Downloaded via PEKING UNIV on December 24, 2025 at 08:24:10 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Plant Cell Wall-Inspired Interfacial Bridging
Enables Ultrastrong and Tough Carbon
Nanotube Fibers

Xiangyang Li, Xudong Lei, Xiangzheng Jia, Muqiang Jian,” Tongzhao Sun, Xinyin Yang, Jiankun Huang,
Xiaocang Han, Haolu Lin, Yunhang Li, Jiajun Luo, Xiaoxu Zhao, Enlai Gao, Xiangian Wu,
and Jin Zhang*

Cite This: https://doi.org/10.1021/acsnano.5¢14235 Read Online

ACCESS ‘ [l Metrics & More ‘ Article Recommendations | Q Supporting Information

Achieving simultaneous enhancement of strength N ! } FonTRs
Specific penetration energy (MJ-kg™)

and toughness in carbon nanotube fibers (CNTFs) remains a ?:'E{ ' . Eﬁ%ﬁfﬂ
persistent challenge due to inefficient interfacial load transfer, % s H :
low nanotube alignment, and high porosity. Herein, inspired by @ H 7 3

the hierarchical architecture and borate-mediated cross-linking cetvan oo g | B g

of plant cell walls, we report a bioinspired interfacial bridging S I g 3

strategy to fabricate ultrastrong and tough CNTFs. This = 4;/') i, S

approach involves the sequential infusion of poly- Fib g

(pyridobisimidazole) (PIPD) nanofibers and chains into = = “™"™" e rougmess momd Tensile strength (GPa)

CNTF networks, followed by borate-induced covalent cross-

linking and mechanical densification. The PIPD molecular backbone consists of alternating pyridobisimidazole and
dihydroxyphenyl rings, which enable the formation of hydrogen bonding and borate-mediated covalent cross-linking network
with CNTs. The resulting fibers exhibit strong intertube interactions, improved alignment, and reduced porosity.
Consequently, CNTFs achieve an ultrahigh tensile strength of 8.45 + 0.28 GPa and a high toughness of 238.42 + 14.78 MJ-
m>, surpassing the performance of commercial high-performance fibers. Additionally, the fibers exhibit high impact resistance
with a specific penetration energy of 1.26 MJ-kg™', outperforming many state-of-the-art protective materials. Experimental
characterizations combined with first-principles calculations reveal that the synergistic interplay between the highly ordered
assembly and strengthened interfacial interactions enables cooperative deformation and efficient energy dissipation. This work
establishes a scalable and biomimetic pathway for fabricating CNTFs with a combination of ultrahigh strength and toughness,
making them promising candidates for advanced structural and protective applications.
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domains of cellulose confer excellent intrinsic strength.” ’

These nanofibrils are highly aligned along the longitudinal axis
of cell walls, contributing to the macroscopic strength of
wood.'* The nanofibrils are embedded in a hemicellulose and
lignin matrix that provides additional reinforcement through
robust interfacial interactions.'”'>'* Notably, borate-mediated
covalent cross-links between rhamnogalacturonan II side
chains significantly enhance the interfacial cohesion (Figure
la), enabling efficient energy dissipation and conferring both

Simultaneously elevating the strength and toughness of fiber
materials remains an enduring challenge, particularly for
advanced protective systems exposed to high-strain-rate and
ballistic conditions. In synthetic fibers, these two mechanical
properties are often mutually exclusive due to inherent
structural trade-offs in material design.1 In contrast, natural
materials have evolved hierarchical architectures that effectively
reconcile strength with toughness, frequently surpassing their
synthetic counterparts.”’ Wood exemplifies this natural design
strategy. Its cell walls provide sufficient strength and stiffness to August 20, 2025
sustain macroscopic loads while remaining sufficiently December 14, 2025
extensible to accommodate cellular growth. These attributes December 16, 2025
originate from a hierarchical assembly of cellulose, hemi-

cellulose, and lignin.4_ll Cellulose chains assemble into

densely packed nanofibrils, where the highly ordered crystalline
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Figure 1. Fabrication and performance of CNTFs. (a) Schematic illustration of the hierarchical structure and borate-mediated cross-linking
found in plant cell walls, which collectively confer high strength and toughness. (b) Schematic diagram of the fabrication of CL-PIPD-
CNTFs involving sequential interfacial bridging via hydrogen bonding and borate-mediated covalent bonding. (c) Comparison of the
mechanical and electrical performance of different CNTFs. (d) Comparison of the mechanical properties of FCNTFs and D-CL-PIPD-

CNTFs.

high strength and toughness to the material.'"® This natural
design paradigm suggests that mimicking the high-performance
building blocks, hierarchical organization, and interfacial
bridging of plant cell walls offers a promising strategy for
constructing fiber materials that concurrently achieve superior
strength and toughness.

Carbon nanotubes (CNTs) are widely regarded as one of
the strongest and toughest known materials, with an intrinsic
tensile strength reaching 120 GPa and a toughness
approaching 8 GJ-m™."” These exceptional properties stem
from their unique sp® -bonded carbon lattice and one-
dimensional nanostructured morphology, making them ideal
nanoscale building blocks for next-generation high-perform-
ance fibers.'"®"® However, the mechanical performances of
macroscopic CNT fibers (CNTFs) remain significantly inferior
to those of individual CNTs, primarily due to the structural
limitations arising from the assembly process. These include
weak interfacial interactions, poor nanotube alignment, and
high porosity, which collectively compromise efficient load
transfer from individual CNTs to CNTFs and energy
dissipation.””™>* To address these issues, extensive efforts
have focused on tailoring the hierarchical architecture of
CNTFs through a range of processin% strategies. These include
optimization of spinning parameters,”*** axial stretching,”*~>*°
mechanical densification,*' ™** 34,33

thermal annealing, and

reinforcement of intertube interactions.”**' While each of
these approaches contributes to improvements in strength or
toughness, achieving concurrent enhancement of both proper-
ties remains elusive. Recently, we developed an integrated
strategy combining progressive axial stretching, polymer
infusion, and mechanical densification to simultaneously
enhance interfacial interactions, nanotube alignment, and
fiber densification.”” This process yielded fibers with
significantly improved tensile strength and offers a viable
route toward the fabrication of high-performance CNTFs.
Further advances in mechanical performance are essential for
meeting the stringent demands of advanced structural and
protective applications.

As one of the most advanced high-performance polymers,
poly(pyridobisimidazole) (PIPD) fibers exhibit exceptional
tensile strength, high modulus, and good thermal and chemical
stability.””** These properties originate from its rigid
molecular backbone, which consists of alternating pyridobisi-
midazole and dihydroxyphenyl rings that promote extensive
intra- and intermolecular hydrogen bonding networks.**
When integrated with functionalized CNTs, these hydroxyl
groups act as active sites for forming both hydrogen bonding
and borate-mediated covalent cross-linking networks, generat-
ing a tightly coupled hybrid interface that markedly enhances
load transfer and structural integrity. Herein, drawing
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Figure 2. Structural characterization of CNTFs. (a, b) SEM images of FCNTFs. (c, d) SEM images of CL-PIPD-CNTFs. (e, f) Cross-
sectional SEM images of CL-PIPD-CNTFs prepared by a focused ion beam (FIB). (g) HAADF-STEM image of the radial cross-section of
CL-PIPD-CNTFs. (h—j) Corresponding elemental mappings of nitrogen (N), carbon (C) and boron (B). (k) Comparison of Herman’s

orientation factors for different fibers.

inspiration from the hierarchically ordered architecture and
borate-mediated cross-linking of plant cell walls, we present a
biomimetic strategy for the fabrication of ultrastrong and tough
CNTFs. This strategy involves the infusion of poly-
(pyridobisimidazole) (PIPD) nanofibers and chains (PIPDs),
followed by the introduction of borate ions and mechanical
densification. In this fiber system, the highly aligned CNTs,
analogous to cellulose nanofibrils, serve as the primary
reinforcing skeleton, while the PIPDs emulate the hemi-
cellulose/lignin matrix by forming both hydrogen bonding and
borate-mediated covalent cross-linking with the CNT network.
This dual-bonding mechanism enhances intertube cohesion
and facilitates efficient load transfer, resulting in a well-
balanced combination of strength and toughness. The CNTFs
exhibit a high tensile strength of 8.45 + 0.28 GPa and a
remarkable toughness of 238.42 + 14.78 MJ-m >, along with
high specific penetration energy, highlighting their potential for
advanced impact-resistant applications. Spectroscopic analyses,
stress relaxation experiments, and first-principles calculations
reveal that enhanced interfacial interactions, improved nano-
tube alignment, and reduced porosity, collectively account for
the superior mechanical performance.

RESULTS AND DISCUSSION

Fabrication and Structural Characterization of
CNTFs. Figure 1b illustrates the fabrication process of
interfacial-bridging-enabled ultrastrong and tough CNTFs.
Functionalized CNTFs (FCNTFs), bearing oxygen-containing
functional groups (e.g., hydroxyl groups), are first immersed in
a chlorosulfonic acid (CSA) solution containing PIPDs.
During the axial stretching process, PIPDs are infused into
the CNTF network, forming a hydrogen bonding network and
yielding highly aligned, densified PIPD-modified CNTFs
(PIPD-CNTFs). As a control, FCNTFs are also axially
stretched in neat CSA to produce CSA-treated CNTFs
(CSA-CNTFs). Subsequent intercalation of borate ions into
PIPD-CNTFs induces robust interfacial bridging through the
covalent cross-linking between CNTs and PIPDs, forming

cross-linked fibers (CL-PIPD-CNTFs). This hierarchically
ordered architecture imparts significantly enhanced mechanical
performance compared to FCNTFs, CSA-CNTFs, and PIPD-
CNTFs. A final mechanical rolling treatment further densifies
the fibers, resulting in D-CL-PIPD-CNTFs. These fibers
exhibit an ultrahigh tensile strength of 8.45 + 0.28 GPa, a
remarkable toughness of 23842 + 14.78 M]‘m73, a high
Young’s modulus of 203.99 + 8.66 GPa, and an electrical
conductivity of 2.60 MS-m™, which are 5.3, 4.9, 4.4, and 1.5
times increases over those of FCNTFs, respectively (Figure
Ic,d).

We systematically investigated the structural evolution of
CNTFs throughout each stage of the optimization process.
Raw CNTFs, primarily composed of multiwalled CNTs
(Figure S1), were synthesized by floating catalyst chemical
vapor deposition as previously reported.””** A subsequent
purification process involving mild oxidation and acid washing
effectively removed residual impurities (e.g, metallic catalyst
particles and amorphous carbon), and introduced hydroxyl
groups onto the CNT surfaces, yielding FCNTFs. Thermog-
ravimetric analysis, Raman spectroscopy, and X-ray photo-
electron spectroscopy (XPS) confirm the successful removal of
impurities and the introduction of oxygen-containing groups
on the CNTs (Figure S2). Despite these modifications, the as-
purified FCNTFs retain a disordered architecture with loosely
entangled CNTs and a high density of voids (Figure 2a,b, and
Figure S3). To improve nanotube alignment and structural
packing, FCNTFs were swollen in CSA, leveraging sidewall
protonation effects, and subjected to axial stretching. The
resulting CSA-CNTFs exhibit a more aligned and compact
network, resulting in improved tensile strength and toughness
relative to FCNTFs (Figures S4 and SS). Nonetheless, voids
remained present in the CSA-CNTFs (Figure S6), limiting
further mechanical enhancement. To mitigate this, PIPDs were
infused into FCNTFs during the axial stretching process by
dissolving PIPD fibers in a CSA solution, producing PIPD-
CNTFs (Figure S7). Three kinds of PIPD-CNTFs with
different weight percent (wt %) of PIPDs were fabricated.
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Figure 3. Mechanical performance and reinforcement mechanism of CNTFs. (a) Representative stress—strain curves of FCNTFs, CSA-
CNTFs, PIPD-CNTFs, CL-PIPD-CNTFs, and D-CL-PIPD-CNTFs. (b) Comparison of tensile strength of different CNTFs. (c) Comparison
of the tensile strength and toughness of the present CNTFs and other state-of-the-art high-performance fibers. (d) Stress-relaxation curves of
different fibers at 1.5% strain. (e, f) Dependence of Raman frequency downshifts on the applied strains for FCNTFs and CL-PIPD-CNTFs.
(g, h) Atomistic simulations of interfacial structures with borate-mediated covalent bonding and hydrogen bonding before and after shear
loading. (i) Shear force-shear strain curves interfacial structures with borate-mediated covalent bonding and hydrogen bonding in CNTFs.

Among them, PIPD-CNTFs treated in the solution with a
PIPDs concentration of 0.1 wt % exhibit the highest PIPDs
content (Table S1) and superior tensile strength (Figure S8
and Table S2). Surface and cross-sectional scanning electron
microscopy (SEM) images reveal fewer voids in these fibers
(Figure S9a—d), while energy-dispersive spectroscopy (EDS)
mappings confirm the homogeneous distribution of carbon,
oxygen, and nitrogen, indicating uniform incorporation of
PIPDs across the fiber cross sections (Figure S9e—h). To
further strengthen interfacial interactions, borate ions were
subsequently introduced to establish strong interfacial bridging
between CNTs and PIPDs inspired by the borate-mediated
cross-linking chemistry in plant cell walls, forming CL-PIPD-
CNTFs. To identify the optimal concentration of borate ions,
three concentrations were tested, and the highest tensile
strength was achieved with a borate concentration of 1 g-L™"
(Figure S10 and Table S3). At this optimal concentration,
three kinds of fibers were fabricated with different immersion
durations. CL-PIPD-CNTFs produced with an immersing

duration of 12 h exhibit the highest tensile strength (Figures
S11, S12, and Table S4). Surface and cross-sectional SEM
images (Figure 2c—f), and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images (Figure 2g) confirm a highly aligned and densely
packed CNT architecture in CL-PIPD-CNTFs. Elemental
mappings of carbon, nitrogen, and boron further validate the
uniform distribution of PIPDs and borate cross-linkers
throughout the fiber cross sections (Figure 2h—j). Finally,
mechanical rolling was further applied to densify the fibers,
yielding D-CL-PIPD-CNTFs with enhanced structural integ-
rity and tensile strength (Figures S13 and S14).

We systematically evaluated the effects of axial stretching
and interfacial bridging on nanotube alignment, structural
densification, and interfacial interactions in CNTFs. Wide-
angle X-ray scattering (WAXS) patterns and corresponding
azimuthal intensity profiles of different fibers reveal pro-
gressively enhanced alignment in CSA-CNTFs, PIPD-CNTFs,
CL-PIPD-CNTFs, and D-CL-PIPD-CNTFs relative to pristine
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FCNTFs (Figure S15). Herman’s orientation factors, derived
from WAXS data, increased from 0.650 in FCNTFs to 0.900,
0.918, 0.927, and 0.922 in CSA-CNTFs, PIPD-CNTFs, CL-
PIPD-CNTFs, and D-CL-PIPD-CNTFs, respectively (Figure
2k), indicating substantial improvement in nanotube alignment
along the fiber axis. Small-angle X-ray scattering (SAXS) was
employed to assess nanoscale structural densification.
Equatorial scattering intensity profiles exhibit markedly
reduced intensity for D-CL-PIPD-CNTFs (Figure S16),
indicative of diminished electron density contrast between
CNTs and voids, consistent with higher packing density. These
observations align with cross-sectional SEM images (Figure
2e,f). To elucidate the interfacial interactions, Fourier
transform infrared spectroscopy (FTIR) and XPS were
conducted. In FTIR spectra, the stretching band of the
hydroxyl group at 3463 cm™" in FCNTFs exhibits a redshift to
3393 cm™' in PIPD-CNTFs, reflecting hydrogen bonding
between CNTs and PIPDs (Figure S17a)."’~* Upon borate
ions intercalation, a characteristic B—O—C stretching band at
1125 cm™ emerges, consistent with covalent cross—linking.48’50
A further redshift of the stretching band of the hydroxyl group
in CL-PIPD-CNTFs suggests a strengthened hydrogen
bonding network. XPS spectra confirm the successful
incorporation of borate ions, as evidenced by the appearance
of a distinct B 1s peak at ~192 eV in CL-PIPD-CNTFs (Figure
S17b),*" which is absent in PIPD-CNTFs. These results
demonstrate that this bioinspired interfacial bridging strategy
significantly enhances nanotube alignment, structural densifi-
cation, and interfacial interactions within CNTFs.

Performance and Enhancement Mechanism of
CNTFs. The synergistic enhancement of nanotube alignment,
structural densification, and interfacial interactions contributes
to the superior mechanical and electrical performance of the
resulting fibers. D-CL-PIPD-CNTFs achieve a high tensile
strength of 8.45 + 0.28 GPa (Figure 3a,b), which is 6.3, 1.6,
1.5, and 1.3 times that of FCNTFs (1.35 + 0.04 GPa), CSA-
CNTFs (5.32 + 0.10 GPa), PIPD-CNTFs (5.80 + 0.15 GPa),
and CL-PIPD-CNTFs (6.36 + 0.12 GPa) (Table SS),
respectively. In addition to high strength, D-CL-PIPD-
CNTFs also exhibit an ultrahigh toughness of 238.42 =+
14.78 MJ-m>, representing a 4.9-fold greater than that of
FCNTFs. These results demonstrate good internal consistency,
as supported by the 95% confidence intervals and significance
testing (at the significance level of 0.05). This unprecedented
combination of high strength and toughness surpasses those of
commercial carbon and polymeric fibers, as well as state-of-the-
art CNTFs reported to date (Figure 3c and Table S6) 2832730
Additionally, CSA-CNTFs exhibit an electrical conductivity of
3.42 MS-m™!, which is 2.6 times increase over that of FCN'TFs.
This contributes to the pronounced improvements in nano-
tube alignment and structural compactness of CSA-CNTFs.
Despite the introduction of polymer components, D-CL-PIPD-
CNTPFs maintain a high electrical conductivity of 2.60 MS-m™",
exceeding those of MZXene,*” graphene,58 and conventional
carbon fibers.””

To understand the strengthening mechanism, we conducted
stress relaxation and in situ Raman spectroscopy experiments,
as well as atomistic simulations. In FCNTFs, weak intertube
interactions and structural defects facilitate nanotube slippage
during deformation, resulting in low relaxation resistance, with
~90% of the initial stress retained after relaxation at 1.5%
strain (Figure 3d). In contrast, CL-PIPD-CNTFs exhibit
markedly enhanced resistance to stress relaxation due to

improved interfacial bonding and compact nanotube packing,
which effectively suppresses slippage of nanotubes. D-CL-
PIPD-CNTFs demonstrate the highest resistance, retaining
97.5% of the initial stress under the same conditions. To
further probe load-transfer efficiency, in situ Raman spectros-
copy was performed. The G’-band shift under strain serves as a
quantitative indicator of stress transfer across the nanotube
network.”® FECNTFs show a modest shift of —10.9 cm™' under
the tensile strain (Figure 3e), which is consistent with their
inefficient stress transfer and inferior mechanical properties.
Intermediate shifts observed for CSA-CNTFs and PIPD-
CNTFs confirm a gradual enhancement in load-transfer
efficiency (Figure S18a,b), aligning with their improved tensile
strength and toughness. CL-PIPD-CNTFs and D-CL-PIPD-
CNTFs exhibit pronounced downshifts of —25.5 and —29.7
em™" (Figure 3f and Figure S18c), respectively, suggesting
strong interfacial bridging and efficient load distribution across
the network. Notably, the G'-band shift per unit strain in CL-
PIPD-CNTFs and D-CL-PIPD-CNTFs is more than twice that
of FCNTFs, further substantiating the effectiveness of the
bioinspired interfacial bridging strategy in enhancing mechan-
ical properties. To further understand the strengthening
mechanism, we did first-principles calculations. The incorpo-
ration of borate ions facilitates covalent cross-linking between
hydroxyl groups on PIPDs and CNTFs, resulting in the
formation of borate-mediated covalent bonding (Figure 3g).
To quantify the mechanical performance of these interfacial
bridges, we computed the shear force (F)-strain (y) responses
of both borate-mediated covalent bonding and typical
hydrogen bonding in CNTFs (Figure 3h, i). Borate-mediated
covalent bonding exhibits a significantly higher interfacial shear
strength (2.01 nN) and critical shear strain (24%) compared to
the hydrogen bonding (0.34 nN and 14%). For comparison,
the shear strength per atom for van der Waals interactions is
only 8.68 pN (Figure S19), much lower than that of either
borate-mediated covalent bonding or hydrogen bonding.
Meanwhile, the hydrogen bonding exhibits dynamic reversi-
bility (Figure 3i). The synergistic interplay between the strong,
stiff borate-mediated covalent bonding and reversible, ductile
hydrogen bonding contributes to the strong and tough
interfacial interactions and thus the mechanical performance
of CL-PIPD-CNTFs and D-CL-PIPD-CNTFs.

In assemblies with poor load-transfer efficiency, individual
CNTs are easily pulled out from bundles under applied stress.
In contrast, architectures with strong intertube interactions
promote cooperative deformations, with load shared across
neighboring nanotubes, leading to extension rather than
slippage. This distinction in failure morphology highlights
the critical role of interfacial bridging in enabling effective
stress transfer throughout the fibers. Fractographic analysis
reveals that FCNTFs predominantly fail via intertube slippage,
characterized by abundant pulled-out bundles, whereas CL-
PIPD-CNTFs exhibit significantly fewer pulled-out bundles
upon fracture (Figure S20), indicating reinforced intertube
cohesion. These observations confirm that the bioinspired
interfacial bridging strategy significantly enhances nanotube
alignment, structural densification, and interfacial load transfer,
synergistically contributing to the high tensile strength and
toughness of the resulting fibers.

Specific Penetration Energy of CNTFs. Beyond their
quasi-static mechanical performance, the impact resistance of
CNTFs was directly assessed using laser-induced microbullet
impact testing. In this setup, microbullets (with an average
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Figure 4. Specific penetration energy of CNTFs. (a) Schematic diagram of laser-induced microbullet impact on a fiber. Here, v; and v,
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images capturing microbullet impact and penetration processes in an FCNTF and a CL-PIPD-CNTF. (d) Comparison of specific penetration
energy for different CNTFs. (e) Specific penetration energy of CL-PIPD-CNTFs compared to commercial and reported high-performance

materials.

diameter of 98.62 + 4.06 um) were accelerated to an average
velocity of about 500 m-s~', impacting an individual fiber
(Figure 4a). The velocities before and after fiber penetration
are recorded via high-speed imaging to calculate the specific
penetration energy. Time-resolved images of the impact and
penetration processes for FCNTFs and CL-PIPD-CNTFs are
shown in Figure 4b,c. CL-PIPD-CNTFs exhibit the highest
specific penetration energy of 1.26 MJ-kg™", representing a 1.1-
fold increase over FCNTFs (Figure 4d). This value is
comparable to, or exceeds, those reported for other advanced
energy-absorbing nanomaterials, such as graphene aerogels®’
and pyrolyzed carbon nanolattices.”' Notably, the performance
surpasses that of traditional impact-resistant materials such as
steel, aluminum, and Kevlar armor (Figure 4e and Table
57).62’63 This superior impact resistance, reflecting their
excellent dynamic mechanical robustness, is attributed to the
highly ordered architecture and robust interfacial interactions
within the fiber network,*”**** which enable a greater fraction
of CNTs to engage in load-bearing under dynamic loading.
This facilitates stress-induced bond rupture and potential
atomic rearrangement, enhancing energy dissipation effi-
ciency.*”** These findings underscore the exceptional impact
resistance of CN'TFs and suggest their promise for applications

in advanced armor systems, protective textiles, and blast-
resistant structural materials.

CONCLUSIONS

Drawing inspiration from the hierarchical architecture and
interfacial chemistry of plant cell walls, we present an
interfacial bridging strategy for engineering ultrastrong and
tough CNTFs through sequential infusion of PIPDs, borate-
mediated covalent cross-linking, and mechanical densification.
This bioinspired strategy simultaneously enhances nanotube
alignment, structural densification, and interfacial interactions.
The resulting D-CL-PIPD-CNTFs exhibit exceptional tensile
strength (8.45 + 0.28 GPa) and ultrahigh toughness (238.42 +
14.78 MJ-m~*). Additionally, the fibers demonstrate superior
impact resistance with a specific penetration energy of 1.26 MJ-
kg_l. Comprehensive structural, spectroscopic, mechanical
analyses, and simulations reveal that interfacial bridging plays
a pivotal role in suppressing slippage of nanotubes, enabling
cooperative deformation and efficient energy dissipation under
both quasi-static and dynamic loading. These findings establish
a robust and biomimetic design principle for high-performance
CNTFs, and offer a promising route toward next-generation
protective materials for use in advanced armor, textiles, and
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blast-resistant systems. There remain certain limitations to the
large-scale production and practical application of these fibers.
The current structural optimization process still relies on CSA
and acetone as processing solvents, which raises concerns
regarding environmental impact and industrial scalability.
Moreover, the interfacial-bridging procedure is relatively
time-consuming. Future efforts should focus on developing
greener solvent systems and simplifying the overall fabrication
process to improve sustainability and production efficiency.

EXPERIMENTAL SECTION

Preparation of Raw CNTFs. The raw CNTFs were prepared by
the floating catalyst chemical vapor deposition method.*>** A
precursor solution consisting of acetone as the liquid carbon source,
with dissolved ferrocene (Aladdin, 99%) and thiophene (Aladdin,
99%) as catalyst and promoter, respectively, was injected into the
reactor at a rate of 30 mL-h™". The solution was transported into the
high-temperature zone (1300 °C) by a carrier gas mixture of
hydrogen and argon (5 L-min™"). Within the reaction zone, CNTs
nucleated and self-assembled into hollow, cylinder-like aerogels. As
the aerogels exited the reactor, they passed through a water bath,
forming continuous CNTFs, which were subsequently collected on a
bobbin at a winding rate of ~15 m-min~". The as-spun CNTFs were
then dried at 400 °C to remove residual moisture and stabilize the
structure.

Preparation of FCNTFs. The as-spun CNTFs were first treated
with a 30% hydrogen peroxide solution (Macklin) at room
temperature for 12 h to remove amorphous carbon and introduce
oxygen-containing functional groups. The obtained fibers were then
rinsed thoroughly with deionized water and subsequently immersed in
an acidic solution for 3 h to eliminate residual iron catalyst particles.
Afterward, the CN'TFs were washed three times with deionized water
and dried in an oven at 70 °C under an air atmosphere to remove
residual moisture, yielding FCNTFs.

Preparation of CSA-CNTFs. FCNTFs were first immersed in a
CSA solution (Aladdin, 99.5%). Subsequently, they were subjected to
axial stretching to improve the nanotube alignment. Following
stretching, the CSA-CNTFs were transferred into an acetone bath
(Aladdin, 99%) to remove residual CSA and induce structural
densification.

Preparation of PIPD-CNTFs. PIPD fibers (provided by China
Bluestar Chengrand Research Institute of Chemical Industry) were
dissolved and dispersed in CSA at concentrations of 0.05, 0.1, and 0.2
wt %, respectively. The mixtures were stirred for 6 h at room
temperature to obtain the homogeneous PIPD dispersions. FCNTFs
were then immersed in the dispersions and subjected to axial
stretching to promote nanotube alignment and interfacial interaction.
During the drawing process, the fibers were immersed in the
dispersions and stretched axially with a draw ratio of about 20% at
room temperature for 10 min. The treated fibers were subsequently
transferred into an acetone (Aladdin, 99%) bath to remove CSA and
dried overnight at room temperature to obtain PIPD-CNTFs.

Preparation of CL-PIPD-CNTFs. Boric acid (Aladdin, 99.5%)
was dissolved in the deionized water at concentrations of 0.5, 1, and 2
g L7!. After the dissolution of boric acid, the pH of above solutions
was adjusted to 8 through NaOH (Aladdin, 96%). The as-prepared
PIPD-CNTFs were then immersed in these borate solutions for 12 h
at room temperature to induce cross-linking. After treatment, the
fibers were rinsed three times with deionized water and annealed at 90
°C under vacuum for 4 h to yield CL-PIPD-CNTFs.

Preparation of D-CL-PIPD-CNTFs. To further enhance the
packing density, a mechanical densification process was applied using
a roller press (MSK-2150, SHENZHEN KEJINGSTAR Technology
Company, Ltd, China). Before rolling, the resulting CL-PIPD-
CNTFs were sandwiched between two aluminum foils (KLBIO, 10
um thick). The roller gap was adjusted to eliminate visible spacing,
and the fibers were rolled under these conditions. The rolling process
compacted the fiber structure, yielding D-CL-PIPD-CNTFs.
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