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Abstract: Efficient graphene exfoliation in a nontraditional solvent,
ethanol, is achieved through the addition of a stabilizing polymer,
ethyl cellulose. Iterative solvent exchange is further demonstrated
as a rapid, room-temperature, ultracentrifugation-free approach
to concentrate the graphene solution to a level exceeding 1 mg/
mL. The outstanding processability and electrical properties of
these graphene inks are verified through the realization of aligned
graphene-polymer nanocomposites and transparent conductive
graphene thin films.

Graphene, a two-dimensional sp2 hybridized lattice of carbon atoms,
has generated intense interest due to its unique electronic,1 mechanical,2

chemical,3 and catalytic properties.4 Recent synthetic efforts have
focused on the development of high-yield and scalable methods of
generating graphene. These techniques include the direct exfoliation
of either chemically modified or pristine graphene directly into various
solvents.4-7 For example, graphene oxide (GO) can be exfoliated from
graphite via acidic treatments. The resulting GO flakes contain
hydroxyl, epoxyl, carbonyl, and carboxyl groups along the basal plane
and edges that render GO strongly hydrophilic.8 The ease of dispersing
GO in solution has facilitated the preparation of GO thin films and
GO-polymer nanocomposites with interesting and potentially useful
mechanical properties.9,10 However, due to the defects and consequent
disruption of the graphene band structure introduced during oxidation,
GO is a poor electrical conductor. Although the level of oxygenation
can be partially reversed through additional chemical reduction steps,
significant quantities of structural and chemical defects remain.11-14

Moreover, the electrical conductivity of reduced GO flakes lag behind
their pristine counterparts.13

In an effort to circumvent the limitations of GO, recent efforts
have focused on direct solution-phase exfoliation of pristine
graphene.15 Graphene sheets can be extracted using superacids7

and through sonication in surfactant solutions5,6 and organic
solvents.16-18 For example, superacids have demonstrated an
unprecedented graphene solubility of 2 mg/mL through the pro-
tonation and debundling of graphitic sheets.7 However, these
solutions are not ideally suited for additional processing due to their
acidity-dependent solubility and high reactivity. Direct exfoliation
of graphene in surfactant solutions and select organic solvents has
also been demonstrated with concentrations up to 0.3 mg/mL6 and
1.2 mg/mL,18 respectively, but these concentrations are achieved
only following prolonged sonication times approaching 3 weeks
in duration or extended ultracentrifugation.5 These processing
complexities represent a bottleneck for fundamental studies and
applications that require well-dispersed, highly concentrated, pristine
graphene solutions.

Herein, we demonstrate an alternative strategy for enhancing
graphene exfoliation using a polymer-organic solvent solution. In

addition, we present a room-temperature, ultracentrifuge-free
concentration technique to generate graphene concentrations in
excess of 1 mg/mL in organic solvents that otherwise yield poor
graphene dispersibility. The resulting graphene inks are amenable
to further processing, including casting into aligned graphene-poly-
mer nanocomposites and blade coating to form thin films, as a result
of their low solvent boiling point and noncausticity. Since this
approach avoids oxidative conditions, the graphene maintains its
superlative electronic properties, which can be exploited in ap-
plications that require highly conductive, mechanically flexible, and
solution-processable coatings.

Due to the large mismatch between the surface energies of
ethanol and graphite, ethanol is a relatively poor solvent for
graphene exfoliation, yielding a postsedimentation concentration
of 1.6 µg/mL.16 To overcome this limitation, we utilize ethyl
cellulose (EC) to enhance the ability of ethanol to exfoliate and
suspend graphene flakes. A solution of 50 mg/mL natural graphite
flakes in 1% w/v EC-ethanol was sonicated for 3 h and centrifuged
at 7500 rpm for 4.5 h to remove the fast sedimenting graphite flakes.
The resulting supernatant consists primarily of few-layer graphene
sheets. Optical absorbance was taken to determine the graphene
concentration using an absorption coefficient of 2460 L/g ·m at 660
nm.16 The addition of 1% EC significantly enhanced the graphene
exfoliation efficiency by providing steric stabilization of the
exfoliated flakes, yielding a postsedimentation concentration of
122.2 µg/mL. Despite this improvement, still higher concentrations
are required to generate graphene inks that can be easily deposited
and patterned.

Toward this end, we exploited iterative solvent exchange as
a rapid room-temperature process to concentrate graphene
solutions without the application of centrifugal force. In
particular, a 1:5 volume ratio solution of terpineol and sedi-
mented graphene solution was prepared and mixed to yield a
solution with an initial graphene concentration of C0 ) 102.4
µg/mL. Water, four times the volume of this initial solution,
was then added to form a hydrophilic ethanol solution. Owing
to the hydrophobicity of the EC-stabilized flakes, graphene
preferentially concentrates into the terpineol band on top of the
ethanol-water solution (Figure 1A). This terpineol phase was
then harvested, and additional sedimented graphene solution was
added for the next concentration iteration. Concentration factors,
C/C0, were determined after each step through optical absorbance
for three concentration iterations (Figure 1B). As expected, the
concentration factors correspond roughly to the volumetric
reduction of the graphene solution, producing a highly concen-
trated graphene ink at 1.02 mg/mL after three iterations.
Additional iterations of solvent exchange yielded diminishing
returns as the viscosity of the graphene ink began to interfere
with material separation within the system. In order to verify
the absence of flake agglomeration during the concentration
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process, atomic force microscopy was performed on over 140
flakes deposited from the sedimented graphene solution and the
third iteration graphene ink (see Supporting Information). Both
solutions exhibited similar flake thickness histograms peaked at
approximately 1.6-1.8 nm (Figure 2A), suggesting minimal
graphene agglomeration during the concentration process.

Graphene-polymer nanocomposites were solution cast from
these graphene inks. The height reduction associated with aniso-
tropic volume contraction during solvent evaporation resulted in
the directional alignment of the graphene flakes within the nano-
composite. In Figure 2B, this alignment is evident on the fracture
surface in the form of sheared terraces orthogonal to the direction
of the volumetric contraction (see Supporting Information for a
comparative image of the pure polymer fracture surface). The lack
of protruding graphene flakes on the fracture surface not only is

indicative of flake alignment but also suggests strong interactions
between the polymer and graphene.

The electrical properties of thin films derived from the concen-
trated graphene ink were assessed via transparent conductor
measurements. Due to their enhanced rheology, film forming
capability, and dispersion stability, EC-stabilized graphene inks are
amenable to blade coating onto a broad range of substrates. For
example, graphene inks were blade coated onto glass slides at
varying thicknesses, annealed at 400 °C for 30 min in air, and rinsed
with acetone to produce transparent conductive thin films. Four
point probe measurements of the film sheet resistance indicate that
their electrical performances compare favorably to films deposited
by vacuum filtration from sedimented surfactant graphene solutions
(Figure 2C).5 Electron microscopy performed on these conductive
graphene thin films (Figure 2D) reveals a disordered network of
graphene flakes with lateral dimensions ranging from approximately
50 to 400 nm. Raman spectra (see Supporting Information) provide
further evidence that these graphene thin films possess low defect
densities and negligible oxidation.

In conclusion, we have demonstrated that efficient graphene
exfoliation can be achieved in ethanol through polymeric stabiliza-
tion using ethyl cellulose. The resulting graphene solutions can be
concentrated via rapid, room-temperature, ultracentrifugation-free
iterative solvent exchange, ultimately yielding stable graphene inks
at the 1 mg/mL level. The outstanding processability and electrical
properties of the resulting inks enable the straightforward production
of functional graphene-based materials including highly anisotropic
polymer nanocomposites and transparent conductive thin films.
Overall, this work is likely to impact ongoing efforts to understand
and exploit solution-processable pristine graphene for fundamental
studies and device applications.
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Figure 1. (A) Vials of a 1:5 mixture of terpineol and ethyl cellulose
stabilized graphene-ethanol solution before and after water addition. Upon
the addition of water, the hydrophobic graphene flakes preferentially separate
into the concentrated terpineol fraction, leaving behind a predominantly
ethanol and water mixture. (B) The concentration factor of graphene (C0 )
102.4 µg/mL) is plotted after each solvent exchange concentration and
graphene-ethanol addition step for three iterations.

Figure 2. (A) Histograms of flake thickness for the initially exfoliated
and third-iteration concentrated graphene solutions. (B) Scanning electron
micrograph (SEM) of a graphene-ethyl cellulose nanocomposite fracture
surface. (C) Optical transmittance versus sheet resistance for annealed
transparent conductive thin films blade coated from the concentrated
graphene inks. (D) SEM of an annealed graphene thin film.
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