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Abstract

Monofilament type of polyaromatic amide (PA) and carbon nanotube (CNT) composite fibers is presented. A concept of a
lyotropic liquid crystal (LLC) constructed via a spontaneous self-assembly is introduced to mitigate the extremely low com-
patibility between PA and CNT. These approaches provide an effective co-processing route of PA and CNT simultaneously to
fabricate the uniform, continuous, and reliable composite fibers through a wet-spinning. Interestingly, the addition of a small
amount PA into the dope solution of CNT governs the LLC mesophase not only in a spinneret stage but also in a coagulant
region. Thus, the developed PA/CNT composite fibers have the high uniaxial orientational order and the close interfacial
packing compared to the pure CNT fibers. The PA/CNT composite fibers achieve the outstanding tensile strength, electrical
conductivity, and electrochemical response, while maintaining a lightweight. They also exhibit the chemical, mechanical,
and thermal robustness. All of these advantages can make flexible, sewable, and washable PA/CNT composite fibers ideal
nanocomposite materials for use in next-generation information and energy transporting system by replacing conventional
metal electrical conductors.
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Introduction

Flexible, textile, and wearable electronics have received con-
siderable attention due to their ubiquitous nature in everyday
life and are used in mobile communication, innovation in
education, healthcare monitoring, public security, and mili-
tary defense [1]. The portable devices require fibers, films,
fabrics, and even foams to have optical activity, electrical
conductivity, and mechanical durability, while retaining
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conducting materials due to a giant 1D molecular structure
with a high aspect ratio [6]. In these circumstances, many
scientists and engineers expect that the combination of CNT
and PA can further enhance or complement their physical
properties like the chemical resistance, thermal stability,
mechanical strength, electrical conductivity, and electro-
chemical performance [7].

However, the gap between experimental results and
above-mentioned expectations arises from imperfect disper-
sion, leading the unnecessary defect, stress concentration,
and interface delamination in the nanocomposites [8]. The
high cohesive energy of PA and CNT due to the strong inter-
tube interaction and close aromatic stacking, respectively,
remains a major challenge in the nano-to-macroscale co-
assembly [9]. Most of composite fibers made of PA and CNT
have a core—shell or a sheath-core structure formed by a
coaxial spinning process or a multiple physical coating [10].
Therefore, it seems to be difficult to anticipate a synergistic
effect of the hybridization of PA and CNT, because of their
individual and decoupled layers in the macroscopic dimen-
sion. Making continuous monofilament type of PA and CNT
composite fibers is hindered by the lack of scalable assembly
method. Since carbon-based electrically conducting fibers
have attracted a growing interest owing to the prospect of
replacing metal wires, more effort is needed to overcome the
low compatibility between PA and CNT [11].

Nature is adept at using a lyotropic liquid crystal (LLC) to
produce the desired physical properties of the final materials
[12]. For example, spiders produce uniaxially oriented and
macroscopically hardened fibers with well-defined hierar-
chical superstructures, as their spinning dopes of protein
solutions have intrinsic fluidity and inherent ordering [13].
LLC is a thermodynamically stable solution comprised of an
orientational order in 1D or 2D, with partial positional order
in some cases [14]. The discovery of LLC phase behaviors
promises superb new approaches to utilize not only soft
materials but also hard materials for the development of
multifunctional materials resulting in robust and conduc-
tive textiles useful for numerous applications [15]. Xu et al.
fabricated meters of macroscopic graphene oxide fibers with
LLC solutions showing simultaneous lamellar ordering and
long-range helical frustrations [16]. Zhang et al. developed
fiber-type supercapacitors fabricated using LLC solution of
MXene flakes [17]. Thus, it is realized that LLC mesophases
offer a straightforward method to construct highly ordered
macrostructures of 0D, 1D, and 2D materials [18].

In this study, we demonstrate, for the first time, that
homogeneous PA and CNT solutions exhibit LLC phase
behaviors without any supporting surfactants, binders, or
stabilizers. LLC is induced only when there is a subtle bal-
ance of specific interactions in the molecular level [19].
Thus, once formed LLC phase indicates the fluidic mixture
of all PA and CNT materials in a homogeneous state with

a long-range order. The continuous PA and CNT compos-
ite fibers have been produced by industrially viable wet-
spinning processes. The monofilament type of PA and CNT
fibers possesses good mechanical performance (5.0 GPa)
and high electrical conductivity (8.9 MS m™Y). Furthermore,
the added PA plays significant role to govern the spontane-
ous molecular self-assembly of CNTs even in the coagulant
stage. The PA and CNT composite fibers are highly sensitive
to the applied stretching force, which enables the additional
orientation and automatic densification of the internal struc-
tures. Since the PA/CNT composite fibers offer outstanding
thermal, chemical, mechanical, and electrical properties with
electrochemical performances, they provide a novel platform
to investigate lightweight conductors without metals.

Experimental Section
Materials

Multiple CNT samples of Tuball (OCSiAl, single
wall =100%), XBC2340 (CCNI, single wall/double wall/
multi-wall =12%:50%:38%), EC15P (Meijo, single wall/
double wall =87%:13%), and DX2 (Meijo, single wall/dou-
ble wall =55%:45%) were used in this study. PA (964HP,
moisture regain =7%) was purchased from DuPont. Acetone
(ACE, 99.5%), chloroform (CHCl;, 99.8%), chlorosulfonic
acid (CSA, 99.0%), ethanol (EtOH, 99.5%), hexane (HEX,
95%), hydrochloric acid (HCI, 37.0%), potassium chloride
(KC1, 99.5%), sodium hydroxide (NaOH, 97.0%), and water
(H,O, ACS reagent) were purchased from Sigma-Aldrich.

Preparations

PA was vigorously washed with acetone several times, and
then dried at 60 °C for 12 h under reduced pressure. CNT
was thermally treated at 400 °C for 1 h by in a furnace. The
spinnable LL.C solution was prepared using CSA as the true
solvent in a glove box. CNT and PA were carefully added
into a polytetrafluoroethylene tube filled with CSA. The mix-
ture was magnetically stirred for 72 h at room temperature
and then planetary mixed for 1 h to obtain a homogeneous
state. The PA/CNT composite solution as the dope was care-
fully transferred to a glass syringe to avoid the formation of
air bubbles, and subsequently extruded through the spin-
neret into a coagulation bath of acetone at the dew point
of — 20 °C. The PA/CNT composite fibers were rinsed in a
water bath, and the resulting monofilaments were stretched
and collected during the winding process. The obtained PA/
CNT composite fibers on a bobbin were dried at 80 °C for
24 h in a vacuum oven.
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Characterizations

The microphotographs were observed using polarized optical
microscopy (POM, Nikon E600POL). The thermal behavior
was monitored using the thermogravimetric analysis (TGA,
TA Q50). The chemical state was analyzed by X-ray pho-
toelectron spectroscopy (XPS Thermo Scientific K-Alpha).
Field emission scanning electron microscopy (SEM, FEI
Nova NanoSEM) and 3D tomography X-ray microscopy
(XRM, ZEISS Xradia 810 Ultra) were used to investigate
the morphology on the nanometer and micrometer length
scales. To obtain the cross-sectional and longitudinal-sec-
tional images of the fibers, a specimen was prepared using
a focused ion beam SEM (FEI Helios 650). High resolution
transmission electron microscopy (TEM, FEI Titan Cubed
60-300) micrographs were recorded at 80 kV equipped
with an image Cs-corrector. The orientational order of the
fibers was measured by Raman spectroscopy (Renishaw
inVia Reflex) equipped with a polarizing filter. The single
fiber tester (Textechno FAVIMAT) was used to measure the
mechanical properties of the fibers. Knot efficiency was cal-
culated by dividing the breaking strength of knotted by that
of flat fibers to further evaluate mechanical properties. A
probe station with four-point probe (MS Tech MST-4000A)
was employed to measure the electrical properties of the fib-
ers. The electrochemical properties of fiber electrodes were
analyzed by the electrochemical workstation (CHI 920D) in
three-electrode system. The reference electrode and counter
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Fig. 1 Macroscopic photograph of the homogeneously mixed PA/
CNT solution and its LLC phase behaviors (a). Schematic illustration
of the construction of the uniaxially oriented composite fibers via the
wet-spinning process (b). Continuous PA/CNT fibers wound on the
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reference electrode were Ag/AgCl (saturated 3 M KCl) and
a Pt mesh, respectively. A single fibrous electrode of 5.5 cm
long was used as the working electrode. The electrochemical
characteristics were measured using the cyclic voltammetry
(CV, scanrate 50<v<10k mV s‘l), galvanostatic charge/
discharge (GCD, 1<J<50 A g‘l), and electrochemical
impedance spectroscopy (EIS, frequency range from 0.01
to 100 kHz, amplitude of 0.01 V). The density of the fiber
was obtained using a gradient density column.

Results and Discussion

CSA was selected as the most proper solvent among many
others options, including nitric acid, hydrochloric acid, sul-
furic acid, and phosphoric acid, because it can disperse both
PA and CNT effectively [20]. The target amounts of PA and
CNT were added to a glass vial and dispersed uniformly in
CSA solution (Fig. 1a). A series of the PA/CNT solutions
with different CNT contents (100/0, 90/10, 80/20, 70/30,
60/40, 50/50, 40/60, 30/70, 20/80, 10/90, and 0/100) were
prepared with the LLC dope for used in the wet-spinning
process. The vials filled with PA/CNT solution at 8 mg mL ™!
showed clear and black coloration observed by the naked
eye, which indicated that PA and CNT were well-dissolved
in the CSA (Fig. S1).

The LLC phase behaviors of the PA/CNT solutions were
determined by using POM. All were optically anisotropic.

'PAICNT fiber.
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bobbin (c). Photograph of lab coat weaved with PA/CNT fibers (d).
Demonstration of light-on-fiber by connecting two PA/CNT fibers to
a direct current (e). TEM images measured at viewing angles of per-
pendicular and parallel direction to the PA/CNT fiber long axis (f)
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The dope depolarized plane polarized light and exhibited
opalescence at room temperature due to the absence of
undissolved solids (Fig. S2). Nematic phases were identi-
fied by thread-like topological defects known as Schlieren
textures [21]. Observation of significant birefringence indi-
cated that the one-pot LLC formulation method using PA
and CNT had overcome the solubility and compatibility
issues. Additionally, the absence of additives in the LLC
solution like surfactants, binders, or stabilizers, that often act
as a defect in the composite materials lowering the physical
properties, should be useful to obtain the processibility for
mass production [22].

The PA/CNT solutions were subjected to wet-spinning
through a fine nozzle into a coagulation bath using a custom-
made spinning rig (Fig. 1b). After washing and subsequent
drying, the continuous monofilament type of the PA/CNT
fibers were collected with a bobbin (Fig. 1¢). Note that the
PA/CNT (100/0) fibers had a yellowish coloration. The fib-
ers darkened to grey and then black as their CNT content
increased (Fig. S3). SEM image shows that the thickness
of the PA/CNT fibers was approximately 15 um in diam-
eter (Fig. S4). The excellent flexibility of the PA/CNT fibers
endowed them with outstanding machinability, for tasks such
as weaving, sewing, and knitting (Fig. 1d). The PA/CNT
fiber was easily sewed onto a lab coat using a running stitch
(Fig. S5). The PA/CNT fiber was handled without breaking
and withstood to the applied force of being stitched.

Since the PA/CNT fibers conducted electricity, the light-
on-fiber was demonstrated (Fig. le). Two strained PA/CNT
fibers were supported by the hole of a needle. When the LED
chip was loaded onto two PA/CNT fibers, maintaining a cer-
tain distance, it revealed a red light by forming the current
flow. Two monofilament of 10.0 cm PA/CNT fibers whose
mass totaled 0.042 mg were able to hold the 32.4 mg weight
of an LED chip, which was over 771 times the weight of the
fiber. The cross section (CS) and longitudinal section (LS) of
TEM image of the PA/CNT fibers indicate that LLC assists
the separation of the entangled molecules, improving their
dispersibility (Fig. 1f). In addition, the microstructure of the
PA/CNT fibers had uniaxial orientation of the molecules
along the fiber axis (FA).

The flexible and strong PA/CNT fiber is capable of
being tied into a knot and twisted into a braid. SEM
images show various morphological distortions of the
PA/CNT fibers, including flat, knotted, and twisted shapes
(Fig. 2a). The PA/CNT fibers had a high degree of flex-
ibility, which enabled easy bending and a high knot effi-
ciency of 82.67% (Fig. 2b). This high degree of flexibility
is not normally seen in high-performance fibers like Nylon
(polyamide fiber), Dyneema (polyethylene fiber), and T300
(carbon fiber) [23]. The 2-ply and 3-ply twisted PA/CNT
fibers maintained their original flat shape without collaps-
ing. The tensile strength of the twisted fibers was almost

identical to that of the monofilament strand, because
their cross-sectional area had nearly doubled and tripled,
respectively (Fig. S6). However, when the PA/CNT fibers
were twisted with two and three strands of monofilaments,
the resulting tensile load was 1.82 and 2.78 times higher
than that of the as-spun initially flat-shaped single strand
fiber. This indicates that the braiding process strengthened
the fiber tufts.

The flexible PA/CNT fibers can serve as a thread for sew-
ing by following the running stitch. As shown in Fig. 2c,
the PA/CNT fibers were sewed onto a conventional Kevlar
mat. The optical microscopy image shows that the PA/CNT
fiber was well-integrated without any cracks or deformations
(inset of Fig. 2¢). Interwoven networks of the PA/CNT fib-
ers offered excellent washability. Washing is performed by
a simulated washing with continuous stirring and a washing
machine with standard procedure (Fig. S7). The resistance
variation showed that the PA/CNT fibers maintained their
electrical properties and original shapes after several wash-
ing cycles, which indicated that they can be used in flexible
and wearable electronics applications. Figure 2d showed the
copy-paper-based electronics with eight fibers of the PA/
CNT fibers lighting up twenty-four LED chips comprising
the word “KIST”.

The mechanical properties of the PA/CNT fibers prepared
with different PA and CNT weight ratios were evaluated
using a tensile test (Fig. 2e). The actual loading force to the
PA/CNT fibers is presented in Fig. S8, and the maximum
tensile load gradually improved to 57.11 cN. The specific
tensile strength of the PA/CNT (10/90) fibers (2.71 N tex ™)
was 5.5 times higher than that of the PA/CNT (90/10) fibers
(0.49 N tex™ 1), while elongation at break remained constant.
The toughness of the PA/CNT fibers also improved as the
CNT content increased (Fig. S9). The added CNT played
a significant role in improving composite fiber strength,
because of its intrinsic high molecular stiffness and rigid
rod-like geometry [24]. While the hybridization of poly-
mers with nanofillers improves their mechanical properties,
such results are only achieved when CNT is homogeneously
mixed with the PA matrix [25]. When the PA/CNT (10/90)
fibers were spun with heterogeneous mixtures agitated for
only 1 h, they exhibited lower tensile strength and elonga-
tion at break than those prepared using the LLC dope with
a sufficient agitation time of 72 h (Fig. S10). Note that the
solution of PA and CNT mixed for less than 1 h did not
form continuous fibers during the wet-spinning process.
The irregular agglomerations of CNT that resulted from the
phase separation led to a loss in close interfacial interactions
with PA and thereby caused defects in the internal structures
(Fig. S11). The stabilization of the uniform domain in the
phase structures via LLC self-assembly can thus enable the
development of advanced composite fibers made of low-
compatible materials.
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Fig.2 SEM images of the flat, knot, and twist shape of the PA/CNT
fibers (a) and their mechanical behaviors (b). Photograph and optical
microscopy images of the PA/CNT fiber woven onto a conventional

The PA/CNT fibers contained almost exactly the target
amounts of PA and CNT, as a result of the accurate disper-
sion by means of LLC mesophases, which facilitated the tun-
ing of physical properties. The thermogravimetric analysis
(TGA) indicated that the remained weights at 650 °C were
improved from 9.43% to 86.25% of the PA/CNT fiber when
the content of CNT was increased to PA (Fig. S12). After
selective thermal degradation of PA, the residual weight
ratio of the PA/CNT fiber was well matched to the content
of CNT, which was added in the LLC spinning dope. Further
analysis was performed by using the X-ray photoelectron
spectroscopy (XPS), which was a sensitive and quantitative
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Kevlar mat by running stitch through the needle (c). LED array using
the PA/CNT fiber wiring (d). Specific tensile strength (e) and specific
electrical conductivity (f) of the PA/CNT fibers

method to figure out the elemental composition. As shown
in Fig. S13, Ols and N1s peak was appeared at 533.4 eV and
400.1 eV, respectively. The relative atomic content of C was
increased by the addition of CNT, while the peak intensity of
O and N attributed to the amide function of C=0 and N-H
in PA was concomitantly decreased. Note that Cls peak at
285.2 and 284.5 eV corresponded to the C—C and C=C bond
of the aromatic ring. The FT-Raman spectra analyses of the
PA/CNT fibers showed the combined characteristic peaks
of D- and G-band from CNT and amide-I and -II function
from PA (Fig. S14). The PA and CNT can be fully dissolved
by, yet resist decomposition from, the true solvent of CSA,



Advanced Fiber Materials (2023) 5:514-526

519

allowing the large-scale production of the highly reliable PA/
CNT composite fibers.

The addition of CNT effectively improved the electrical
conductivity of the PA/CNT fibers (Fig. 2f). As the CNT
content increased, the PA/CNT fibers exhibited a signifi-
cant decrease in the resistance from 2.31 k€ to 0.0098 kQ
(Fig. S15). The specific electrical conductivity of the PA/
CNT fibers increased with the weight fraction of CNT. A
specific electrical conductivity over 4,859 S m* kg~! was
achieved with 90% CNT content in the composite fiber. The
increased electrical conductivity of the PA/CNT fibers can
be attributed to the continuous electrical conducting pathway
along the uniaxially oriented CNT domains in PA matrices
[26]. Since the PA/CNT (10/90) fiber had the highest value
of tensile strength and electrical conductivity compared to
the other composite fibers that were tested, we focused on
the PA/CNT (10/90) solution to determine the most effective
macroscopic properties.

The PA/CNT (100/0) fibers were electrically insulating,
and we thus compared the physical properties of the PA/
CNT (10/90) and PA/CNT (0/100) fibers. The enhance-
ment in physical properties we observed after adding only
a small amount of PA into the CNT solution was unex-
pected, because unlike CNT, PA is neither a strong material
in theory nor an electrical conductor in practice as against
CNT [27]. Note that the PA/CNT (0/100) fibers were fabri-
cated using the same temperature (24 °C), relative humid-
ity (13%), concentration (8 mg mL™h), coagulation (acetone

bath), neutralization (water bath), and draw ratio (3.0) dur-
ing the wet-spinning procedure. They exhibited an electrical
conductivity of 3,537 S m” kg~! (Fig. S16). A specifically
designed experiment was conducted by POM to understand
why seasoning the PA into the CNT showed more advanta-
geous physical properties for composite fibers.

A drop of PA/CNT (10/90) and PA/CNT (0/100) solu-
tion in the LLC phase was deposited into one-hole slide
glass filled with acetone. Then, an optical cell was covered
by sandwiching the glass substrate with 10 um spacers and
sealing it with an epoxy resin. When the LLC solution for
PA/CNT (0/100) in N phase met the acetone, large numbers
of CNT precipitated to form a highly aggregated CNT island
on the isotropic liquid of the solvent mixtures (Fig. 3a). The
spinning dope from the PA/CNT (0/100) immediately solidi-
fied in the coagulant, and it was no longer in the LLC phase
which indicated the disappearance of birefringence. How-
ever, the PA/CNT (10/90) solution still showed the strong
birefringence under POM observation, before and immedi-
ately after immersion into the coagulating solvent (Fig. 3b).
Several micrometer sized particles were detected, but the
randomly oriented multifold LLC domains were coexistent
[28].

Regarding the PA/CNT (10/90) fibers, the slow dif-
fusion of CSA into acetone delayed the solidification of
LLC domain, as the local hydrogen bonding trapped the
molecules between the donor and acceptor function. The
monofilament of the PA/CNT (10/90) fiber was unable to

0.4Vol. % 20 pm

Fig.3 POM images of the spinning dope for PA/CNT (0/100) solu-
tion (a) and PA/CNT (10/90) solution (b) before and after the coagu-
lation process. XRM images of PA/CNT (0/100) fiber (top) and PA/
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immediately solidify even in the spin-line. The PA/CNT
(10/90) fiber maintained the motionable features for the mol-
ecules and chain segments. Therefore, the remaining LLC
behaviors in the coagulant assisted the uniaxially arranged
and densely packed structures when the stretching force was
applied along FA. Thus, the order parameter (S) of the PA/
CNT (10/90) fibers were sensitive to the draw speed (DS)
of the winding roller (Fig. S17). The maximum S of the PA/
CNT (10/90) fiber is determined to be 0.919. Conversely,
the immediate loss of fluidity of the long-range order in 1D
hampered the extra uniaxial orientation of PA/CNT (0/100)
fiber during the drawing process. The fast exchange of the
spinning solution into the coagulant froze the molecular
mobility. Therefore, the molecular alignment only occurred
in the spinneret region which resulted in the low depend-
ence of the tensile stress on the DS (Fig. S18). The PA/
CNT (0/100) fiber had only the tensile strength of 1.66 N
tex™!. In addition, the maximum S of PA/CNT (0/100) fiber
was 0.818 which was almost similar to the lowest DS, even
though the DS was 2.5 times higher than the initial take-up
speed (Fig. S19).

The microstructural changes of PA/CNT (10/90) fibers
and PA/CNT (0/100) fibers were visualized by XRM. Using
non-destructive 3D X-ray imaging, the internal voids on the
scale of hundreds of nanometers to tens of micrometers were

quantified without artifacts (Fig. 3c). At the same DS of
5.75 m min~ ", a low volume percent of void (0.40 vol%) was
observed along the FA of the PA/CNT (10/90) fibers com-
pared to the PA/CNT (0/100) fibers (3.80 vol%). The high
alignment prevented the poor interfacial contact while the
low orientation rendered the molecular packing difficulties.
The reduced voids with the help of enhanced S decreased
the distance between the internal bundles that controlled
the electron transport scattering site and load transfer defect
density in the composite fibers (Fig. 3d) [29].

To understand the enhanced physical properties of the
PA/CNT fibers, the electrocapacitive performance was also
evaluated. The electrochemical response of the PA/CNT
(0/100) fibers yielded a quasi-rectangular shaped cyclic vol-
tammetry (CV) curve (Fig. S20). The undistorted triangular
shaped galvanostatic charge/discharge (GCD) profile proved
the highly capacitive characteristics of PA/CNT (0/100) fiber
[30]. It is noteworthy that the capacitive characteristic of PA/
CNT (0/100) fiber was well-maintained even up to a scan
rate of 10,000 mV s~!, which highlighted the good elec-
trical conductivity itself. For PA/CNT (10/90) fibers, the
shapes of the CV curves were not rectangular with potentials
peaks of 0.25V, 0.42 V, and 0.81 V (Fig. S21). However,
the PA/CNT (10/90) fiber showed a much larger CV curve
than the PA/CNT (0/100) fiber (Fig. 4a). These enhanced
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Fig.4 CV profiles of the PA/CNT (0/100) and PA/CNT (10/90) fib-
ers (a). CV curves of PA/CNT (10/90) fiber at scan rates from 50 to
10,000 mV S~! (b). Specific capacitance of the PA/CNT (0/100) and
PA/CNT (10/90) fibers at different current densities (¢). GCD curves
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of the PA/CNT (10/90) fiber (d). Nyquist plots obtained from the EIS
analysis of the PA/CNT (0/100) and PA/CNT (10/90) fibers (e). Nor-
malized imaginary parts of the complex capacitances of the PA/CNT
(0/100) and PA/CNT (10/90) fibers (f)
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capacitance properties were well-maintained even at a very
fast scan rate of 10,000 mV s~! (Fig. 4b). The cathodic and
anodic peak potential separation (AE,) was an indicator of
the redox kinetics of electrode materials [31]. Notably, the
PA/CNT (10/90) fiber maintained very small peak potential
separation even at a scan rate of 1000 mV s~!, which implied
a highly reversible and fast redox reaction kinetic (Fig. S22).
The PA/CNT (10/90) fiber (124Fg'at 1.0 Ag™;94F g!
at 50.0 A g™'; rate retention of 76%) showed much higher
electrochemical performance than the PA/CNT (0/100) (1.9
Fglat10Ag™";1.4F g 'at50.0 A g; rate retention of
74%) as shown in Fig. 4c and d.

To analyze the superior performance of the PA/CNT
(10/90) fiber, the electrochemical impedance spectroscopy
(EIS) is used. Figure 4e showed a Nyquist plot in a fre-
quency range from 100 kHz to 0.05 Hz. In the high fre-
quency region, both samples showed similar equivalent
series resistance values, but the PA/CNT (10/90) fiber
exhibited a much smaller charge transfer resistance (36 Q)
than the PA/CNT (0/100) fiber (45 Q), revealing its highly
conductive properties [32]. In the low-frequency region of
Warburg impedance, the PA/CNT (10/90) fiber exhibited
slightly lower ion diffusion resistance than the PA/CNT
(0/100) fiber, featuring facile ion diffusion characteristics.
As shown in Fig. 4f, the PA/CNT (10/90) fiber shows excel-
lent frequency response with very small relaxation time
constant of 1.5 ms (7, being the minimum time required to
discharge all of the energy with a >50% efficiency) result-
ing from the outstanding charge transfer and ion diffusion
and transport kinetics. The highly enhanced electrochemi-
cal properties of composite fibers by addition of PA into
CNT should be attributed to (i) the low electrical resistance
as well as a high-rate performance, and (ii) the improved
wettability as well as the facile redox reaction [33]. The
construction of composite structure from PA and CNT was
beneficial for the power and energy performance related to
the electrical resistance and specific capacitance.

To further enhance the physical properties of the PA/CNT
(10/90) fibers, the phase structures of the LLC dope depend-
ing on the concentration were determined (Fig. 5a). The
intermolecular interaction in the molecular level influenced
not only in the microscopic level but also in the macroscopic
level of the PA/CNT (10/90) fibers. Under POM, the PA/
CNT (10/90) solution at the room temperature showed a
complete dark state indicating the isotropic (ISO) liquid state
with the short-range molecular order. The isotropic cloud
point (ICP) was observed as 0.14 mg mL~!, which indicated
the start of the self-assembled LLC domain growth. The
continuous PA/CNT (10/90) fiber did not form when the
concentration of solution was below the ICP. This finding
showed that the close intermolecular interaction between
the PA and CNT should not be sufficient to produce the
composite fibers in the ISO and ICP regions.

When the concentration was increased from 0.14 mg to
6.0 mg mL~!, the biphasic (BI) state was formed. The PA/
CNT (10/90) solutions can be spun when the concentration
reached to the BI state. However, the S of PA/CNT (10/90)
fiber prepared in the BI state was lower than the N state
because of the existence of a liquid part that affected the
long-range molecular order of the LLC domain (Figs. 5b
and S23). They did not bear full load, reducing the mechani-
cal strength. In addition, the disruption of alignment can
increase the junction resistance [34]. Further increasing the
concentration over 6.0 mg mL~!, the N domains grew and
joined together to form a single phase, and showed typical
Schlieren textures with the black brushes. It was only when
the PA/CNT (10/90) fibers reached N, did they show stable
physical properties (Fig. 5¢). The tensile strength and elec-
trical conductivity were nearly saturated at 8.0 mg mL~! in
the N phase.

To verify how the aspect ratio (AR) of CNT affects the
physical properties, four different CNTs were used to fab-
ricate the PA/CNT (10/90) fibers. The ICP of CNT in CSA
was determined as the midpoint between the most concen-
trated solution without birefringent and the least concen-
trated solution with birefringent (Fig. S24). The measured
ICP was inversely related to the AR of CNT. On the basis of
Onsager scaling, the AR of four different CNTs were meas-
ured to be 1084, 1747, 2996, and 5817 (Fig. 5d) [35]. As
shown in Fig. Se, the specific tensile strength of PA/CNT
(10/90) fiber was proportional to the AR of CNT. The longer
AR of CNT can result in higher surfaces for load transfer,
a lower defect density, and fewer CNT junctions per unit
of fiber length [36]. Based on the established linear trend
between AR of CNT and the physical properties, the PA/
CNT (10/90) fiber fabricated from CNT with the AR = 8000
are expected to possess 3.65 N tex! and 6,189 S m* kg™!
by a simple extrapolation. Since the specific electrical con-
ductivity of copper (Cu) wire is 6,500 S m?> kg™!, the current
result of the PA/CNT (10/90) fiber can dedicate for devel-
opment in the field of electrical conductors with no metal
present [37]. From this perspective, the optimized PA/CNT
(10/90) fibers accompanied with the low-cost and large-scale
fabrication can be considered as a common conducting wire
in the near future.

Since the physical properties of the PA/CNT (10/90) fib-
ers are sensitive to the DS owing to the presence of LLC
behaviors judged by the maximum S (0.919) and the electri-
cal conductivity (5044 S m? kg™') at 5.75 m min~!, apply-
ing stretching force to the PA/CNT (10/90) fibers towards
the spin line direction also leads the improved mechanical
properties. We observed that increasing the DS of the wind-
ing roller from 2.30 to 5.75 m min~' enhanced the specific
tensile strength of the PA/CNT (10/90) fibers from 1.49
to 2.82 N tex~! (Fig. 5f). The stretching force effectively
aligned the PA/CNT (10/90) fiber which resulted in a proper
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ordering and internal packing compared to fibers subjected
to a lower stretching force. Therefore, it is apparent that the
drawing process can be considered as a primary determinant
of the physical property of the PA/CNT (10/90) fiber. In
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conductivity of the PA/CNT (10/90) fibers fabricated with the differ-
ent AR of CNT (e). Changes to the mechanical properties of the PA/
CNT (10/90) fibers upon increasing the DS (f). Tensile strength of the
PA/CNT fibers against electrical conductivity plotted on an Ashby
plot together with other wet-spun fiber materials (g)

addition, the introduction of the fast DS contributed signifi-
cantly to productivity growth. It should be noted that the PA/
CNT fibers used in the present experiments were prepared
manually in a laboratory. The optimizing the processing of
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PA/CNT, which requires high levels of multiple coagulating,
stretching, annealing, and sizing steps, will lead to dramatic
improvements in physical fiber properties.

The tensile strength of commercially available pure PA
fibers such as Kevlar (DuPont, USA), Technora (Teijin,
Japan), Taparan (Tayho, China), and Heracron (Kolon,
Korea) approximate 3.5 GPa [38—40]. The tensile strength
of the PA/CNT fiber is superior to that of all these materi-
als, but only when the CNT concentration is high enough.
Commercially available pure CNT fibers (DexMat, USA)
obtained through wet-spinning process have an electrical
conductivity of 10.0 MS m~! [41-43]. The electrical con-
ductivity of the best PA/CNT (10/90) composite fiber is 8.9
MS m~!. However, PA/CNT fibers can compete with pure
PA, pure CNT, and other functional fibers when both good
mechanical performance and high electrical conductivity are
required. Ashby plot in Fig. 5g further indicates that the PA/
CNT fibers are better at balancing strength and conductivity
than the pure PA and CNT fibers. Other wet-spun pure made
of conducting materials like graphene powders [44-46],
MXene flakes [47-49], and conjugated polymers [50-52] are
currently studied as alternatives to metal-based lightweight
products in electrical devices. The physical properties of the
PA/CNT fibers described here are considerably superior to
those of previously reported synthetic polymer and conduct-
ing nanofiller composite fibers [53-55].

The maintenance of the mechanical and electrical prop-
erties of PA/CNT (10/90) fibers in extreme conditions can
protect people by stably driving the many electronic devices
related to life safety systems, such as infrared sensors, com-
munication modules, and gas detectors. For example, an
electric circuit can be connected by “DISCO”, “VERY”,
and “DISCOVERY” patterned PA/CNT (10/90) wirings, and
tethered with a bulletproof vest (Fig. 6a), fireproof jacket
(Fig. 6b) and space suit (Fig. 6¢) often used in the harsh
conditions. The flame retardant and mechanical robustness
of PA/CNT (10/90) fibers can prevent the wiring from snap-
ping due to the fire exposure and violent movement. Fig-
ure 6d and S25 show no change in the initial mechanical
characteristics of the PA/CNT (10/90) fibers when heated
up to 400 °C for 300 min. Above 450 °C, the specific tensile
strength starts to decrease after 10 min. The fiber length of
20 mm and the shape of the fiber piece was almost identi-
cal before and after exposure to the center of blue zone of
the flame, which indicated thermal stability. The PA/CNT
(10/90) fibers also possessed a degree of flexure tolerance
(Fig. 6e). Fatigue of the metal-based conductors often leads
to premature failures early in service life. However, the PA/
CNT (10/90) fibers exhibited no change in resistivity under
flexure tests, including repeated cycles of twisting, unbend-
ing, and folding motions. These results clearly illustrate the
potential benefit of PA/CNT (10/90) wiring which requires
exceptional flexibility.

Basically, the PA/CNT (10/90) fiber itself was safe to
use in our daily lives. When PA/CNT (10/90) fibers were
coagulated in an acetone bath, they were subsequently
rinsed in a following water bath before winding (Fig. 6f).
This process was very important because LLC dope was in
an acidic state, and residual CSA on the PA/CNT (10/90)
fibers could cause skin corrosion and acute toxicity. How-
ever, the CSA was removed when the PA/CNT (10/90)
fiber passed through the water bath (stage II). We per-
formed a pH test that indicated the surface of PA/CNT
(10/90) fiber was in a neutral state after being cleaned by
the water bath (pH=7). A pH test on the PA/CNT (10/90)
fibers immediately after coagulation in the acetone bath
(stage I) revealed an acidic state (pH =2). Furthermore, a
lightweight of the PA/CNT (10/90) fibers can accelerate
to prospect of replacing metals [56]. As shown in Fig. 6g,
the density of PA/CNT (10/90) fiber is 1.84 g cm™>, and
this result is lower than the Cu (8.96 g cm™?), aluminum
(2.70 g cm™%), and the pure CNT fiber (1.98 g cm™) [57].

Corrosion is also a significant concern for metallic
wires, which react with oxidizing substances in chal-
lenging environments. Although the conductors in the
electrical cables are protected by insulation, unintended
exposures can lead to deterioration in the performance at
contact points. Figure 6h showed comparative images of
un-insulated Cu wire and PA/CNT fiber exposed to sea
water. Deterioration of bare Cu wire was observed within
1 week of immersion, whereas the PA/CNT wire was sta-
ble for more than 1 month of testing. Additionally, the
mechanical strength and electrical conductivity of PA/
CNT wire remained after 30 days of exposure to the vari-
ous kinds of organic and inorganic solvents (Fig. S26). As
shown in Fig. 6i, we fabricated a model of wind turbine.
The generated current by converting wind energy into
rotating energy of the blade and converting that rotating
energy into electrical energy was delivered via the PA/
CNT fibers to brighten up the scale model house [58]. The
resistance to degradation in corrosive environments of PA/
CNT fibers adds to their reliability and promotes to use in
renewable energy transportation, including floating solar
farms or offshore wind farms which require deployment
in media.

Conclusions

The discovery of LLC mesophase driven by the spontaneous
molecular self-assembly made PA and CNT possible to pro-
ceed the co-processing. The monofilament type of the PA/
CNT composite fibers with minimal aggregation were pre-
pared by the continuous wet-spinning, and they provided the
broad physical property windows precisely tuned by varying
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the materials composition, drawing speed, aspect ratio, and
phase structures. Furthermore, our results demonstrated
that including a small amount of PA in the spinning dope
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of CNT produced the nanocomposite materials with high
tensile strength, electrical conductivity, and electrochemi-
cal performance by significantly reducing the internal void
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and concomitantly enhancing the orientational order. The
lightweight PA/CNT composite fibers with the outstanding
chemical, mechanical, and thermal stability can represent an
alternative for traditional metal wirings in energy transport-
ing applications.
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