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etworks of highly connected grap-
hene offer significantly improved
performance for a wide-range of
devices including batteries,’? sensors,® so-
lar cells,** and supercapacitors.® But com-
mercialization of these technologies requires
large scale manufacturing of graphene net-
works using techniques that permit the
simultaneous control of the surface area,
degree of functionalization, electrical con-
ductivity, and mechanical properties of the
network. Current methods for fabricating
interconnected graphene networks are lim-
ited to batch processes best suited for
applications at the laboratory scale. Films
of layered graphene networks are assembled
layer-by-layer from monolayers formed in a
Langmuir—Blodgett (LB) trough” or made by
filtering graphene suspensions across a por-
ous membrane.®? The LB trough is imprac-
tical for fabricating films thicker than a
few layers of graphene. Filtration produces
dense and mechanically robust graphene
networks, but the necessary filtration time is
inversely proportional to the quality of the
graphene suspension. Fabricating a gra-
phene film of sufficient size for testing and
evaluation or for use in a device can take
over a week. We have circumvented the
limitations of these small-scale processes
using tape casting to produce polymer—
graphene composite tapes from which the
polymer is subsequently removed by ther-
molysis, resulting in large-area, highly con-
nected graphene networks. The resulting
tapes combine high surface area with supe-
rior electrical conductivity and mechanical
strength when compared to other carbo-
naceous films, membranes, or papers.
Tape casting is the controlled casting of a
colloidal suspension through a slit by the
motion of a substrate relative to a doctor
blade (Figure 1)."° As it is a high throughput
technique, tape casting requires large quan-
tities of graphene, a need met by produc-
ing graphene via the simultaneous thermal
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ABSTRACT We describe a scalable method for producing continuous graphene networks by tape

casting surfactant-stabilized aqueous suspensions of functionalized graphene sheets. Similar to all

other highly connected graphene-containing networks, the degree of overlap between the sheets

controls the tapes' electrical and mechanical properties. However, unlike other graphene-containing

networks, the specific surface area of the cast tapes remains high (>400 m?-g~"). Exhibiting

apparent densities between 0.15 and 0.51 g~ cm >, with electrical conductivities up to 24 kS-m

—1

and tensile strengths over 10 MPa, these tapes exhibit the best combination of properties with

respect to density heretofore observed for carbon-based papers, membranes, or films.

KEYWORDS: functionalized graphene - graphene paper - carbon tapes - tape casting -

surface area

exfoliation and reduction of graphite
oxide.""'? This process yields large quanti-
ties of partially oxidized graphene sheets. In
addition to oxygen-containing functional-
ities (epoxides, hydroxides, phenols, and
carboxylic acids), the underlying graphene
network contains lattice defects and vacan-
cies (Figure 1, inset).’® These functionalized
graphene sheets (FGSs) can be distin-
guished by their oxygen content, which
we relate to the carbon-to-oxygen ratio
(C/O, mol/mol). The defects and oxygen-
containing groups cause the sheets to wrin-
kle, reducing the area of contact between
sheets and preventing stacking, an advan-
tage for high surface area applications.'*¢
Further, the defect sites and the functional
groups on FGSs have been shown to in-
crease the chemical activity of the sheets,
which is favorable for electrochemical
sensors,>'* catalysts,'® and fuel cells.'®

For this work, we used tape casting to
fabricate long (>1 m) and wide (up to 15 cm
to date) FGS/polymer composite tapes
which could then be cut to any shape.
Self-supporting, electrically conducting,
large-area FGS tapes were produced by
removing the polymer matrix and the sur-
factant from the composite tapes. These
tapes can be used in a variety of applica-
tions such as electrodes in supercapacitors
and sensors, or as scaffolds for the active

ACR NN/
VOL.5 = NO.6 = 5214-5222 = 2011 Axﬂ\%i{\j

* Address correspondence to
iaksay@princeton.edu.

Received for review April 13,2011
and accepted May 5, 2011.

Published online May 05, 2011
10.1021/nn2013723

©2011 American Chemical Society

5214

WWwWw.acsnano.org



RESULTS AND DISCUSSION >
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surfactant needed to disperse the sheets was deter-
. ST glass mined by measuring the FGS concentrations in the
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Figure 1. Schematic describing the production of FGS
tapes. The FGS schematic shows a sheet's defective and
wrinkled structure. Oxygen functionalities are shown in red,
a 5—8-5 defect is pink and a 5—7—7-5 defect is yellow.

material in Li-ion batteries and dye-sensitized solar
cells.”~*5 In the following sections, we first describe
how FGS tapes were produced and discuss their gen-
eral structure. We then analyze their electrical and
mechanical properties by focusing on the structural
changes caused by different heat treatments. Finally,
we compare the properties of FGS tapes to those of
other carbonaceous materials and discuss the structur-
al features of the FGS tapes that underlay their superior
properties.
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supernatant of suspensions containing different
amounts of surfactants and comparing that to the
initial overall suspension concentration (Figure 2a).
The amount of FGS in the supernatant was observed
to increase with increasing surfactant concentration,
indicating improved suspension stability, until the FGS
concentration plateaued at the initial concentration
near a surfactant-to-FGS ratio of 1 (g/g) (Figure 2a). This
behavior is typical for a sterically stabilized suspen-
sion,"”” where increased surface coverage of the
particles increases the suspension stability.'® EO;q.
POgsEO100 adsorbs on carbon surfaces through its
hydrophobic PO chain and extends its hydrophilic EO
chains into water.' Since water is a good solvent for
EO, the interaction between EO chains provides a
repulsive barrier preventing the aggregation of FGSs.

Figure 2. (a) Supernatant concentration given as percentages of initial concentration (0.5 mg-mL*‘) as a function of
surfactant to FGS ratio, 1 day and 2 days after the preparation of suspensions by tip sonication. The linear relationship
between the height of the absorbance peak at 280 nm and the FGS concentration is used for determining the concentrations
of aqueous FGS-surfactant suspensions. (b) Viscosity as a function of strain rate for the suspension used for casting of the (®)
15 wt % FGS containing composite tape (2.8 wt % PEO, 0.6 wt % FGS, 0.6 wt % surfactant in the suspension), (a) PEO solution
(2.8 wt % PEO), (M) tape casting suspension used for casting of the 40 wt % FGS containing composite tape (0.68 wt % PEO,
1.36 wt % FGS, 1.36 wt % surfactant in the suspension), and (¢) FGS suspension (0.6 wt % FGS, 0.6 wt % surfactant). (c) A self-
supporting FGS/polymer/surfactant composite tape after being removed from the tape casting substrate. (d and e) FGS tapes

after thermolysis of polymer and surfactant.
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If the coverage of FGS by surfactants is not complete,
the FGSs can aggregate due to van der Waals forces.
Therefore, a plateau in the dispersion concentration
implies saturation of FGS surfaces by surfactant mol-
ecules. The decrease in supernatant concentrations
over time (Figure 2a) indicates sedimentation of FGSs
from aged suspensions. This result suggests aggrega-
tion of FGSs. Although this process is not fully under-
stood, it could take place through van der Waals
interactions upon desorption of weakly adsorbed
surfactant.?>?' However, as both tape casting and
drying were complete within two days, the adsorption
of the triblock copolymer on FGSs was found to be
adequate for effective tape casting.

In addition to maintaining a sufficient degree of
dispersion for the duration of the casting process, tape
casting suspensions need to flow easily through the
gap between the blade and substrate under shear
(Figure 1), and maintain the shape and thickness of
the cast tape once shearing is removed after exiting
the blade. This type of behavior is typically achieved by
tape casting shear thinning suspensions; however, as
discussed below, the wettability of the substrate and
pinning of the contact line may also play an important
role. The tape casting suspensions used for this study
exhibited shear thinning behavior under the shear
rates used in their casting, ~100 s (Figure 2b). This
was a result of shear thinning behavior of both the PEO
solutions and the FGS suspensions (Figure 2b) due to
the disentanglement of PEO molecules, the break-up
of the FGS network, and the orientation of both FGSs
and PEO molecules under shear.??% The viscosities of
the FGS tape casting suspensions varied within 1 order
of magnitude at a fixed strain rate, with suspensions
having the highest FGS and thus lower PEO content
exhibiting the lowest viscosity. The viscosity of the
suspension increased with increasing PEO content; the
PEO solution with comparatively higher viscosity
(Figure 2b) acted as a thickening agent and was used
to tune the suspension viscosity. When the shear rate
was decreased from 100 to 1 s~ the viscosity of the
cast suspension took 1—2 s to return to the viscosity
exhibited under a shear rate of 1 s~' (Supporting
Information Figure S1). Therefore, the viscosity of the
suspensions rose substantially within a few seconds of
being cast. However, when cast on nonwetting sub-
strates on which the contact line was not sufficiently
pinned,?* the suspension pulled away from the sub-
strate and cohered into a formless puddle, demonstrat-
ing that the zero shear viscosity of the suspensions was
not high enough to maintain the shape of the cast
tape. Casting the suspension on a wetting substrate
(see Methods section) on which the contact line was
pinned overcame this difficulty maintaining the tape's
shape during solvent evaporation.

The cast and dried tapes were easily removed from
the substrate, producing free-standing, continuous
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Figure 3. Microstructure of FGS tapes. SEM images of FGS
tapes with (a) 0.40 and (b) 0.15 g-cm > density. Insets show
increased magnification of the tape cross section. The scale
bars show 50 um for the main images and 5 um for the
insets.

composite tapes up to 15 cm wide (Figure 2c). The
size of these tapes was limited only by the width of the
doctor blade and the width and length of the substrate;
hence, even larger composite tapes are feasible using
this approach. Subsequent heating of the composite
tapes at 315 °C removed most of the polymer and
surfactant (Supporting Information Table S1), and the
resulting FGS tape remained flexible and mechanically
robust (Figure 2d,e).

Structural Features. FGS tapes exhibited uniform
thickness and a defect-free microstructure (Figure 3).
The absence of microscale cracks within the FGS tapes
suggests that thermolysis was done slowly enough to
allow the evolved gases to escape from the tape with-
out creating structural defects. Furthermore, the linear
dependence of density on initial FGS concentration
(Supporting Information Figure S2) implies that the
volume occupied by the polymer and surfactant was
simply replaced by air-filled pores during thermolysis.

The structure of the tapes changed with the FGS
concentration in the initial composite tape. An aniso-
tropic structure was observed in the cross-section of
the denser tapes (i.e., higher FGS concentration in the
composite tape), with striations parallel to the tape
surfaces running along the long axis of the tape
(Figure 3a). At lower densities this structure was lost
and the cross-section of the low density tape appeared
more isotropic (Figure 3b). The anisotropy is most likely
caused by the alignment of the graphene sheets,
which could take place due to the constrained rota-
tional motion of FGSs with increasing FGS content.?
Alignment of FGS due to shear during the tape casting
process is also expected since the rotary Peclet number
is large (Pe ~ 10°—10° even when the rotary diffusivity
is calculated based on dilute conditions).?® However, as
there was sufficient time during solvent evaporation
for rotational Brownian motion to randomize the
orientation of FGSs after shearing, the anisotropic
structure of the tapes is most likely not due to shear
during the casting process.
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Figure 4. XRD spectra of composite and heat-treated tapes
and a freeze-dried sample of an FGS/surfactant suspension
used for the preparation of a tape casting suspension. PEO
diffraction peaks (~20° and ~24°) are apparent only in the
spectra of the freeze-dried suspension and composite tape.

The degree of graphene restacking in our FGS tapes
was monitored through X-ray diffraction (XRD) analysis
(Figure 4), the presence of graphite being indicated by
the appearance of a diffraction peak centered at an
angle of 26.4°. The amount of scattering was very low
for powders formed by freeze-drying suspensions of
FGS. The graphitic peak was seen to be higher for the
composite tape, implying that FGSs partially reas-
sembled into stacked structures during solvent evap-
oration. Further, the little difference that was seen to
exist between the diffraction intensities of the compo-
site and thermolyzed FGS tapes showed that removing
most of the polymer and surfactant from the compo-
site tape (Supporting Information Table S1) had little
effect on the degree of graphitization (Figure 4).

A degree of graphene restacking is required to
fabricate self-supporting, three-dimensional graphene
networks, but stacks of FGSs containing more than a
few sheets must be avoided to more fully exploit
graphene's properties.”” Therefore, the amounts of
graphitic and graphene regions need to be balanced
to combine a mechanically robust tape with more
graphene-like properties, such as high surface area
and electrical conductivity. Even though some graphi-
tization occurred during their preparation, the surface
area of FGS tapes was significantly higher than the
values reported for graphene networks formed by
evaporative drying of suspensions of flatter graphene
sheets (44 mz-g”).28 Our conjecture is that the
crumpled structure of FGSs'""'? limits the contact area
between adjacent sheets, whereas flattening the
sheets increases the degree of overlap and results in
a lower surface area.

FGSs can be flattened and the spacing between
the sheets reduced through thermal treatment
(Supporting Information, Figure S3). XRD patterns from
FGS tapes heated to 1000 °C (“reduced FGS tapes”) did
not appear to be significantly affected by the higher
temperature treatment (Figure 4), indicating that the
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FGSs were not significantly flatter than those in the FGS
tapes. Although the oxygen content of the sheets was
lowered, the apparent density and surface area of the
tapes were only slightly different from those of the
FGS tapes treated at 315 °C (Supporting Information
Figure S2 and Figure S4). However, heating the tapes to
2250 °C (“annealed FGS tapes”) had a significant effect
on the intensity of the XRD peaks (Figure 4). The higher
temperature of annealing partially restored the sp?
network within the sheets®® causing the sheets to
flatten (Supporting Information Figure S3). The flatter
sheets then stacked more readily (Figure 4), increasing
the apparent density by 17 to 49% when compared
to FGS tapes and decreasing the surface area to
~200 m?-g~" (Supporting Information Figure S2 and
Figure S4).

Electrical Properties. The electrical conductivity of the
FGS tapes changed by 2 orders of magnitude, from 130
t0 24000 S-m ™" depending on the FGS concentration
and the heat treatment protocol (Figure 5a). Increasing
the FGS concentration in the tapes increased the
number of conductive paths in the sample and re-
sulted in higher conductivities. We separated the effect
of heat treatment on FGSs from that on the polymer
and surfactant by comparing the electrical properties
of the tapes with those of pellets formed by compres-
sing FGS without any binders (“FGS pellets”). At a given
FGS concentration, the conductivity of the tapes
doubled following the removal of the polymer and
the surfactant at 315 °C and increased another order of
magnitude when reduced at 1000 °C (Figure 5a). The
pellets' conductivity also increased when heated at
315 °C, but to a smaller extent. These observations
suggest that a significant part of the increase in the FGS
tape's conductivity during the first heat treatment was
due to decreasing the contact resistance between the
FGSs simply by removing the polymer and surfactant. A
smaller effect resulted from changes in the FGSs
themselves, seen as an increase in C/O from 13 to
17.2° A further 8 to 10-fold increase in conductivity was
exhibited by both the reduced (1000 °C) tapes and
reduced pellets. Since the pellets did not contain any
material other than FGS, we conclude that the con-
ductivity of the tapes was strongly affected by the
changes in FGS, particularly the drastic increase in C/O,
but not so much by changes in the polymer and
surfactant residues upon reduction (Supporting Infor-
mation Table S1).

Extrapolating the measured relationships between
conductivity and the density for reduced and annealed
FGS tapes (Figure 5a) to the density of graphite (1.84
g-cm3)*! gives values of 1.0 x 10° S-m ' and 1.2 x
10° S-m ™', respectively. These are very close to the
conductivity of polycrystalline graphite (1 x 10°
S-m~")* but lower than the conductivity of highly
ordered pyrolytic graphite (HOPG) or single grap-
hene sheets (Figure 3a), indicating that the contact
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Figure 5. The effect of heat treatments on tape properties. (a) Conductivity as a function of FGS concentration in the tapes and
compressed FGS pellets; (b) tensile strength; (c) modulus and elongation at break (inset of panel b) of the tapes as a function of
apparent density. Standard deviations are calculated for each point from three or more identically prepared samples.

resistance between the sheets played a significant role
in the conductivity of the tapes. Annealing at 2250 °C
resulted in a 50 to 300% increase in conductivity over
that of the reduced FGS tapes, and the conductivity
reached a maximum measured value of 24 kS-m™'
(Figure 5a). This improved tape conductivity may have
resulted from increasing FGS conductivity due to
removing defects and increasing C/O (from 247 to
371),*° as well as decreasing contact resistance. Both
the decrease in separation between sheets, caused by
the removal of oxygen-containing functional groups
and the increase in contact area, due to flatter sheets,
contributed to a lower contact resistance.

Mechanical Properties. Both the strength and the
modulus of FGS tapes increased with increasing den-
sity, a measure of the increasing volume fraction of
FGSs in the tapes (Figures 5b,c). Within a unit cross-
sectional area, higher volume fractions of FGSs in-
creased the load-carrying area, raising the strength of
the tape. The increase in modulus with density is well-
known for porous materials.>®> The modulus, E, of a
porous network whose skeleton is held together by
covalent or ionic bonds exhibits a power-law depen-
dence on the density p, E ~ p"; where the exponent
n falls between the limits of 2 and 3 depending on the
pore structure.>*3* Interestingly, n is between 1.5 and
1.9 for our tapes. The most likely reason for low n is that
the FGS network is held together by weak van der
Waals forces.3® The increase of n from 1.5 to 1.7 upon
reducing FGS at 1000 °C and to 1.9 upon annealing FGS
tapes at 2250 °C supports this hypothesis. While the
bonds between the graphene sheets remained weak,
the spacing between FGSs decreased concomitantly
with increasing contact area during heating, both of
which increased the extent of van der Waals bonding
within the network.

Extrapolating the respective relationships between
the tapes' strength and modulus to density (Figure 5b,c)
we observe that the strength and modulus of the tapes
(25—142 MPa, and 20—55 GPa) are similar to those
of polycrystalline graphite (30 MPa and 18 GPa,
respectively),>’ when extrapolated to the density of
graphite (1.84 g-cm3).3" These values are orders of
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magnitude lower than the strength and modulus of a
single sheet of graphene (130 GPa and 1.0 TPa,
respectively)®® indicating that the mechanical proper-
ties of the tapes were not governed by the in-plane
properties of the graphene sheets. Instead, the tapes'
mechanical properties were determined by the weak
interactions (i.e., van der Waals forces and frictional
forces) between the sheets. The wrinkled topography
of reduced FGSs is expected to hamper sliding of the
sheets over one another, enhancing the frictional
forces and resulting in a higher strength and modulus.
Annealed FGS tapes are flatter (Supporting Information
Figure S3), containing less oxygen and fewer defects,
and the spacing between the annealed sheets
is smaller. These countervailing properties led to
strengths and moduli observed to lie between those
of FGS and reduced FGS tapes (Figure 5b,c). As in other
layered materials, a significant elongation in compar-
ison to brittle materials, ~ 0.5% (inset of Figure 5¢), is
observed and can be explained as the distributed
deformation due to the sliding of overlapping regions
through a strain hardening mechanism. Even without
binder, the strength of current FGS tapes meets or
exceeds the strength range (0.55—5.5 MPa) of green
tapes (here, green tapes refer to composite tapes of
ceramic particles and binder commonly used to man-
ufacture microcircuits) used in commercial electronic
applications, suggesting that FGS tapes are strong
enough to be handled and processed in a similar,

industrial-scale, manner.3” 39
Comparison of FGS Tapes with Other Carbonaceous Materials.
The FGS tapes had lower density compared to those of
other carbonaceous networks, while exhibiting high
surface area, good electrical conductivity, and robust
mechanical properties (Figure 6a—d). We attribute this
combination of features to the consolidation of FGSs
during tape casting and thermolysis that resulted in a
“patch-quilt” structure. In this model, crumpled gra-
phene sheets are randomly interwoven and stitched
together by overlapping, graphitic junctions. The re-
sulting graphene—graphite hybrid contains regions of
single wrinkled sheets, enhancing the overall surface
area, plus graphitic regions composed of partially
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Figure 6. Comparison of carbonaceous materials. Panels a—d compare electrical and mechanical properties and surface area
of our tapes with the corresponding properties of other carbonaceous films, tapes, and monoliths. The diagonal lines in panel
b represent constant values for the multiplication of conductivity with surface area and are plotted to guide the eye. Both high
conductivity and high surface area are desirable for electronic applications. Although the relative importance of each
attribute is device specific, we assume an equal weighting to conductivity and surface area, thus the higher the diagonal, the
better device performance. Standard deviations are calculated from three or more identically prepared samples. (1) FGS
tapes, (2) reduced FGS tapes, (3) annealed FGS tapes, (4) carbon monoliths containing 30 wt % carbon nanotubes,*? (5) carbon
monoliths without carbon nanotubes,*? (6) carbon monoliths with 8 wt % double-walled carbon nanotubes,** (7) carbon
monoliths,*® (8) carbon nanotube paper using Triton-X as dispersant,*° (9) carbon nanotube paper using DNA as dispersant,*’
(10) carbon nanotube paper using chitosan as dispersant,*® (11) carbon nanotube ribbons,*' (12) Grafoil foam,*®* (13) ZYX
(Grafoil-like material produced from HOPG),*®>° (14) Grafoil,*® (15) ZYX,*° (16) Grafoil,*® (17) Grafoil,>’ (18) graphene intrinsic
conductivity (calculated from carrier density of 10’ cm 2 and mobility of 200,000 cm?-V~'-s7"),°? (19) graphene intrinsic
conductivity (no charge carriers),>® (20) HOPG**** (21) carbon fibers,** (22) carbon monoliths containing >16 wt % carbon
nanotubes,** (23) carbon monoliths containing <16 wt % carbon nanotubes,** (24) carbon monoliths from carbonized

resorcinol,** (25) Grafoil,*® (26) graphene oxide paper,’ (27) pristine graphene.*®

overlapping sheets, which increase the strength and
modulus. This structure allows for high surface area to
be maintained, and the FGS tapes exhibited values an
order of magnitude higher than those measured for
Grafoil tapes with equivalent densities (Figure 6a,b).
The strength of FGS tapes matched or exceeded the
strength of Grafoil despite having only half of the
apparent density (Figure 6¢). At the time of writing,
the FGS tapes exhibited the highest conductivities
among self-supporting carbonaceous papers and
monoliths such as those composed of Grafoil, carbon
nanotubes,*®*" or carbonized polymers (Figure 6a).***
(Higher conductivity for Grafoil has been reported in
one publication but, by the time of writing, this has
been the only document reporting such high values.

KORKUT ET AL.

Furthermore, the method to determine the reported
conductivities has been called into question*® as it
involved compressing the sample during testing,
thereby increasing the density.) Finally, the modulus
of our tapes was determined to be higher than the
moduli reported for other carbonaceous materials,
when compared at equivalent densities (Figure 6d),
and had comparable or higher strengths (Figure 6c).
To our knowledge, the only macroscopic carbona-
ceous materials which surpass the strength and mod-
ulus of our tapes per density at the time of writing are
carbon fibers.** The high strength and modulus of
carbon fibers (exceeding 6 GPa strength and 800 GPa
modulus) are explained by orienting graphitic zones
along the fiber's longitudinal axis and the extent of
2011
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cross-linking between these zones,** which, unlike the
carbonaceous tapes and papers, allow the load to be
carried by the strong carbon—carbon bonds. This
comparison suggests that improving the mechanical
properties of our FGS tapes while maintaining the
surface area and electrical conductivity could be
achieved by cross-linking the sheets using covalently
bound bridges.

CONCLUSIONS

Tape casting of FGS-polymer composites followed
by thermolysis of the polymer provides an industrially
scalable way of producing large, free-standing and
high surface area FGS tapes having a patch-quilt
structure. We have shown that the density (0.15—
0.51 g-cm3), BET surface area (200—500 m?-g "),
electrical conductivity (130—24000 S-m™"), strength

METHODS

Preparation of FGS Tapes. The fabrication of FGS tapes began
with the production of FGS/surfactant/organic binder compo-
site tapes, which were cast from a suspension of FGS stabilized
with a poly(ethylene oxide)—poly(propylene oxide)—poly-
(ethylene oxide) (EO;0oPOesEO00) triblock copolymer surfac-
tant (F-127, Pluronic, Sigma-Aldrich, St. Louis, MO) in an
aqueous poly(ethylene oxide) (PEO, M, = 600000; Sigma-
Aldrich) binder solution. To produce the FGS (Vor-x, Vorbeck
Materials Inc., Jessup, MD) suspensions, we first prepared an
EO100POs5EOQ 0o surfactant solution with an equal amount of
surfactant (by mass) to that of the FGSs to be added in deionized
water (typically >16 MQ). The equal mass of surfactant to FGS
corresponded to adequate coverage of FGS by surfactant to
ensure a stable dispersion for the duration of the tape casting
process. Then, over a period of 1 h, the FGS suspension was
slowly added to the surfactant solution under continuous
stirring and ultrasonication at 30% power (Vibra Cell, Sonics &
Materials Inc., Newtown, CT) while kept in an ice bath to prevent
heating. The suspension was then centrifuged at 900g for 10
min to remove any remaining agglomerates, and the super-
natant was decanted. The FGS concentration of this super-
natant, measured using UV—vis spectroscopy (model 9430,
IBM, Armonk, NY), was typically ~1.6 wt %. These refined
suspensions were then transferred to a vacuum chamber and
stirred under slight vacuum to remove entrained air.

Binder solutions of 4.5 wt % PEO were prepared by first
adding the PEO powder to absolute ethanol (Acros, Geel 2440,
Belgium) under continuous stirring at 65 °C and then adding an
equal volume of water. Premixing the PEO with ethanol pre-
vents the formation of clumps and facilitates the homogeneous
dispersion of the PEO. Stock PEO solutions were then added to
the FGS/surfactant suspensions to obtain FGS/surfactant/PEO
tape casting suspensions having the desired weight ratios. The
tape casting suspensions were stirred for at least 2 h prior to
casting.

Rheological measurements (Rheometrics Fluid Spectro-
meter RFS-Il, Rheometrics Inc., Piscataway, NJ) were done using
a parallel plate fixture (diameter: 5 cm). The temperature of the
fixture and the sample was kept constant at 25 °C using a
temperature controlled water bath (Rheometrics Environmen-
tal Control Circulator, Rheometrics, Inc.).

The glass plates on which the tapes were cast were prepared
by first cleaning their surfaces using detergent followed by 1 M
KOH (aq) solution (Acros). After rinsing and drying, the sur-
faces were treated with a mixed silane solution [a mixture of
6.6 mM octadecyltrichlorosilane (Sigma-Aldrich) and 3.3 mM
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(2—17 MPa) and modulus (0.6—3.3 GPa) of FGS tapes
can be tuned by adjusting the FGS concentration in the
composite tapes and the heat treatment protocols.
Increasing the FGS concentration increased all afore-
mentioned properties except the surface area, which
remained constant. Reduction at 1000 °Cimproved the
conductivity, strength, and modulus; however, it did
not affect the density or the surface area determined
using nitrogen adsorption. Annealing at 2250 °C en-
hanced the graphitization, which reduced the surface
area and densified the material. Consequently, anneal-
ing further increased the conductivity at the expense
of the strength and the modulus. Comparison with the
current literature shows that the values of conductivity,
strength, and modulus of these tapes, per density,
meet or exceed those of all other high surface area
carbonaceous tapes or paper-like materials.

aminopropyltriethoxy silane (Sigma-Aldrich) in hexane (Acros)]
then dried to reduce the adhesion between the glass and the
composite tape. Without this silane treatment, the tapes could
not be peeled cleanly off the glass.

The FGS/surfactant/PEO suspensions were cast on the
silane-coated glass plate using a doctor blade assembly
(model SDBA, Richard E. Mistler, Inc., Morrisville, PA) with a
1.5 mm blade gap in a class 1000 soft wall clean room (model
DFE1214-7, Atmos-Tech Industries, Ocean, NJ). The tapes were
dried in the clean room at ambient temperature for several days
and then removed from the glass templates to obtain large,
free-standing tapes.

The thermolysis of the binder and surfactant from these
composite tapes was done in a graphite-element furnace
(model 1000, Thermal Technology LLC, Santa Rosa, CA). To heat
many samples in each batch, composite tapes were stacked
alternating with Grafoil sheets (GTB grade, 125 um thick, Union
Carbide, Cleveland, OH). The pressure in the furnace chamber
was first reduced to 100 mTorr and then backfilled with dry
nitrogen to atmospheric pressure in order to decompose the
organics in a nonoxidizing atmosphere. Thermolysis runs were
done under flowing nitrogen at 2 SCFM (3.4 m3-h~"). The
furnace chamber was heated to 90 at 5 °C-min~", held for 1 h
to remove volatiles, then heated to 315 at 5 °C-min~" and held
at the higher temperature for 10 h. When higher temperatures
were used for subsequent processing, the furnace temperature
was raised at 10 °C-min~' to the target temperature. As
dissociation of nitrogen becomes appreciable above 1237 °C,
for heat treatments above 1000 °C, argon was used in the
furnace chamber as the inert atmosphere.

Preparation of FGS Pellets. FGS pellets, comprising only com-
pacted FGSs, were used to distinguish between the contribu-
tions of FGSs and the thermolyzed surfactant and PEO to the
conductivity of FGS tapes and reduced FGS tapes. By compres-
sing ca. 100—150 mg of FGSs using a cylindrical stainless steel
die with inner diameter of 2.9 cm and height of 4.4 cm under a
hydraulic press (Carver Laboratory Press, model-C, Fred. S.
Carver Inc, Menemonee Falls, WI) brittle FGS pellets were
formed. The density of the pellets was adjusted by varying
the load between 40 and 150 MPa. Subsequent heat treatments
for the pellets were done under the same conditions used for
the thermolysis of the composite tapes and reduction of FGS
tapes.

Preparation of Freeze Dried FGS Powder. To probe the effect of
solvent evaporation on the graphitization of FGSs, freeze-dried
samples were prepared. To freeze-dry an FGS suspension
that has been sonicated, deaired, and classified as previously
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described, the suspension was added dropwise to the ultra-
sonicator probe at 60% power (Vibra Cell). When the drop
reached the tip of the probe it vaporized and settled into a
bath of liquid nitrogen stirred by a propeller creating a frozen
suspension. This frozen suspension was then placed in an
insulating container and freeze-dried (Virtis AdVantage, Gardiner,
NY) at 50 mTorr for 96 h.

Characterization. The density of the tapes was determined by
measuring the dimensions and weight of rectangular pieces.
The densities for three samples were measured for each FGS
concentration and the average density was reported. The
volume fraction of the FGSs in the tapes was determined
assuming a FGS density of 2.2 g-cm™3, the density of graphite
as calculated from the hexagonal carbon lattice with an inter-
layer graphitic spacing of 0.34 nm.

Composite tapes were examined by simultaneous thermal
analysis (STA; 449 C Jupiter, Erich Netzsch GmbH & Co,
Germany) incorporating a thermogravimetric analyzer (TGA)
and a differential scanning calorimeter (DSC). Aluminum pans
were used and all STA measurements were done under flowing
dry nitrogen (40 mL-min~"). The DSC was calibrated using a set
of standards (In, Sn, Bi, Zn, CsCl) with well-known temperatures
and enthalpies of phase transitions. TGA runs of composite
tapes were performed to determine the onset of decomposition
and the required duration of the heat treatment. Two runs of
thermal analysis were done: in the first run the temperature was
increased at a rate of 1 °C-min~' and the decomposition
temperature was determined; in the second run, the sample
was held at the decomposition temperature and the time
required for complete decomposition was determined. On
the basis of the information from STA, the thermolysis proce-
dure described in the preceding section was chosen.

The morphology of the tapes was investigated by scanning
electron microscopy (SEM; Tescan 5130MM, Czech Republic)
under 20 kV accelerating voltage. For cross sectional images,
tapes were secured to 45° sample holders using carbon adhe-
sive tabs.

The molar carbon to oxygen ratio (C/O) of the samples,
which provides an overview of the changes in FGSs during heat
treatments, was determined by CHO (combustion) chemical
analysis (Atlantic Microlab Inc., Norcross, GA).

To analyze FGS spacing and the degree of graphitization in
tape samples, X-ray diffraction (XRD) patterns were obtained
using a desktop diffractometer (Rigaku MiniFlex II, Cu K, radia-
tion at 4 = 1.54 A, The Woodlands, TX) sampling at 2° min~",
30 kV and 15 mA.

Surface area was determined from the nitrogen adsorption
by the Brunauer, Emmett, and Teller (BET) method*® using a
surface area analyzer (Gemini V, Micromeritics Instrument
Corporation, Norcross, GA). Eleven data points were taken for
each fit from a relative pressure of 0.05—0.30, with an equilib-
rium time of 5 s, an evacuation rate of 13.3 kPa-min~"' (100
mmHg-min~"), and an evacuation time of 2 min. Samples were
dried for 3 h at 200 °C under vacuum before measurement.

Electrical conductivity measurements were made similarly
to the described 1503915 standard procedure.*” Copper tapes
(3M, St. Paul, MN) were attached to the two sides of a rectan-
gular piece of graphene tape or compressed pellet and a
constant current of 2—10 mA was applied using a potentiostat
(SP-150, BioLogic, Knoxville, TN). For compressed pellets, carbon
paste (Electron Microscopy Sciences, Hatfield, PA) was applied
between the sample and the copper tape in order to ensure
equipotential cross sectional areas. The potential difference
between two points along the direction of the current flow
was simultaneously recorded for 20 s using the same potentio-
stat. The average potential drop and the applied current were
used to calculate the conductivity of the samples using the
formula

o — 1/

VA
where , V, /, and A are the applied current, measured potential
difference, distance between the two points where the poten-

tial difference is measured, and the cross sectional area for the
current flow, respectively.
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Mechanical testing was done using a load frame (Instron
model 5567A, Instron, Norwood, MA) equipped with pneumatic
grips with rubber faces. Dogbone-shaped samples were cut
from composite tapes using a punch of the appropriate shape
and size. Samples were 4.55 mm wide and 22.55 mm long.
Following thermolysis, the reduced and the annealed
samples were tested under tensile load applied at a velocity

of 1 mm-min~".
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