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Abstract The rapid advancement of communication technologies and wearable applications has increased the demand for high-performance
flexible electromagnetic wave absorption materials. Conventional conductive fibers are often constrained by their poor wearability, weak interfa-
cial stability, and limited absorption efficiency, which restrict their reliability and practical applicability in dynamic environments. Herein, a flexi-
ble and robust electromagnetic-absorbing fiber was successfully fabricated via wet spinning techniques, which integrates multi-walled carbon
nanotubes (MWCNTs), polyaniline (PANI), and aramid nanofibers (ANFs). Polymerization of PANI on the MWCNTSs surface is employed to optimize
impedance matching and enhance interfacial compatibility, while ANFs serve as a continuous structural skeleton, improving the mechanical
strength and spinnability. The resulting composite fibers exhibited a tensile strength of (202.0+8.0) MPa and an elongation at break of
13.6%:+0.9%, stable electrical conductivity under mechanical deformation, and ultrasonic cleaning. Notably, the fiber architecture enables superi-
or electromagnetic wave absorption, achieving a minimum reflection loss of —62.07 dB and an effective bandwidth of 3.24 GHz compared to the
powder counterparts, owing to the extended propagation path and multiple scattering within the aligned fiber network. In addition, the com-
posite fibers demonstrated self-extinguishing behavior during combustion, reflecting their inherent flame-retardant characteristics. This study
provides a feasible strategy for developing flexible, high-performance electromagnetic wave (EMW)-absorbing fibers for next-generation protec-
tive textile materials.
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INTRODUCTION

The proliferation of modern communication technologies has
rendered electromagnetic wave (EMW) radiation an increasing-
ly critical issue,l"? as it not only disrupts the normal operation of
electronic devices, but also poses a potential threat to human
health.>* Long-term exposure to electromagnetic radiation is
associated with adverse effects on the nervous, reproductive,
and cardiovascular systems, spurring significant interest in high-
efficiency EMW absorption materials."~”? Compared with con-
ventional rigid absorbers, fabric-based EMW-absorbing materi-
als offer notable advantages, including light weight, high flexi-
bility, wearability, and customizable geometry. These features
allow them to closely conform to surfaces that require protec-
tion and dynamic operating conditions. thereby broadening
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their applications in flexible electromagnetic protection.='1

Currently, metal-based conductive fibers are limited by
their high rigidity, poor tactile comfort, and susceptibility to
oxidation, which compromise the wearing comfort. In addi-
tion, their excessively high electrical conductivity hinders effi-
cient electromagnetic wave absorption. In contrast, conduc-
tive polymers (e.g., polyaniline, polypyrrole, and polythio-
phene) possess tunable conductivity, low density, environ-
mental stability, and molecular design flexibility,['2-14 mak-
ing them promising candidates for EM functional fibers. How-
ever, most current preparation methods depend on surface
coatingl’>=171 or chemical depositionl'89 which often leads
to weak interfacial bonding and poor mechanical durability.
Under bending or deformation, the conductive layers are sus-
ceptible to delamination, resulting in a significant deteriora-
tion of the electrical and EMW absorption performance.20-221
Therefore, realizing a synergistic and stable integration of EM-
functional components within the fiber matrix is fundamen-
tal for addressing these interfacial limitations.

Wet spinning is a viable strategy for constructing integrat-
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ed fibers with strong interfacial bonding. An ideal fiber sys-
tem should achieve a balance between electromagnetic per-
formance and mechanical integrity, which is typically realized
through the synergistic incorporation of multiple functional
components. In this context, multiwalled carbon nanotubes
(MWCNTs) are widely regarded as effective EMW-absorbing
fillers owing to their excellent dielectric loss
characteristics.[23241 Meanwhile, introducing a reinforcing
phase with favorable mechanical attributes is a key strategy
to enhance fiber processability and mechanical strength.
Aramid nanofibers (ANFs) retain the high strength, high mod-
ulus, and outstanding thermal stability of macroscopic
aramid fibers,[25-27 while their nanoscale one-dimensional
structure and abundant surface functional groups facilitate
superior dispersion in the spinning solution.l81 Through phys-
ical entanglement and hydrogen bonding, ANFs improve in-
terfacial adhesion with the matrix material, thereby offering
structural reinforcement for the fabrication of continuous,
tough, and strongly bonded composite fibers.2]

In this study, we developed an integrated strategy for fabri-
cating flexible, high-performance EMW-absorbing fibers
through wet spinning by selecting ANFs as a structural frame-
work. The multiwalled carbon nanotubes/polyaniline (MWC-
NT/PANI) composite fillers were prepared by in situ polymer-
ization of PANI on MWCNTSs, which enabled uniform PANI
coating to optimize impedance matching while enhancing in-
terfacial compatibility through covalent and r-m interactions.
This multicomponent synergistic design allows the concur-
rent optimization of both the electromagnetic and mechani-
cal properties within a continuous fiber architecture. The
mass ratios of MWCNT-to-PANI and MWCNT/PANI to the AN-
Fs were systematically tailored to balance the fiber morpholo-
gy, mechanical strength, and EMW absorption performance.
This study provides a feasible fabrication pathway for struc-
turally integrated and interface-enhanced functional fibers,
along with in-depth mechanistic insights into the absorption
behavior of multicomponent fibrous systems.[30]

EXPERIMENTAL

Materials

Aniline (ANi, AR, 299.5%), dodecylbenzenesulfonic acid (DBSA,
90%), dimethyl sulfoxide (DMSO, AR), polyvinylpyrrolidone (PVP,
MW: 1.3x109), potassium hydroxide (KOH, 95%), and methanol
(MeOH, AR) were purchased from Aladdin Chemistry Co., Ltd.
Multi-walled carbon nanotubes MWCNTSs (ID: 3—5 nm, OD: 8—15
nm) were supplied by Shenghui Industrial Co., Ltd. Aramid fibers
(Kevlar 49) were obtained from DuPont (USA). Ammonium per-
sulfate (APS, AR, 98.5%) was purchased from Macklin. PDMS (DC
184) was provided by Dow Corning. Ethanol (EtOH, 95 wt%) was
purchased from Hangzhou Gaojing Fine Chemical Co., Ltd.

Preparation of MWCNT/PANI

The MWCNT/PANI composite powders were synthesized via in
situ polymerization. A mixture of PVP and MWCNTSs in a mass ra-
tio of 4:1 was dispersed in 150 mL of deionized water via ultra-
sonic treatment for 15 min to obtain a stable dispersion. Sepa-
rately, 2.51 g of APS) was dissolved in 15 mL of deionized water
under magnetic stirring for 10 min. Next, 3.59 g of DBSA) was
added to the MWCNT dispersion and stirred for 15 min, fol-
lowed by dropwise addition of 1.00 g of aniline monomer. After

further stirring for 15 min to ensure homogeneity, APS solution
was added dropwise to initiate polymerization. The reaction
was maintained under continuous stirring for 10 h. Upon com-
pletion, ethanol was added to break the emulsion, and the mix-
ture was centrifuged and washed for thrice with ethanol and
deionized water. The final product was freeze-dried for 7 days to
yield MWCNT/PANI composite powders. Samples prepared with
different MWCNT-to-aniline mass ratios (1:1, 1:2, 1:4, and 1:8) are
denoted as CP11, CP12, CP14, and CP18, respectively.

Preparation of ANF/MWCNT/PANI Composite Fibers
First, 2.4 g of aramid fiber was cut into 3 cm segments and treat-
ed in methanol by ultrasonication for 30 min. The fibers were
then thoroughly washed with deionized water and dried. The
cleaned aramid fibers were mixed with KOH (3.6 g), DMSO (150
mL), and deionized water (4 mL) and stirred at room tempera-
ture for 5 h, yielding a viscous dark-red dispersion of aramid
nanofibers (ANFs). Subsequently, a certain amount of
MWCNT/PANI composite powder was added to the ANF disper-
sion and stirred at room temperature for 18 h, followed by ultra-
sonic defoaming for 30 min to obtain a homogeneous spinning
doping.

The spinning solution was extruded through a flat-tip nee-
dle (inner diameter 0.41 mm, 22 G) using a syringe pump at a
rate of 10 mL/h in a deionized water coagulation bath. The
nascent fibers were thoroughly washed with deionized water
to remove any residual impurities. The fibers were then col-
lected using a winding device and thermally treated in a vac-
uum oven at 50 °C to obtain the ANF/MWCNT/PANI compos-
ite fibers. Based on the mass ratio of MWCNT/PANI to ANF
(1:1, 2:1, and 3:1), the resulting fibers were labeled as 1ACP,
2ACP, and 3ACP, respectively.

Characterization

Field-emission scanning electron microscopy (FESEM, Ultra 55)
was used to analyze the surface structures of the samples.
Fourier transform infrared spectroscopy (FTIR, Thermo Electron
Corp.) and X-ray diffraction (XRD, Bruker, D8 Discover, 10°-80°)
were employed to analyze the functional groups and crystalline
structure, respectively. The mechanical properties were mea-
sured using an electronic single-fiber strength meter (YG004) at
a strain rate of 20 mm/min over a gauge length of 20 mm. Ther-
mal stability was evaluated by thermogravimetric analysis (TG,
Netzsch TG 209 F3 Tarsus) under a nitrogen atmosphere from
room temperature to 800 °Cat 10 °C/min. A vector network an-
alyzer (N5222A, Keysight) was used to measure the electromag-
netic parameters. The MWCNT/PANI composite sample was uni-
formly mixed with paraffin wax at a filler content of 5 wt% and
pressed into a coaxial ring with an inner diameter of 3.04 mm
and an outer diameter of 7.00 mm. In the waveguide measure-
ment, the ANF/MWCNT/PANI composite fibers were closely
aligned and encapsulated with PDMS, with their fiber axes ori-
ented parallel to the direction of the electric field (E-field) within
the rectangular waveguide.

RESULTS AND DISCUSSION

Morphology and Structure of ANF/MWCNT/PANI
Composite Fiber

Fig. 1(a) illustrates the fabrication process of ANF/MWCNT/PANI
composite fibers. Initially, the MWCNT/PANI composites are syn-
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Fig. 1 Wet-spinning process of (a) MWCNT/PANI and (b) ANF/MWCNT/PANI composites; (c) Photograph of ANF/MWCNT/PANI composite fiber;

(d) Preparation process diagram of ANF/MWCNT/PANI composite fiber.

thesized via in situ polymerization and subsequently mixed with
ANF to form a spinning solution. During the wet-spinning pro-
cess, the gradually narrowed spinning channel generates strong
shear forces to align and orient the MWCNT/PANI and ANF com-
ponents along the flow direction.®"! The extruded fibers are
then solidified in a coagulation bath and collected. As shown in
Fig. 1(b), the MWCNT/PANI composite suffers from poor pro-
cessability, insufficient mechanical strength, and discontinuous
fiber formation during the wet spinning process, largely owing
to weak interparticle cohesion and the absence of a continuous
structural framework. ANFs were introduced as a reinforcing
and fiber-forming matrix to create a spinnable ANF/MWCNT/
PANI hybrid system, overcoming these limitations. In this de-
sign, ANFs serve not only as a mechanical scaffold that en-
hances cohesion and stretchability during spinning but also as a
nanoscale binder that improves the dispersion and interfacial
stress transfer between the conductive fillers. As shown in Figs.
1(c) and 1(d), the resulting composite enables continuous and
uniform fiber extrusion with stable morphology and structural
integrity throughout the wet spinning process. These results in-
dicate that the system possesses good spinnability and practi-
cal application potential, providing a feasible foundation for
large-scale fabrication of flexible conductive fiber materials.

FTIR spectroscopy was performed to identify functional
groups, as illustrated in Fig. 2(a). The absorption bands at
1564 and 1487 cm~' are attributed to the stretching vibra-
tions of the C=C bonds in the quinoid and benzenoid rings,

respectively. The bands at 1300 and 1247 cm~ correspond to
the C—N stretching vibrations in aromatic amines and C—N*
bonds in the doped polyaniline backbone, respectively, indi-
cating that the synthesized PANI chains exhibit a conductive
state. In addition, the bands observed at 1130 and 794 cm™!
are assigned to the in-plane and out-of-plane bending vibra-
tions of C—H bonds, confirming the successful synthesis of
polyaniline.32 As shown in Fig. 2(b), the XRD pattern of the
MWCNT/PANI composite exhibits a distinct peak at 25.1°,
which corresponds to the (002) diffraction plane of graphitic
carbon in the MWCNTSs. Another peak observed near 42.8° is
attributed to the (100) plane of graphite, indicating that the
graphitic crystalline structure of the MWCNTs was well pre-
served during the preparation process. Additionally, the char-
acteristic peaks at approximately 15.2° and 20.2° are assigned
to the (011) and (020) planes of PANI in its emeraldine salt
form, respectively.’3] These results confirm the successful
combination of the MWCNTs and PANI. The morphological
evolution of the MWCNTs and composite was investigated
using SEM, as shown in Figs. 3(a)—3(f). As depicted in Figs. 3(a)
and 3(b), the pristine MWCNTSs display a uniform nanofibrous
network with smooth surfaces and diameters of approximate-
ly 50—-80 nm. With increasing PANI content, the composite
fibers exhibit a gradual increase in diameter, indicating the
deposition of thicker PANI coatings on the MWCNTSs. Mean-
while, the interstitial spaces between the nanotubes became
progressively filled with PANI deposits, whereas the one-
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Fig.2 (a) FTIR spectra, and (b) XRD patterns of MWCNT/PANI composites.

Fig.3 SEMimages of (a, b) MWCNTSs, (c) CP11, (d) CP12, (e) CP14, (f) CP18, (g1—g3) TACP, (h1-h3) 2ACP, and (i1-i3) 3ACP.

dimensional fibrous morphology of the MWCNTs remains
largely intact. Notably, the surfaces of the MWCNTs become
rough and uneven, with visible agglomeration of PANI
nanoparticles, leading to a marked increase in the surface
roughness (Figs. 3a—3f). For the ACP composite fibers in Figs.
3(g1)—(i3), all fibers exhibit a nearly circular cross-section with
a dense interior. Both the MWCNT/PANI functional fillers and

the ANF matrix are oriented along the fiber axis, forming a
highly ordered alignment that promotes close interfiber con-
tact and enhances the macroscopic mechanical properties.
With increasing MWCNT/PANI content, the fiber diameter
shows a slight enlargement, generally ranging between
70—-80 pum with relatively uniform thickness. Additionally, pro-
nounced surface wrinkles can be observed on the fibers,
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which could be attributed to rapid water evaporation during
the drying process. This sudden shrinkage likely generates
compressive stress in the fiber shell, leading to the formation
of a wrinkled surface morphology.

Mechanical Property of ANF/MWCNT/PANI

Composite Fiber

Fig. 4(a) compares the stress-strain curves of the pure ANF and
ACP composite fibers. Neat ANF fibers exhibit excellent me-
chanical properties, with a tensile strength of up to (431.0+£12.0)
MPa and a fracture strain of 19.9%=1.4%. As the MWCNT/PANI
filler content increased, both the tensile strength and elonga-
tion at break of the composite fibers gradually decrease, on ac-
count of the reduced continuous high-strength ANF skeleton.
Nevertheless, the 3ACP composite fibers still demonstrate fa-
vorable overall mechanical performance, with a tensile strength
of (138.0+3.0) MPa and a fracture strain of 11.6%=0.7%. Intu-
itively, a single 3ACP fiber can stably suspend a 100 g weight
without breakage, indicating that the fiber maintains good
structural integrity and load-bearing capacity (Fig. 4b).

Figs. 4(c) and 4(d) illustrate the variations in the electrical
resistance and conductivity of the composite fibers with dif-
ferent MWCNT/PANI contents. The electrical conductivity of
the fibers increases with MWCNT/PANI content, following the
percolation behavior. In the case of 1ACP fibers, although
conductive fillers are introduced, a continuous conductive
network has not yet formed within the fiber matrix, resulting
in a relatively high resistance and limited improvement in
electrical conductivity. With further increases in the MWCNT/
PANI content, the conductive filler concentration in the 2ACP
and 3ACP fibers exceeds the percolation threshold, leading to
the formation of conductive pathways. As a result, the electri-
cal resistance decreases markedly, and the conductivities
reach 3.67 and 4.97 S/m, respectively. These results indicate
that the MWCNT/PANI functional components establish rela-

tively continuous electron transport networks within the
fibers, enabling efficient charge transfer. In electromagnetic
wave-absorbing materials, the stability of electrical proper-
ties is essential for maintaining effective EMW absorption per-
formance. Disruption of the conductive network, such as bro-
ken pathways, coating detachment, or interfacial separation,
can reduce conductivity and weaken dielectric loss. To evalu-
ate the electrical stability of the ACP fibers, repeated bending
tests over 200 cycles and ultrasonic washing for 50 min were
performed. As shown in Figs. 4(e) and 4(f), the ACP compos-
ite fibers exhibit relatively consistent conductivity, even after
these treatments. Throughout the entire testing process, the
conductivity of the 3ACP fiber remains between 4.8 and 5.1
S/m, while that of the 2ACP fiber stays within the range of
3.7-3.9 S/m, indicating excellent retention of electrical per-
formance.

Thermal Property of ANF/MWCNT/PANI Composite
Fiber

Fig. 5(a) shows the thermogravimetric curve of the ACP com-
posite fibers. The initial weight loss of the fiber is attributed to
the evaporation of residual moisture or solvent from the fiber.
The fiber undergoes a significant weight loss in the range of
390-560 °C, mainly because of the thermal decomposition pro-
cess of the PANI and ANF main chains in the composite system.
In this temperature range, PANI undergoes deammoniation,
chain scission, and carbonization transformation reactions, re-
sulting in weight loss. The residual mass of the ACP composite
fibers is 49.1% at 800 °C. The combustion behaviors and struc-
tural changes of conventional cotton threads and ACP compos-
ite fibers under high-temperature flame conditions are com-
pared using an alcohol lamp combustion test. As shown in Fig.
5(b), the conventional cotton thread ignites rapidly upon con-
tact with the flame and burns completely within approximately
2s. In contrast, the ACP composite fibers display good self-ex-
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Fig. 4 (a) Breaking strength and elongation of anf/mwcnt/pani composite fiber, (b) photograph of the fiber suspending a weight, (c) electrical
resistance, (d) electrical conductivity of fiber, electrical conductivity variation after (e) bending deformation and (f) ultrasonic washing.
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Fig.5 (a) Thermogravimetric curve of fiber; Combustion test: (b) cotton thread, (c) ACP composite fiber

tinguishing characteristics under identical conditions. In Fig.
5(c), minimal charring is observed after 1 s of flame exposure,
with no evidence of vigorous combustion. Upon removal of the
flame source, the ACP fibers extinguish immediately, showing
no sustained burning. These results demonstrate that the ACP
composite fibers possess inherent flame-retardant and self-
extinguishing properties, which are mainly ascribed to the ex-
cellent thermal stability and intrinsic flame resistance of the AN-
Fs.34 In addition, MWCNTs and PANI undergo carbonization at
elevated temperatures, generating a stable carbonized layer
that effectively suppresses flame propagation.

Microwave Absorption Performance of
ANF/MWCNT/PANI Composite Fiber

The microwave absorption performance of materials can be
evaluated intuitively by reflection loss (RL), which can be repre-
sented using the following equation based on transmission line
theory:

_ Zin - ZO
RL = 2019 |5* 2 (1)
[ 2mrfd,\[u.€
Zin = Zo %tanh (j%) (2)
r

where Z;, and Z, are the input and free-space impedances (Q),
respectively. y, and g, are the complex permeability and permit-
tivity, respectively. f, d, and c represent the frequency (Hz), thick-
ness (m), and speed of light (m/s), respectively. For dielectric
lossy absorbing materials, u' and u" are approximately 1 and 0,
respectively.?® The electromagnetic wave (EMW) absorption
characteristics of functional fillers were initially examined to
clarify the intrinsic limitations and synergy potential within the
integrated system, thereby facilitating the rational design of
composite fibers. According to Fig. S1 (in the electronic supple-
mentary information, ESI), neither pure MWCNT nor PANI
demonstrates effective electromagnetic wave absorption across
the tested frequency range. This is attributed to the high electri-
cal conductivity of the MWCNT, which easily induces a strong
skin effect, along with the relatively low attenuation constant of
PANL. Ideally, the EMW absorption performance can be en-
hanced by combining MWCNT with PANI, where the minimum
reflection loss (RL,;,) first decreases and then increases with in-
creasing PANI content (Figs. 6a—6d). Specifically, CP12 exhibits
the lowest RL,, value (—47.25 dB at a thickness of 2.7 mm,
along with an effective absorption bandwidth (EAB) of 5.20 GHz.
This is primarily because the electromagnetic wave absorption

involves two sequential processes. The first is the efficient intro-
duction of the incident wave into the material, which requires
minimizing the reflection at the material-air interface. The sec-
ond is the sufficient dissipation and attenuation of electromag-
netic energy within the bulk material. Therefore, high-perfor-
mance electromagnetic wave absorbers must exhibit excellent
impedance matching and strong attenuation capability, which
can be expressed by the following equations:

7= Zin = g—:tanh (jz%fd\/E) (3)

Zo

a= @ \/(u”e" - we) +\ (e - ) + (e + ) (@)

A Z value close to 1 indicates better impedance matching,
which is a fundamental prerequisite for achieving efficient
electromagnetic wave absorption.6371 As shown in Fig. S2(a)
(in ESI), the Z values of CP12 calculated at 2.7 mm are closer
to 1 across the tested frequency range, suggesting superior
impedance matching performance. In contrast, although
CP14 and CP18 exhibit higher a values due to the increased
PANI content, their Z values deviate significantly from 1, re-
sulting in strong surface reflection and limited wave penetra-
tion. The a values of the MWCNT/PANI composites gradually
decrease with increasing PANI content (Fig. S2b in ESI), indi-
cating a weakening of the attenuation capability of the elec-
tromagnetic waves. Therefore, CP12 achieves the optimal bal-
ance between impedance matching and attenuation capabili-
ty and the best absorption performance among all samples,
which is selected as the filler for fiber fabrication.

Figs. 6(e)—6(g) present the reflection loss (RL) curves of the
composite fibers with varying MWCNT/PANI contents in the
X-band (8.2-12.4 GHz) and Ku-band (12.4-18.0 GHz). The
RLmin peak gradually shifts toward lower frequencies as the
MWCNT/PANI loading increases. Specifically, the TACP and
3ACP fibers exhibit a RL,,, of —31.41 and —65.70 dB at 17.78
and 8.40 GHz with a thickness of 4.85 and 2.28 mm, corre-
sponding to an EAB of 1.68 and 2.11 GHz, respectively. No-
tably, the 2ACP fiber demonstrates the best performance
achieving an RL,,, of —62.07 dB at 9.20 GHz and an EAB of
3.24 GHz with a thickness of 2.34 mm. The electromagnetic
wave absorption performance of the composite fibers aligns
with their electrical conductivity behavior (Fig. 4d). Increas-
ing the MWCNT/PANI content promotes the formation of a
conductive network within the fibers, which enhances the

https://doi.org/10.1007/s10118-026-3727-1


https://doi.org/10.1007/s10118-026-3727-1
https://doi.org/10.1007/s10118-026-3727-1
https://doi.org/10.1007/s10118-026-3727-1
https://doi.org/10.1007/s10118-026-3727-1
https://doi.org/10.1007/s10118-026-3727-1
https://doi.org/10.1007/s10118-026-3727-1
https://doi.org/10.1007/s10118-026-3727-1

Ni, X. Q. etal./ Chinese J. Polym. Sci. 7

S

SRR I S c— b oSS < o c K
TR 1] {] Ty TTYS AR 2277755 (¢ i
A S D R IS
B 10} - OSBRI PEIEER = 0] - B 10| - - xS R 2
) K ST, ) ) SR i
S -20f S -20t S -20}
s s 5 1.00
S —30+ . S —30 1 = —30F 4+-1.00mm
9 ! 9 -0-2.00 mm 9 -0-2.00 mm
% —40 -/\-3.00 mm % —40 <\-3.00 mm % —40 -/\-3.00 mm
& 40} ~/4.00 mm & 40 <724.00 mm & 40 ~/4.00 mm
<>-5.00 mm <>-5.00 mm <>-5.00 mm
=50 <3270 mm =50 <+2.70 mm —50 ~<+2.70 mm
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) Frequency (GHz)
d 0] & X KJl:IIIIIIII 2 € f
—~ . —~
g-10r---- Sty -} 3
8-20} 8 R,
5 o-1.00mm | § s
£ -30r -0-200mm | & ks
2 -/+3.00 mm 2 2
T —40 ~/4.00 mm T T
&< <>500mm | = =
50} ~+2.70 mm
" n L L n I I _70 L L L L _70 L L L L
2 4 6 8 10 12 14 16 18 10 12 14 16 18 10 12 14 16 18
Frequency (GHz) Frequency (GHz)
9 o " I 20 Sk o 1ACP
o —10 [ s T = 20w O 2ACP
S 5 -l 18F > 4 3ACP
g g ‘]461: 0% 70 14 18
= 30 0-1.00mm | ¢ % 15 P I
o 40t -0-200mm | 2 10 e
g 40k A-300mm | T Ty
% _50 Vglgg mm % 2 r
5500 mm T T T T
* 60 5-228mm | < _ | -10.19 al
~fe-2.34mm ] 2t
-0 o
10 12 14 16 18 CP12 1ACP 2ACP 3ACP 9 10 11 12 13 14 15 16 17 18
Frequency (GHz) Frequency (GHz)
j 10— k- e ———————
s A~ CP12 -+ 1ACP
gl6 -0-2ACP A
v4 - 3ACP AN
2 / | grating
6F % 6 101418 flected s | %ﬁﬁ‘gﬂ?;ve
_ Incident Reflected waves /
% - Freecy (G nu\‘en\‘ w\a:es / - :
e Int: — ——— — g
refections 7 ~— \fﬂ% : :
2t — —L e W
T T, SO ) 1

9 10 11 12 13 14 15 16 17 18
Frequency (GHz)

Transmitted waves

Fig. 6 2D reflection loss maps of (a) CP11, (b) CP12, (c) CP14, (d) CP18, (e) 1ACP, (f) 2ACP, and (g) 3ACP; (h) Reflection loss of samples; Complex
permittivity: (i) real part, (j) imaginary part of the composite fiber; (k) Absorption mechanism schematic of the composite fiber.

conductivity and strengthens the conductive loss, which is a
primary dissipation mechanism. Notably, the fiber samples
achieve superior reflection loss and EAB compared to their
powder counterparts, even at lower filler loadings (Fig. 6h).
This enhancement is primarily attributed to the high aspect
ratio of the fibrous structure, which creates extended propa-
gation pathways and enables multiple scattering within the
fiber network. As observed in Figs. 6(i) and 6(j), both the real
(€) and imaginary parts (£") of the permittivity increase signifi-

cantly with increasing MWCNT/PANI content, reflecting the
progressive formation of a more continuous conductive net-
work within the fibers. Notably, when the mass ratio of CP12
to ANF exceeds 2:1, the fiber samples display higher €' and ¢"
values than the powder samples, further indicating an en-
hanced dielectric response. Additionally, the increased num-
ber of heterogeneous interfaces (MWCNT/PANI and
PANI/ANF) in the composite fibers induces stronger interfa-
cial and dipolar polarization, contributing to the elevated

https://doi.org/10.1007/s10118-026-3727-1
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complex permittivity and overall electromagnetic wave dissi-
pation capability.*8! Importantly, beyond the enhanced di-
electric response, the 2ACP fiber realizes better Z values (2.34
mm close to 1 while retaining a sufficiently high a compared
to TACP with lower a and 3ACP with mismatched impedance.
This balanced synergy between impedance matching and at-
tenuation capability constitutes the fundamental reason why
the 2ACP fiber exhibits the best electromagnetic wave ab-
sorption performance (RL,,,=-62.07 dB) among all the com-
posite fibers. This synergistic optimization of impedance
matching and attenuation endows the 2ACP fiber with supe-
rior electromagnetic wave-absorption performance.

Consequently, the electromagnetic wave absorption mech-
anism of the ACP composite fibers mainly arises from multi-
ple scattering and conduction loss, as illustrated in Fig. 6(k).
First, MWCNTSs and PANI collaboratively construct a dual-con-
ductive network structure. Under the influence of an electro-
magnetic field, electrons in the MWCNTSs migrate across het-
erogeneous interfaces to the conductive PANI layer, generat-
ing abundant microcurrents and thereby enhancing conduc-
tion loss.B¥ Secondly, numerous heterogeneous interfaces
such as MWCNT/PANI and PANI/ANF exist within the compos-
ite fiber, inducing interfacial polarization loss and further en-
hancing its dielectric loss capability. Finally, the high aspect
ratio of the ACP fibers significantly extends the electromag-
netic wave attenuation path.

CONCLUSIONS

ANF/MWCNT/PANI composite fibers are successfully fabricated
via in situ polymerization and wet-spinning techniques. The
controlled polymerization of PANI onto the MWCNT surface es-
tablishes a synergistic dual-conductive network, which effec-
tively suppresses the skin effect and alleviates the impedance
mismatch, thereby substantially enhancing the electromagnet-
ic wave absorption performance. Meanwhile, the resulting 2ACP
composite fibers exhibit excellent mechanical properties with a
tensile strength of (202.0+8.0) MPa and an elongation at break
of 13.6%:+0.9%, while maintaining stable electrical conductivity.
The 2ACP composite fiber achieves an RL,,;, of —62.07 dB at a
thickness of 2.34 mm, and an EAB of 3.24 GHz ranging from 8.20
11.43 GHz. Additionally, the composite fibers show self-extin-
guishing behavior upon combustion, demonstrating their
flame-retardant capability. This integrated design, combining
tunable impedance matching, efficient interfacial polarization,
and structural reinforcement, offers a promising and scalable
strategy for flexible electromagnetic protection and next-gener-
ation wearable electronics.
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Graphical Abstract

High-strength and Electrically Stable Aramid Nanofibers/Multi-walled Carbon Nanotubes/Polyaniline
Hybrid Fibers for Flexible Electromagnetic Absorption Performance

Xiao-Qi Ni, Xiang-Yang Xu, Yao-Feng Zhu, and Hui-Ya Wang

Zhejiang Sci-Tech University

A flexible and robust electromagnetic-absorbing fiber is successfully fabricated via wet spinning techniques, which inte-
grates multi-walled carbon nanotubes (MWCNTSs), polyaniline (PANI), and aramid nanofibers (ANFs). The resulting fibers
presents excellent electromagnetic wave absorption performance, mechanical properties and electrical stability.
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