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CONSPECTUS

G rowing interest in graphene over past few years has prompted .
researchers to find new routes for producing this material other w e —\7, b oy

than mechanical exfoliation or growth from silicon carbide. Chemical i iy
vapor deposition on metallic substrates now allows researchers to =~ &@hie -
produce continuous graphene films over large areas. In parallel, %
researchers will need liquid, large scale, formulations of graphene to
produce functional graphene materials that take advantage of gra- ‘ %
phene's mechanical, electrical, and barrier properties. _‘

In this Account, we describe methods for creating graphene solutions ' .@’ .
from graphite. Graphite provides a cheap source of carbon, but graphiteis _: __ ) :’:i‘"/’ 1 / .
insoluble. With extensive sonication, it can be dispersed in organic solvents &%@ /-ii: _ -
or water with adequate additives. Nevertheless, this process usually — grapienc e J
creates cracks and defedts in the graphite. On the other hand, graphite
intercalation compounds (GICs) provide a means to dissolve rather than disperse graphite. GICS can be obtained through the reaction of
alkali metals with graphite. These compounds are a source of graphenide salts and also serve as an excellent electronic model of
graphene due to the decoupling between graphene layers. The graphenide macroions, negatively charged graphene sheets, form supple
two-dimensional polyelectrolytes that spontaneously dissolve in some organic solvents. The entropic gain from the dissolution of
counterions and the increased degrees of freedom of graphene in solution drives this process. Notably, we can obtain graphenide
solutions in easily processable solvents with low boiling points such as tetrahydrofuran or cydopentylmethylether. We performed a
statistical analysis of high resolution transmission electronic micrographs of graphene sheets deposited on grids from GICs solution to
show that the dissolved material has been fully exfoliated. The thickness distribution peaks with single layers and indludes a few double-
or triple-layer objects. Light scattering analysis of the solutions shows the presence of two-dimensional objects. The typical size of the
dissolved flakes can be determined by either static or dynamic light scattering (DLS) using models available in the literature for disk-shape
objects. A mean lateral size of ca. 1 umis typically observed. We also used DLS to monitor the reaggregation that occurs as these sensitive
solutions are exposed to air.

The graphenide solutions reported in this Account can be used to deposit random arrays of graphene flakes and large single

flakes of a lateral size of tens of micrometers onto different substrates. Using the graphenide solutions described in this Account,
we foresee the large-scale production of graphene-based printings, coatings, and composites.

Introduction

In order to gain insight into somewhat intricate philosophi-
cal concepts, the 20" century philosopher Jacques Derrida
proposed deconstruction as a way to unravel the fundamen-
tal conceptual units behind them." In much the same way,
by thinning down a chunk of graphite close to a single
constitutive layer, that is, graphene, it has been posssible to
unravel the fundamental properties of this paradigmatic
two-dimensionnal material.> Since then, there has been a
great deal of effort to obtain graphene in large quantities.
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Several reviews have covered graphene obtention in the
past few years.>~” From a materials perspective, the review
by Dujardin et al. is particularly relevant.?

Conceptually, the most straightforward route is to obtain
graphene from graphite. Thisis what is done in the repeated
peeling process known as mechanical exfoliation.? In much
the same way, one should be able to use chemistry to peel
down a piece of graphite. However, chemical processes aim
at obtaining not a few graphene flakes from a macroscopic
graphite sample but deconstructing that sample into all its
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constitutive graphene flakes. In order to perform the full
exfoliation of all the individual (graphene) layers, the pro-
cess has to be done in a liquid in order to stabilize the
individual flakes. We will come back to this point. The core
problem is to overcome the large 7—x extended interactions
between the constitutive layers of a piece of graphite, and
dissolve (or disperse?) large pieces of material (from a
molecular point of view), of several micrometers in lateral
size if not more. These two problems are related. It is by
being able to actually dissolve (rather than disperse) gra-
phene flakes, that is, reduce the free energy of the system in
the process, that the adhesive interaction between gra-
phene layers can be truly overcome (vide infra).

Liquid Formulations of Graphene

Intense research efforts have been directed toward ob-
taining liquid formulations of graphene. The graphite
oxide route represents the largest share of the available
literature:® graphite is oxidized to a water dispersible oxy-
gen-rich species with fully exfoliated layers. These graphite
oxide layers can then be reduced to what's been called
reduced graphene oxide (RGO) with restored sp® carbon
network, albeit with still a significant oxygen fraction of
several atomic percent. A variety of attempts have been
made at dispersing neutral pristine graphite. These in-
clude dispersions in organic solvents,®~'> aqueous disper-
sions stabilized by surfactants,'® x stacking pyrenic acid,'”
hydrophobins,' long alkyl amines,'® polyvinylpyrrolidone,°
and superacid formulations.' This list is not exhaustive, and
new papers are continuously appearing. Shih et al. have
modeled the dispersion of graphene in organic solvents
showing that the best graphene solvents are N-methylpyr-
rolidone (NMP), dimethyl sulfoxide (DMSO) and dimethyl-
formamide (DMF). However, after 3 months of storage, only
about 5% of the dispersed material was composed of
graphene and double layer flakes."

Dissolve or Disperse?

In a solution, a (molecular) solute is surrounded by solvent
molecules.® A dispersion on the other hand consists of
finely dividing a solid into the smallest possible particules
in a solvent in order to increase the importance of Brownian
motion and counterbalance, at least for a certain amount of
time, aggregation. Reducing solute—solvent interfacial en-
ergy by adding a surfactant increases the stability of
the dispersion. However, the resulting dispersion is still
metastable and the system will eventually return to the
biphasic state
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Graphite and carbon nanotubes dispersions have been
prepared in water with surfactant molecules to lower surface
energy.'®2923 Another way of getting carbon nanotubes or
graphite into a liquid is by choosing a solvent with more
affinity for graphitic surface than water.?*~2° The resulting
enthalpic penalty of replacing graphitic surface self-interaction
by solvent—surface interaction is lowered and dispersions
with reasonable metastability can be obtained. For aqueous
and organic solvent based dispersions, high shear mixing
or sonication is usually required. This has a drawback:
carbon nanotubes or graphene sheets are cut into smaller
pieces, reducing the particle anisometry. This has been well
documented®®3' and even used to control final particle
size.3? The interested reader is referred to the review of
Cravotto and Cintas about the interaction of sound waves
and graphene.>® Although the deleterious anisometry re-
duction can be diminished by using lower sonicating power
and longer times (up to weeks), the metastability is an
inherent characteristic of carbon nanotubes or graphene
dispersions in water or most organic solvents.

Carbon nanotubes and graphene are macromolecular
objects, difficult to dissolve. What seems like a formidable
challenge for a material scientist might seem trivial to a
polymer scientist, used to soluble polymers. A common class
of soluble macromolecules are polyelectrolytes, that is,
polymers bearing electrical charges. Indeed, a rigid inorganic
polyelectrolyte MogSes> had been shown to be soluble in
polar solvents back in 19853* and was the inspiration
behind our mild solubilization of carbon nanotubes alkali
metal salts®® in 2005.3° This has been recently formalized in
a study of the solubility of reduced (negatively charged)
nanotubes as a function of their charge. It was shown that
the free energy of mixing an alkali metal salt of nanotubes
and DMSO is negative up to ca. 0.5% volume fraction.
Hence, the resulting system is a true solution in the thermo-
dynamic sense.?”

Graphite Intercalation Compounds

Unlike carbon nanotube salts,®® graphite intercalation com-
pounds (GICs) have been there forever, or so it seems. GICs
exist in different stages, identified by n, the number of
graphene layers between two consecutive intercalant
layers. Hence, stage 1 compounds are the most doped GICs
with the maximum amount of charge per carbon atom
(1/8 for KCg) and only one layer of graphene between two
intercalant layers. GICs were the subject of intense research
in the 1970s and 1980s as synthetic metals, and have
recently gained renewed interest both due to the discovery
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FIGURE 1. Schematics of graphite liquid deconstruction via GICs
dissolution.

of a superconductor with a relatively high critical tempera-
ture of 11.5 K3° and because of the graphene activity.
Reviews*® and textbooks*' about GICs abound. GICs are
important in relation with graphene for at least two aspects.
They provide a readily exfoliable material (vide infra) and
they constitute a model system for the electronic properties
of doped graphene, because the graphene layers are electro-
nically decorrelated, as has been recognized by Pichler et al.***>

Dissolution of Graphite Intercalation
Compounds

In GICs, the graphene layers are effectively separated and
the 7—x interactions between them have been replaced by
electrostatic interactions.38 The trick is then to dissolve those
two-dimensional anions, much the same way carbon nano-
tube salts had been dissolved. Exposing K(THF)Cz4, a stage
1 compound?** where THF is tetrahydrofuran, to NMP leads
to spontaneous dissolution (Figure 1), and, after mild cen-
trifugation to remove nonsolubilized material, very weakly
absorbing solutions of up to 0.15 mg/mL of dissolved
material are obtained.*> To simplify the system, we turned
our attention to the paradigmatic GIC KCg:*® KCgq is synthe-
tized by reacting potassium and graphite at 250 °C, in an
evacuated glass tube.*®*” No other reactant is involved in
the synthesis. KCg was found to be soluble in NMP, up to
0.7 mg/mL, leading to fully transparent (in the visible)
solutions if rigorously dry NMP is used (Figure 2).4”
GICshave long been used to exfoliate graphite. Expanded
graphite, an industrial brand of graphite, is obtained by
suddenly exposing an intercalated graphite*® to tempera-
tures of ca. 1000 °C. The volatilization of the intercalants
violently expands the graphene layers, resulting in a 200
fold gain in volume. Along its ¢ axis, expanded graphite has
between 1 and 100 layers per domain. These characteristics
do not appear to be very different from what has been
referred as “graphene by the ton”.*° Thus, the liquid exfolia-
tion described here should be seen as a mild variation of this
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FIGURE 2. Absorption spectra of an NMP solution of negatively
charged graphene flakes from KCg dissolved in NMP. Black: starting
solution. All other spectra were recorded while raising the electroche-
mical potential of the solution to less negative potentials. The intensity
of the 300 nm peak could be fitted using the Nernst equation and
yielded a reduction potential of +-22 mV vs SCE for graphene. Inset: The
graphene solution scatters light from a laser beam, indicating the
presence of particles of colloidal size (Tyndall effect), whereas the same
laser is invisible through the pure solvent. Images and legend adapted
from ref 47.

long-known temperature driven GICs exfoliating capabil-
ities. However, this liquid exfoliation leads to fully exfoliated
graphene flakes (vide infra), which is not the case of ex-
panded graphite.>° There's a price to pay for this sonication-
free, graphene dissolution method: The GICs and the result-
ing solutions of graphene salts are strong reducing agents,
similarly to the carbon nanotube salts solutions®' and must
be handled under strict inert atmosphere conditions. In
passing, by controlled oxidation of these solutions of fully
exfoliated (vide infra) reduced graphene flakes, spectroelec-
trochemical analysis allowed to determine the reduction
potential of graphene (E,eq = +22 mV vs SCE, Figure 2).*’
Converted in energy units (—4.7 eV), this result is quite close
to the experimental work function of undoped graphene of
~4.57 eV.>?

Other groups have aimed at graphene liquid formula-
tions by a GIC route.>*~>° Most interesting is the pre-2004
literature. Besides Kaner et al.'s preparation of nanoscrolls
by sonicating KCg in ethanol,®° Shioyama, as early as 2001,
reported the cleavage of graphite to graphene by a simple and
elegant polymerization of isoprene within KCg.%"

Nomenclature: Graphenide Solutions

It did not take long after the discovery of fullerenes to name
the Cgo™ ions fullerides,® the same way chloride means a
chlorine atom with a negative charge. Although nanotubes
salts have been around since 1997 (see review in ref 38), it
was not until very recently that Shaffer et al. named them
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FIGURE 3. TEM analysis of graphene flakes deposited from the solutions described in this Account. (a) Low-magnification TEM image showing a
number of graphene flakes. Very little unexfoliated material remains after centrifugation and several crumpled flakes of several micrometers are
present. (b) Higher magnification TEM image showing in more detail one of the multiple folded flakes on the holey carbon film. () High-resolution TEM
image of folded mono- and bilayer borders, where lattice fringes from (002) graphite are highlighted. (d) Low resolution image showing multiple
folding of a flake. Images (a—c) are from THF solutions, image (d) from NMP solution. (e) Results of the analysis of the thickness of the membranes. The
histogram shows the occurrence of the minimal border thickness measured at the folded borders for the three solvents indicated (THF, Me-THF, CPME).

Images and legend adapted from ref 65.

nanotubides.®® This 12-year delay compared to fullerides
has probably to do with (un)aesthetic wording. At the time of
writing of this Account, R. Hauke, J. Englert, J. Malig (from or
linked to A. Hirsch's group®), M. Shaffer, and one of us
(A.P.) were all attending ChemOnTubes'2012 Conference in
Arcachon, France and it was agreed to call those negatively
charged graphene sheets graphenides. Hence, dissolution of
GICs gives graphenide solutions.

Graphenide Solutions in Low Boiling Point
Solvents

NMP has long been recognized as an efficient solvent for
graphitic material,>>?%?® but it has two drawbacks: (i) its
boiling point is high, 202 °C so it is difficult to remove; (ii) it
has recently been classified as CMR 1B reagent, that is, a
reagent suspected of carcinogenic activity. Thus, substitute
solvents, if possible of low boiling point, are needed. NMP
solutions containing up to 0.7 mg/mL dissolved material are
transparent to the naked eye, although a laser shone
through them would reveal the presence of particles that
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scatter light (see Figure 2). That means that the naked eye is
not a good detector to judge the solubility of KCg in a given
solvent. It was found by TEM analysis that KCg is soluble in
THF, Me-tetrahydrofurane (Me-THF) and cyclopentylmethy-
lether (CPME).®>

It is noteworthy that graphenide salts are found to be
soluble in THF and other low boiling point ethers which
fail to solubilize CNT salts. A qualitative rationale may be
proposed for that, in terms of the larger number of degrees
of freedom of graphene in solution compared to carbon
nanotubes (vide infra).

Soluble All-Carbon 1D and 2D Polyelectrolytes

At constant temperature and pressure, a spontaneous pro-
cess involves the reduction of the Gibbs free energy (AG<0).
For the case of mixing (e.g., dissolving), two energy terms are
relevant. The first is related to the entropy of mixing (ASyix),
which always acts in favor of dissolution. The second term
(AHmix) measures the enthalpy change during the mixing
process (the solvent—solute interaction compared with



solvent—solvent and solute—solute interactions); it can be
favorable or not. Thus, the question of whether the mixing
will be spontaneous will be determined by the combination
of both terms: AGpix = AHmix — TASmix-

The process of dissolving small molecules entails large
ASnix: the solute molecules have a larger number of accessible
states in solution; the entropy of mixing of large objects (per
unit mass) is less significant. For example, AS,,x Of a polymer
is largely reduced compared with free monomers: the chem-
ical bonds between the segments reduce the number of
accessible states upon dissolution. For this reason, when
AHpx is unfavorable, polymers are usually less soluble than
ordinary liquids of similar chemical nature. The scenario is
different for the case of charged macromolecules (poly-
electrolytes). The favorable entropic contribution due to the
release of the small counterions is largely responsible for their
enhanced solubility in solvents of high dielectric constant.

Similar considerations can be used to understand the
behavior in solution of reduced CNTs or GICs. As we have
recently shown,?” the solubility of reduced CNTs can be well-
described by a simple thermodynamic model including the
favorable entropic contributions of countetions and dis-
persed CNTSs (ASynx) and the unfavorable AHpix. AHmix Can
be estimated from the CNT-solvent interfacial energy,
which is proportional to the external area of the CNTs.
Analogously, solubility of GICs is determined by the balance
between the enthalpic term (resulting from the cohesive
energy of the GIC lost upon solvation and the solvation
energy of both potassium counterions and charged gra-
phene flakes) and the entropic term concerning counterions
and undulating graphenide plates.*” As a consequence of
the intercalation, the distance between the graphite layers is
increased (and the interplane interaction energy is greatly
reduced) compared with the case of graphite. The cohesive
energy of GICs is then dominated by their Madelung energy.
Several points deserve further consideration.

In both cases (CNTs or GICs), counterion condensation
needs to be considered, as it may substantially reduce their
contribution to ASpx. This process results from the balance
between the entropy loss due to immobilization of the
counterions, which drives dissociation, and the electrostatic
attraction between the ions and the charged species, which
drives counterion association. We have recently shown that
a simple model of ion condensation propetly describes the
solubility of CNTs.?”

CNTs can be likened to stiff polymers, with a persistence
length between 30 and 170 um,®® that is, large compared to
their length. This stiffness largely diminishes the contribution
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FIGURE 4. Static light scattering intensity / (corrected by the variation of
scattering volume) versus angle of scattering 6 for a THF—graphene
solution. The square power-law decay of the intensity is a sign of the
presence of large flat species in solution. Inset: variation of Ig* with
wave-vector g. The nonmonotonic behavior of the intensity of scatter-
ing can be used to estimate the mean particle size. The solid line
corresponds to a crude estimate of / for disk-size particles of 660 nm,
which closely matches more precise results from DLS measurements.
Inset: a THF graphenide solution with an artist's view of a graphene
sheet. (Image and legend adapted from ref 65.)

to ASmix Of individualized CNTSs. The case of graphene may
be different. Finite temperature induces thermal fluctuations
of the flakes at different length scales, increasing their
configurational entropy. This fluctuations increase ASnx,
favoring dissolution. Although the presence of the charges
on the graphenide plate will probably augment its rigidity
(the problem of the effect of ionic distribution and electro-
static forces on membrane shape is extremely complex),
TEM/AFM images evidence that graphene can indeed be
twisted, rolled, and crumpled (Figure 3b and d), suggesting a
much shorter persistence length than for CNTs. Thus, the
entropic contribution of graphene flakes upon dissolution is
much larger than the one of CNTSs, allowing dissolution of
GICsinalarger variety of solvents than CNT salts. In addition,
undulations have a stabilizing role due to the steric repulsion
of entropic origin between individual graphenides. This
aspect is the subject of further research in our group.

The Exfoliation Issue

How exfoliated is the dissolved material? It would certainly
be a great advantage to have at hand a method to analyze
the dissolved material in situ. As we will see below, we
are now able to analyze dimensionnality and lateral size
in solution.®> Milner et al. have recently demonstrated full
exfoliation of GICs in ammonia by neutron scattering.>®
Degree of exfoliation has been measured by counting
number of fringes in HRTEM.®>®” Let us summarize the
whole process: (i) A certain amount of graphite is reacted
129-137
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FIGURE 5. Deposits from graphene solutions. (a) Optical microscopy image of a large graphene flake deposited on mica by dip-coating. The lower
graph shows the transmitted light intensity profile corresponding to the dashed line. The darker zones in the edge of the flake suggest local rolling up.
(b) Measurements of the difference of light transmitted inside and outside the graphene piece in (a) can be used to estimate the thickness of the
deposited flake (2—3 layers in the shown example). () Optical microscopy image of mica coated with graphene flakes by spin coating from a THF
solution. The contrast is enhanced to allow easy visualization of the deposited graphene flakes. The thickness and composition of deposited films can
be easily controlled using this technique. (d) AFM image of mica coated by dip-coating. Flat (f), crumpled (c), and swirling (s) pieces are observed. The
thickness of the flat pieces can be determined by AFM; single layer graphene is regularly observed.

with a stoechometric quantity of potassium to give KCs.
(ii) A few milligrams of KCg are exposed, under inert atmo-
sphere, to a few milliliters of solvent and left stirring for a few
days. (i) Mild centrifugation is performed and the super-
natant kept. (iv) Dry extract of the supernatant allows one to
measure concentration. Up to 0.8 mg/mL of dissolved
material is obtained for a starting weight of 2 mg KCg/mL.
(v) A few drops of the solution are then deposited on a TEM
grid and rinsed under ambient air with water, acetone, and
isopropanol.

In images such as those of Figure 3,%° none or very few
large aggregates can be observed, in agreement with the
fact that the solution is clear and presents no detectable
particles. The grids are covered with very thin, weakly
contrasting folded sheets of similar opacity. The ubuquitous
folding of graphene can be used for counting the number of
layers: under the electron beam, a folded edge appears as a
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darker wall, very much like CNT walls. Every time a flake
folds, one is able to count the number of fringes and, hence,
the number of folded layers. Reality is more complex, and
multiple folding (i.e., in various places) is the rule in our
observations (Figure 3). By close examination of the edges of
one object and finding the minimum number of fringes
observed in a local folding, it is possible to determine the
thickness of a flake. Thickness distribution statistics have
been obtained for solutions of KCg in different solvents:
NMP,%” THF, Me-THF, and CPME®® (Figure 3e). None of the
flakes were observed to have more than three layers. The
distribution is highly peaked toward single layers, although
only a small number of flakes have been analyzed, due to
the time-consuming counting procedure. In view of the
fundamentally different nature of GICs dissolution com-
pared to graphite dispersions (vide supra), this result is not
surprising. The liquid exfoliation described in this Account is



based on the negative free energy of mixing between GICs
and the solvent.*” Contrary to metastable dispersions, this
spontaneous exfoliation has no reason to stop before reach-
ing the ultimate exfoliation stage, that is, graphene.

Probing Graphene Solutions

Reliable high-throughput methods of characterization of the
dissolved material are necessary for particular applications.
The scattering of light by graphene species in solution
mentioned before can be used for this purpose, as static
(SLS) and dynamic light scattering (DLS) are well established
and easy to use tools. In a typical DLS experiment, the
diffusion coefficient D of dissolved particles is derived from
the autocorrelation function of the intensity of scattering.
The size of the particles in solution is then calculated from
D. Customarily used data analysis strategies, which consider
small scatterers, must be avoided for the case of graphene
solutions because the typical flake size is of the order of
visible light wavelength. Fortunately, the scattering of light
by large disk-shaped particles, determined by two character-
istic diffusion coefficients (translational and rotational), has
been thoroughly described in the literature.®® This treatment
can be applied for accurate determination of dissolved
graphene lateral size, to assess the quality and long-term
stability of the solutions. Similarly, SLS can be used to readily
determine the mean size of graphene flakes in solution, as
illustrated in Figure 4.°> On the contrary, it is impossible to
evaluate the thickness of dissolved graphene by using
scattering of visible light. A rough estimate of the graphene
thickness could be obtained by using radiation of much
smaller wavelength (e.g., small-angle neutron scattering).
However, graphene flakes in solution will not adopt a flat
configuration: thermally induced fluctuating ripples will be
present at finite temperatures. More precise determination
of graphene thickness can be obtained ex-situ, for example,
by HRTEM (as described before), or by characterization of
deposits using AFM or optical microscopy.

Deposits

Graphene deposits and coatings can be readily obtained
from these thermodynamically stable solutions by spin
coating, solvent casting, electrophoresis, dip coating, inkjet
printing, or spray coating. Some examples are presented in
Figure 5.

Concluding Remarks

Central in this Account are the solutions of graphene salts.
By providing the scientific and industrial communities with
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well-defined graphene solutions, their use will become
possible. This includes (i) composites, either for mechanical
or electrical properties, much like carbon nanotubes, but
also antioxydant coatings, due to the two-dimensionnal
nature of graphene, (ii) cheap, transparent conducting films,
(iii) high surface area materials and coatings, and (iv) struc-
tured deposits. Certainly, a lot of questions remain to be
answered, with one of the most interesting ones in our view
being finding an in situ probe for graphene in a liquid or
matrix.
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by Dr. C. Valiés, Dr. A. Catheline, and Dr. D. Voiry, in collaboration
with the group of Prof. F. Paolucci from the University of Bologna
(in particular, Dr. M. Marcaccio, Dr. M. lurlo, Dr. G. Valenti, and Dr.
S. Rapino) and with Dr. L. Ortolani and Dr. V. Morandi (CNR,
Bologna). Dr. M. Monthioux (CEMES, Toulouse) and Dr. C. Furtado
(CDTN, Belo Horizonte) as well as Prof. M. Pimenta, Dr. A. Righi,
and Dr. C. Fantini are also gratefully acknowledged as well as all
the researchers and students from the “carbon nanotubes and
graphene” team at CRPP. Support from the Agence Nationale de
la Recherche (TRICOTRA and GRAAL Projects) is acknowledged.
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3217 “graphene and nanotubes”.
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