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Graphene, an infinite, one atom thick, 2-D array of carbon
hexagons is considered the reference for all sp>-derived allotropic
forms of carbon (graphite, fullerenes, nanotubes, schwarzite).
Previously considered a virtual object, its recent experimental
availability has stirred an ever-increasing activity' since the first
samples were produced in 2004.> Far reaching applications such
as patterned single-electron transistors,' ultimate gas sensors able
to detect one molecule,? as well as high volume applications such
as mechanically reinforced composites* are envisioned. In their
original work, Geim et al. used graphene flakes obtained by
micromechanical cleavage of graphite.> Since then, graphene
deposits have also been produced by SiC epitaxy.’ Both techniques
are limited in terms of quantities of available samples. To overcome
these limitations, in the past few months, there has been a large
number of attempts to produce graphene flakes by a liquid phase
route. These include reduction of water soluble graphite oxide,®™'°
sonication assisted dispersion in dimethylformamide'' or N-me-
thylpyrrolidone (NMP),'? sonication assisted dispersion with PmPV
in dichloroethane,'® and sonication-aided dispersion of oleum-
intercalated graphite.'* All of these routes have successfully
provided graphene flakes deposited on substrates, albeit with varied
advantages or drawbacks, the main drawback being the probable
existence of defects, coming from incomplete graphite oxide
reduction or shortened flakes when using sonication.'> Additionally,
a few attempts have been made at dissolving graphite by function-
alization of either graphite itself'® or acid-oxidized graphite.'”-'®
Given the interest in graphene physics, it is highly desirable to have
varied dissolution/dispersion routes in order to increase samples
availability. We present here a mild dissolution route, starting from
neutral graphite and avoiding any kind of sonication that yields
large size graphene flakes. Following a previous work on mild
dissolution of carbon nanotubes,'® we show here that alkali metal
graphite intercalation compounds (GICs)?° readily and spontane-
ously exfoliate in N-methylpyrrolidone (NMP), yielding stable
solutions of negatively charged graphene sheets and ribbons.?'
These sheets can be deposited on a variety of substrates, thus
enabling a large scale route to graphene deposits and composites.

The sonication-free, mild dissolution of graphite only requires
the addition of electrons (reduction) to the graphene layers. This is
done by synthesizing well-documented GICs, such as the ternary
potassium salt K(THF),C,4 (THF = tetrahydrofurane, x = 1—3).??
Exposure of this potassium GIC to NMP readily and spontaneously
exfoliates the intercalated graphite and yields air-sensitive solutions
of reduced graphene sheets, affording a virtually unlimited amount
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of one-atom thick layers. The graphene sheets can be deposited
from these solutions onto a variety of substrates, and have been
characterized by atomic force microscopy (AFM), ambient scanning
tunneling microscopy (STM), multiple beam interferometry (MBI),
optical microscopy, X-ray photoelectron spectroscopy (XPS), high
resolution transmission electron microscopy (HRTEM), and Raman
spectroscopy, all evidencing deposition of graphene or few-layers
sheets. Once dried, the deposits can be freely air-exposed and the
graphene layers are oxidized back to the neutral state.”® These
solutions have been reproducibly obtained with all kinds of graphite
tested so far (i.e., small grain graphite obtained by filing down a
graphite electrode,>® natural and expanded graphite, and highly
oriented pyrolytic graphite (HOPG)).

Polyelectrolyte systems can often be dissolved even in unfavor-
able solvents due to the entropy gain associated with dissolving
the counterions.>® Carbon nanotubes (CNT) are macromolecules,
and solutions of CNTs were obtained quite recently simply by
dissolving a salt of carbon nanotubes in polar solvents.'” By ana-
logy with solutions of nanotube salts, we reasoned that graphite
intercalation compounds (GIC) may be soluble at least partially in
polar solvents. A potassium GIC was thus prepared in controlled
inert atmosphere according to literature procedures®® and was found
to be soluble in N-methylpyrrolidone, affording colored, aggregates-
free solutions, after mild centrifugation to remove the insoluble
material. A control experiment with neutral graphite gave a colorless
transparent liquid after the same procedure. Dry extract of the
solution gives a 20% yield for the dissolution procedure and a
concentration of 0.15 mg/ml of dissolved material. Potassium
analysis (by atomic absorption spectroscopy) yields a potassium
content of 36 ppm (£10%) that translates in between 0.1 and 0.5
mg/ml dissolved material, depending on the molecular formula
considered, consistently with the dry extract measurement. If air-
exposed, the solutions turn colorless in ca. 2 days. Optical micro-
scopy of the solutions showed no aggregates, whereas the oxidized
solutions revealed ca. 20 um-size aggregates (Supporting Informa-
tion, Figure S1).

Deposits were performed on different substrates. After deposition,
removal of solvent and rinsing, the supports were handled in air.
XPS analysis (Supporting Information) on either SiO, or HOPG
show no detectable nitrogen signal, implying that all NMP has been
removed by the rinsing procedure. No potassium could be detected:
by analogy with C¢o?’ and nanotubes,?® potassium ions are expected
to form oxide or hydroxide upon ambient air exposure, which was
removed by the rinsing procedure.

Ambient STM images have been obtained by drop casting the
solution on HOPG substrates. Figure 1 shows a graphene flake
laying on a HOPG step. The measured height difference between
the substrate and the top of the flake is 0.36 nm, that is, that of a
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Figure 1. Ambient STM image of a filed-down graphite deposit drop casted
from solution on a HOPG substrate, showing a graphene flake, laying on a
HOPG step. Height scan inset shows a height difference of 0.36 nm between
substrate and flake. Similar results have been obtained on a vast number of
flakes (see Supporting Information).
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Figure 2. Tapping mode AFM image of a deposit performed by dip-coating
of a graphene solution (from expanded graphite) onto Si/SiO, wafer. Height
measurements give between 0.8 and 1.3 nm for the three ribbons (other
images in Supporting Information).

single graphene layer. For AFM, deposits on Si/SiO, wafers (Figure
2) and nickel-modified muscovite mica (Figure 3) were obtained
by dip coating in the solutions. Figure 2 shows three parallel
ribbons, having a height of ca. 1.2 nm. This height has repeatedly
been reported in the literature for one-atom thick graphene on Si/
SiO, wafers.”® Figure 3 (on mica) shows the end of a similar
graphene ribbon; the whole object could be followed and is ca. 40
um long (Supporting Information). Note that the height measured
for this ribbon laying over mica is ca. 0.4 nm, that is, of the order
of the actual graphene thickness, contrary to Si/SiO, wafers where
a single layer translates into ca. 1 nm height.?®

The same dip-coating treatment with two silver layers evaporated
on each side of the mica/graphene stack allows precise height
measurements of the deposits on a large scale through multiple
beam interferometry (Supporting Information). A typical height
profile and a photograph of the coated mica surface are presented
in Figure 4. Such measurements revealed stripes several tens by
several hundreds micrometers of ca. 0.34 nm thickness. Given the
poor lateral resolution, these could also be a collection of contiguous
narrow ribbons in agreement with the AFM images. Additionally,
the flakes deposited on a modified Si/SiO, wafer (Surf, Sarfus
Technology) have been imaged by differential interference contrast
(DIC) optical microscopy in a manner similar to the procedure on
Si/Si0, substrates.”® By comparison with standards of known
heights, heights of 0.3 and 0.7 nm were obtained for deposited
ribbons (Figure S6—1, Supporting Information).

Raman measurements were performed on starting materials,
solutions, and deposits, evidencing the graphitic nature of all sheets
and ribbons. The spectra are shown in the Supporting Information.
For both solutions in NMP and deposits, the G band is clearly
present, upshifted, as expected for a single-layer doped graphene.*®
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Figure 3. Tapping mode AFM image of a deposit performed by dip-coating
of a graphene solution (from expanded graphite) onto mica. Height
measurements of the ribbon shows a height of 0.4 nm; the full length of
the ribbon is ca. 40 um (Supporting Information).
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Figure 4. Optical microscopy image of a HOPG deposit on mica,
sandwiched between two 45 nm thick silver mirrors. The scale bar (bottom
right corner) is 25 um long. The top inset shows the height profile measured
along the dotted line on the image. The left inset is a schematic view of the
silver—mica—graphene—silver stack.

Additionally, a symmetrical (as expected for graphene) G' band is
seen in the 2500—2900 cm ™' region, downshifted from the starting
graphite position. It has recently been shown that doping can
severely affect Raman spectra of graphene flakes.*'*? A detailed
analysis of Raman spectra of our deposits with varying reoxidation
procedure is underway.

Finally, HRTEM has been performed. Figure 5 shows a multi-
graphene flake (see caption).

Preliminary conductivity measurements have been performed on
interdigitated electrodes dip-coated into the solution. The room
temperature /—V curves were linear with a resistance of 235 and
370 ohms for two different devices (Supporting Information). This
demonstrates the conducting nature of the deposits.

GICs, which have been known and extensively studied for at
least 40 years, are composed of positively—or negatively—charged
graphite layers with counterions intercalated between each layer
for stage 1 GICs.?° Previous works on Li;MosSes>> and alkali salts
of single-walled nanotubes>* have shown that one-dimensional,
rigid, charged macromolecules (i.e., polyelectrolytes) could be
dissolved in polar aprotic solvents.'?-*> The solutions described in
this report show indeed similar physics for the dissolution of
extended, two-dimensional objects, that is, entropy driven solvation
of the cations, yielding a true thermodynamic solution. Deposits
from these solutions afford large size graphene flakes and ribbons.
It is remarkable that the graphene ribbon imaged over a mica surface
(Figure 3) gives a height value (0.4 nm) close to the actual graphene
height (0.35 nm).
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Figure 5. (a) TEM image of a multigraphene flake partially folded over
itself. (b) Electron diffraction image from the tip unfolded region with some
indexed graphene reflections. Analysis of the diffraction peaks intensity
(Supporting Information) confirms a multilayer nature and ABAB stacking.
(c) Cs-corrected HRTEM image, obtained at 80 kV to avoid electron damage
using a Tecnai F20 (SACTEM-Toulouse), showing 002 fringes, and lattice
fringes curvature, due to folding of the flake. Analysis of the number of
fringes unambiguously determines the number of layers as 3.

The reversible addition of electrons to graphite presented here
provides a simple and clean route to exfoliate and dissolve large
graphene flakes and ribbons. Through controlled deposition and
subsequent patterning, graphene-based electronic circuits can be
envisioned. Furthermore, since the graphene flakes are homoge-
neously dissolved, graphene-based composites may be prepared by
mixing graphene and polymers or by in situ polymerization within
the graphene solutions.
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