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Graphene-Based Materials

Dan Li' and Richard B. Kaner?

raphenes—mono-
layers of carbon
atoms arranged in a

honeycomb network (see
the figure, left panel)—are
prevalent in many carbon-
based materials. For exam-
ple, graphite can be consid-
ered as stacks of graphene
layers. Although the weak
interactions that hold the
graphene sheets together in
graphite allow them to slide
readily over each other, the
numerous weak bonds make
it difficult to separate the
sheets. When physicists recently managed to
isolate individual graphene sheets from
mechanically cleaved graphite, they discov-
ered unusual electronic properties arising
from confinement of electrons in two
dimensions (/). Researchers are now mak-
ing rapid progress toward creating process-
able graphene.

Apart from its electronic properties,
graphene displays several other unusual
attributes. Graphene is a giant aromatic
macromolecule that conducts both electricity
and heat well in two dimensions. The theoret-
ical specific surface area of individual
graphene sheets (2) is more than double that
of the finely divided activated carbon used in
water purification. Their mechanical strength
is comparable to that of carbon nanotubes—
which can be considered graphene with a
twist. Furthermore, recent studies (2—9) sug-
gest that the production cost of graphene
sheets in large quantities could be much lower
than that of carbon nanotubes. Graphene
sheets are thus attractive as atomically thin yet
robust components for nanoelectronic and
nanoelectromechanical devices (/, 10) and as
nanoscale building blocks for new materials.

To create useful graphene-based materials,
graphene sheets must be available in large
quantities. Approaches for producing graphene
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Simple structure, great potential. (Left) In graphene, carbon atoms
(green dots) are bonded together through sp? hybridization (orange
lines). (Right) Shiny and flexible graphene paper is formed by con-
trolled restacking of graphene sheets (8).

sheets include mechanical cleavage of graphite
(1), epitaxial growth (/1), bottom-up organic
synthesis (/2), and chemical exfoliation of
graphite (2—9). Given that graphite is relatively
inexpensive and available in large quantities,
the top-down method—splitting graphite into
individual sheets mechanically or chemi-
cally—has received the most attention with
respect to large-scale production of graphene.

High-yield direct exfoliation of graphite,
however, has so far remained a challenge.
Many researchers are now focusing on deriva-
tives of graphite, especially graphite oxide
(2-9). The latter is hydrophilic and has a larger
interlayer distance than graphite; it can readily
exfoliate into individual graphene oxide
sheets in water and forms stable dispersions
after ultrasonication. Subsequent deoxygena-
tion via chemical reduction can restore electri-
cally insulating graphene oxide to conductive
graphene (3-5). Rapid thermal expansion can
also cause graphite oxide to delaminate, but
many of the resultant sheets are crumpled and
wrinkled (2).

In all synthetic routes, keeping the graphene
sheets individually separated is the most impor-
tant and challenging part. Bulk graphene
sheets—if left unprotected—will sponta-
neously agglomerate and even restack to form
graphite. Chemical functionalization or the use
of dispersants is generally needed to prevent
agglomeration (4—7). The graphite oxide syn-
thetic route is especially attractive for stabiliz-
ing individual sheets in solution. The oxygen-
containing groups that exist in graphite oxide
(carboxyl and hydroxyl) provide reactive sites
for chemical modification using known carbon
surface chemistry. Chemical attachment of

Advances in synthesizing graphene offer
opportunities for making novel materials for
nanoelectronics and many other applications.

appropriate organic groups onto graphite oxide
surfaces not only leads to physical separation of
the resultant graphene sheets, but also makes it
possible to directly form stable graphene dis-
persions during the synthetic process (5, 7),
something that has been difficult to accomplish
with carbon nanotubes.

Chemical conversion from graphene oxide
leaves residual oxygen-containing groups and
makes the resulting graphene surfaces nega-
tively charged when dispersed in water. By
controlling the colloid chemistry, graphene
sheets can form stable aqueous colloids via
electrostatic repulsion without the need for
foreign polymeric or surfactant dispersants
(8). By alternately immersing a substrate into
a negatively charged graphene colloid and a
positively charged polycation solution,
graphene sheets can be integrated with other
functional materials at a molecular/nanometer
scale to create multifunctional graphene-
based composites (8).

Successful dispersion of graphene enables
the use of low-cost solution processing tech-
niques to fabricate various potentially useful
graphene-based materials. For example,
graphene films can be made by drop-casting,
spraying, electrostatic adsorption, filtration,
and dip- or spin-coating of graphene or pre-
cursor dispersions (6—9, 13—17). Chemically
functionalized graphene can be readily mixed
with other polymers in solution, producing a
new class of electrically conductive nanocom-
posites at relatively low cost (3).

Dispersion of graphene in solution facili-
tates assembly of the atomically thin sheets
into highly ordered macroscopic architectures
that are otherwise difficult to make. Ruoff and
co-workers have shown that, under a direc-
tional flow induced by vacuum filtration,
graphene oxide sheets in solution can inter-
lock in a near-parallel manner, yielding a
paper-like material that is remarkably stiff and
strong—much stronger than its nanotube
counterpart (/3). Analogously, we have shown
that filtration of chemically reduced graphene
colloids readily yields ultrastrong, electrically
conductive, thermally stable graphene paper
(see the figure, right panel) (8).

Graphene sheets can be further modified
by engineering their shape, size, and chemical
structure. For example, Dai and co-workers
have used controlled ultrasonication of ther-
mally expanded graphite to produce graphene
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nanoribbons less than 10 nm wide. Transistors
based on these nanoribbons exhibit high
on/off ratios (18).

Facile synthesis and solution-processing
of chemically derived graphene facilitates not
only the fabrication of graphene-based nano-
electronic devices (14, 15, 18), but also the
exploration of its use in many other areas—for
example, as transparent electrodes for solar
cells (16). Nonetheless, research toward the
application of graphene-based materials has
just begun. Many challenges and opportuni-
ties remain. For example, to enable applica-
tions in batteries and supercapacitors, in sepa-
ration technologies, and as supports for cata-
lysts, the hierarchical structure of graphene

assemblies must be controlled to make the
surface of individual sheets maximally acces-
sible. Additionally, graphene synthesis through
chemical conversion from graphite introduces
a considerable amount of defects, reducing
electrical conductivity. New strategies are
needed to produce more conducting yet pro-
cessable graphene.
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Is Mars Geodynamically Dead?

Matthias Grott

he temperature of a planet’s interior is
I one of the key factors controlling the
amount of geodynamic activity at its
surface. Planetary scientists can estimate inte-
rior temperatures if they can assess the
deformability of the planetary surface, which is
greater when interior temperatures are higher
(warm rocks will more easily deform than cold
ones). Mass loading by glaciers and mountains
deflects the surface, and this deformation can
be used to estimate the elasticity of the surface
layer when the load was emplaced. On Mars,
the polar caps are a geologically recent load. On
page 1182 of this issue, Phillips et al. () report
that the amount of deflection caused by the
polar caps leads to unexpected constraints on
the current thermal state of the planet.

To investigate the ice-hidden planetary
surface, the authors used radar-sounding data
of the northern polar cap obtained by
SHARAD, the shallow-radar instrument
onboard the Mars Reconnaissance Orbiter,
which has orbited Mars since 2006. The radar-
wave travel times can be converted into dis-
tances by assuming that the polar cap consists
of water ice and dust. The vertical deforma-
tion of the surface was extremely small—less
than 100 m—and requires that the surface be
very stiff to support these loads. The elastic
lithosphere thickness, a measure of the sur-
face’s resistance to flexure, needs to be greater
than 300 km at the poles today. This value is
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almost twice as great as previously estimated
from other measures of deformation and theo-
retical considerations (2, 3). Because the stiff-
ness of the rocks is connected to temperature,
Phillips et al.’s findings imply that the martian
interior is extremely cool.
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A colder Mars. The energy release at a planetary surface is a measure for
the temperatures in the planetary interior. Large planets, which have a
lower surface-to-volume ratio, should be warmer than small ones if they
contain equal concentrations of heat-producing elements. The average
heat flow of Earth is 87 mW/m?, and the lunar heat flow determined by the
Apollo experiments is 18 mW/m? (9). Mars was expected to release 20
mW/m?, but the value inferred from Phillips et al.’s findings would be

much lower.

The observation that Mars' northern polar
cap barely deforms its crust implies that its
planetary interior is colder than expected.

This result is surprising. First, the temper-
atures in the interior of terrestrial planets
should be proportional to their radius if they
started with the same amount and distribution
of radioactive, heat-producing elements and
then cooled through surface losses (see the
figure). In this case, Mars
would be expected to plot
between Earth and the
Moon. However, the new
estimates imply that the
martian heat flow, a mea-
sure for the temperatures
in the planetary interior,
is below even that of the
Moon, even though Mars is
about twice the diameter.
Either there is a large de-
gree of compositional het-
erogeneity among the ter-
restrial planets, or heat
transport is very inefficient
inside Mars.

Second, theoretical con-
siderations of the planet’s
thermal evolution have un-
animously concluded that
Mars should have retained
more internal heat than is
consistent with the obser-
ved stiff lithosphere (4, 5).
This discrepancy could be
resolved if the amount
of radioactive elements in
Mars (potassium, thorium,
and uranium) were smaller
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