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Abstract: We report the synthesis of ultra-low-density three-
dimensional macroassemblies of graphene sheets that exhibit
high electrical conductivities and large internal surface areas.
These materials are prepared as monolithic solids from suspen-
sions of single-layer graphene oxide in which organic sol—gel
chemistry is used to cross-link the individual sheets. The resulting
gels are supercritically dried and then thermally reduced to yield
graphene aerogels with densities approaching 10 mg/cm®. In
contrast to methods that utilize physical cross-links between GO,
this approach provides covalent carbon bonding between the
graphene sheets. These graphene aerogels exhibit an improve-
ment in bulk electrical conductivity of more than 2 orders of
magnitude (~1 x 10? S/m) compared to graphene assemblies
with physical cross-links alone (~5 x 10~ S/m). The graphene
aerogels also possess large surface areas (584 m?/g) and pore
volumes (2.96 cm?®/g), making these materials viable candidates
for use in energy storage, catalysis, and sensing applications.

Graphene is a two-dimensiona (2D) structure of carbon atoms
with unique electronic, chemical, and mechanical properties.* >
Extensive research has shown the potentia of graphene or graphene-
based sheets to impact a wide range of technologies including
energy storage,® *° catalysis, ™2 sensing,”>~*° and composites. ¢~ %°
Developing three-dimensional (3D) structures with this extraordi-
nary nanomaterial would further expand its significance both in
the number of applications and in the manufacturability of devices.
However, literature on the assembly of 3D graphene structures is
limited.*>2°~2* Typically, previous reports relied on the high
stability of graphene oxide (GO) suspensions to assemble an initial
GO macrostructure, which was then thermally reduced to yield the
3D graphene network. These reports indicated that physical cross-
links (e.g., van der Waals forces) hold the 3D graphene networks
together, and, as a result, bulk electrical conductivities of these
assemblies only reached approximately 5 x 10~* S/m.*® Even when
metal cross-links were used between graphene sheets instead of
weak physical bonds, electrical conductivities of only 2.5 x 107!
S/m were reached.’® These numbers are several orders of magnitude
below the conductivity reported for graphene sheets (~8 x 103
S/m) produced by thermal reduction of GO.?® Clearly, substantial
research is needed to realize the full potential of 3D graphene
macroassemblies.

In this Communication, we present a unique method for
producing ultra-low-density graphene aerogels with high electrical
conductivities and large surface areas. A key aspect in fabricating
macroassemblies that exhibit such properties was the formation of
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junctions between graphene sheets that would both structurally
reinforce the assembly and provide conductive interconnections
between the individual sheets. The method presented here utilizes
carbon to knit together graphene sheets into a macroscopic 3D
structure. This approach produces monolithic graphene architectures
with low densities (approaching 10 mg/cm®) and electrical con-
ductivities more than 2 orders of magnitude greater than those
reported for 3D graphene assemblies formed with physical cross-
links. Furthermore, the graphene aerogel s possess surface areas on
par with those reported for very high quality 2D graphene sheets.?®

We recently reported the synthesis of carbon nanotube (CNT)
aerogels that exhibited high electrical conductivity and robust
mechanical properties.® The CNT aerogels were shown to be the
stiffest low-density solid reported and were also highly elastic.
These materials were assembled through the formation of covalent
carbon cross-links between CNT bundles using organic sol—gel
chemistry. Organic sol chemistry involves the polymerization of
organic precursorsto form ahighly cross-linked organic gel, which
can then be dried and pyrolyzed to form a carbon aerogel.?” When
the organic precursors were added to a suspension of CNTS,
polymerization occurred primarily on the CNTs, both coating the
bundles and forming junctions between adjacent bundles. Upon
drying and pyrolysis, the organic coating and junctions were
converted to carbon, yielding the CNT aerogel. The graphene
aerogels presented here were fabricated using a similar approach.
In this case, however, GO was used to prepare the initial
suspension, while carbonization of the organic cross-links and
thermal reduction of the GO to graphene occurred simultaneously
during pyrolysis. Graphene aerogel synthesis was carried out by
sol—gel polymerizaion of resorcinol (R) and formaldehyde (F) with
sodium carbonate as a catalyst (C) in an aqueous suspension of
GO. The GO was produced by the Hummers method,?® and the
suspension was prepared by ultrasonication. The molar ratio of R:F
was 1.2, the reactant concentration in the starting mixture was 4
wt % RF solids, and the concentration of GO in suspension was 1
wt %. The molar ratio of R:C was 200:1. The sol—gel mixture
was cured in sealed glass vids at 85 °C. After gelation, the wet
GO—RF gels were removed from the glass vials and washed in
acetone to remove water from the pores. Supercritical CO, was
used to dry the GO—RF gels, and pyrolysis at 1050 °C under
nitrogen yielded the fina graphene aerogel. Energy-dispersive X-ray
analysis confirmed the successful reduction of the GO—RF gel,
showing a drop in atomic oxygen from 17% to 1% (Figure S1,
Supporting Information).

Field-emission scanning electron micrographs (FE-SEM) of the
graphene aerogel show a 3D network of randomly oriented sheet-
like structures (Figure 1a,b) similar to those seen in previous reports
of thermally reduced GO.° The lateral dimensions of the sheets
ranged from hundreds of nanometers to several micrometers. Within
the assembly, the sheets are thin enough to be transparent to the
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electron beam. Transmission electron micrographs (TEM) revea a
wrinkled paper-like texture to the sheets (Figure 1c,d), again
consistent with previous reports.?® It is important to note that, in
both the FE-SEM and TEM images, we do not observe carbon
nanoparticles from the RF polymer decorating the surfaces of the
graphene sheets, despite the fact that over half of the weight in the
reduced GO—REF structure can be attributed to carbon from the RF
polymer (56 wt % from RF vs 44 wt % from GO). Thisisin sharp
contrast to what occurs in materials prepared at higher RF:GO ratios
(Figure S2, Supporting Information) or in CNT aerogels, where
the carbonized RF is clearly distinguishable.*® This observation
suggests that the carbon junctions are effectively incorporated into
the extended graphene framework. When the organic precursors
are added at sufficiently low concentrations to the GO suspension,
polymerization likely occurs preferentially at the oxygen function-
alities of the GO to form covalent interconnections between
individual sheets. Simultaneous carbonization of the RF junctions
and thermal reduction of the GO apparently blends these two
materials into a single structure, yielding the graphene macroas-
sembly.

Figure 1. FE-SEM of the graphene aerogel at low (&) and high (b)
megnification. TEM of the graphene aerogel at low (c) and high (d)
magnification. Black arrow denotes holey carbon on TEM grid.

The Type IV nitrogen adsorption/desorption isotherm for the
graphene aerogel indicates that the material is mesoporous. The
Type 3 hysteresis loop (IUPAC classification) at high relative
pressure is typically associated with adsorption within aggregates
of plate-like particles, consistent with the microstructure observed
by FE-SEM and TEM. The pore size distribution for the graphene
aerogel, as determined by the BJH method, shows that much of
the pore volume (2.96 cm®g) lies in the 10—100 nm range, with a
peak pore diameter of 13 nm (Figure 2b). The BET surface area
for the graphene aerogel was 584 m?/g. This value is less than the
theoretical surface areafor a single graphene sheet (>2600 m?/g),>*
likely due to layering or overlapping of graphene sheets within the
assembly. Nevertheless, the measured surface area is on par with
those reported for high-quality graphene sheets prepared via
hydrogen arc discharge® and is more than 2 times greater than
that of the CNT aerogel .*°

Bulk electrical conductivity of the graphene aerogel was
determined via the four-probe method. Current (100 mA) was
passed through metal electrodes attached to either end of the
graphene aerogel monolith, and the voltage drop was measured over
distances of 3—6 mm aong the aerogel. The bulk electrical
conductivity of the graphene aerogel was determined to be 87 S/m,
more than 2 orders of magnitude greater than those reported for
macroscopic 3D graphene networks prepared with physical
cross-links.*>2® We believe this extraordinarily high conductivity
is due to a large reduction in resistance at the junctions between
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Figure 2. Nitrogen adsorption/desorption isotherm (a) and pore size
distribution (b) for the graphene aerogel.

graphene sheets compared to those in the physically bonded
networks. A detailed discussion of the nature of the carbon junction
will be presented in a forthcoming paper.

In conclusion, we prepared a macroscopic 3D graphene assembly
with high electrical conductivity and large surface area. Our
approach used an organic binder that could be reduced concurrently
with the GO to produce carbon cross-links in the graphene network
that were virtually indistinguishable from those in the graphene
sheets. Due to the high surface area, mesoporosity, and conductivity
of these 3D graphene assemblies, they have potential in a number
of technologies for use as supercapacitors, batteries, catalysis, and
SENSOors.
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