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Abstract

With the recent burst of activity surrounding solution phase production of graphene,
comparatively little progress has been made towards the generation of graphene dispersions with
tailored thickness, lateral area, and shape. The polydispersity of graphene dispersions, however,
can lead to unpredictable or non-ideal behavior once they are incorporated into devices, since the
properties of graphene vary as a function of its structural parameters. In this brief perspective, we
overview the problem of graphene polydispersity, the production of graphene dispersions, and the
methods under development to produce dispersions of monodisperse graphene.
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Introduction

Graphene, a honeycomb lattice of carbon only a single atom thick, has attracted considerable
interest in the research community as a result of its outstanding properties. Sheets of
graphene have demonstrated field effect mobilities in excess of 200,000 cm?/V-s ! and
exhibit quantum mechanical behavior?. Some researchers have proposed that future
microprocessors could be fabricated by etching graphene wafers into desired device
architectures?, while closely packed graphene sheets could be employed in applications such
as transparent conductors*, field emission displays®, and composite materials’.

To date, many of the electrical and optical measurements of graphene have used samples
produced by micromechanical cleavage in which small flakes of graphene are exfoliated by
direct stamping or via an intermediary adhesive (i.e., “Scotch Tape™)3. It is unlikely,
however, that this method will be amenable to large scale production of graphene.
Consequently, researchers are investigating a number of alternative means for producing
graphene (see Ref. ? for a review). Of these methods, solution phase techniques have shown
great promise for industrial scale production of graphene and graphene nanoribbons (GNRs)
(see Ref. 10 for a review). Despite this potential, most graphene dispersions contain large
variations in the thickness, lateral area, and shape of the exfoliated graphene flakes. This
polydispersity presents issues in many applications since the properties of graphene are
inextricably linked to its structure. Research effort is thus shifting towards the development
of methods for producing graphene with controlled structure, either by direct exfoliation into
solution or through post-dispersion sorting techniques.
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Structure-Property Relationships in Graphene

Graphene sheets consisting of fewer than ten layers possess electronic structure distinct from
that of bulk graphite3. At such thicknesses, graphene properties vary as a function of layer
number and interlayer ordering (Fig. 1 A-B). Single-layer graphene, for instance, is a zero-
gap semiconductor with a linear energy dispersion such that its charge carriers can be
viewed as massless particles that travel at an effective speed of ~10° m s~1. This unique
band structure has made single-layer graphene a fascinating system for the study of quantum
electrodynamics. Bilayer graphene is likewise a zero-gap semiconductor but its electrons
obey a parabolic energy dispersion. Experiments have shown that a tunable band gap of
several hundred meV can be induced in bilayer graphene by breaking the symmetry between
the two graphene layers using a carefully applied gate bias!!. These results suggest that
bilayer graphene could be used for novel optoelectronic applications and future
microprocessors. In contrast, trilayer graphene is a semimetal with a band overlap that can
be controlled by an external electric field!2. The above properties only hold for multilayer
graphene with the Bernal ABAB stacking found in natural graphite. Deviations from this
stacking arrangement, either through lateral translation or angular misorientation (Fig. 1B),
can affect interlayer interactions and sometimes induce behavior similar to that of single-

layer graphene!3.

The absence of permanent band gaps in graphene sheets makes their integration into
conventional semiconductor device architectures difficult. As a result, direct band gap
semiconducting GNRs with widths less than ~10 nm have also been proposed for graphene-
based optoelectlronics14 (Fig. 1C). The production of graphene nanoribbons, however, brings
with it a host of additional polydispersity and materials issues. Theoretical work has shown
that the GNR band gap varies inversely with ribbon width and is further influenced by the
ribbon edge type (e.g., zigzag vs. armchair)'4. Furthermore, patterning of semiconducting
GNRs from larger graphene sheets pushes the limits of conventional lithography, and
defects introduced during the etching process can hinder device performance!-1°.
Accordingly, solution phase production coupled with post-dispersion separation may prove
to be a superior pathway to GNRs with low defect density and reliable properties.

Dispersing Graphene in Solution

As a result of the strong van der Waals forces that bind graphene layers together, the
exfoliation of pristine graphene into solution requires an energy input of over 2 eV per
square nanometer of graphene surface!”. Two main approaches have been utilized to
overcome these forces: sonication of graphite in solvent systems and chemical
functionalization or treatment of graphite to weaken interlayer interactions. Pristine graphite
has been sonicated in organic solvents!® and aqueous surfactant solutions>1? to yield
graphene crystallites up to a few microns in lateral size. In this process, the cavitation of
bubbles generated by ultrasonic fields produces shock waves that break apart the graphite
flakes, which are subsequently stabilized by the solvent system. The most efficient solvents
have surface energies close to that of graphene!®, which minimizes the energy cost
associated with exfoliation. In addition, many of the common dispersants of carbon
nanotubes have proven effective at dispersing graphene’-19.

Several functionalized forms of graphite have been used to increase the yield and lateral
extent of graphene exfoliated into solution. The most commonly used form is graphite oxide,
a heavily functionalized derivative in which the edges and basal plane of the graphene are
decorated with oxygen containing functional groups2C. Single-layer graphene oxide (GO)
sheets tens of microns in lateral size can be readily dispersed in water at concentrations
higher than ~0.2 mg mL™!. Despite its increased processability, graphene oxide is

J Phys Chem Lett. Author manuscript; available in PMC 2011 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Green and Hersam

Page 3

electrically insulating and, even after chemical reduction, its electronic properties do not
match those of pristine graphene?!. To increase the graphite interlayer spacing and reduce
interlayer attraction, it is also possible to add intercalants to the graphite flakes. In some
cases, these intercalated flakes can be expanded by brief exposure to elevated temperatures.
This thermal shock treatment causes volatile intercalants to rapidly escape from the graphite
and results in a large increase in the spacing between graphene sheets perpendicular to the
basal plane. These expanded and intercalated forms of graphite can then be exfoliated by
sonication in solution?2-23,

The polydispersity of graphene dispersions can vary substantially depending on the method
used to exfoliate them and the starting graphitic material. Sonication of naturally occurring
graphite flakes in N-methylpyrrolidone accompanied by weak centrifugation results in a
supernatant in which ~85% of the graphene is evenly distributed in thickness from one to
three layers with the remainder being up to 13 layers thick!®. Despite these large variations,
graphene from such dispersions is relatively large at a few microns in lateral size and has
low defect levels, which makes it promising for electronic applications. Other researchers?3
have shown that dispersions consisting of ~90% single-layer graphene can be generated by
intercalating expanded graphite with oleum and tetrabutylammonium hydroxide followed by
sonication in a phospholipid-polyethyleneglycol surfactant. The main drawback of this
approach is the comparatively small size of the graphene sheets at ~250 nm mean lateral
extent.

For GO, which is typically exfoliated as single-layer sheets, one of the main polydispersity
challenges arises from variations in the lateral area of the flakes. It has been shown that the
mean lateral size of GO can be shifted from 400 nm to 20 um by changing the graphite
starting material and the sonication conditions2*. For a given set of processing conditions,
however, the GO lateral size can vary by up to two orders of magnitude. Such variations in
flake area can lead to inhomogeneous GO films, which limits performance in applications
such as transparent conductors and supercapacitors.

In recent work, several groups have produced GNRs via direct exfoliation into solution or by
longitudinally unzipping carbon nanotubes. Researchers have found that sub-10-nm wide
GNRs with smooth edges can be produced by sonication of expanded graphite in 1,2-
dichloroethane with the assistance of a conjugated polymer?2. Later work utilized plasma
etching to slice open carbon nanotubes embedded in a polymer matrix to produce wider
GNRs?. At this stage, however, both techniques have limitations. Polymer assisted
dispersion has low yields of graphene and few GNRs are found in the suspended material,
while the nanotube plasma etching route has limited throughput and scalability. An
alternative solution phase chemistry route to GNRs utilizes longitudinal unzipping of carbon
nanotubes20. Inspired by methods commonly used to oxidize graphite, this approach utilizes
potassium permanganate to attack the nanotube sidewalls and sequentially break nearby
carbon-carbon bonds. While this technique has the potential to produce large quantities of
GNRs, the resulting material is oxidized and thus requires the development of a chemical
reduction protocol that regains the properties of pristine graphene.

Progress Towards Monodisperse Graphene Dispersions

To date, most methods of producing monodisperse graphene dispersions have utilized
centrifugal processing to remove unwanted graphene or graphitic material. These centrifugal
processing techniques rely on the fact that the sedimentation rate of a material is dependent
on its shape, size, and buoyant density, as well as the density and viscosity of the centrifugal
medium. For instance, to separate graphene by area, a small volume of polydisperse
graphene suspension can be placed at the top of a nearly filled centrifuge tube and subject to
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high centrifugal forces. In analogy with previous length sorting experiments on carbon
nanotubes?’, single-layer graphene flakes with large lateral areas are expected to sediment
more rapidly than single-layer graphene with small areas. Consequently, once the
centrifugation is complete, the largest graphene flakes, which sediment the furthest, are
found near the bottom of the centrifuge tube while the smallest are located near the top.

This type of graphene area sorting has been achieved using nano-GO sheets functionalized
with polyethyleneglycol?®. The functionalized GO was subjected to 2.5 hours of
centrifugation at ~300,000 g and formed a wide band of material in the centrifuge tube as
shown in Fig. 2A. Multiple fractions of sorted GO dispersion were extracted layer by layer
and characterized by atomic force microscopy (AFM). Several representative AFM images
presented in Fig. 2B-D show a high level of monodispersity in the area of the GO flakes in
each fraction with most flakes differing in lateral size by less than 10 nm. As expected, the
size of the flakes increased monotonically for fractions extracted progressively closer to the
bottom of the tube. In addition, this functionalized GO was found to be biologically
compatible and could physisorb high loadings of the anticancer drug doxorubicin, which
suggests its use as a drug delivery vehicle.

One of the enabling aspects of the aforementioned lateral area sorting work was the use of
GO as opposed to graphene. Since GO is usually dispersed as single layers, the crosstalk
between the area and the thickness of the graphene flakes during sedimentation is
suppressed. In contrast, a graphene dispersion produced from pristine or expanded graphite
generally contains a mixture of different graphene thicknesses and hence a similarly diverse
set of buoyant densities. Under some conditions, it is possible to overcome these variations
in lateral size and thickness to achieve sedimentation-based sorting. For instance, it has been
shown that the proportion of single-layer graphene can be increased in the supernatant after
subjecting acetonitrile-graphene dispersions to more aggressive centrifugation conditions.2?
In this case, differences in the graphene buoyant density as a function of layer thickness
exceeded the differences established by variations in flake area. For many other situations,
however, it is not possible to decouple the effect of area and thickness polydispersity, thus
rendering sedimentation-based centrifugal separation ineffective.

In these circumstances, it is possible to use density gradient ultracentrifugation (DGU)3° to
isolate graphene sheets according to their buoyant density. For DGU-based separations, the
dispersion of graphene sheets is introduced to a density gradient designed to match the
buoyant density distribution of the graphene suspension. Ultracentrifugation of such density
gradients causes the graphene sheets to move to their isopycnic points — locations where the
density of the medium matches the buoyant density of the graphene. Compared to
sedimentation-based separations, DGU-based sorting requires significantly longer
centrifugation times since even the slowest moving species must be afforded enough time to
reach their isopycnic points. On the other hand, since the buoyant density of a graphene
sheet is theoretically independent of lateral area, density gradient processing allows the
crosstalk between thickness and area sorting to be minimized for sufficiently long
centrifugation times.

Our group has recently succeeded in producing graphene with controlled thickness using
DGU?. These monodisperse graphene dispersions are generated from aqueous suspensions
of graphene encapsulated by the planar surfactant sodium cholate (Fig. 3A), which has
previously been used for DGU separations of carbon nanotubes>C. Ultracentrifugation of
sodium cholate dispersed graphene in density gradients results in the appearance of visible
bands in the centrifuge tube (Fig. 3B), a characteristic signature of successful isopycnic
separations. Extensive AFM measurements following DGU reveal a monotonic increase in
the thickness of the graphene with increasing buoyant density (Fig. 3C) and the selective
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enrichment of graphene with thicknesses ranging from one to four layers. Using this process,
samples with ~85% single-layer graphene have been produced. Furthermore, these results
suggest that DGU is an efficient method for generating monodisperse bilayer and trilayer
graphene samples that, in contrast to monolayer graphene, are unlikely to be generated
preferentially by solution phase exfoliation. Measurements of transparent conductive films
generated from DGU-sorted graphene show that predominantly single-layer graphene is
approximately three times more conductive than those generated from unsorted graphene
produced by weak centrifugation (Fig. 3D). The performance advantage of the sorted
graphene material is likely due to its slightly larger lateral areas compared to unsorted
graphene, which reduces the number of graphene-graphene contacts required for charge
transport, and the improved flexibility of single-layer graphene, which results in more
conformal and less resistive junctions between graphene sheets.

Future Outlook

Despite rapid progress in all aspects of solution phase graphene production, a considerable
amount of additional work is required before monodisperse “electronics grade” graphene
becomes widely available. First, methods of dispersing graphene should be improved to
provide higher quality inputs for sorting processes. Liquid phase exfoliation of
unfunctionalized graphene sheets greater than ~100 um? in area remains a considerable
challenge, although recent experimental results suggest it is possible3!. Moreover, a scalable
method of producing pristine GNRs with sub-10-nm widths and well-defined, precisely
oriented, and passivated edges has yet to be developed. Second, new methods of sorting or
directly synthesizing monodisperse graphene should be investigated, since it is unlikely that
centrifugal processing will efficiently address all sources of graphene polydispersity.
Interesting developments in the direct chemical synthesis of graphene via organic32 and
solvothermal33 techniques may help address this issue. Third, deposition of the output from
sorting processes should be improved to facilitate their incorporation into devices ranging
from single-layer graphene transistors to graphene-based transparent conductors.

Fortunately, most of the above challenges have already been confronted with carbon
nanotubes and can help guide future work. Biomolecules such as DNA3% and flavin
mononucleotide® have proven to be exquisitely sensitive to the atomic structure of carbon
nanotubes. Similar molecules could be used to exfoliate GNRs with controlled width and
edge structure, or facilitate post-dispersion sorting. Furthermore, a variety of sophisticated
separation methods have already been developed for carbon nanotubes>°, and based on the
success of centrifugal sorting techniques, many of these approaches are likely to be
applicable to graphene. Similarly, controlled deposition methods perfected with carbon
nanotubes have already been successfully applied to graphene23:37. These approaches and
others could be used to deposit monodisperse graphene flakes at desired locations or to align
sorted GNRs over large areas® for a variety of graphene-based applications.
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Figure 1.

Polydispersity map of graphene. The electronic and optical properties of graphene depend
on (A) layer number and (B) interlayer registration. Schematic band diagrams on the left of
panel (A) show graphene band structure with (solid curves) and without (dashed curves) an
applied gate bias. (C) Graphene nanoribbons have band gaps that vary as function of their
width and edge type.
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Figure 2.

Area sorting of polyethyleneglycol functionalized graphene oxide (GO). (A) Photograph of
the centrifuge tube following ultracentrifugation. (B-D) Representative atomic force
microscopy images of the sorted GO taken from the locations marked in panel (A). This
figure is adapted from Sun et al.28
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Figure 3.

Thickness sorting of graphene using density gradient ultracentrifugation (DGU). (A)
Schematic illustration of ordered sodium cholate encapsulation of graphene sheets and
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photograph of an unsorted aqueous graphene suspension with a graphene loading of ~0.1 mg
mL~1. (B) Photograph of a centrifuge tube following DGU marked with the main bands of
monodisperse graphene. (C) Mean flake thickness histogram measured by atomic force

microscopy of sorted graphene taken from the locations marked in panel (B). (D)

Transparent conductor performance at a wavelength of 550 nm for films made from sorted
single-layer graphene (f4) and unsorted (sedimented) graphene. Inset: photograph of sorted

graphene transparent conductive films. This figure is adapted from Green and Hersam.
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