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We report the synthesis of a three-dimensional (3D) macroassembly exhibited electrical conductivities that were significantly higher
of graphene sheets with electrical conductivity (~10*> S m™") and than those of physically cross-linked structures. In addition,
Young’s modulus (~50 MPa) orders of magnitude higher than we showed that the bulk properties of the graphene assemblies

those previously reported, super-compressive deformation behavior (porosity, surface area, conductivity) could be controlled
(~60% failure strain), and surface areas (>1300 m> g ') through the cross-linking chemistry.?*
approaching theoretically maximum values. In this communication, we report the fabrication of a 3D

graphene macroassembly that combines high electrical

Individual graphene sheets possess a number of remarkable conductivity, remarkable mechanical stiffness, large elastic

properties, including extremely low electrical and thermal strain, and high surface area. Instead of using sol-gel chemistry
resistivity,! large carrier mobility,> high surface area’ and ~ to form the assembly, these 3D graphene architectures are
exceptional mechanical elasticity.* As such, graphene and prepared by utilizing the chemical functionality of GO to directly
graphene-based materials hold technological promise in the areas cross-link the network structure. The various functional groups
of energy storage,™® electronics,”® composites,” actuators,'® and (e.g., epoxide, hydroxide) abundant in GO sheets serve as
sensors.'!? Realizing the full potential of graphene in these chemical cross-linking sites for the 3D macroassembly network.
applications, however, requires the design of bulk multifunc- Upon thermal reduction, these cross-links are transformed into
tional architectures that retain the exceptional properties of conductive carbon bridges that provide structural support for the
graphene. A number of different approaches have been employed assembly, while also limiting aggregation of the individual
for the fabrication of 3D graphene assemblies. For example, ~ graphene sheets. As a result, 3D graphene monoliths are obtained
individual graphene (or graphene oxide) sheets have been used that exhibit mechanical stiffness and electrical conductivities
as building blocks in the design of various macroscopic ~ orders of magnitude higher than those formed with physical
structures, including three-dimensional (3D) macroassemblies. > cross-linking, while exhibiting super-elastic behavior and surface
Typically, these 3D graphene assemblies rely on physical inter- ~ areas approaching the theoretical value expected for a single
actions (i.e., van der Waals forces) between sheets to stabilize the graphene sheet.

network structure. As a result, these low-density (<100 mg cm ™) The 3D graphene was prepared by gelation of a GO suspension
3D graphene assemblies possess Young’s moduli of ~10? kPa under basic conditions. The aqueous GO suspension (1-2 wt%)
and electrical conductivities of ~5 x 10" Sm~ 1'% Covalently ~ Was prepared by ultrasonication. In a glass vial, 3 ml of the

bonded 3D graphene assemblies show comparatively higher ~ GO suspension was mixed with 500 ul concentrated NH,OH.
electrical conductivities'™!7 and Young's moduli,”® but the The vial was sealed and placed in an oven at 85 °C overnight.
surface areas of these materials are well below 1000 m> g~!, ~ The resulting wet gel was washed in deionized water to purge
less than half the theoretical value for a single graphene sheet. NH,OH followed by an exchange of water with acetone inside
We recently reported the synthesis of 3D graphene assemblies the pores. Supercritical CO, was used to dry the gels that were

with high electrical conductivity.>> Our approach involved the ~ then converted to the final 3D graphene macroassembly by

use of organic sol-gel chemistry to covalently cross-link ~ Pyrolysis at 1050 °C under nitrogen. Densities of the black
graphene oxide (GO) sheets., Thermal treatment of the resulting monoliths (Fig. S1, ESIf) were 80-100 mg cm ™.

assembly both reduced the GO to graphene and converted the Solid-state nuclear magnetic resonance (NMR) characterization
sol-gel cross-links to a conductive carbon binder. These materials ~ Was used to gain insight into the types of functional groups in GO

involved in the cross-linking process as well as to follow the
reduction of GO to graphene (Fig. 1a). The GO powder contains
Physical Sciences Directorate, Lawrence Livermore National significant epoxide and hydroxyl functionality as evidenced by
Laboratory, Livermore, USA. E-mail: worsleyl@linl.gov, . , . .

Fax: +1 925 422 3570+ Tel: + 1 925 424 4831 numerous peaks between250 and 75 ppm, as \.zvelll d513carbonyl
1 Electronic supplementary information (ESI) available: Full experi- groups (168 ppm) and sp” carbon (123 ppm) in its “C NMR
mental details. XRD and CV results. See DOI: 10.1039/c2cc33979j spectrum. These peaks and assignments are consistent with the
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Fig. 1 '*C and "H NMR spectra for GO powder, GO after initial
gelation, and 3D graphene macroassembly.

existing literature.?> After gelation, the epoxide, hydroxyl, and
carbonyl peaks are virtually eliminated and an aliphatic
carbon peak (26 ppm) appears. The disappearance of the
large peaks between 50 and 75 ppm in the gel suggests that
epoxide and hydroxyl groups are involved in the cross-linking
mechanism. Conversely, the emergence of the aliphatic carbon
(sp”) peak suggests that —-CH,— and/or —CH,O- are present in
the gel. The -CH,— and —CH,O- moieties likely function as
the cross-links that support the initial 3D GO network similar
to the cross-links formed in resorcinol-formaldehyde (RF)
sol-gel chemistry to form organic gels.?**” "H NMR spectra
(Fig. 1b) for the sample after gelation also support the presence
of -CH,— and -CH,O- moieties with peaks at 0.9 and 3.1 ppm.
The presence of —CH,O— moieties is further supported by
energy dispersive X-ray (EDX) analysis which measured
11 at% oxygen remaining in the initial aerogel. After pyrolysis,
only the sp? carbon peak remains suggesting that the sp> carbon
cross-links were thermally converted to conductive sp> carbon
junctions, again analogous to the carbonization process that
occurs during the pyrolysis of resorcinol-formaldehyde-based
gels. The "H NMR spectrum (Fig. 1b) supports the conversion of
the -CH,— and -CH,O- moieties with a virtual elimination of
those peaks in the thermally treated sample. Lastly, the reduction
of carbon is confirmed by oxygen content of less than 2 at%, as
determined by EDX, in the final graphene assembly.

Field emission scanning electron microscopy (FE-SEM) was
used to determine the microstructure of the 3D graphene.
These FE-SEM images (Fig. 2) show that the 3D graphene
monolith has a sheet-like microstructure similar to that
reported in other graphene assemblies. In particular, the
morphology resembles that of an RF-free graphene assembly

reported to have a surface area in excess of 1000 m? g~ !,

Fig. 2 FE-SEM images of the fracture surface of the 3D graphene
macroassembly at (a) low and (b) high magnification.

presumably due to minimal thickness of graphene sheets.?*
Nitrogen porosimetry results for the material are consistent
with the morphology revealed by FE-SEM. The nitrogen
adsorption/desorption isotherm shown in Fig. 3a is Type IV,
indicative of a mesoporous material. The observation of a
Type 3 hysteresis loop (IUPAC classification) at high relative
pressure is consistent with other 3D graphene materials, but
the increased magnitude of the loop is indicative of a much
larger pore volume than those reported for other graphene
assemblies. The BET surface area for this graphene macro-
assembly is 1314 m? g~! or roughly half of the theoretical
value expected for a single graphene sheet. This extremely high
surface area compared to assemblies made using sol-gel
chemistry? suggests that layering/overlapping of sheets has been
significantly reduced with the direct cross-linking approach. The
reduction in layering of sheets is also consistent with an X-ray
diffraction pattern that lacks a strong (002) peak at ~28°
(graphite interlayer spacing) (Fig. S2, ESIt). The pore size
distribution (Fig. 3b) shows that much of the pore volume
(4.0 cm® g7 lies between 3 and 10 nm, with a peak pore
diameter at 6 nm.

The mechanical behavior of the 3D graphene macroassemblies
was determined by flat-punch nanoindentation. Fig. 4 shows the
stress vs. strain plot, revealing a mechanical behavior qualitatively
similar to that of a carbon nanotube (CNT)-based assembly
reported by Shin et al.?® Loading is characterized by an initial
linear-elastic region, followed by a pronounced nonlinear-elastic
region. Both shape and volume of the monolith are completely
restored after the load is removed. Failure is indicated by a
sudden jump of the strain at a constant stress (a “‘pop-in”’
event). As previously,”® we assign the stress and strain at the
initial stage of the first pop-in event as the failure stress and
failure strain, respectively. The graphene assembly has a Young’s
modulus of 51 £+ 12 MPa, which is orders of magnitude higher
than those reported for graphene assemblies.'* !¢ In addition to
being extraordinarily stiff, the 3D graphene monoliths exhibit
super-compressive behavior with failure strains of 57 + 21%
and a complete recovery for lower strains. The failure stress is
10.4 + 3.9 MPa. These values of failure stress and strain are
comparable to those of CNT-based aerogels of the same
density (100 mg cc ). These remarkable mechanical properties
can be attributed to the robustness and preponderance of sp
carbon cross-links between graphene sheets, in addition to the
excellent mechanical properties of the graphene sheets themselves.

Bulk electrical conductivity of the 3D graphene macro-
assembly, evaluated by the four-probe method, was measured
at 100 S m~"'. This is consistent with carbon junctions cross-
linking graphene sheets®® and is orders of magnitude higher
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Fig. 3 (a) Nitrogen adsorption/desorption isotherm and (b) pore size
distribution for the 3D graphene macroassembly.
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Fig. 4 Representative load-displacement (stress—strain) curve of the
3D graphene assembly (with a density of 100 mg cc™!) indented with a
flat punch tip with a diameter of 62 microns. Indentation was
performed as a series of loading cycles with increasing maximum loads
and complete unloading at the end of each load cycle.

than for graphene assemblies made via physical cross-links.
Cyclic voltammetry (CV) was used to characterize the energy
storage capabilities of the graphene assemblies in aqueous
electrolyte (5 M KOH). At low scan rates, the CVs exhibit
the typical rectangular shape expected for pure double-layer
capacitors like conventional carbon aerogels, as well as CNT
and graphene assemblies (Fig. S3, ESIt). Analysis of the CVs
measured at low scan rates reveals a maximum capacitance of
165 F g~ ! (Fig. S4a, ESI}). Remarkably, the 500 pm thick 3D
graphene electrode was able to maintain greater than 50% of its
maximum capacitance (89 F g~!) up to 100 mV s~ !, indicating an
exceptionally fast charge/discharge capability. The 3D graphene
has a maximum energy density of 27 W h kg~ ! and a maximum
power density approaching 10 kW kg~ (Fig. S4b, ESIT).
Further optimization of the electrodes, such as using thinner
electrodes (e.g. 100 um vs. 500 um thickness), and electrolyte
(e.g. inorganic vs. aqueous) could push the power and energy
densities to ~10%> kW kg~' and ~10> W h kg™, respectively.
These observations illustrate the potential of 3D graphene for
energy storage applications.

In summary, we have developed a 3D graphene macro-
assembly material that combines high surface area, high electrical
conductivity, and mechanical robustness. Our design approach
utilizes the functional groups native to GO as direct cross-linking
sites. These cross-links are then converted to sp” carbon as the
GO is reduced to graphene by thermal annealing, providing
strong, conductive junctions between graphene sheets. The
resulting 3D graphene has large capacitance (165 F g™'), high
energy (27 W h kg™ ') and power density (10 kW kg™!). In
addition to energy storage applications, these 3D graphene

assemblies should find application in other areas as well,
including gas storage, sensors, and catalysis.

This work was performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344 and
funded by LLNL’s LDRD project 12-ERD-035.
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