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By electrospinning poly(ethylene oxide) (PEO)-blended sodium dodecyl sulfate (SDS) functionalized carbon
nanotube (CNT) solutions, we engineered single- and double-walled nanotubes into highly aligned arrays.
CNT alignment was measured using electron microscopy and polarised Raman spectroscopy. Mechanical ten-
sile testing demonstrates that a CNT loading of 3.9 wt% increases the ultimate tensile strength and ductility of
our composites by over a factor of 3, and the Young's modulus by over a factor of 4, to ~260 MPa. Transmis-
sion electron microscopy (TEM) reveals how the aligned nanotubes provide a solid structure, preventing poly-
mer chains from slipping, as well as polymer crystallisation structures such as ‘shish-kebabs’ forming, which
are responsible for the improved mechanical properties of the composite. Differential scanning calorimetry
(DSC) and small angle X-ray scattering (SAXS) reveals micellar and hexagonal columnar structures along the
axis of the fibers, some of which are associated with the presence of the CNT, where these hexagonal struc-
tures are associated with the SDS functionalization on the CNT surfaces. This work demonstrates the benefits
of CNT alignment within composites, revealing the effectiveness of the electrospinning technique, which en-
ables significantly improved functionality, increasing the utility of the composites for use in many different

technological areas.

©2018.

1. Introduction

Carbon nanotubes (CNT) are of interest due to their outstanding
mechanical, thermal and electrical properties, combined with their
high aspect ratio: nano-sized diameters and typically microns in length
[1]. Tt has been well documented that, due to the difficulty in grow-
ing continuous CNT material to macroscopic lengths [2], an easier
route to harnessing their unique properties on a larger scale is to align
and connect or combine the individual tubes [3]. A high degree of
CNT alignment will result in the magnification of the uniaxially excel-
lent properties of individual nanotubes to macroscopic length-scales.
This scalable alignment technology therefore is a strong candidate
for large-area manufacturing of highly-conductive light-weight CNT
yarns/wires [4] and advanced composite materials [5]. A secondary
challenge is to ensure a good, strong chemical bond between the ma-
trix and the CNT content, to enable both the transfer of mechan-
ical strain but also to improve electrical and thermal conductivity
between the matrix and the CNT [6]. Although there are several
successful methods of CNT alignment [7], one simple and elegant
method is electrospinning, which forms nanofibers based on the uni-
axial stretching of a viscoelastic solution, utilising electrostatic forces
to extend the solution as it solidifies, before collection [8,9]. Further-
more, the stretching and shear flow occurring during the travel of the
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electrospun polymer from the source to the collector can lead to con-
trolled crystallisation of the polymer chains [10]. When they are intro-
duced, CNT incorporation has been observed to promote crystallisa-
tion along their surfaces as a regular structure known as ‘shish-kebab’
[11], where the CNT acts as the central directional nucleation point,
which promotes the polymer to form spherulites along the nanotubes
length, resembling similarity of meat layers along a kebab stick. This
crystalline formation facilities load transfer from the polymer to the
embedded nanotubes, whilst improving the electrical and thermal con-
ductivities of the resulting composite.

Electrospinning (see Fig. 1, diagram A) has been commonly used
for nanofiber manufacture since its inception in 1887 [12], with mod-
ern utilisation of the nanofibers covering a vast range of applica-
tions, such as polymer textiles, air filters, tissue-growth substrates,
etc. [13]. Various publications report on how electrospinning CNT
loaded solutions, dispersed within a suitable polymer, can be used to
produce arrays of aligned fibers, containing the embedded, aligned
nanotubes [9,14-17]. These CNT-embedded polymer nanofibers ex-
hibit improved properties, depending on the polymer and type of
CNT reinforcement, but few studies explore the polymer/CNT inter-
actions which result in the overall material enhancement. By using
high-quality, long nanotubes (>1 um) functionalized with sodium do-
decyl sulfate (SDS), the electrospinning process was used to align nan-
otubes within poly(ethylene oxide) (PEO) nanofibers (a water-soluble
polymer), producing a nano-composite material. Furthermore, we will
demonstrate that not only are the electrospun fibers well-aligned, but
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Fig. 1. (A) A schematic diagram of the electrospinning setup used, showing 1) the sin-
gle needle spinneret, 2) a pumped syringe and 3) the grounded high-speed collector. (B)
A false-colour transmission electron micrograph of the SDS-coated CNT material em-
bedded within the PEO electrospun nanofiber. This image demonstrates how the elec-
trospinning technique aligns the CNT within the polymer nanofiber (direction of CNT
walls arrowed). (A colour version of this figure can be viewed online.)

also that the CNT content is also well aligned. The inclusion of the
highly-aligned nanotubes within the PEO was found to enhance the
mechanical properties of the material by a significant factor, increas-
ing the Young's modulus by up to 430%. This we attribute to be the
result of the CNT functionalization promoting the growth of polymer
nano-crystalline structures in their vicinity, due to the shear flow and
stretching experienced during the electrospinning process [18]. Ther-
mal analysis revealed that although the CNT presence lowered the
overall crystal content as well as the melting temperature, it promoted
crystal growth and initiated crystallisation at a higher temperature on
cooling. This change in crystallisation behaviour was evidenced by
electron microscopy and X-ray scattering exposing how although the
CNT presence lowers overall crystalline content, they equally promote
the growth of an alternative crystalline structure, oriented with the
nanofibers, as a rigid support for the polymer chains, allowing for the
efficient transfer of mechanical stress from the polymer matrix to the
CNT loading.

We analyse the CNT distribution inside the polymer fibers, their
degree of alignment and reveal the polymer crystallisation around
the nanotubes using: Raman spectroscopy to assess CNT quality and
alignment, scanning transmission electron microscopy (STEM) to im-
age CNT interaction and positioning within the nanofibers, differen-
tial scanning calorimetry (DSC) to probe crystallinity, and small-an-

gle X-ray scattering (SAXS) to evaluate nanomorphology. In particu-
lar, SAXS is able to look at macroscopic-sized materials, as opposed
to inferring polymer crystallisation from individual nanotubes in sin-
gle polymer fibers [18,19]. We assess the mechanical properties of the
composite using tensile testing, for different CNT loadings.

2. Experimental section

PEO supplied by Sigma Aldrich (Merck) was chosen as the
spinnable polymer in this study, with an average molecular weight of
~2,000,000 M,,. It provided the necessary viscoelastic properties re-
quired for electrospinning, while being low-cost and water-soluble.
The single/double-wall CNT material was manufactured by Thomas
Swan & Co. Ltd. using a chemical vapour deposition (CVD) process
[20], and supplied as their Elicarb® ‘wet-cake’ product (3.7% wt. CNT
in an aqueous solution, forming a ‘caviar’). Raman analysis revealed
that the CNT wet-cake contained single- and double-walled with pre-
dominant diameters of 1.23nm and 1.07nm (+ 0.05nm) for the sin-
gle-walled tubes, and 1.61nm (£ 0.05nm) for the double-walled tubes
(see Supplementary Information Fig. S1). The CNT content was dis-
persed with sodium dodecyl sulphate (SDS) at a weight-ratio of 1:10,
CNT to SDS respectively, previously reported as being the ideal ra-
tio of surfactant to CNT [21,22]. Two aqueous solutions were mixed,
containing 0.004% and 0.1% weight CNT material. These dispersions
were blended with PEO after the CNT dispersion, so as to prevent
the ultra-sonic irradiation destroying the polymer chains, which would
render the solution unsuitable for electrospinning [23]. After all the
solvent evaporates during and after electrospinning, these solutions
will effectively produce PEO nanofibers containing a CNT content
of 0.7% and 3.9% weight respectively. Fig. 1, image B (bright-field
transmission image taken on a Hitachi HD-2300A STEM), illustrates
how the embedded CNT material has been pulled into alignment by
the whipping/drawing effect exerted on the polymer during the elec-
trospinning process. This drawing/stretching effect not only pulls the
polymer chains and subsequently the CNT loading into alignment, but
also reduces the diameter of the electrospun fibre, so that it is much
smaller than the length of the CNT, forcing it to align.

In some situations, such as tensile testing and SAXS, it was neces-
sary to first roll the aligned CNT nanofibers into ropes or yarns. This
was done by hand, rolling the nanofibers parallel to the direction of
the fibre, producing a rope with diameters ranging from 200 to 3004
m, comprised of thousands of nanofibers (see Fig. 2). Cross-sectional

Fig. 2. A schematic diagram of the rope rolling process (A), and a photograph of it being performed (B). In both images the large orange arrows represent the direction of rolling and
the dotted blue line represents the nanofiber orientation. These ropes are then tensile tested (C), to probe their mechanical properties. (A colour version of this figure can be viewed

online.)
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area of these ropes was measured using both a micrometre gauge and
a high-powered optical microscope.

Polarised Raman spectroscopy was conducted using a Renishaw
micro-Raman spectrometer equipped with a 785nm (red) laser. Be-
fore measuring the samples, the laser's plane of polarisation, and the
spectrometers grating calibration were confirmed using a silicon refer-
ence sample. For polarised Raman analysis on the rolled CNT ropes,
the incident laser polariser was fixed at the laser's measured plane of
polarisation and the specimen rotated, enabling measurements to be
taken with the laser polarisation both parallel and perpendicular to the
nanofiber axis.

To conduct mechanical testing, the nanofiber ropes were secured
into a ‘TA XT Plus Texture Analyser’ using the clamps provided.
Each sample was analysed using a test rope length of 4.0 = 0.1cm.
Each test was conducted at a recorded room temperature of 21°C, at a
testing speed of 0.5 mm/s, where measurements were taken 50 times a
second.

DSC was used to probe crystallinity of the various nanofiber sam-
ples, this was conducted on a TA Instruments Q1000 DSC. Each sam-
ple of approximately 5mg was tested using a heat-cool-heat method
from 0°C to 100°C at 10°C/min. This allowed for the initial crys-
tallinity of the as-spun nanofibers to be compared to a sample if it was
simply blended and set, giving an indication of any crystal structures
produced during the electrospinning process.

SAXS was performed on 122 beamline at the Diamond Light
Source, located at the Harwell Science and Innovation Campus in Ox-
fordshire, in the UK. All SAXS equipment set-up and technical spec-
ifications can be found on their website [24]. Before conducting any
SAXS analysis, the X-ray detector was calibrated for the scattering
vector ‘q’ using wet rat-tail collagen, which provides a primary spac-
ing d=670 A [25,26], thus ensuring accurate measurements for low
‘q’ experiments. To maximise X-ray scattering and characterise the
sample, the fibers were analysed as a rolled rope (see Fig. 2). The
aligned nanofiber ropes were positioned horizontally in the sample
housing, where the X-ray beam was scanned across the sample, per-
pendicular to the fibre axis, up to down. Diffraction images were taken
at each 0.1 mm step across the sample, which were then plotted by tak-
ing an intensity sector integration as a function of q value.

3. Results and discussion

To verify the CNT alignment embedded within the nanofibers, the
samples were first characterised by polarised Raman spectroscopy.
Carbon nanotubes have a variety of specific Raman spectroscopic
peaks, corresponding to different vibrational modes. One such peak
is the radial breathing mode (RBM), which corresponds to the ex-
pansion and contraction of the single walled tube radially and is
unique to single or few walled nanotubes (see Supplementary Fig. S1).
Hwang et al. (2000) [27] showed that, by recording the Raman in-
tensity of the CNT RBM signal as a function of angle to the Raman
laser's polarisation direction, a measure of the degree of CNT align-
ment within a polymer fibre can be obtained. For perfectly aligned
nanotubes, the intensity of the RBM peak is proportional to cos’6,
where 0 is the angle between the laser polarisation and the fibre align-
ment axis. Fig. 3 shows the measured intensities for the RBM of a
1.23nm single-walled CNT (202cm ") peak as a function of angle
between the laser polarisation direction and that of the aligned PEO/
CNT nanofibers. At each angle several locations were scanned, to
average over local variations in CNT orientation. The data was fit-
ted using a cos# @ function, which allowed for direct comparison to
the theory. It was found that the PEO polymer was depolarising the
Raman excitation laser, obscuring the results. To overcome this, the
polymer was removed by evaporation within an inert atmosphere by
heating the sample to 450°C (based on TGA analysis), where further

e Without Polymer
- - = With Polymer
—— Without Polymer
----- Theoretical Result

Intensity (Normalised)

-50 -30 -10 10 30 50 70 90
Angle from Laser Polarisation (Degrees)

Fig. 3. The measured radial breathing mode intensities (202cm-1) as a function of fibre
angle 0 (degrees) for PEO nanofibers embedded with 3.9% CNT. The solid line repre-
sents a plotted cos*0 line of best fit from the measured data, while the dotted line rep-
resents y = cos40, which is the theoretical result for perfectly aligned nanotubes. The
error bars represent the largest standard error in the mean across all data points. The two
small schematic diagrams at —90/90° and 0°, demonstrate the CNT oriention (solid ar-
row) compared to the plane of polarisation of the laser (dotted arrow). (A colour version
of this figure can be viewed online.)

polarised Raman (see Fig. 3, Without Polymer) showed a much nar-
rower distribution. The measured data taken without the polymer fol-
lowed the theoretical result for perfectly aligned nanotubes, which
confirms the high degree of CNT alignment within the sample.

The effects of CNT loading in composites has already been widely
explored, repeatedly revealing how CNT loading, especially when
aligned, can result in a varying degree of mechanical improvements
[28-30]. These improvements have been reported to be the result of
induced crystallisation, with the CNT as the nucleation point. This
effect is enhanced further by the electrospinning process, where the
rapid drawing and stretching of the polymer, results in stress-induced
crystallisation [31,32]. To reduce or avoid damage by the tensome-
ter clamps, the electrospun PEO/CNT nanofibers were tested as rolled
ropes (see Fig. 2). Care was taken to minimise the twist of the fibers
around the axis of the rope; any twist in the ropes would obscure the
mechanical performance of the sample through untwisting and this
would also lead to residual stresses, which would encourage material
failure and obscure results. The ropes were tested as outlined in the ex-
perimental section and the stress/strain curves for each of the sample
are shown in Fig. 4; tests were considered valid if the fibre failed near
the middle of the rope, rather than at the mechanical clamps.

The CNT introduction into the nanofibers drastically improves the
mechanical performance of the material, increasing the ultimate ten-
sile strength by up to 320% and increasing the ductility by up to 315%
(from the measured 100% PEO samples). All the samples success-
fully fractured in the centre of the rope, with some samples showing
individual fibers failing (or fraying) without the complete failure of
the sample, Fig. 4 arrow B is an example. Samples that didn't fail at
the centre were retested, to ensure that the failure wasn't caused by
an accidently introduced failure mechanic such as tears or twists dur-
ing handling. From these plots, it was possible to measure the Young's
modulus of each rope. The CNT loading within the PEO nanofiber
increased the Young's modulus by up to 430%, from 60 + 1MPa to
257+ 1MPa. These results are a significant improvement on previous
PEO/CNT composites tested [34]. This we believe, is due to the CNT
alignment, as opposed to randomly dispersed through the PEO, as well
as because the nanotubes used in this study had a low defect density
and high linearity, as evidenced in TEM images (such as shown in Fig.
1 B).

The shape of the stress-strain curves revealed that all samples ex-
perienced a degree of strain-hardening. However, as CNT loading
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Fig. 4. The stress to failure results for PEO nanofiber ropes, with a CNT loading of 0%,
0.7% and 3.9% weight. The measured corresponding Young's Moduli were found to be
60 + 2MPa, 182 + 5MPa and 257 = 8 MPa, respectively. The slight inflection point,
found just after the elastic region (arrowed as A), corresponds to polymer heating as a
result of extension-induced crystallisation [33]. The two-stage failure found just before
the end of the 0.7% CNT loading test (arrowed as B), corresponds to many fibers in
the rope failing, but with the remaining fibers briefly continuing to hold before failing
themselves. (A colour version of this figure can be viewed online.)

was increased so did the degree of hardening experienced by the poly-
mer, leading to greater strength performances before the ropes failure.
Compared to the other two curves, the 3.9% CNT sample displayed a
slightly different shape. This was due to the reinforcement provided by
the CNT loading, where although it continued to improve the strength
of the material, it also reduced ductility when compared to the 0.7%
CNT sample. This is due to the high-strength brittle properties of the
increased CNT loading begin to dominate the mechanical response.
PEO as an extruded macroscopic block has been documented to
display Young's moduli from 5 to 9 GPa [35], whereas, when formed
into nanofibers has been documented to have a Young's modulus be-
tween 45 MPa and 7.6 GPa [36-38]. This reduction in mechanical per-
formance, when formed into a nanofiber, is caused by electrospinning,
which modifies the molecular orientation of the polymer chains, re-
ducing the polymer entanglement within the fibre and allowing them
to slip when under stress [14]. The large range of mechanical perfor-
mances reported for electrospun fibers is a result of changing the elec-
trospinning conditions, such as the humidity or the electrical potential,
altering the final properties of the material, such as width and align-
ment etc. This same large variation in mechanical performances can
be observed in the CNT samples, and as such all electrospinning con-
ditions were kept constant for this investigation. Although all of the
samples tested were manufactured under identical conditions, the only
accurate method to compare results with others publications is to ten-
sile test individual fibers under strict controlled conditions [38].
During the tensile testing, it was also found that the polymer stiff-
ened, due to polymer crystallisation under stretching forces [31,32].
Evidence of this can be observed in the 0% CNT (100% PEO) plot
in Fig. 4 (A), where the curve drops after the elastic response due to
heat released as a result of the stress-induced crystallisation [31,32].
It was noticed that, after the CNT-loaded PEO fibers had fractured,
the fibre felt very stiff compared to the untested fibers. Additionally,
visual inspection revealed that the overall appearance of the rope had
become a dark shade of grey as opposed to the original carbon-black.
However, this observation was found to be significantly lesser for
the PEO only nanofibers, suggesting that the crystallisation was pro-

moted by the CNT presence, which was confirmed with DSC analysis,
explained later in this report.

TEM images of the CNT loaded nanofibers that were tensile tested
revealed how the CNT introduction gives rise to the significant in-
crease in the materials mechanical properties. A micrograph taken of
a bundle of nanofibers, which were fixed under tension to a copper
TEM grid, is shown in Fig. 5, where image ‘A’ shows the fibers be-
ginning to neck and fail. However, after a closer look, image ‘B’ re-
vealed how the aligned CNT reinforcements within, are ‘holding’ the
fibers together, providing a solid support structure for the polymer.
Another example demonstrating the mechanical enhancement effects
provided by the CNT loading can be seen in Fig. 6, where both sec-
ondary electron and transmission electron micrographs show the nan-
otubes bridging the gaps of tears in the polymer nanofibre as it begins
to fail, preventing it from fully failing. Although these particular im-
ages do not provide any information on the polymer/CNT interface,
locating a narrower nanofiber does allow TEM to reveal crystalline
nanostructures. Fig. 7, micrograph (A), reveals ‘shish-kebab’ struc-
tures on a small CNT bundle. These structures have been reported to
form when a 1D nanomaterial, such as a CNT, acts as a central nucle-
ation point for polymer crystallisation [11,39,40]. This growth mecha-
nism allows CNT loading to enhance the mechanical properties by ef-
fectively acting as an anchor, providing the polymer chains a ‘ridged
scaffold’ to bind to along the surface along the CNT. This crystalline
structure would provide the necessary surface interfaces which would
promote the CNT/polymer binding, reducing chain slipping when un-
der stress and giving rise to the mechanical enhancements that we ob-
serve in Fig. 4.

Further imaging of larger nanofibers found other crystalline
lamella type structures on surface of the fibers. Fig. 7 B highlights
these structures found on two nanofibers positions side-by-side, where
a two-layer lamella structure can be observed of approximately 5nm
thick layers. Unlike the other crystal structures observed, these were
not a result of the CNT presence or the tensile testing, but rather
the electrospinning process and have been reported previously [41].
It is thought that, as the nanofiber is stretched and drawn under the

; |

Fig. 5. A secondary electron micrograph of a bundle of CNT loaded PEO nanofibers
(A), which have been stretched to breaking point. A closer inspection using transmis-
sion electron microscopy (B), reveals the nature of the CNT alignment within the fibers,
holding the fibers together, giving rise to the increase in mechanical properties observed
during tensile testing. (A colour version of this figure can be viewed online.)
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Fig. 6. Secondary electron and transmission electron micrographs displaying a perfect real-time demonstration of how the CNT loading increases the mechanical performance of the
polymer nanofibers by bridging fractures and holding the fibre together. (A colour version of this figure can be viewed online.)

Fig. 7. Transmission electron micrographs displaying (A) arrowed shish-kebab crys-
talline structures along a CNT bundle within a PEO nanofiber, and (B) two larger ad-
joined nanofibers showing arrowed two-layer crystalline structures on the nanofiber sur-
faces. The boxed area is 2x zoom, highlighting the approximately 5 nm thick layers. (A
colour version of this figure can be viewed online.)

electrostatic field, the stresses induce crystal growth as the nanofiber
dries; as the nanofiber surface dries before the core, it is here where
the bulk of the crystallisation can be found. To further explore the
crystalline content of the nanofibers, DSC was employed to quantify
and compare the crystallinity.

After acquisition of the DSC thermograms shown in Fig. 8, the
percentage crystallinity of the as-electrospun nanofibers were calcu-
lated and tabulated in Table 1. It revealed that the samples contain-
ing CNT material had half the crystalline content of those tested with-
out. Initially, this was thought to be a result of the CNT loading in-
creasing the conductivity of the solution, which will reduce the sta-
tic charging during electrospinning and the subsequent forces exerted
on the fibre, thus reducing the level of stress-induced crystallisation
[3,42]. However, calculating the percentage crystallinities from the
second melt peaks, after each sample had recrystallised as a bulk mate-
rial, revealed that crystalline content was still 50% lower for the sam-
ples with a CNT content. This confirmed that the introduction of the
SDS coated nanotubes reduced the overall bulk crystallisation of the
material, possibly by restricting chain movement or forming alterna-
tive structures, which does agree with other reports [43,44]. This is
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Fig. 8. DSC thermograms for the electrospun nanofibers comprised of PEO (black,
solid) and CNT/PEO/SDS (red, dashed). For each sample the analysis was conducted in
the order of heat-cool-heat, producing a 1st melting peak (1st T ), a crystallisation peak
(T,) and another melting peak (2nd T,,). The CNT/PEO/SDS had a crystallinity of 32%,
significantly lower than the PEO sample with 62%, but crystallised at a higher temper-
ature. (A colour version of this figure can be viewed online.)

Table 1

The results from the DSC analysis, including the 1st melting temperature (Ist T,,),
the crystallisation temperature (T,), the calculated % crystallinity of the as-electrospun
nanofibers, the 2nd melting temperature (2nd T,;) and the calculated % crystallinity of
non-fibrous sample. The data reveals that the electrospinning process increases the crys-
tallinity in the final nanofiber material.

Initial % Final %
Sample T, T, Crystalline 2Y T Crystalline
PEO 66.7°C  44.5°C  62% 63.7°C  50%
CNT/PEO/ 65.1°C  50.4°C  32% 63.7°C  22%

SDS

counter-intuitive as a lower crystalline content is usually associated
with poorer mechanical performances [45]. However, in our mechan-
ical performance testing we found this to have the opposite effect for
reasons explained in the following.

This result does not necessarily mean that SDS coated nanotubes
prevent crystallisation, only that they restrict the natural preferred
crystallisation growth mechanism of the PEO. When we compared
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the crystallisation temperature (T,) of each sample, we found that
the samples with a CNT loading crystallise much earlier when cool-
ing. This suggests that although the CNT presence reduces the over-
all crystallinity of the polymer, they equally promote smaller areas
of crystallisation within their vicinity. Referring to back to Fig. 7,
this crystallisation promotion would be the alternative ‘shish-kebabs’
nano-structures observed in the micrographs. This would also explain
why other reports claim CNT incorporation promotes crystallisation,
rather than reduce it [46,47]. This then means that the CNT alignment
can lower crystalline content, but still improve mechanical perfor-
mances by promoting a smaller specific crystal structures in an uni-di-
rectional manner along the axis of the fibers.

DSC analysis also confirms that the electrospinning process pro-
motes crystallisation on the surface of the nanofibers, as shown in Fig.
7 B. Comparing the percentage crystalline content between the ini-
tial as-electrospun nanofibers, before and after they have melted and
cooled, revealed that the crystallinity reduces by approximately 10%.
This confirmed that approximately 10% of the crystal content in the
nanofibers was induced during the electrospinning process.

To probe the microstructure of the nanofibers, SAXS analysis was
conducted on CNT loaded nanofiber ropes which had not been sub-
jected to any strain. Fig. 9 displays a typical representation of the dif-
fraction pattern obtained during one step of the SAXS scan. The dif-
fraction pattern obtained displays a strong diamond shape within the

Fibre Orientation
e

(A)

centre, elongated in the vertical direction; which suggests the presence
of oriented voids or gaps along the fibers, which could be air or resid-
ual solvent [48]. In our case, these voids are likely due to either the
space in between the tightly-rolled fibers or the space within the cen-
tre of the embedded carbon nanotubes.

In addition to the diamond shape in the centre of the diffraction
pattern, intensity streaks are visible both above and below the centre
at low g-values, indicating the presence of long range ordering (Fig.
9, image A). To analyse the data, a sector integral was applied to the
region marked in Fig. 9, image B. The sector integral revealed sev-
eral strong features that appear in each scanned step across the width
of the nanofiber rope, giving several clues about the structure of the
materials within the nanofibers. After the data was plotted, the three
main peaks were re-plotted, removing the background reading ob-
tained from the baseline; this then revealed another smaller peak (Peak
3at 1.219nm ") (see Fig. 10).

Peaks 1 and 2, corresponding to ‘d’ spacings of 3.92nm and
2.41nm, are a result of the X-ray scattering from the PEO/SDS [15].
Dror et al., whose data was included for a direct comparison, sug-
gested that the peaks are the result of a two-layer lamella structure:
a free SDS layer and an interacted PEO/SDS layer, leading to the
long-range order shown by the two peaks. The ratio of these two peaks
is close to 1/43, which is associated with reflections of a hexago-
nal columnar structure of some nature [49-51]. This suggests that the

i

(B)

Fig. 9. This diffraction pattern (A), (represented inverted and in black and white to highlight features) reveals a diamond shaped central diffraction spot (also zoomed in original
colour, red arrow) with intensity streaks both above and below it at low q values (black arrows), indicating CNT alignment with the fibre axis. The same image (non-inverted) (B),
was then sector integrated over the red highlighted region as a function of q and plotted for analysis. (A colour version of this figure can be viewed online.)
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Fig. 10. A detailed plot of the four main peaks obtained from the sector integration in the region specified in Fig. 9, with the baseline removed and the peaks located using Lorentzian
curve fitting. The result obtained from PEO/SDS nanofibers by Dror et al. has been included, for comparison to the obtained PEO/SDS/SWCNT results. Peaks 1 and 2, corresponding
to 3.92nm and 2.41 nm, are from PEO/SDS interactions, while peak 3 corresponds to 5.15 nm resulting from the formation of lamella structures on the surface of the nanofibers. Peak
4, corresponding to 3.04nm is the SDS coated nanotubes. The data from Dror et al. were adapted with permission from Y. Dror et al. 2003. Copyright 2003 American Chemical

Society. (A colour version of this figure can be viewed online.)
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SDS/PEO forms a two-layer lamella structure but stacked as a hexag-
onal column [49]. Furthermore, these diffraction peaks were scattered
perpendicular to the fibre orientation, indicating that these hexagonal
columns have long-range along order parallel to the nanofiber orien-
tation; i.e. they grow along the length of the nanofibers, as you would
expect. Dror et al. then continued to explain that, after the CNT intro-
duction, both peaks significantly broadened, suggesting that the CNT
presence disrupts this purposed two-layer structure, which they at-
tribute to the poor linearity of the CNT material they used. In our sam-
ple this was not the case, and both peaks remain relatively sharp, de-
spite the CNT presence. This result is most likely due to using much
higher quality of the nanotubes used, which are significantly more lin-
ear and do not inhibit directional crystal growth.

Peak 3 is of low intensity and just about visible through the signal
noise, a Lorentzian fit shows the peak centre at 5.15nm. We attributed
this to the two-layer lamella structures that we found in Fig. 7 on the
surface of the nanofibers from the electrospinning process. It is possi-
ble that this peak could be a result of SDS micelles, however this was
considered unlikely, as the sample tested contained a concentration of
SDS significantly lower than the CMC [15,52].

Peak 4 does not appear in Dror et al.’s data, indicating that this is
a result of a regular structural change caused by the CNT presence,
where literature confirms that this is the result of SDS wrapping of the
nanotubes [40,53,54]. The structure factor has a d-spacing ratio of 1:2,
a second peak at g-vector 4.148nm"", not shown in Fig. 10 for clar-
ity but shown in Supplementary Information Fig. S2, further supports
the conclusion that the nanotubes are wrapped in the SDS molecules
in a lamellar arrangement [55-58]. Initially, when we first explored
this signals origin, we considered that the d-spacing of this peak was
too small for SDS coated nanotubes. However, Xin et al. studied this
diffraction peak and found that it shifts to higher q-value as the ratio
of polymer to SDS increases, indicating increased compact packing of
the SDS molecules and resulting in a narrower d-spacing [53]. Lastly,
we noted that this peak is much narrower, which indicates that the dif-
fraction pattern is caused by a feature of specific and regular length
scale, further supporting our claim that the CNT material used is of
regular diameter, and high linearity.

4. Conclusions

The electrospinning process was successfully employed to manip-
ulate carbon nanotubes into a highly aligned array within PEO, for
use in advanced material composites. This alignment of the fibers and
of the CNT content within the fibers were confirmed by electron mi-
croscopy and polarised Raman spectroscopy. Mechanical tensile test-
ing demonstrated that a CNT loading of 3.9% increases the ultimate
tensile strength by up to 320%, the ductility by up to 315% and the
Young's modulus by up to 380% (to 254 MPa). It was noted dur-
ing testing that the appearance and feel of the fibers changed under
stress, and with that transition electron microscopy, differential scan-
ning calorimetry (DSC) and small angle X-ray scattering (SAXS) was
used to probe the structure of the material. Evidence was found of
nanofiber surface crystallisation from the electrospinning process, as
well as the formation of ‘shish-kebab’ type growth along the length
the CNT. DSC revealed that although the CNT content reduced the
overall crystallinity of the material by 50%, they also promote alter-
native crystal growth mechanisms, leading to an increased crystallisa-
tion temperature. SAXS confirmed that PEO was forming a two-layer
hexagonal columnar structure with the SDS on the CNT surfaces. All
of the crystalline changes induced by the CNT presence provided a
‘ridged scaffold’ for the polymer chains to bind to, preventing the
chains from slipping during stress and leading to a significant me-
chanical enhancement observed during testing. Applications for this

technology can include any material or device which requires specific
crystalline unidirectional properties, where previously a stretching or
drawing process would be needed during production to achieve the
same result. A prime example is the need to pre-press polyacryloni-
trile (PAN) to promote graphitisation during carbonisation in the man-
ufacture of carbon fibers. Applying the research detailed here could
potentially pre-align the PAN molecular chains, negating the need for
a pre-stress process step before carbonisation and enhancing the per-
formance of the final carbon fibers.
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