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ABSTRACT: Carbon nanotube fibers (CNTFs) offer exceptional (=
intrinsic properties but are often limited by assembly defects and e
inefficient intertube load transfer. Here, we report a wet-spinning
strategy enabled by poly(p-phenylene-2,6-benzobisoxazole)
nanofibers and chains (PBOs)-reinforced intertube interactions to
fabricate mechanically robust PBO/carbon nanotube (CNT)
composite fibers (PCNTFs). By optimizing the PBOs content, highly
aligned and densely packed CNT networks are formed and
stabilized by a hydrogen-bonding interfacial architecture.
Comprehensive structural characterization reveals maximized i
nanotube orientation, minimized void volume, and strengthened PCNTF-0
interfacial interactions at the optimal composition. As a result, the l

PCNTFs achieve a high tensile strength of 3.52 GPa, a Young’s -

modulus of 306 GPa, and a toughness of 71.5 MJ/m?®, representing a 2.7-fold enhancement in toughness compared with
pristine CNTFs. In situ Raman spectroscopy, stress—relaxation analysis, and fracture morphology observations further
confirm the critical role of hydrogen-bonding-mediated interfacial interactions in governing efficient stress transfer and
energy dissipation. Moreover, the optimized fibers exhibit a high specific penetration energy of 1.39 MJ/kg under high-
speed impact, exceeding that of conventional impact-resistant fibers. This work establishes a scalable interfacial design
strategy for CNT-based fibers with simultaneously high strength and toughness and provides a feasible pathway toward
next-generation fibers for structural and multifunctional applications.
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1 Introduction

Carbon nanotubes (CNTs) possess extraordinary intrinsic
mechanical, electrical, and thermal properties [1-3], making them
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highly attractive building blocks for next-generation high-
performance fibers [4-10]. However, translating these exceptional
nanoscale properties into macroscopic CNT fibers (CNTFs)
remains a long-standing challenge. In practical CNTFs, the
mechanical performance is often limited by hierarchical assembly
defects, insufficient nanotube alignment, and weak intertube
interactions, which promote premature nanotube slippage under
external loading [11, 12]. These multiscale structural imperfections
severely restrict effective stress transfer across the fiber hierarchy,
resulting in mechanical properties far below the theoretical
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potential of CNT assemblies. To address these challenges,
considerable efforts have been devoted to improving CNTF
performance through the control of CNT quality, such as aspect
ratio and purity [13-17], optimization of spinning processes
[18-21], and application of post-treatment strategies such as wet-
stretching [22-25], mechanical densification [26—28], and high-
temperature annealing [29-31]. Among various fabrication routes,
wet spinning from chlorosulfonic acid (CSA)-based liquid-
crystalline dopes has emerged as a particularly powerful and
scalable method, enabling the formation of highly aligned CNTFs
with relatively high structural uniformity [32]. However, even in
optimized wet-spun CNTFs, inter- and intra-bundle voids are
inevitably generated during coagulation and solvent exchange,
while the van der Waals-dominated intertube interfaces remain too
weak to support efficient load transfer under deformation.

To overcome these limitations, reinforcing intertube interactions
has become a central design principle for high-performance
CNTFs. Various strategies have been explored, including
microwave-induced welding [33], hybridization with graphene or
polymeric binders [34-36], and high-temperature annealing
[29, 37, 38]. For example, microwave-induced welding of polymer-
infiltrated CNTFs has been shown to significantly enhance both
static and dynamic tensile strength by reinforcing intertube
cohesion [33], although this approach often involves increased
processing complexity and limited scalability. Alternatively,
hybridization with two-dimensional graphene oxide or polymers
can effectively reduce voids, improve alignment, and enhance
interfacial intereactions, leading to simultaneous improvements in
tensile strength, modulus, and toughness [34, 35]. These advances
suggest that polymer-mediated interfacial regulation represents a
promising and versatile approach to overcoming the structural
limitations of CNTFs. In particular, rigid-rod aromatic polymers
capable of forming strong and reversible noncovalent interactions
with CNTs offer unique advantages for reinforcing intertube
interactions without sacrificing structural alignment. Poly(p-
phenylene-2,6-benzobisoxazole) (PBO), often referred to as the
“super fiber of the 21* century”, is well known for its exceptional
tensile strength, high Yong’s modulus, and excellent temperature
resistance [39, 40]. These properties originate from its rigid, rod-
like, and highly oriented molecular chains, which consists of
alternating arrangement of benzene rings and oxazole rings [41].
Such characteristics make PBO an attractive candidate for
interfacial reinforcement in CNT-based composite fibers. However,
a systematic understanding of how polymer-reinforced intertube
interactions regulate multiscale structure, void evolution, and
energy dissipation in CNT composite fibers remains incomplete.

In this study, we report a PBO nanofibers and chains (PBOs)-
reinforced intertube interaction strategy to fabricate mechanically
robust PBOs/functionalized CNTs (FCNTs) composite fibers
(PCNTFs). Upon integration with FCNTSs, the oxygen and nitrogen
atoms within PBOs can form hydrogen bonding networks with the
hydroxyl groups on FCNTs, thereby reinforcing intertube
interactions and generating a tightly coupled interfacial architecture.
Comprehensive multiscale structural and mechanical analyses
reveal that an optimal PBOs content simultaneously maximizes
nanotube orientation, minimizes void volume, and strengthens
interfacial interactions, resulting in the PCNTFs with a high tensile
strength of 3.52 GPa and a toughness of 71.5 MJ/m’. Importantly,
the optimized fibers also exhibit a high specific penetration energy
under high-speed impact. This work provides a scalable interfacial
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design strategy for high-performance CNT-based fibers and opens
new opportunities for advanced structural and multifunctional
applications.

2 Experimental

2.1 Materials

Raw CNTs were supplied by Cnano (Jiangsu Cnano Technology
Co., Ltd.). Chlorosulfonic acid (CSA, 97.0%) and acetone (> 99.5%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Sodium nitrite (NaNO,, > 99.99%) and p-aminophenol (C;H,NO, >
98%) were obtained from Macklin Reagent Co., Ltd. PBO fibers
were provided by China Bluestar Chengrand Research Institute of
Chemical Industry Co., Ltd.

2.2 Preparation of FCNTs

Raw CNTs were purified prior to use. The as-received CNTs were
first annealed in air at 400 °C for 6 h, and then dispersed in 12 M
HCI for 12 h to eliminate remaining metal catalysts. The resulting
suspension was subjected to vacuum filtration and thoroughly
washed with deionized water until neutral. The purified CNTs were
then frozen and dried via freeze-drying overnight. The dried CNTs
were dispersing in CSA at a concentration of 10 mg/mL using a
speed mixer. The equimolar amounts of C;H,NO and NaNO, were
then added to the solution at a 1:60 molar ratio relative to the
carbon content of CNTs. The resulting mixture was subsequently
added dropwise into deionized water under continuous stirring.
Safety note: This reaction was highly exothermic and releases
significant acidic fumes; therefore, all procedures must be
performed in a chemical fume hood. Appropriate personal
protective equipment, including goggles, face shields or masks, lab
coats, and acid-resistant gloves, was required. The FCNTs rapidly
precipitated from the solution. The precipitate was collected by
vacuum filtration, extensively washed with deionized water, and
freeze-dried for 48 h.

2.3 Preparation of PCNTFs

PBO fibers were vigorously washed with acetone several times, and
then dried at 60 °C for 12 h. Liquid crystal spinning dopes were
prepared by dispersing FCNTs and PBO fibers into CSA solutions
at various mass ratios, followed by continuous stirring at room
temperature. Wet-spun composite fibers were prepared by
extruding the dopes into an acetone coagulation bath through a
spinneret with inner diameter of 100 um. The dope extrusion rates
were controlled at between 0.05 and 0.3 mL/min using a syringe
pump. A draw ratio of 2.0 was applied by adjusting the relative
extrusion and winding rates. The resulting PCNTFs were then
washed with deionized water and finally dried at 70 °C for 24 h.

3 Results and discussion

3.1 Preparation and microstructures of PCNTFs

We first achieved the covalent functionalization of purified CNTs
via aryl diazonium chemistry [42—44]. The few-walled CNTs, with
an average diameter of about 2.5 nm and an average aspect ratio of
approximately 4400 (Fig. S1 in the Electronic Supplementary
Material (ESM)) [45, 46], were dispersed in CSA, followed by the
addition of sodium nitrite and p-aminophenol. The acidic mixture
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containing CNTs and in situ-generated diazonium species was then
added the drop-by-drop to deionized water, enabling the
introduction of phenolic groups and paired hydroxyl functionalities
on the CNT sidewalls [44]. Raman spectroscopy provides clear
evidence of successful functionalization. The intensity ratio of the G
band to the D band (I;/I,) decreases markedly from 51.3 + 9.7 for
purified CNTs to 27.8 + 4.1 for FCNTs (Fig. S2 in the ESM),
signaling the introduction of covalent defects associated with
surface functional groups [47]. X-ray photoelectron spectroscopy
(XPS) further confirms this chemical modification, as evidenced by
an increase in oxygen content from 1.84 at.% to 4.46 at.%, together
with a pronounced enhancement of the C-O component in the C
1s spectrum (Fig. S3 in the ESM). Thermogravimetric analysis
(TGA) also verifies the presence of functional groups (Fig. S4 in the
ESM). While purified CNTs exhibit negligible mass loss due to their
high purity and crystallinity, FCNTs show an initial mass loss of
approximately 10 wt.% around 250 °C, followed by a secondary
mass loss near 550 °C. This two-step mass loss behavior is
consistent with the characteristic feature of diazonium-derived
functionalization, in which paired functional groups are
simultaneously grafted onto the CNT surface [44, 48].

As illustrated in Fig. 1(a), we further developed a PBOs-
reinforced intertube interaction strategy integrated into a wet
spinning process to produce mechanically robust PCNTFs.
PBOs/FCNT spinning dopes were prepared by adding 5 wt.%,
10 wt.%, 20 wt%, and 30 wt% PBOs (designated PCNT-5,
PCNT-10, PCNT-20, and PCNT-30, respectively) into CNT/CSA
liquid-crystalline solutions. Polarized optical microscopy reveals
that all PBOs/FCNT spinning dopes exhibit well-defined nematic
liquid-crystalline textures, even at a PBOs content as high as 30 wt.%
(Fig. 1(b) and Fig. S5 in the ESM). Maintaining a nematic liquid-
crystalline phase is critical for promoting CNT alignment and dense

packing during fiber formation, which are key structural
prerequisites for high mechanical performance [18, 19, 35, 49].
The liquid-crystalline spinning dopes, including FCNT, PCNT-5,
PCNT-10, PCNT-20, and PCNT-30, were extruded into the
coagulation bath through a spinneret (Fig. 1(c)), and subsequently
drawn at a draw ratio of 2.0. This process induces synergistic shear-
flow- and extensional-flow-induced alignment of CNTs and
polymers during coagulation and solidification. After washing and
drying, the as-spun fibers were continuously collected onto rollers,
yielding PCNTF-0, PCNTF-5, PCNTF-10, PCNTF-20, and PCNTE-
30, respectively. The resulting composite fibers exhibit a highly
aligned and densely packed internal microstructure, further
reinforced by an extensive hydrogen-bonding network formed
between FCNTs and PBOs. This hierarchical structural
organization substantially reinforces interfacial interactions and
load transfer efficiency, thereby enabling the improved mechanical
performance of the PCNTFs. Moreover, the continuous winding of
mechanically robust fibers onto collection rollers highlights the
scalability and large-area production potential of this wet-spinning
strategy (Fig. 1(d)).

The PBOs content plays an important role in governing
microstructure of the fibers, providing a critical link between
interfacial design and the multiscale structural features. We first
systematically compared the surface and cross-sectional
morphologies of the as-spun fibers. Surface scanning electron
microscopy (SEM) images show that PCNTF-20 exhibits a uniform
and smooth exterior with minimal surface grooves, and the higher-
magnification images confirm the well-aligned orientation of
nanotubes along the fiber axis (Figs. 2(a) and 2(b)). In contrast,
pristine CNTF and PCNTF-0 display a higher density of surface
grooves and a comparatively rougher morphology (Fig. S6 in the
ESM). Cross-sectional SEM images further reveal that PCNTF-20
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Figure1 Wet-spinning-enabled structural organization and mechanical reinforcement of FCNTFs. (a) Schematic illustration of the wet-spinning process, in which liquid-
crystalline alignment and coagulation-induced densification generate highly oriented PCNTFs reinforced by an interfacial hydrogen-bonding network, resulting in
enhanced mechanical robustness. (b) Polarized optical image of the homogeneously mixed PBOs/FCNT liquid-crystalline spinning dope. (c) Photograph of continuous
nascent fiber formation during extrusion through a 10-hole spinneret. (d) Digital image of the as-spun PCNTFs.
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Figure2 Multiscale structural characterization of PCNTFs. ((a)-(d)) SEM images of ((a) and (b)) the surface morphology and ((c) and (d)) cross-section structure of
PCNTF-20. () HAADF-STEM image and ((f)-(h)) corresponding EDS elemental mappings of (f) C, (g) N, and (h) O for PCNTF-20. (i) WAXS patterns and
corresponding Herman’s orientation factors of the fibers. (j) Misalignment angles of voids along the fiber axis. (k) Scattering intensity as a function of scattering vector
along the equatorial direction of SAXS patterns for PCNTFs. (1) Characteristic length and Porod length of voids derived from SAXS analysis.

achieves a markedly higher packing density and a reduced void
volume compared with the other samples (Figs. 2(c) and 2(d), and
Figs. S7 and S8 in the ESM). Consistently, high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
images provide direct evidence of compact nanotube packing
within PCNTF-20 (Fig. 2(e) and Fig. S9 in the ESM). These
structural observations collectively indicate that, at a PBOs content
of 20 wt.%, enhanced FCNT alignment and densification are
achieved [35]. To further examine the spatial distribution of PBOs
within PCNTEF-20, energy dispersive X-ray spectroscopy (EDS)
mapping was conducted. The homogeneous distribution of carbon
(C), oxygen (O), and nitrogen (N) across the fiber cross-section
confirms that PBOs are uniformly incorporated among FCNTSs
during fiber formation (Figs. 2(f)-2(h)), suggesting the well-
developed interfacial contact within the composite structure. This
compositional uniformity also implies favorable compatibility
between PBOs and FCNTs in the CSA system, enabling their co-
dispersion and synergistic alignment during wet spinning process,
which facilitates the formation of densely packed and mechanically
robust composite fibers.

The resulting fiber microstructures were further systematically
characterized by wide-angle X-ray scattering (WAXS) and small-
angle X-ray scattering (SAXS), which together reveal the critical role
of PBOs content in fiber formation. As the PBOs content increases
from 0 wt.% to 20 wt.%, the spindle-shaped diffraction peak located
at 260 = 26° in WAXS patterns progressively narrows, whereas a
pronounced peak broadening emerges at PCNTF-30 (Fig. 2(i) and
Fig. S10(a) in the ESM). This evolution reflects a PBOs-content-
dependent transition in FCNT alignment. Correspondingly,
PCNTEF-20 exhibits the highest Herman’s orientation factor of 0.96,
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surpassing those of the other samples, while a further increase in
the PBOs content to 30 wt.% results in a reduced orientation factor
of 0.84. These results demonstrate that an appropriate amount of
PBOs facilitates the axial alignment of FCNTs within the fibers,
whereas excessive PBOs introduce structural misalignment and lead
to structural disorder, likely arising from polymer aggregation
[23, 35]. The molecular orientation trends revealed by WAXS are in
strong agreement with void alignment characteristics derived from
SAXS analysis (Fig. 2(j)). Specifically, PCNTF-20 displays the
sharpest equatorial streak, indicative of highly oriented voids
distribution along the fiber axis, whereas the equatorial scattering of
PCNTEF-30 evolves into rounded elliptical features, reflecting
increased void misalignment [29]. The consistency between WAXS-
derived Herman’s orientation factors and SAXS-derived void
misalignment angles demonstrates coherent structural evolution
across multiple length scales [27, 29, 50—52]. Moreover, the analysis
of the one-dimensional SAXS intensity profile as a function of the
scattering vector reveals that the void volume fraction reaches a
minimum at a PBOs content of 20 wt.% (Fig. 2(k)). These results
demonstrate that optimizing the PBOs content enables the
simultaneous enhancement of nanotube alignment and structural
densification within PCNTFs, which is essential for achieving high
mechanical performance.

Ruland’s method and Porod’s law were further employed to
quantify the void length and Porod length (void thickness) of
PCNTFs (Fig. 2(1) and Fig. S10(b) in the ESM) [29, 53, 54]. With
increasing PBOs content, the void length decreases from PCNTEF-0
to PCNTE-30, shrinking from 66.5 to 47.3 nm. Similarly, the void
thickness decreases from 54 nm in PCNTF-0 to 33 nm in
PCNTEF-20, but rises to 3.8 nm in PCNTF-30. Considering
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both parameters, the void volume continuously decreases from
PCNTF-0 to PCNTF-20, indicating improved structural
compaction. In contrast, PCNTF-30 shows a marked increase in
void volume, with the thickening of voids indicating reduced void
orientation and structural order [53, 54]. These observations
confirm that the optimization of PBOs content promotes both
orientation and densification of the void structure within PCNTFs.
According to Porod’s law, the interfacial factor (o) can be obtained
from the slope (k) of the In[I(q)q"] versus ¢’ plots using the relation
o= \/m [50-52]. This factor represents the thickness of the
interfacial transition region within a two-phase system and thus
provides a structural descriptor of changes in the interfacial stress-
transfer region between PBOs and FCNTs in the PCNTFs.
Consistent with PBOs-induced interfacial evolution in PCNTFs, the
o value increases from 1.7 nm for PCNTF-5 to 2.3 nm for PCNTF-
20 (Figs. S10(c) and S11 in the ESM), indicating reinforced
interfacial contact and tighter stacking between PBOs and FCNTs,
which leads to the high mechanical performance of PCNTE-20. In
contrast, the o value decreases markedly to 1.9 nm for PCNTF-30,
suggesting the onset of polymer aggregation and interfacial
disruption within the fiber structure [50-52, 55, 56].

3.2 Performance of PCNTFs

Regulating the PBOs content in the spinning dope enables
systematic optimization of both the mechanical and electrical
performance of the composite fibers, with PCNTF-20 exhibiting the
most favorable properties. Tensile testing reveals that PCNTF-20
exhibits the highest tensile strength, Young’s modulus, and
toughness among all samples. Specifically, the tensile strength
increases from 2.20 + 0.35 GPa for PCNTF-0 to 3.52 + 0.08 GPa for
PCNTE-20, corresponding to an improvement of approximately
60%, whereas the Young’s modulus increases from 240 + 44 to
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306 + 26 GPa (Figs. 3(a)-3(c) and Table S1 in the ESM).
Furthermore, the toughness of PCNTF-20 (71.5 = 7.6 MJ/mY’) is
2.7 times that of PCNTF-0 (266 + 7.0 MJ/m*) (Fig. 3(d)).
Additionally, pristine CNTFs exhibit a tensile strength of 1.92 +
0.26 GPa, which is lower than that of PCNTF-20 (Table S1 in the
ESM). This difference suggests that covalent functionalization of
CNTs promotes the initial formation of hydrogen-bonded
interfacial networks between functional groups, thereby enhancing
intertube interactions and improving tensile strength of the fibers.
We further performed a direct literature comparison of mechanical
performance for CNTFs produced from CNTs with different aspect
ratios (Fig. S12 in the ESM). Fibers derived from lower-aspect-ratio
CNTs tend to exhibit reduced tensile strength and modulus
compared with those produced from high-aspect-ratio CNTs,
revealing the central role of aspect ratio in governing fiber
performance. Notably, both the tensile strength and Young’s
modulus of our PCNTFs fall within the performance envelope
defined by the fitted aspect-ratio-dependent trendline, indicating
that their mechanical properties are consistent with structural
expectations. In addition to mechanical reinforcement, the
incorporation of PBO also enhances the electrical conductivity of
the composite fibers. The electrical conductivity of PCNTFs
increases from 1.62 = 025 MS/m for PCNTF-0 to 3.65 *
040 MS/m for PCNTF-20 (Table S2 in the ESM). This
enhancement, despite the intrinsically insulating nature of PBOs,
can be attributed to improved fiber densification and nanotube
alignment, which facilitate the formation of continuous and well-
connected conductive pathways within the FCNT networks [27, 28,
35, 57]. In contrast, PCNTF-30 exhibits markedly reduced
mechanical and electrical performance compared with PCNTF-20.
Based on the aforementioned multiscale structural analyses
obtained from WAXS and SAXS, it can be inferred that excessive
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PBOs introduction promotes molecular aggregation, which disrupts
the aligned FCNT network within the fibers. Meanwhile, the void
units become larger and more disordered, accompanied by an
increase in the overall void volume fraction. These structural
degradations weaken the load-transfer efficiency and compromise
the continuity of conductive pathways, ultimately resulting in the
pronounced deterioration of the mechanical and electrical
properties of PCNTF-30. Compared with typical high-performance
fibers, PCNTF-20 exhibits a Young’s modulus and a toughness that
are comparable to, or exceed, those of conventional high-
performance organic fibers, polyacrylonitrile-based carbon fibers,
and previously reported CNTFs (Fig. 3(e) and Table S3 in the
ESM).

We further employed laser-induced micro-projectile impact
testing to evaluate the high-velocity impact energy absorption
capability of the fibers. In this technique, a micro-projectile is
rapidly accelerated by a laser and launched toward the PCNTFs
(Fig. S13 in the ESM), inducing characteristic dynamic responses
under extremely high strain rates. The specific penetration energy,
defined as the impact energy absorbed per unit mass of the fiber, is
calculated from the kinetic energy difference between the incident
and residual velocities of the projectile, both of which are captured
frame-by-frame using a high-speed camera. It should be noted that
specific penetration energy is fundamentally different from the
specific energy dissipation power [27, 33, 58], which characterizes
the rate of energy dissipation during non-penetrating deformation
and is intrinsically a power-based metric. In contrast, as a key
indicator of impact resistant performance, the specific penetration
energy directly reflects the ability of a material to dissipate energy
during high-strain-rate penetration events [28, 59]. PCNTFs exhibit
excellent impact energy absorption performance, with the specific
penetration energy values increasing from ~ 0.96 MJ/kg for
PCNTEF-0 to ~ 1.39 M]J/kg for PCNTF-20 (Fig. 3(f) and Table $4 in
the ESM), corresponding to an improvement of about 45%.
Notably, this value exceeds that of widely used impact-resistant

(@) (b)

fibers such as Kevlar fibers (~ 1.24 MJ/kg) and is comparable to
CNTFs reported using plant cell wall-inspired interfacial bridging
strategies and CNTs-reinforced heterocyclic aramid fiber systems
[28, 59]. However, it remains lower than values reported for
ultrathin CNT films and ion-irradiated assemblies [60, 61]. This
difference arises from intrinsic distinctions in size scale, structural
architecture, and deformation mechanisms between CNTFs and
CNT films, which govern their respective energy dissipation
pathways [27, 28, 58]. The outstanding energy absorption capability
of PCNTF-20 is attributed to the intrinsic impact resistance of
CNTs combined with multilevel energy dissipation enabled by the
dynamic and reversible reconstruction of hydrogen-bonding
interfaces during high-rate deformation [62].

3.3 Strengthening mechanisms

To understand the strengthening mechanism, we conducted in situ
Raman spectroscopy, stress-relaxation experiments, and Fourier
transform infrared spectroscopy (FTIR). In situ Raman
spectroscopy was used to investigate the load-transfer efficiency,
where the strain-induced shift of G-band serves as a quantitative
indicator of stress transfer within the nanotube network [27, 63].
PCNTF-0 shows a modest G-band shift of —16.8 cm™ under the
applied strain (Fig. 4(a)), consistent with its inefficient stress transfer
and inferior mechanical performance. In contrast, PCNTF-20
exhibits a more pronounced downshift of —19.5 cm™ (Fig. 4(b)),
which is significantly higher than those of the other fibers (Fig. 4(c)
and Fig. S14 in the ESM), indicating strong interfacial cohesion and
more efficient load distribution throughout the network.
Stress-relaxation tests were further performed to evaluate the stress
retention behavior of PCNTFs under a constant strain of 1%.
PCNTF-20 exhibits the highest stress retention (Fig. 4(d)), retaining
approximately 92% of its initial stress, which is markedly higher
than the 86% retained by PCNTF-0. This enhanced stress retention
originates from improved nanotube alignment and strengthened
interfacial interactions within PCNTF-20, which effectively
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Figure4 Mechanistic analyses of PCNTFs. ((a)-(c)) Strain-dependence Raman frequency downshifts for (a) PCNTE-0, (b) PCNTF-20, and (c) PCNTF-30 on the
applied strains. (d) Stress-relaxation behaviors of different fibers. (¢) FTIR spectra for the fibers. (f) SEM images of the fracture morphologies of PCNTF-0 and
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suppresses nanotube slippage under sustained deformation [27, 28].
FTIR analyses were conducted to elucidate the nature of interfacial
interactions within the composite fibers. The stretching vibration of
hydroxyl groups, observed at 3398 and 3381 cm™ for PCNTF-0 and
PCNTE-5, respectively, exhibits a red shift to 3334 cm™ in PCNTE-
20 (Fig. 4(e)), reflecting the progressive strengthening of hydrogen
bonding between FCNTSs and PBOs [64]. These results confirm the
formation of a hydrogen-bonding network at the PBOs-FCNTs
interface and demonstrate that the PBOs content effectively
regulates the interfacial bonding structure within the fibers.
Furthermore, SEM image of fractured fibers reveals that PCNTF-20
exhibits significantly fewer pulled-out nanotube bundles compared
with PCNTF-0 (Fig. 4(f)). Such fracture morphologies indicate
reinforced interfacial interaction, which limits the pull-out failure
and suppresses nanotube slippage during tensile loading. Therefore,
these observations demonstrate that PBOs-reinforced intertube
interaction strategy synergistically enhances nanotube alignment,
structural densification, and interfacial interactions, thereby
enabling the simultaneous improvement in tensile strength,
Young’s modulus, and toughness of the composite fibers.

4 Conclusions

In summary, we demonstrate an effective PBOs-reinforced
intertube interaction-enabled wet-spinning strategy for the
fabrication of mechanically robust PCNTFs with simultaneously
enhanced mechanical and electrical performance. By systematically
regulating the PBOs content in the spinning dope, the
microstructure and interfacial architecture of the fibers can be
tuned. An optimal PBOs content of 20 wt.% enables the formation
of highly aligned and densely packed CNT networks reinforced by
a hydrogen-bonding interface, resulting in efficient load transfer,
suppressed nanotube slippage, and multilevel energy dissipation.
Comprehensive multiscale structural analyses reveal that this
optimized composition achieves the highest nanotube orientation,
minimized void volume, and strengthened interfacial interactions,
leading to the superior mechanical performance. Consequently,
PCNTF-20 exhibits a combination of high tensile strength, Young’s
modulus, toughness, and electrical conductivity, and excellent high-
velocity impact energy absorption, surpassing or matching the
performance of many state-of-the-art high-performance fibers. This
work provides clear mechanistic insights into the interfacial
regulation of CNT-based composite fibers and offers a scalable
design strategy for developing structure-function-integrated fibers
for structural and protective applications under extreme loading
conditions.

Compared to commercial high-performance fibers such as
carbon fibers and PBO fibers, the mechanical performance of
current CNTFs remains lower. Future efforts will therefore focus on
increasing CNT aspect ratio and dope concentration, optimizing
flow-field design and spinning parameters to enhance alignment
and densification, and engineering intertube interactions to
improve load transfer efficiency. These strategies are expected to
collectively advance the structural integrity of CNT assemblies and
enable further improvements in the mechanical performance of
CNTFs.

Electronic Supplementary Material: Supplementary material
(structural characterization of CNTs, XPS spectra of CNTs and
FCNTs, SEM images of CNTFs, HAADF-STEM images of
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PCNTFs, etc.) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908598.
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