecules and the one in their
absence, led to gray liquids consisting of a homogeneous

Figure 1. a) STM current image of arachidic acid monolayer at the
HOPG–solution interface. b) Molecular packing motif. Tunneling
parameters: average tunneling current (It) = 20 pA, tip bias voltage
(Vt) = 350 mV. The scale bars are 2 nm.
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phase and large numbers of macroscopic aggregates. As
previously reported,[17a] these aggregates can be removed by
centrifugation, yielding a homogeneous dark dispersion,
which was also characterized by UV/Vis/IR absorption
spectroscopy (see the Supporting Information for details).

To quantify the concentration after centrifugation, a mix-
ture of graphene dispersion and CHCl3 was heated at 50 8C
and passed, through polytetrafluoroethylene (PTFE) mem-
brane filters (pore size 100 nm). The remaining NMP solvent
molecules were washed away with diethyl ether. The presence
of adsorbed molecules on graphene sheets may affect the
mass measurements and ultimately the exfoliation yields.
Thus, we found that the heating process is necessary, in order
to nearly completely remove, that is, desorb, the dispersion-
stabilizing compounds from graphene (for details see the
thermogravimetric analyses and X-ray photoelectron spec-
troscopic XPS analyses in the Supporting Information).
Careful measurements of the filtered mass gave the concen-
tration of dispersed phases after centrifugation (see Fig-
ure 2a).

The most significant increase of concentration was
obtained by using 20% of molecules, where the graphene
concentration amounts to 0.128 mg mL�1 and to 0.1 mg mL�1

for graphene exfoliated in the presence of arachidic acid and
1-phenyloctane, respectively. This corresponds to a nearly
50% increase in the yield of exfoliation if compared to
samples prepared just in NMP (0.075 mgmL�1). We decided
to focus our attention on these three dispersions and analyzed
them further.

UV/Vis/IR absorption spectroscopy gives the overall
concentration of material dispersed in solution, but it does
not provide information on the thickness composition of the
material. Currently, the only method for identification of
graphene produced by LPE is based on high-resolution
transmission electron microscopy.[17a] Figure 2 b shows our
HR-TEM analysis: in a number of cases we observed folded
monolayer graphene sheets with a size below 1 mm, as
typically observed in LPE processed graphene.[15] The average
lateral size of the monolayer graphene (MLG) sheets was
nearly identical in all dispersions and amounts to (0.051�
0.012) mm2. The number of layers per sheet was determined
by analyzing the flake edges using HR-TEM (for HR-TEM
images see the Supporting Information). Statistical analysis of
the flake thickness is displayed in the histogram in Figure 2c:
the percentage of single-layer graphene amounts to approx-
imately 23 % and 28 % for NMP/arachidic acid and NMP/
phenyloctane dispersion, respectively; NMP alone gives
a single-layer percentage below 20 %, showing that the
aliphatic compounds improve the concentration of graphene.

Since the first successful exfoliation of graphene in an
organic solvent such as NMP in 2008,[17a] improvements in
concentrations of graphene dispersions were achieved, for
example, through the addition of dispersion-stabilizing com-
pounds such as nonionic porphyrin, obtaining concentrations
as high as approximately 0.05 mg mL�1,[22c] or by using
drastically longer sonication times (ca. 500 h-1.2 mg mL�1).
The latter approach is time consuming and requires high-
energy consumption; in addition, it is known that with the

increasing sonication time, the size of
the flakes are severely reduced,[33]

being a critical parameter for several
applications. Therefore, a comparative
study like the one presented here is
extremely important to gain a deep
understanding on the role of surface-
stabilizing molecules in the graphene
exfoliation process, which potentially
can result in shortening and simplify-
ing the LPE process. Noteworthy, we
found that graphene dispersions pre-
pared in the presence of arachidic
acid molecules (0.12 mg mL�1) are
more concentrated if compared to
samples prepared just in NMP
(0.08 mg mL�1), therefore corre-
sponding to a 50 % increase in the
yield of exfoliation.

Although the formation of spa-
tially extended, ordered, and stable
self-assembled monolayer on gra-
phene sheets during the sonication
process is unlikely, the presence of the
alkane molecules leads to an
increased yield of exfoliation. As
expected from different adsorption
energies of phenyloctane and arachi-
dic acid on graphene sheets, the latter
exfoliates the graphene more effi-

Figure 2. a) Average concentration of three dispersions after the filtration process. The error bars
correspond to the statistical error obtained by averaging the data based on 15 independent
experiments. b) Representative TEM image of graphene deposited from NMP dispersion showing
folded graphene sheets. c) Histogram of the number of flakes observed as a function of number of
layers per flake from NMP dispersions.

Angewandte
Chemie

10525Angew. Chem. 2014, 126, 10523 –10529 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


ciently, highlighting the importance of the molecular length in
the structure of dispersion-stabilizing agents. In this regard, in
order to explore the propensity of arachidic acid molecules to
undergo dimerization in NMP, 2D 1H NMR (DOSY) experi-
ments have been carried out (see the Supporting Informa-
tion). Surprisingly, diffusion coefficients provided evidence
for the existence of monomeric species of arachidic acid in
NMP. Although the majority of molecules exist as monomeric
species in solution, it is likely that they undergo dimerization
through H-bonding when the dimensionality is reduced from
the three dimensions of a solution to the two dimensions on
the graphene surface. This is in line with previous STM
observations of H-bonded patterns obtained by dissolving
molecules in similarly polar media like dimethylsulfoxide and
further diluted with other solvents to form ordered mono-
layers at the solid–liquid interface, ultimately proving the key
templating effect of the substrate.[34] Statistical analysis of the
flake thickness revealed that the use of dispersion-stabilizing
molecules increases the amount of produced graphene flakes,
that is, increases the exfoliation yield, but also rises the
percentage of mono- and bilayer graphene flakes produced in
the LPE process.

We then focused our attention on comparing the quality of
three graphene dispersions by the means of Raman spectros-
copy, which is a powerful tool for the investigation of
graphene.[35] We performed micro-Raman measurements by
casting the suspensions on a silicon substrate, heated at 60 8C
to facilitate NMP evaporation. In order to avoid damage and
heating-induced effects, which can desorb or damage the
molecules,[24d] the laser power was kept well below 1 mW.
Note that the Raman spectrum of graphene produced by LPE
is very different from the one of graphene produced by micro-
mechanical exfoliation (MME).[36] This is expected since
during sonication, the material is strongly interacting with the
solvent and it is subjected to strong mechanical stress because
of the collapse of bubbles and voids in the liquid, which
ultimately break the flakes into smaller pieces: overall the
process may produce considerable changes in the Raman
peaks, which could be related to structural changes, but also
doping, solvent residuals, and re-stacking.

Figure 3 shows the typical Raman spectra obtained from
the NMP/aliphatic dispersions as compared to NMP-based
dispersions. The first-order Raman spectrum of LPE gra-
phene is characterized by the G and D peaks, at about 1580
and 1350 cm�1, respectively. While the D peak is usually not
visible in the Raman spectrum of MME graphene, this
features is always observed in LPE graphene and it is
attributed to its edges,[17a,37] which acts as “defects” in the
Raman scattering process.[24d] Noteworthy, the D peak inten-
sity increases with decreasing size of the flakes[17a] (typically
smaller than the size of the laser beam) and it also depends on
the excitation energy.[38] Therefore comparisons between
different Raman spectra of LPE graphene should be done
with care, and statistical analysis of intensities of both G and
D peaks should be performed. For example, in our case,
although the D peak in Figure 3 looks very strong, as
compared to the G peak intensity, statistical analysis (see
the Supporting Information) makes it possible to observe that
for the NMP dispersions prepared in the presence of addi-

tional molecules the ratio between D and G peak intensities,
I(D)/I(G), changes considerably from flake to flake (between
1 and 2.4). The average I(D)/I(G) ratio obtained for NMP
dispersions is 1.6, showing that the dispersions are of
comparable quality. This will be further confirmed by
electrical measurements.

The second-order Raman spectrum is very important
because it allows qualitative identification of the thickness of
the flakes through the 2D peak shape:[35b] in the case of MME
graphene, a single layer has a single and intense peak, while
few layers are composed by at least 2 broad components for
AB stacking. However, in the case of graphene-based
dispersions, the 2D peak can also assume complex lineshapes
because of re-aggregation and folding. This can also affect the
2D peak intensity, making the Raman spectrum very different
from the one of MME graphene.[17a] Therefore, one can only
distinguish between three cases: single-layer flakes, AB thick
flakes (i.e. graphite residuals), and thin flakes (with or without
AB stacking). Thus, we compared the Raman spectra
measured on 30–40 flakes of the dispersions obtained with
and without the dispersing agent. While the first-order
Raman spectra did not show strong differences, we observed
a different 2D peak shape distribution between the disper-
sions: thick AB-stacked flakes have been rarely observed in
the NMP/dispersing agent (either arachidic acid or phenyl-
octane), as compared to the NMP dispersion (see the
Supporting Information). This provides unambiguous proof
that the dispersing agent plays a key role in the exfoliation
mechanism (that is in breaking the multilayered pieces of
graphite), thereby increasing the overall yield. Furthermore,
Raman spectroscopy shows that the addition of dispersion-
stabilizing compounds does not affect the quality and
structure of graphene, as compared to the use of NMP
alone since there are no major changes in the first-order
Raman spectrum (Figure 3). From the analysis on the 2D
peak shape one can qualitatively estimate the thickness
composition of the flakes in suspension: we found that overall

Figure 3. Typical Raman spectrum of graphene produced in NMP,
NMP/arachidic acid, and NMP/phenyloctane. The single peak shape
of the 2D peak indicates that ii is a single-layer flake.

.Angewandte
Zuschriften

10526 www.angewandte.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2014, 126, 10523 –10529

http://www.angewandte.de


the percentage of single-layer graphene amounts to approx-
imately 30% and 40% for NMP/arachidic acid and NMP/1-
phenyloctane dispersion, respectively. The rest of the material
is composed of thin flakes (< 10 layers), probably mostly re-
aggregated MLG flakes, since AB stacking was never
observed. This result is only qualitative as re-aggregation
can happen after deposition of the material on the substrate.
However, in first approximation, this analysis can be used for
a first quantitative comparison between the quality and
composition of different dispersions. In fact the results
obtained by Raman spectroscopy are in good agreement
with HR-TEM analysis (Figure 2).

To probe the electrical properties of the graphene
exfoliated with and without dispersing agents, devices were
prepared by drop-casting NMP dispersions onto dielectric
substrates exposing pre-patterned interdigitated gold electro-
des with variable channel length. Prior to the drop cast of
graphene, the SiO2 surfaces were treated with either hexam-
ethylsilazane (HMDS) or octadecyltrichlorosilane (OTS) in
order to evaluate the impact of the surface wettability on the
electrical performances. The sheet resistance, Rs was
extracted from the two-terminal I–V traces after taking into
account the actual inter-electrode area coverage. The channel
coverage, typically within 6 and 20% of the total area, was
estimated by optical microscopy on each single device and the
effective channel width of the electrodes (W) was consistently
employed in the sheet resistance determination. The solutions
were drop-casted as this deposition method is the closest to
real ink-jet printing or roll-to-roll processes which allow mass
production of large-area and low-cost electronics.

After the dispersion deposition on the test devices, a first
set of measurements was recorded upon annealing samples at
45 8C for 2 days in order to get rid of residual solvent.
However, the electrical characterization revealed high and
inhomogeneous sheet resistance values which we ascribed to
the presence of residual NMP in the film (see the Supporting
Information for details). This intuition was experimentally
verified by a 100-fold current increase upon annealing of the
samples at 415 8C overnight (see the Supporting Information).
Hence, the latter is a key step to gain a deep understanding on
the transport properties, as the presence of residual NMP
could be strongly detrimental for the conduction while not
providing a reliable estimate of the electrical properties of the
materials under test.

Figure 4 shows the lowest resistance measured in the 16
devices in every chip with different exfoliating agent and
surface treatment. We found that the sheet resistance depends
not only on the coverage but also on the concentration of the
graphene flakes in the channel. When an OTS self-assembled
monolayer was formed on silicon oxide, the drop-casted
graphene solutions had greater tendency to sit on the gold
electrodes resulting in a higher density of material between
the electrodes when compared to the HMDS surface case,
resulting in a typically lower average sheet resistance (see the
Supporting Information for contact-angle measurements).
The absolute values were found to fall in the 10–25 kW sq�1

range over several batches and are roughly 30-fold larger than
in common CVD-grown graphene. This behavior is somehow
expected if one considers that the injected charges undergo

flake-to-flake percolation in order to be collected at the other
electrode. The flake-to-flake charge hopping could be clearly
more detrimental for charge transport than in the case of
a continuous layer with a few defects (CVD-graphene) where
charges do not need to hop from a flake to another.

In addition, in order to quantify field-effect mobility the
three different materials were characterized in Si-n++/SiO2

test patterns with the possibility of applying an additional
(gate) voltage. Before the annealing at 415 8C, the FET
devices showed ambipolar behavior with a clear Dirac point
in the transfer curves (see the Supporting Information). After
annealing at 415 8C, the graphene dispersion resulted p-doped
with no clear Dirac point, which can be ascribed to the
reappearance of the silanol groups after the annealing of the
OTS and HMDS SAMs at such high temperatures. It has been
widely reported that the Si-OH groups act as efficient
electron traps.[27] In this case, the mobilities extracted from
the transfer curves were found to range between 0.3 and
1 cm2 V�1 s�1. These mobilities are in good agreement with
those recently reported on devices integrating LPE-graphene
deposited by a more cumbersome method such as Langmuir–
Blodgett technique.[17b] We highlight that a much higher value
for the mobility (above 100 cm2 V�1 s�1) could be extracted
from the linear conductance, as shown in detail in the
Supporting Information. The Ion/Ioff ratio was always found to
be below 2, further indicating that LPE, likewise scotch-tape
and CVD-grown graphene, could be best exploited to
fabricate electrodes for electronics applications rather than
acting as the active layer in FET devices.

We demonstrated that by mastering a supramolecular
approach it is possible to improve the yield of graphene
exfoliation in an up-scalable LPE-based method to produce
high-quality graphene flakes from powdered graphite. By
using a molecular module possessing high affinity for the
graphite surface as dispersion-stabilizing agent, high-concen-
tration dispersions of graphene were obtained. Our exfolia-
tion protocol is effective: graphitic AB stack flakes were

Figure 4. Comparative values of sheet resistance (Rs) for graphene
with different exfoliating agents on octadecyltrichlorosilane (OTS) and
hexamethylsilazane (HMDS) treated substrate. Plotted values repre-
sent the lowest measured resistance in the device in every chip. The
values were corrected for coverage as the actual channel width (Weff)
was found to be lower than the nominal channel width of the
electrodes (W).
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rarely observed by Raman spectroscopy. Notably, the latter
technique revealed that the addition of the simple alkane
1) does not affect the quality and structure of graphene, as
compared to the use of NMP alone, highlighting the non-
invasive nature of our procedure, and 2) leads to an increase
the percentage of mono- and bilayer graphene flakes. In
particular, by using 1-phenyloctane as dispersion-stabilizing
agent the amount of MLG increases by ca. 10% and graphene
concentration increases of 25 %, with respect to graphene
exfoliated in pure NMP. Conversely the addition of arachidic
acid resulted in slightly lower increase of percentage of MLG
and 50% increase of concentration. The LPE processed
graphene dispersion was shown to be a conductive ink. Our
approach opens up new avenues for the technological
applications of graphene ink as low-cost electrodes and
conducting nanocomposite for electronics.
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