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The development of graphene—polymer nanocomposite materials has
been hindered by issues such as poor colloidal stability of graphene in
liquid media, weak interactions between graphene and the host poly-
mers as well as the lack of scalable and economical graphene synthesis
routes. Chlorosulfonic acid (CSA) can spontaneously disperse graphene
without the need for mechanical agitation, chemical functionalisation
or surfactant stabilisation,® however is incompatible with most
polymers and organic materials. Here, we demonstrate how poly(p-
phenylene terephthalamide) (PPTA) — the polymer which constitutes
Kevlar — can be co-processed with graphene in CSA and wet-spun into
nanocomposite fibres with minimal aggregation of graphene.

A single layer of pristine graphene has an intrinsic strength of
ca. 130 GPa and a Young’s modulus (stiffness) of ca. 1.0 TPa,
greatly exceeding the mechanical properties of any known bulk
material.” Despite these outstanding properties, attempts to
commercialise graphene-based materials have been frustrated
by issues such as its poor colloidal stability in most liquid
phases, the lack of economical and scalable graphene synthesis
routes, as well as poor interactions between graphene and
polymer matrixes.>* Nevertheless, the incorporation of even
small quantities of graphene into host polymers has been
shown to significantly enhance their mechanical, electrical
and thermal properties.*™®

Aromatic polyamides (aramids) are a class of synthetic polymers
which, when spun from liquid crystalline dopes under carefully
controlled conditions, can form paracrystalline fibres with excep-
tionally high strength, stiffness and toughness.” ™ For these reasons,
aramid fibres such as Kevlar, Twaron and Nomex are employed
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for a range of high-performance applications where a high
strength-to-weight ratio is needed, such as ballistic armour,
car-tyre reinforcements and aerospace composites.'® The incor-
poration of graphene into aramid fibres may further enhance
their mechanical properties, as well as introduce electrical
conductivity, as has been shown for a myriad of other graphene-
polymer nanocomposites.*” The relatively linear nature of aramid
polymers, coupled with their high degree of aromaticity, could also
stabilise graphene sheets through n-m interactions, as well as
effectively transfer mechanical stress from the polymer matrix to
the reinforcing graphene."™*

Graphene can be produced through a number of different
routes, which can be classified as either top-down or bottom-up
approaches.”® Of these, the direct exfoliation of graphite by the
superacid chlorosulfonic acid (CSA) is considered to be one of
the most effective methods for its scalable and economical
production.**>'¢ By protonating and spontaneously exfoliating
graphite, CSA yields colloidal liquid crystal dispersions of high-
purity, single-layer graphene.' Moreover, this is achieved without
the need for mechanical agitation, chemical functionalisation or
surfactant stabilisation - which can compromise graphene’s
outstanding physical properties.*® A major drawback of this
technique is that CSA has poor compatibility with most conven-
tional materials, reacting violently with water, alcohols, metals,
and organic materials including many polymers and solvents."”

Aramids are one of the few organic materials that can be
dissolved by, yet resist decomposition from, powerful acids
such as CSA - and are typically spun into fibres from anhydrous
fuming sulfuric acid solutions at elevated temperatures.’ In
this communication, we show how PPTA-graphene composite
fibres can be produced via co-processing with CSA. Wide-angle
X-ray diffraction (WAXD) and polarised light microscopy indicated
minimal aggregation of 2 um graphene sheets within the fibres,
even at a relatively high loading of 10% w/w. Evolution of gases
(e.g, H,O, HCI vapour) at the point of fibre formation (due to
contact of CSA with the water coagulation bath) resulted in porous
fibres with large cavities and a specific surface area of ca. 16 m* g~ .
This porosity was likely detrimental to the mechanical and
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Fig. 1 Reaction scheme showing synthesis of PPTA from TPC and PPD.

electrical conductivity properties of the fibres, meaning further
development of the fibre spinning technique and processing
conditions, such as post-spin drawing and heat treatment,
would likely be required to attain high-strength, non-porous fibres
analogous to commercial aramid fibres. Improved spinning
conditions (e.g., employing dry-jet wet spinning) would also be
needed to increase the degree of molecular and crystallite
orientation to further improve mechanical properties, as seen
in commercial aramid fibres.”'%'%1°

In this work, PPTA was synthesised through the low-temperature
anhydrous polycondensation of benzene-1,4-dicarbonyl dichloride
and benzene-1,4-diamine (details in ESIt) (Fig. 1).*° Commercial
aramid fibres were not reprocessed for spinning due to the presence
of contaminants (e.g., finishing oils) and since their precise compo-
sition is not disclosed by manufacturers (e.g., may contain up to
15 mol% non-aromatic linkages).”' Since fibre strength is
proportional to average polymer molecular weight (May.),"®
the synthesis was first subject to several rounds of optimisation
to maximise M,,.. Due to the poor solubility of PPTA in most
solvents, common techniques such as gel permeation chroma-
tography (GPC) could not be employed to determine M,ye.
Instead, capillary viscometry was employed to compare the
dynamic viscosity (1) of the batches under analogous condi-
tions, where a higher » implied a higher M, (Table S1, ESIf}).
Multiple dilute solution viscometry measurements were
employed to obtain approximate M,,. values for the optimised
batch (abbreviated B7-PPTA) as well as commercial Kevlar, by
employing both the Huggins and Kraemer methods followed by
application of the Mark-Houwink equation:

where [1] is the intrinsic viscosity, and K and o are the Mark-
Houwink parameters, taken as 3902.4 and 1.556, respectively.>'
This gave M,,. values of 4.5 kDa (Huggins method) and 4.7 kDa
(Kraemer method) for B7-PPTA, and a M,,. of 61.7 kDa
(Huggins) and 79.2 kDa (Kraemer) for commercial Kevlar.
Further optimisation of the synthesis would be required to
attain a M, closer to that of commercial Kevlar and hence
produce fibres with comparable mechanical properties.

To produce PPTA-graphene spinning dopes, two grades of
graphite nanoplatelets (GNPs) - M25 and C750 - were first
dispersed in CSA before addition and dissolution of B7-PPTA
(details in ESIf). M25 GNPs have a stated average platelet
diameter of ca. 25 pm whilst C750 GNPs have an average
platelet diameter of ca. 2 pum.** The resultant PPTA spinning
dopes (12% w/w) had graphene contents between 0.1-10% by
mass relative to the PPTA (Fig. S1, ESIf). The solutions were
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Fig. 2 (a) Visible-light images (scale bars ca. 2 cm), (b) SEM images (scale
bars 200 um) and (c) cross-polarised light microscopy images (scale bars
200 pm) of wet-spun B7-PPTA fibres with increasing loading (0.1-10% by
mass) of C750 and M25 graphene.

then subject to wet spinning into a water coagulation bath
using a custom-made spinning rig (Fig. S2, ESIt). After washing
and drying, the B7-PPTA fibres without graphene had a pale
yellow/brown colouration, which darkened through green into
black as the graphene content increased (Fig. 2a). Fourier
transform infrared spectroscopy (FTIR) was performed on all
samples, showing an almost identical signature to commercial
Kevlar (Fig. S3, ESIf). Scanning electron microscopy (SEM)
images of the fibres revealed a relatively rough surface com-
pared to commercial Kevlar (Fig. 2b). The thickness of the
fibres varied between ca. 45-120 um in diameter, significantly
larger than commercial Kevlar which are ca. 11 pm in diameter.
Smaller diameter fibres with greater uniformity could likely be
obtained with a commercial wet-spinning rig. Polarised light
microscopy revealed the B7-PPTA fibres to be paracrystalline, as
observed by the birefringence effect (i.e. rotation of polarised
light by crystalline domains) (Fig. 2c). This effect was exploited
to visualise the dispersion of graphene throughout the fibres:
as graphene content increased, the intensity of light passing
through the fibres decreased - highlighting any regions of
aggregated graphene as substantially darker areas. It can be seen
from Fig. 2c that the B7-PPTA fibres containing M25 graphene have
these darker areas, suggesting graphene aggregation, whereas the
fibres with C750 darken relatively uniformly suggesting good
dispersion.

WAXD was employed to further probe the dispersion of the
graphene as well as the crystallinity of the fibres (Fig. 3).
Without graphene, the diffraction peaks of the B7-PPTA fibres
matched those of commercial Kevlar,® although were notably
broader suggesting smaller crystallites and hence a less ordered
paracrystalline structure.'® Commercial aramid fibres also have
highly anisotropic crystallites which are aligned along the
longitudinal axis of the fibre; this is achieved through specia-
lised spinning techniques (dry-jet wet spinning) and the use of
liquid crystalline spinning dopes.®'%>* Aggregated graphene,
or graphite, has a distinctive WAXD diffraction peak at

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 WAXD patterns for B7-PPTA with increasing loading of (a) M25 and
(b) C750 graphene with Kevlar for comparison. Unassigned peaks are due
to sample holder and adherent (petroleum jelly) background.

26.6° 20 - corresponding to the 002 Bragg reflection of stacked
graphite sheets;>! this peak is not seen in fully exfoliated
graphene.”*>?® A 002 peak at 26° can be seen in the B7-PPTA-
M25 fibres with a graphene loading of 2.5% or greater (Fig. 3a),
however is not observed in any of the B7-PPTA-C750 fibres. This
suggests that C750 graphene is relatively well-dispersed within
the fibres and has not re-aggregated into GNPs during the
spinning process — even at the relatively high loading of 10%
graphene relative to PPTA.’

Raman spectroscopy was employed to further analyse the
graphene dispersion within the fibres. Raman spectroscopy is a
common technique for the characterisation of graphene since it
can differentiate between single and multi-layer sheets through
characteristic changes to peaks around 2700 cm™*.>”?® These peaks
were not observed however, which was attributed to the vibrational
modes being diminished and attenuated through interactions
with the PPTA matrix, meaning differentiation between single-
and multi-layer graphene through Raman spectroscopy could
not be performed in this instance (Fig. S4, ESIY).

The outstanding mechanical properties of commercial aramid
fibres is largely due to a high degree of non-covalent intramolecular
bonding, namely H-bonding between adjacent amide groups and
n-m interactions.” Restricted rotation around the amide bonds also
promotes these interactions and the formation of semi-crystalline
domains.'® 1t was hypothesised that the highly linear nature of
PPTA polymers, coupled with their high degree of aromaticity,
could effectively stabilise graphene sheets though significant n—n
interactions. These interactions could also be effective in trans-
ferring stresses from the polymer matrix to the reinforcing
graphene." ™ Furthermore, alighment of the PPTA crystallites
along the axis of the fibre (achieved in commercial aramid fibres
through dry-jet wet spinning of liquid crystalline dopes) could
also orientate the graphene sheets which may further improve
mechanical properties and electrical conductivity.'®*® A basic
computational model, based on the crystal structure of PPTA®
and a monolayer of graphene, was constructed which confirmed
the possibility of m-n bond interactions between overlapping
aromatic groups (Fig. S5, ESIT).

The mechanical properties of the fibres were assessed
through uniaxial tensile testing (Fig. 4), however brittleness of the
fibres under compression made loading samples into the testing
instrument (i.e., securely clamping the fibres) and therefore
obtaining reliable measurements difficult. The cross-sectional
area of the fibres, required to calculate the ultimate tensile
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Fig. 4 Ultimate tensile strength of B7-PPTA with increasing amounts of
M25 and C750 graphene. Note, fibres with 10% loading of M25 were too
brittle to measure and therefore no data could be obtained.

strength, was determined through a combination of cross-sectional
SEM imaging and visible light microscopy (i.e., measurement of
fibre diameter to calculate area). The cross-sectional SEM images of
the fibres revealed large cavities (ca. 90% cavity volume) within
the fibres, which likely compromised their mechanical integrity
(Fig. S6, ESIt). These cavities were attributed to the release of gasses
(e.g., H,O, HCI vapour) as CSA contacted the water coagulation
bath - resulting in a degree of foaming at the point of fibre
formation. N, gas sorption and subsequent BET surface area
analysis indicated a specific surface area of 16 m”> g~ ' (Fig. S7,
ESIt), suggesting a degree of non-visible micro-/meso porosity in
addition to the larger cavities. It should be noted that voids within
commercial Kevlar fibres (i.e., PPTA spun from anhydrous sulfuric
acid) have also been observed,'®*° and have been attributed to
differences in the coagulation rates between the skin and core of
the fibres,*' as well as cavities caused by the presence of Na,SO,
(from the neutralisation of residual H,SO,).*> Other polymeric
fibres such as poly(actylonitrile) wet-spun from standard solvents
(e.g. dimethyl sulfoxide, dimethylformamide) into water also have
significant voids arising from phase separation, which can be
removed by optimising the coagulation bath composition/
temperature, as well as post-spinning fibre treatment including
drawing and heating under tension.*® It’s therefore feasible
that a more advanced fibre spinning line could overcome the issue
of cavities within the fibres and hence improve the mechanical
propetties of the fibres. The conductivity of the fibres was measured
through a 4-probe technique. However, there was no detectable
electrical conductivity within the sensitivity range of the instrument.
The lack of conductivity was attributed to the pores and cavities
within the fibres impeding electron percolation.

The fact that CSA can effectively dissolve PPTA as well as
produce stable colloidal dispersions of single-layer graphene’
was exploited to produce PPTA-graphene composite fibres.
Graphene sheets derived from C750 GNPs (average diameter
of 2 pm) were effectively dispersed throughout the PPTA fibres
up to a loading of 10% by mass without any significant
aggregation as determined by WAXD and cross-polarised light
microscopy. Aggregation was, however, observed for graphene
sheets derived from M25 (average diameter of 25 pum) at a
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loading of 2.5% and greater. Significant n—r interactions between
PPTA chains and graphene sheets may facilitate homogenous
dispersion throughout the polymer matrix and effectively distribute
mechanical stresses. Gasses released at the point of fibre formation
resulted in porous fibres with large cavities, compromising
the mechanical and electrical conductivity properties. Further
optimisation of PPTA synthesis to increase M,y., development of
the spinning rig, and post-fibre treatment could overcome these
issues to produce non-porous aramid fibres with a high loading of
well-dispersed graphene. This superacid co-processing approach
could also be applied to other carbon nanomaterials (e.g:, single or
multi-walled carbon nanotubes, fullerenes, activated carbon parti-
cles, etc.) or other acid-resistant polymers.
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