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raphene nanoribbons (GNRs), thin

elongated strips of sp? bonded car-

bon atoms, can be fabricated by
unzipping carbon nanotubes (CNTs)." 3 The
outstanding electronic and spin transport
properties of GNRs make them attractive
materials in a wide range of device
applications.3> GNRs have been produced
by several techniques including
lithographic,®” chemical,® sonochemical,?
and chemical vapor deposition (CVD).° Re-
cently, Dai and co-workers have synthesized
microscopic quantities of narrow nano-
ribbons by unzipping CNTs using the
plasma etching route in the gas-phase.? In
the present study, we applied the solution-
based oxidative method,"° synthesizing
bulk quantities of thermally treated GNRs,
for epoxy nanocomposite applications.

While two-dimensional graphene sheets

derived from graphite oxide and other
graphite intercalation compounds have
been extensively used for structural rein-
forcement in composites, to the best of our
knowledge this is the first report on the me-
chanical properties of GNR—polymer com-
posites. Herein we investigated the tensile
strength, Young’s modulus, ductility, and
toughness of an epoxy polymer reinforced
with thermally treated GNRs. The results
were compared to those of multiwalled car-
bon nanotube (MWNT) epoxy composites
to establish the effect of the unzipping role
of the MWNTSs on the mechanical properties
of the composite. We also compared the
theoretically predicted elastic properties
(using the Halpin—Tsai model) of GNR com-
posites with our experimental data. The
comparison reveals that the dispersion
quality of GNR appears to have degraded
above ~0.3% GNR weight fraction. The
model predictions indicate that further im-
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ABSTRACT Itis well established that pristine multiwalled carbon nanotubes offer poor structural
reinforcement in epoxy-based composites. There are several reasons for this which include reduced interfacial
contact area since the outermost nanotube shields the internal tubes from the matrix, poor wetting and interfacial
adhesion with the heavily cross-linked epoxy chains, and intertube slip within the concentric nanotube cylinders
leading to a sword-in-sheath type failure. Here we demonstrate that unzipping such multiwalled carbon
nanotubes into graphene nanoribbons results in a significant improvement in load transfer effectiveness. For
example, at ~0.3% weight fraction of nanofillers, the Young's modulus of the epoxy composite with graphene
nanoribbons shows ~30% increase compared to its multiwalled carbon nanotube counterpart. Similarly the
ultimate tensile strength for graphene nanoribbons at ~0.3% weight fraction showed ~22% improvement
compared to multiwalled carbon nanotubes at the same weight fraction of nanofillers in the composite. These
results demonstrate that unzipping multiwalled carbon nanotubes into graphene nanoribbons can enable their
utilization as high-performance additives for mechanical properties enhancement in composites that rival the
properties of singlewalled carbon nanotube composites yet at an order of magnitude lower cost.

KEYWORDS: graphene nanoribbons - multiwalled carbon nanotubes -
nanocomposites - mechanical properties - structural reinforcement

provements in the mechanical properties
are possible if the dispersion of GNRs in the
epoxy matrix can be improved at the higher
nanofiller loading fractions.

MWNTs were unzipped based on a
solution-based oxidative mechanism by en-
gaging permanganate in an acid. A chemi-
cal reduction step was then used to relieve
oxygen containing bonds resulting in
graphene oxide nanoribbon (GONR) strips.'
The synthesized GONRs were thermally re-
duced (heated to ~1050 °C in ~35 s) to ex-
pel oxygen groups and create GNRs. The
protocols employed to thermally treat the
GONRs are provided in the Materials and
Methods section. The as-produced GNRs
were dispersed in a bisphenol A based ther-
mosetting epoxy by ultrasonication and
high-speed mixing (Materials and Meth-
ods). Additional details regarding our dis-
persion method are available in refs 11—14.
To investigate the mechanical properties of
the nanocomposite, uniaxial (static) tensile
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Figure 1. Scanning electron microscopy (SEM) characteriza-

tion of the multiwalled carbon nanotubes (a) before and (b)
after the oxidation process. Complete unzipping of the mul-
tiwalled carbon nanotubes into graphene oxide nanoribbons

is evident from the images. As-produced graphene oxide

nanoribbons were subsequently thermally reduced to yield

graphene nanoribbons.

tests were conducted on dog-bone-shaped coupons.

The Young's modulus of the nanocomposites were de-
termined and compared to the predictions of the well-

established Halpin—Tsai model for fiber-reinforced

composite materials. In addition, we also characterized
the ultimate tensile strength, ductility, and the tough-
ness of the GNR/epoxy and MWNT/epoxy composites in

comparison to the baseline (pristine) epoxy.
Figure 1a,b depicts scanning electron microscopy

(SEM) images of MWNTSs before and after the oxidation
process. The purified MWNTSs were procured from Bayer
Corporation’s Baytubes, and have an average outer di-

ameter of ~14 nm, inner diameter of ~10 nm, and

length in the range of 1—10 wm. As seen in the SEM im-

ages, MWNTs were completely unzipped, resulting in
complex, wavy-structured GONRs strips. The typical

width of the strips lies in the 50—100 nm range, while
the length of the strips lies in the 1—10 wm range. Our

simple solution-based oxidative process' generates a

nearly 100% yield of nanoribbon structures by length-

wise cutting and unravelling of the MWNT side walls.
Oxygen groups in the GONR were later eliminated by

thermal reduction (Materials and Methods section). The

GNR were uniformly dispersed by ultrasonication and
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high-speed shear mixing (Materials and Methods sec-
tion) in the epoxy resin and cured to generate dog-
bone-shaped coupons for the uniaxial tensile character-
ization. The weight fraction of GNR additives was varied
in the 0—0.4% range. Figure 2a depicts a typical scan-
ning electron micrograph of the freeze-fractured sur-
face of the GNR/epoxy nanocomposite for ~0.3%
weight fraction of GNR. The image shows GNR addi-
tives dispersed in the matrix; there was no indication
of a large agglomeration or clustering of the fillers.
Moreover the GNRs do not pull-out easily from the frac-
ture surface as is typical of MWNTs. The inset in Figure
2a depicts a zoom-in SEM image of a GNR cluster that
does appear to have been pulled out of the matrix. A
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Figure 2. (a) Typical SEM image of free-fractured surface of
graphene nanoribbon epoxy composite with ~0.3% weight
of nanofillers. Inset shows a high resolution image of an ag-
glomerated nanoribbon cluster surrounded by the matrix-
rich region. (b) Typical stress vs strain curve of the baseline
epoxy and nanocomposite formulations with varying weight
fractions of graphene nanoribbon additives. (c) Correspond-
ing stress vs strain response for MWNT/epoxy composites.
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low number density of such pulled out clus-
ters was observed on the fracture surface of
the composite. For the most part the epoxy
polymer appears to wet the GNR surface,
which suggests a strong interface. Note that
MWNTs suffer from intertube slip which de-
grades their ability as structural reinforcement
additives. While interlayer slip is not com-
pletely overcome in GNR, there is a larger sur-
face area on the GNRs available for interac-
tion with the host epoxy.

Uniaxial tensile tests were conducted at a
crosshead speed of ~1.5 mm/min at room
temperature (~23 °C) using an MTS-858 sys-
tem operated in the displacement control
mode. Details regarding the sample geom-
etry used for tensile testing are provided in
the Supporting Information. Figure 2b illus-
trates the typical stress—strain response of
the baseline epoxy and GNR/epoxy compos-
ites for ~0.125%, ~0.3%, and ~0.4% weight
fraction of GNR additives. The GNR compos-
ites exhibit significant increase in the Young’s
modulus and the ultimate tensile strength
compared to the baseline epoxy at the ex-
pense of a drop in the ductility (i.e., the strain-
to-break). The tests were also repeated for
MWNT/epoxy composites at the same nano-
filler loading fractions (Figure 2c). To check for
statistics, between three to five specimens at
each nanofiller weight fraction were tested,
and the ultimate tensile strength (UTS) and
Young's moduli (E) were determined (Figure
3a,b). The tensile strength of MWNT compos-
ites only increased by ~2—4% compared to
the pristine epoxy, while the tensile strength
of the ~0.3% weight GNR/epoxy nanocom-
posite increased by ~22%. There was no sig-
nificant increase in the Young'’s modulus of
the MWNT/epoxy composites, confirming that
pristine MWNTSs are poor additives for rein-
forcing highly cross-linked epoxy polymers
which are unable to wrap around and inter-
lock effectively with the atomistically smooth
carbon nanotube surfaces.” By contrast, for
~0.3% weight of GNR additives, the Young's
modulus showed over 30% increase com-
pared to the baseline epoxy and the MWNT-
reinforced epoxy. Considering that our tests
were performed on a heavily cross-linked ep-
oxy (which displays an inherently high level of
modulus/strength), this is an impressive level
of increase in mechanical properties at low
nanofiller loading. By comparison, for ~1%
weight of functionalized singlewalled carbon
nanotube (SWNT) fillers in epoxy, Zhu et al. re-
ported ~30% and ~15% increases in the
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Figure 3. Uniaxial mode tensile testing. (a) Averaged results for the ultimate
tensile strength (UTS) for the baseline epoxy and nanocomposites with vary-
ing loading fraction of nanofillers. (b) Absolute value and percentage changes
in the Young’s modulus of the pristine epoxy and nanocomposites with various
nanofiller weight fractions. (c) Percent elongation at failure for the baseline ep-
oxy and nanocomposites with various nanofiller weight fractions. (d) Corre-
sponding results for the material toughness (i.e., the total area under the stress
vs strain curves) for the baseline epoxy and the various nanocomposite

formulations.
VOL. 4 = NO.12 = 7415-7420 = 2010 ACSNJANICO)

110114

7417



7418

Young's modulus and the tensile strength, respec-
tively.'® In our case, we demonstrate similar levels of en-
hancement in the modulus and strength for GNR com-
posites at ~70% lower weight fraction of the
nanofillers.

In addition to tensile strength and modulus, we
also compared the ductility (i.e., strain-to-break) and
the toughness (i.e., energy absorbed at failure which is
the total area under the stress vs strain curve) of the
baseline and nanocomposite epoxies. Figure 3¢ indi-
cates that the ductility of the GNR composites is about
10—15% lower than the pristine epoxy. The reduced
ductility may be caused by stress concentration in the
vicinity of the filler; this typically occurs when hard fill-
ers are incorporated into a brittle matrix. Besides, ag-
glomeration of GNR can lead to defects in the matrix
that can act as seed points for crack initiation and pre-
mature fracture. Similar loss of ductility was also seen
for MWNT composites (Figure 2c and Figure 3c). Ductil-
ity is usually critical for metals where the manufactur-
ing processes are based on metal forming operations
(e.g., rolling, extrusion). For epoxies, 10—15% loss in
ductility can be tolerated provided that other mechani-
cal properties such as modulus and strength are en-
hanced. Figure 3d shows the material toughness for the
baseline epoxy and the MWNT and GNR epoxy nano-
composites. MWNT composites show lower toughness
than the baseline epoxy, while for the ~0.3% weight
fraction GNR/epoxy composite the toughness is mar-
ginally increased compared to the baseline epoxy.

To predict the elastic properties of the GNR/epoxy
composites, the GNR strips were modeled as rectangu-
lar cross-section fibers having width (W), length (L), and
thickness (t). The well-established Halpin—Tsai
equations'’ "' developed for randomly oriented fiber
reinforcement were applied as follows:

Ec §(anVGNR + 1) E(ZCnWVGNR + 1)

*= ﬁ -8\ - [RZN 8\ 1 — TnyVenr
(1
_p—-1
nL B+C (2)
-1
NMw = Eﬂ &)

where « is the ratio of the composite’s modulus (E¢) to
that of the pure epoxy (Ew), Ecng = 1 TPa is the Young's
modulus of GNRs, Vg is the GNR volume fraction, and
{ and B are constants which are defined as follows:

_ WL

¢ t

(4

_ Egw
p= ﬁ (5)

Substituting from equations 2—5 into eq 1, the ratio of
the composite’s modulus (Ec) to that of the pure epoxy
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(Em) can be expressed as a function of the volume frac-
tion of reinforcements as follows:
w= .3
Enw 8
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+
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(6)

The weight fraction of GNRs was converted into vol-
ume fraction based on the estimated densities of GNRs
and the epoxy. On the basis of information provided by
the MWNT supplier and our SEM characterization, the
average size of GNRs was estimated as ~5 wm in length
(L), ~78 nm in width (W), and ~4 nm in thickness (t).
As a conservative estimate, the density of the GNRs was
taken as the standard density of graphite (~2.25 g/cm?).
Figure 4 shows the results of the theoretical predic-
tions from eq 6 in comparison to the experimental val-
ues. There is reasonable agreement between theory
and experiment until ~0.13% volume fraction (i.e.,, 0.3%
weight fraction), beyond which the experimental data
for the Young’s modulus begins to drop off below the
theoretical prediction. This suggests that the quality of
dispersion of GNR in the epoxy resin begins to degrade
beyond a weight fraction of ~0.3%. This result is consis-
tent with two-dimensional graphene platelets which
begin to agglomerate at even lower weight fractions
(~0.1%) in epoxy matrices.!" This highlights the need
for continued research to develop new methods to en-
hance GNR dispersion at higher loading fractions in or-
der to derive the full benefit of these unique materials
for structural composites.
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Figure 4. Theoretical predictions from the Halpin—Tsai
model for normalized Young’s modulus of graphene nano-
ribbon composites plotted versus nanofiller volume fraction,
indicating reasonable agreement between theory and ex-
perimental data up to ~0.13% volume fraction (~0.3%
weight fraction) of nanofillers.
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To understand the underlying mechanisms that are
responsible for the improved performance of GNR, we
compared the surface chemistry and defect density of
MWNTs, GONRs, and GNRs using X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. We find
that the surface chemistry of the MWNTs and GNRs
used in the testing is very similar as confirmed by XPS
characterization (Supporting Information). The elimina-
tion of oxygen containing groups was confirmed by the
C1s spectrum of GNR (Supporting Information), since
no peaks corresponding to C—0 (~286 eV) and (=0
(~287.8 eV)'92021 honds were observed for the ther-
mally reduced GNRs. Consequently, surface chemistry
alone is not responsible for enhanced effectiveness of
GNRs over MWNTs as a structural reinforcement addi-
tive. The Raman spectra for GNRs and MWNTSs (Support-
ing Information) indicate that the ratio of the inte-
grated intensity of the D band to G band is ~1.25 for
GNR compared to ~1.04 for MWNT indicating that the
GNRs are somewhat more defective than MWNTs, and
likely provide greater handles for interaction with the
host epoxy. More importantly, however, is the surface
area of the nanoribbons relative to the tubular struc-
tures; therefore, taken together, the nanoribbons are
superior. The average specific surface area of the MWNT
and GNR samples in the powder form was measured
by standard BET N, cryosorption experiments (see Sup-
porting Information). The specific surface area of GNR

MATERIALS AND METHODS

GNR Preparation. A mixture of sulfuric acid (98%, 180 mL) and
phosphoric acid (85.8%, 20 mL) was added to Baytubes (lot no.
C70P, 1 g, 83 mmol), and the mixture was stirred. Potassium per-
manganate (6 g, 38 mmol) was added in three portions over
~30 min to the reaction mixture. After ~15 min, the mixture
was heated to ~45 °C and stirred at that temperature for ~24
h. The reaction mixture was cooled to room temperature and
poured onto ice containing ~10 mL of hydrogen peroxide (30%).
The GONRs were collected by centrifuging the mixture at 4100
rpm for ~90 min. After the solution was decanted, the resulting
wet GONRs were redispersed in ~150 mL of hydrochloric acid
(10%) and centrifuged again. This process was repeated two
more times. Then the wet GONRs were dispersed in ~50 mL DI
water and transferred to a dialysis bag and dialyzed in running DI
water for 1 week to remove the residual acid and inorganic
salts. The water was removed under reduced pressure, and the
GONRs were dried in a vacuum oven at ~70 °C for ~16 h. Finally,
the as-produced GONRs were thermally reduced to GNRs by in-
sertion for ~35 s into a tube furnace (Thermolyne 79300, Thermo
Fisher Scientific, Inc., USA) preheated to ~1050 °C.

Nanocomposite Processing. GNRs were first dispersed in acetone
(~200 mL of acetone per ~0.1 g of GNR) by high amplitude ul-
trasonication (Sonics Vibracell VC 750, Sonics and Materials Inc.,
USA) for ~1.5 h in an ice bath. A thermo-setting epoxy resin
(Epoxy-2000 from Fibreglast Inc., USA) was added to the solu-
tion and sonicated, following the same procedure. The acetone
was removed through heating and magnet stirring the mixture
for ~3 h at ~70 °C. To eliminate any trace amount of acetone re-
maining, the mixture was placed into a temperature controlled
vacuum chamber for ~12 h (at ~70 °C). After, the GNR/epoxy
blend cooled down to room temperature, a curing agent (2120
from Fibreglast Inc., USA) was added and mixed by using a high
speed shear mixer (ARE-250, Thinky, Japan) at ~2000 rpm (for
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(~511 m?/g) was found to be significantly greater than
that of a MWNT (~291 m?/g). This confirms that the
combined GNR surface areas are far greater than that
of the MWNTSs from which they are derived, and this
likely contributes considerably to the strong interfacial
interaction of the GNRs in epoxy rather than MWNT in-
teractions in epoxies at the same weight loadings.

CONCLUSION

While pristine MWNTSs are ineffective at reinforcing
epoxy composites, unzipping them into GNRs results
in significant improvement. In our view, the two main
factors responsible for this are as follows. (1) Surface
area: The unraveling of MWNT into GNR platelets gen-
erates a significant increase in the interfacial contact
area since both surfaces of each individual GNR plate-
let will contact the matrix, as opposed to only the out-
ermost cylinder of the MWNT. (2) Geometry: It is chal-
lenging for highly cross-linked polymers such as
epoxies to wrap around tubular MWNTSs (with 10—20
nm diameter) and mechanically interlock with them. We
expect that it is easier for such polymers to adhere to
a flat nanofiller with a sheet or ribbonlike geometry. The
GNRs are also more defective than MWNTSs, which con-
tributes to better interfacial binding. These results indi-
cate that GNRs show significant potential as a structural
reinforcement additive in polymer-based composite
materials.

~4 min). Finally, the mixture is degassed for ~30 min in a
vacuum chamber and is poured into silicon molds for curing un-
der ~90 psi pressure (for 24 h) and postcuring at ~90 °C (for

4 h). The same procedure was followed for dispersion of MWNTSs
in the epoxy matrix.
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