Published on 26 July 2013. Downloaded by Shanghai Jiaotong University on 11/10/2013 09:55:09.

RSC Advances

RSCPublishing

Graphene-aramid nanofiber nanocomposite paper
with high mechanical and electrical performancet

Cite this: RSC Advances, 2013, 3, 17664

Received 21st May 2013,
Accepted 25th July 2013

DOI: 10.1039/c3ra42515k

www.rsc.org/advances

A novel mechanically strong, electrically conductive nanocompo-
site paper based on reduced graphene oxide nanosheets and
aramid nanofibers was prepared by vacuum-assisted filtration
followed by reduction.

Kevlar® (poly(para-phenylene terephthalamide)), synthesized in
solution from monomers 1,4-phenylene-diamine (para-phenylene-
diamine) and terephthaloyl chloride in a condensation reaction,
has attracted great interest in materials science and industrial
applications because of its extreme physical properties and
thermal performance.'™ Due to its liquid-crystalline behaviour,
when Kevlar® is spun, the resulting typical Kevlar® fibers, also
called aramid fibers, are extremely strong and stiff with a tensile
strength of ~3.6 GPa and a modulus of ~90 GPa.®” Typical
applications of aramid fibers include combat helmets, bullet-proof
vests, protective clothing, high-performance monocoque bodies
for F1 racing cars and helicopter rotor blades, etc.® Kevlar® fiber
has always been widely used for reinforcing composite materials,
often in combination with carbon fiber and glass fiber.” ! In
actual industrial application, Kevlar® is usually processed into
Kevlar® yarns through dry-jet wet spinning. Thus, most of the
research works with Kevlar® were based on the macroscopic
fiber, e.g. Kevlar® yarns. The status of the macroscopic Kevlar®
fiber restricts its potential application in composite materials.
Inspired by Kotov’s group, the dissolution of Kevlar® threads or
fabrics in dimethylsulfoxide (DMSO) by controlled deprotonation
with potassium hydroxide (KOH) can effectively split the bulk
Kevlar® macroscale fibers into aramid nanofibers (ANFs)."? In our
previous research work, the reactive ANFs were used for the
functionalization of graphene nanosheets, which resulted in novel
nanofillers for polymer reinforcement."* Graphene nanosheets are
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single layer graphite sheets that consist of sp® carbon atoms
covalently bonded in a honeycomb crystal lattice. Due to their
fascinating features such as thermal conductivity, mechanical
properties and enormous electronic transport properties, gra-
phene nanosheets have aroused great interest to serve as new
nanoscale building blocks to create unique macroscopic materi-
als."*™"” Recently, mechanically strong and electrically conductive
graphene-based papers prepared by vacuum-assisted filtration
have been found to be very attractive and valuable for many
potential applications."®'® As is well-known, nanocomposite
papers are often referred to as thin sheets or films made of
nanomaterials such as carbon nanotubes, carbon nanofibers,
nanoclays, cellulose nanofibrils and graphene nanosheets.”*>
Cao et al. demonstrated that ANFs can act as high-performance
polymeric building blocks and form mechanically robust ANF
nanopapers.*® Therefore, by combining ANFs and graphene
nanosheets, a macroscopic nanocomposite paper with high
mechanical and electrical performance can be expected.

In this communication, we report a novel nanocomposite
paper based on ANFs and graphene oxide (GO) by vacuum-
assisted filtration followed by reduction. The mechanical and
electrical properties of nanocomposite papers have been investi-
gated. With a synergetic effect, the combination of ANFs and
graphene nanosheets can improve the mechanical performance of
nanocomposite papers. The reduced graphene oxide (RGO)-ANF
nanocomposite papers also exhibit good electrical conductivity.

ANFs were obtained from macroscale commercial Kevlar® 49
yarns by deprotonation of the amide groups in a solvent system of
DMSO and KOH. The macroscopic-scale fibers were split into the
ANFs, with a width range from 20 to 50 nm, as measured by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM) (Fig. S3 and S4, ESIf), and yielded a stable
and red dispersion of ANF-DMSO (Fig. 1b).'> As shown in Fig. 1a,
the GO-ANF nanocomposite papers were prepared by self-
assembly by vacuum filtration. For the fabrication of GO-ANF
composite papers, the desired amount of a GO-DMSO dispersion
was slowly added into the ANF-DMSO dispersion. After stirring at
80 °C for 1 h, deionized (DI) water was poured into the reaction
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Fig. 1 (a) Schematic diagram of the fabrication of GO-ANF nanocomposite paper
via vacuum filtration, (b) ANF-DMSO dispersion, (c) GO-ANF flocculation liquid
dispersion, (d) SEM image of freeze-dried flocculated GO-ANF , (e) GO-ANF
nanocomposite paper deposited on the filter film, (f) TRGO-ANF nanocomposite
paper, (g) SEM image of the fracture surface of the TRGO-ANF-5 nanocomposite
paper, and (h) SEM image of the fracture surface of the TRGO-ANF-5
nanocomposite paper at high resolution.

mixture. As observed from Fig. 1c, flocculation was generated and
GO-ANF was suspended in the mixture solution.

GO has a huge surface area and its graphitized basal plane
structure allows it to have strong m—r interactions with the reactive
ANFs in liquid solution. From the SEM images of the freeze-dried
GO-ANF flocculation dispersion, the ANFs were adhered onto the
surface of GO (Fig. 1d). The layered structure of GO was also
interconnected by the ANFs (Fig. S5, ESIf). Similar to free-standing
graphene oxide paper, the GO-ANF nanocomposite paper was
obtained via vacuum-assisted self-assembly (Fig. 1e). With
different feed amounts, the GO-ANF nanocomposite papers are
expressed as GO-ANF-n; where n represents the relative weight
ratio of GO to the ANFs.

ANFs exhibit high reactivity and can act as high-performance
polymeric building blocks.> It is worth noting that there is a gel
phenomenon when the ANF-DMSO dispersion is mixed with DI
water (Fig. S6, ESIf). The reactive ANF building blocks can be
assembled into the gel networks of the ANFs through a
deprotonation procedure after the addition of water. Due to the
strong hydrogen bonding, the ANFs can form a continuous paper
via vacuum-assisted filtration (Fig. S7, ESIt). The macroscopic ANF
nanopaper has a certain mechanical performance with the tensile
strength of ~79.1 MPa. After the combination of GO and ANFs,
the resulting GO-ANF nanocomposite papers exhibit good
mechanical properties. For GO-based composite papers, the
reduction method has an important influence on the mechanical
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Fig. 2 (a) Typical strain—stress curves for the TRGO-ANF nanocomposite papers, (b)
averaged results for the maximum tensile strength of GO, ANF and TRGO-ANF
nanocomposite papers, (c) averaged results for the Young's modulus of GO, ANF
and TRGO-ANF nanocomposite papers, and (d) XRD patterns of GO, RGO, Kevlar®),
ANFs, ANF nanopaper and TRGO-ANF nanocomposite papers.

performance of the produced RGO-based composite papers.*®%2>

Impressively, ANFs have a high thermal stability with mass loss at
around 540 °C, as measured by thermogravimetric analysis (TGA)
(Fig. S8, ESIf). Fig. 1f shows the obtained flexible thermally
reduced graphene oxide TRGO-ANF nanocomposite paper which
has been reduced by thermal annealing at 200 °C.

The strain-stress curves from tensile tests for the TRGO-ANF
nanocomposite papers are illustrated in Fig. 2a. Obviously, the
maximum tensile strength of TRGO-ANF-5 nanocomposite paper
reaches ~209.4 MPa, which is an increase of ~164.7% compared
to the ANF nanopaper. The maximum tensile strength of the
TRGO-ANF nanocomposite paper increases with the amount of
GO. From Fig. 2c, the Young’s modulus of the TRGO-ANF-5
nanocomposite paper reaches ~29.6 GPa, which is ~4.4 times
more than that of the pure ANF nanopaper. Additionally,
compared to the GO and TRGO nanopapers (Fig. S9, ESIf), the
introduction of ANFs can tailor the mechanical performance of the
pure GO and TRGO nanopapers. The results demonstrate that the
combination of ANFs and GO can yield a nanocomposite paper
with a high mechanical performance. The TRGO-ANF nanocom-
posite paper exhibits a lamellar structure with interspersed ANFs,
as observed in the SEM images of the fracture surface (Fig 1g and
1h).

The chemical reduction method was also applied for the
reduction of the GO-ANF nanocomposite paper and hydriodic
acid was chosen as the reducing agent. From Fig. 2b and 2c, the
tensile strengths and Young’s modulus of TRGO-ANF and
chemically reduced GO-ANF (CRGO-ANF) nanocomposite papers
both improved obviously and increased with the amount of GO.
This is attributed to the enhancement of interlayer contact and
interactions of the graphene nanosheets with reduction.'®*® But
for the CRGO-ANF nanocomposite paper, the mechanical
performance was worse than for the TRGO-ANF nanocomposite
paper. Compared to the flexible TRGO-ANF nanocomposite papetr,

RSC Adv., 2013, 3, 17664-17667 | 17665


http://dx.doi.org/10.1039/c3ra42515k

Published on 26 July 2013. Downloaded by Shanghai Jiaotong University on 11/10/2013 09:55:09.

1000

£} n=3 . F 1
° 4 . s
2 n=35
s 10 3 & | |
= 3 n=4
£ 1
S r
-g n=2
g 0.1 3
<
Song & TRGO/ANFs-n
£ * ® CRGO/ANFs-n
5 1E-3 3 n
n=1
1E-4
Sample

Fig. 3 Electrical conductivity of TRGO-ANF and CRGO-ANF nanocomposite papers.

the CRGO-ANF nanocomposite paper was easy to break after
slight bending (Fig. S10, ESIf). In the thermal reduction method,
the residual water and organic species existing between the
graphene nanosheets in the GO-ANF nanocomposite paper were
removed during thermal annealing, leading to a reduced distance
between graphene layers. The van der Waals or n-n interactions
are highly dependent on the distance between the graphene
nanosheets, and significantly increase as the distance decreases.
But during chemical reduction, the original layered structure of
the GO-ANF nanocomposite paper is well protected after the HI
acid reduction. Thus, we consider that the layered structure of the
TRGO-ANF nanocomposite paper is more compact and tighter
than the CRGO-ANF nanocomposite paper (Fig. S11 and S12,
ESIf). As a result, thermal reduction is more beneficial for the
improvement of the mechanical properties.

By combining RGO nanosheets and ANFs, the as-prepared
RGO-ANF paper also exhibits a good electrical conductivity. The
pure ANF papers were not electrically conductive but the
introduction of the RGO nanosheets generated electrical con-
ductivity in the RGO-ANF nanocomposite paper. From Fig. 3, the
electrical conductivities of CRGO-ANF-1 and TRGO-ANF-1 nano-
composite papers are relatively low. However, as can be seen
clearly, a sharp increase in the electrical conductivity was observed
for CRGO-ANF-2 and TRGO-ANF-2 nanocomposite papers. This
increase in the conductivity is attributed to the increased amount
of RGO and the formation of an infinite network of percolated
reduced graphene oxide nanosheets. The TRGO-ANF-5 and
CRGO-ANF-5 nanocomposite papers showed a remarkably high
electrical conductivity of ~145.8 and 79.7 S m ™"

Through strong interactions, the RGO nanosheets were
interconnected by the ANFs. XRD patterns were used to
characterize the layered structure of the TRGO-ANF nanocompo-
site paper (Fig. 2d). The diffraction pattern of the original ANFs
presents two sharp peaks at 20 = 20.6° (d = 0.43 nm) and 23.3° (d =
0.38 nm), which are indexed as (110) and (200) diffractions,
respectively.”” But for the pure ANF nanopapers, the disappear-
ance of the peak at 23.3° demonstrates the loss of crystallinity due
to the hydrolysis process in the continuous ANFs nanostructured
networks.>* In the TRGO-ANF nanocomposite paper, the domi-

, respectively.
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nant peak is at around 24.6° (d = 0.36 nm), which is ascribed to the
graphitization due to the removal of the oxygen-containing
functional groups of GO during thermal reduction.”® This suggests
that the conjugated graphene network (sp> carbons) with a layered
structure is re-established after reduction.”® A shoulder peak at
20.6° is attributed to the interlamellar ANFs in the TRGO-ANF
nanocomposite paper. The appearance of this shoulder peak
proves the introduction of ANFs, consistent with the characteriza-
tion by FT-IR (Fig. S13, ESIf). With interlaminar ANFs and
conjugated graphene networks, the resulting TRGO-ANF nano-
composite papers exhibit high mechanical performance and
electrical conductivity. After the tensile test, the ANFs were pulled
out from the layered structures of TRGO-ANF nanocomposite
papers. The results reflect the interaction and synergetic effect of
the ANFs and RGO nanosheets. When the nanocomposite papers
were stretched, the ANFs inserted in the graphene layers
participated in the stress transfer and prevented slippage between
the layers. Therefore, more energy was needed to break the
nanocomposite papers. Obviously, the combination of ANFs and
graphene nanosheets can construct mechanically robust and
electrically conductive macroscopic materials. In addition, due to
the high thermal stabilities of ANFs and RGO nanosheets, the
RGO-ANF nanocomposite paper also exhibits a high thermal
stability.

In summary, we have presented a novel mechanically robust
and electrically conductive nanocomposite paper based on aramid
nanofibers and reduced graphene oxide nanosheets. The sig-
nificant enhancement in the mechanical properties and electrical
conductivity of the RGO-ANF nanocomposite papers can be
attributed to the high aspect ratio of the graphene sheets and
ANFs resulting in the formation of strong n-n stacking interac-
tions and interlocking, together with the interfacial interactions
between them. Utilizing the high thermal stability of the ANFs, the
TRGO-ANF nanocomposite paper is not only very flexible, but also
superior to the CRGO-ANF nanocomposite paper in its mechan-
ical and electrical performance. We believe that the nanocompo-
site paper described herein could find various applications in
portable and flexible electrodes, supercapacitors, electromagnetic
interference (EMI) shielding devices, electromagnetic pulse (EMP)
protection, etc.

This work was supported by the National Nature Science
Foundation of China (No. 50973062). We thank Dr Chao Wu for
his help with the electrical conductivity tests.
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