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Abstract

The development of a multifunctional conductive film to meet the requirements of flexibility, high-strength and exceptional
electromagnetic interference (EMI) shielding capacity in the electronic devices has attracted extensive attention. A strategy of
hydrogel-induced ultra-fast protonation was proposed for preparing aramid nanofibers-transition metal carbonitrides-poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (ANF-MXene-PEDOT:PSS) conductive films. The ultra-fast protonation
process would induce the formation of ultra-long molecular chains and the reconstruction of cross-linking networks to
enhance the mechanical properties of films. The ultimate tensile strength of ANF-MXene-PEDOT:PSS (60%) film reached
233.6 MPa, showing an increase of 189.5%. Meanwhile, the encapsulation of conductive PEDOT:PSS layer effectively
addressed the issues of the brittleness and highly oxidization susceptibility of MXene. The EMI shielding effectiveness of
ANF-MXene-PEDOT:PSS (60%) film reached 45.7-48.2 dB from 8.2 to 26.7 GHz at a thickness of 36 pm. After a month
for exposing to air, the EMI shielding capability of ANF-MXene-PEDOT:PSS (60%) film still remained stable (>42.5 dB).
This hybrid film also exhibited high conductivity (264.7 S-cm™"), self-cleaning, fire retardancy and joule heating properties,
which was as an intelligent sensor to realize the real-time monitoring of human physiological signals. This work paves the
way for large-scale production of next-generation high-performance EMI shielding films, demonstrating huge potential in
electromagnetic protection, thermal management and intelligent wearable devices.

Keywords ANF-MXene-PEDOT:PSS film - Ultra-fast protonation - Electromagnetic interference shielding - Joule heating -
Intelligent sensing

1 Introduction (EMI) shielding materials has attracted huge attention. The

explosive growth of electronic devices consumption pro-
With the wide-spread use of electronic devices, electromag-  posed higher demands including flexibility, high strength,
netic pollution has gradually become an urgent challenge in ~ light-weight, ultra-thin and excellent EMI shielding per-
the aerospace, military and engineering fields [1]. Therefore, formances for next-generation of EMI shielding materials

developing high-performance electromagnetic interference  [2]. Recently, conductive nanomaterials including graphene
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[3], silver nanowires [4], carbon nanotubes (CNTSs) [5] and
transition metal carbonitrides (MXene) [2] displayed sig-
nificant advantages for prepare EMI shielding materials,
owing to high conductivity, low density and easy process-
ability. Among above conductive fillers, MXene as a kind of
newly emerging two-dimensional (2D) nanosheets, gained
great attention for its remarkable electrical conductivity and
lamellar structure. Unique laminated structure and metal-
lic conductive nature of MXene was conducive to multi-
ple reflections and rapid attenuation of electromagnetic
waves [6]. Shahzad and coworkers [6] demonstrated that
the EMI shielding capacity of MXene film could reach 92
dB for blocking 99.99999994% radiation. It was obvious that
MXene exhibited great potential in preparing light-weight
EMI shielding film for new-generation electronic devices.
However, the weak interaction between MXene nanosheets
resulted in the poor strength of pure MXene film. Air sen-
sitivity and highly oxidization susceptibility further limited
the large-scale production of MXene film [7].

Considering abundant active groups on the surface
of MXene, the introduction of macromolecular poly-
mers including cellulose nanofiber (CNF) [8, 9], aramid
nanofiber (ANF) [10, 11] and polyvinyl alcohol (PVA) [12]
was a direct and effective strategy to strengthen interlayer
interactions of MXene nanosheets. Chen and coworkers [2]
reported that the MXene/CNF composite film exhibited
a tensile strength and EMI SE of 135.4 MPa and 25.8 dB
based on the method of vacuum filtration. ANF has become
a noticeable candidate to construct flexible and high-strength
composite films in terms of outstanding mechanical prop-
erties and high temperature stability [11], which acted as
an efficient glue to reinforce the bonding forces between
nanosheets. The resulting 80%MXene/20%ANF compos-
ites demonstrated that the EMI shielding value and tensile
strength reached 40.6 dB and 92.0 MPa, while the EMI
shielding effectiveness of 40%MXene/60%ANF compos-
ites reduced to 28.1 dB, when the strength was 201.3 MPa
[13]. The above results indicated that the existence of one-
dimensional (1D) nanofibers was beneficial to promoting the
strength of films. Nevertheless, it was difficult to simultane-
ously meet the requirements of high strength and prominent
EMI shielding performance by a simple vacuum filtration
of nanofibers/MXene.

In this work, we proposed a strategy of hydrogel-induced
ultra-fast protonation to manufacture multifunctional ara-
mid nanofiber-transition metal carbonitride-poly(3,4-ethyl
enedioxythiophene):poly(styrene sulfonate) (ANF-MXene-
PEDOT:PSS) conductive films. Adopting PVA hydrogel as
a substrate effectively facilitated the in-situ phase separa-
tion and instantaneously provided large quantities of proton
donors, further inducing the construction of high-density
hydrogen bonding networks and the formation of ANF
hydrogel film. The above high-density hydrogen bonding

@ Springer

networks guaranteed the structural stability and enhanced
the mechanical strength of films. Notably, the incorpora-
tion of MXene and PEDOT:PSS significantly promoted
the electrical conductivity and EMI shielding capability of
hybrid films. Meanwhile, the encapsulation of conductive
PEDOT:PSS layer effectively mitigated rapid oxidation of
MXene to maintain high EMI shielding capability of films.
According to hydrogel-induced ultra-fast protonation pro-
cess, 1D ANF, 2D MXene and 1D PEDOT:PSS as func-
tional building blocks, were assembled to construct a flexible
and mechanically strong hybrid film with a gradient lami-
nar structure, which was conducive to the multiple internal
reflections to dissipate the energy of electromagnetic waves.
This work provided a direct and efficient method for assem-
bling nanoscale building blocks to construct advanced EMI
shielding films, indicating a promising potential in wearable
electromagnetic protection, aerospace and green electronics.

2 Experimental section
2.1 Materials

Aramid fibers (length, 1 cm) and Ti;AlC, powder (particle
size, 500 mesh) were purchased by DuPont and Yejin 79
Technology Co., Ltd. Hydrochloric acid (HCI, 36.0-38.0
wt.%), dimethyl sulfoxide (DMSO, 99%) and sulfuric acid
(H,SO,, 98%) were obtained from Tianjin Damao Chemi-
cal Co., Ltd. Lithium fluoride (LiF, 99%), polyvinyl alcohol
(PVA, molecular weight, 146,000—186,000) and potassium
hydroxide (KOH, 90%) were acquired by Aladdin Indus-
trial Co., Ltd. PEDOT: PSS dispersion (concentration, 1.5
wt.%; viscosity, 55 mPa-s; color, dark blue) was provided by
Shanghai Ouyi Organic Photoelectric Material Technology
Co., Ltd. The above chemical reagents were employed in the
experiment without further purification.

2.2 Sample preparation

2.2.1 Preparation of ANF/DMSO and MXene/H,0
dispersion

Aramid fibers (4 g) and KOH (6.0 g) were placed into the
flask with 200 mL DMSO and 8 mL deionized water for 5 h
with continuous magnetic stirring at 50 °C [14-17]. When
the above solution became transparent and dark red, the
ANF/DMSO dispersion was obtained. As reported in the
literatures [18, 19], MXene/H,O dispersion was acquired by
acid etching, ultrasonic dispersion and repeated centrifuga-
tion processes. Firstly, LiF (3.0 g) was placed into a Teflon
reaction tank with 60 mL HCI (9 mol/L) under the assis-
tance of magnetic stirring at ambient temperature for 30 min.
Subsequently, 3.0 g Ti;AlC, was added into the tank with
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continuous magnetic stirring for 36 h at 35 ‘C to remove
Al layer. After etching, the above reaction products were
transferred into centrifuge tubes to centrifugate (3500 rpm,
5 min) and wash with deionized water for 68 times until
the pH of the dispersion reached 6. The etched sediment
was collected for ultrasonic dispersion treatment at 4 “C for
30 min to achieve the exfoliation of multilayered Ti;C,T,.
Later, the above dispersion was centrifuged for 10 min at
6000 rpm. Until the color of centrifuged supernatant became
light green, Ti,C,T,/H,O dispersion was acquired by repeat-
ing the above process.

2.2.2 Construction of PVA hydrogel

In this experiment, the PVA hydrogel as an effective reaction
substrate was prepared by freeze—thaw and solvent exchange
processes [20, 21]. 20 g of PVA was added into the beaker
with 64 ¢ DMSO and 16 g deionized water at 140 °C for
2.5 h, under the condition of continuous stirring (400 rpm).
After swelling and completely dissolving, the above hydro-
gel precursor was transferred into the mold and kept in the
freezer at —18 °C for 12 h. Then the sample was thawed
at room temperature for 2 h and the process was repeated
for three times to enhance cross-linking networks of the
hydrogel. After finishing, the above hydrogel was placed
the Petri dish with deionized water for 4 days to achieve
solvent exchange.

2.2.3 Fabrication of ANF-MXene-PEDOT:PSS film

The fabrication of ANF-MXene-PEDOT:PSS hybrid film
included the preparation of PVA hydrogel, rapid formation
of ANF hydrogel film, multiple vacuum filtration, hot-press-
ing and acid impregnation processes. The prepared ANF/
DMSO dispersion was evenly dropped on the surface of
PVA hydrogel. Due to the high moisture content of PVA
hydrogel, the reaction solution would extend rapidly on
the surface of hydrogel. Meanwhile, the DMSO in ANF/
DMSO dispersion would rapidly diffuse from the surface
of liquid film to the interior of hydrogel. After in-situ phase
separation of DMSO, the above process induced rapid cross-
linking of hydrogen bonds to form a hydrogel film on the
surface of PVA hydrogel. Subsequently, the above hydrogel
film was stripped from the hydrogel surface and transferred
into a deionized water bath. After 1 h drying at room tem-
perature, ANF film was obtained by hot-pressing treatment
(60 C, 5 MPa, 2 h). For ANF-MXene film, it was achieved
by the vacuum filtration with the MXene/H,O and simi-
lar drying process. A series of ANF-MXene-PEDOT:PSS
films with MXene-PEDOT:PSS loading (the weight ratio of
MXene and PEDOT:PSS was 1:1) of 40, 50, 60 wt.% were
obtained. To enhance electrical conductivity, ANF-MXene-
PEDOT:PSS (40%), (50%), (60%) films were immersed in

dilute H,SO, solution (1 M) for 30 min at room temperature.
After immersing, it was washed with deionized water for
three times and dried.

2.3 Characteristic analysis

The morphologies of ANF, MXene and PEDOT:PSS were
characterized by a SEM (Verios G4, FEI, USA) and TEM
(Talos F200X, FEI, USA). Meanwhile, surface morpholo-
gies and elemental analysis of ANF, ANF-MXene and
ANF-MXene-PEDOT:PSS films were observed by a SEM
(VEGA-3-SBH, Tescan, Czech) with an EDS (Inca X-MAX,
Oxford, US). XRD spectra and crystallinity of ANF, MXene
and hybrid films were characterized by a D8 Advance
(Bruker, Germany) from 5° to 60°, at 40 kV and 20 mA.
The X-ray photoelectron spectroscopy (XPS, Kratos, Japan)
was employed to characterize the chemical states of samples.
The thermal stability of ANF, MXene and ANF-MXene-
PEDOT:PSS (60%) film was detected by a thermal analyzer
(STA449F3, NETZSCH, Germany) from 25 to 800 °C at
N,. Tensile strength of various films was characterized by a
universal testing instrument (CMT5304, Shenzhen SANS,
China) with the loading rate of 0.5 mm/min. Surface temper-
ature and infrared images of hybrid films were detected by
an infrared camera (T3Pro, IRay, China). The contact angle
testing of samples was conducted by an optical contact angle
meter (OCA20, Dataphysics, Germany). According to the
statistics of 100 fibers, the diameter distribution of ANF was
analyzed by the software of Image J. Water vapor permeabil-
ity was measured by a water method in ASTM E96-95 [22].
ANF, ANF-MXene and ANF-MXene-PEDOT:PSS (60%)
films were sealed around the rim of the bottle containing
water. The above bottle was kept at 23 +1 °C, 50+2% RH
and the weight of bottle was recorded for 7 days to obtain
an average value.

The electrical conductivity of samples was detected
by a Hall effect testing equipment (ET9105-HS, Beijing
Hifuta Technology Co., China) according to the standard
four-point contact strategy [23, 24]. Moreover, EMI shield-
ing performances of different films were characterized by
a vector network analyzer (E8362E, Anritsu Communica-
tion Technology (Shanghai) Co., China) during the 8.2-12.4
GHz (X-band), 12.4-18.0 GHz (Ku-band) and 18.0-26.6
GHz (K-band) according to a waveguide method. Related
coefficients of reflection (R), absorption (A) and transmis-
sion (T) were calculated from the data of S11 and S21 as
shown in Egs. 1, 2 and 3 [19]. Meanwhile, the SE of T, R,
A and multiple internal reflections (SE,;) of samples could
be acquired by Eqs. 4, 5 and 6 [19]. Additionally, the SE,,
could be ignored, when the SE exceeded 15 dB [18]. To
accurately evaluate the EMI shielding capability of hybrid
films, the shielding effectiveness per thickness (SSE,) of
films could be obtained by Eq. 7 [6, 18, 25].
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T = 10“’"?_01“"“ (2)  where p and ¢ represented the density and thickness of hybrid
film. Five groups of parallel experiments were conducted to

A=1-R-T (3)  acquire an average value.
Related sensing experiments of ANF-MXene-
SE; = SEp + SE, + SEy, 4) PEDOT:PSS (60%) film were carried out by the electro-
chemical workstation (CHI600E, Shenzhen Junda Times

. . 2

SE, = —10 log(1 — R) ) Instrument Co., China). The hybrid film (1 X 1 cm~) was

sandwiched between the fork finger electrode material and
tape for assembling as a smart sensor to connect with the
SE, = -10 10g< ; r ) ©6) chemical workstation using copper tape and wire. The above
- sensor could be adhered on the finger and wrist to collect
physiological signals and monitor health status of human.
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Fig. 1 Ultra-fast protonation process and preparation of ANF-MXene-PEDOT:PSS film. a Schematic diagram of ultra-fast protonation process;
(b) Structural diagram of ANF-MXene-PEDOT:PSS film; (¢-d) Preparation process of Ti;C,T, nanosheets and ANF
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Fig.2 Preparation process of ANF-MXene-PEDOT:PSS film and
surface morphologies of aramid fiber, ANF film (hydrogel induction),
ANF film (vacuum filtration), Ti;AlC, powder, multilayered Ti;C,T,
and MXene nanosheets. a Schematic illustration of preparing ANF-
MXene-PEDOT:PSS film. (b1-b6) Ultra-fast protonation process for
forming ANF hydrogel film; Digital photograph of (c1) ANF film
(hydrogel induction), (¢2) ANF film (vacuum filtration), (d1) ANF-
MXene film and (el) ANF-MXene-PEDOT:PSS (60%) film; SEM

PEDOT:PSS

(60 °C/5 MPa/2 h)

Vacuum
filtration

/Drying at room | I [I
‘temperature for H .
1 h before hot- 70"Pressing
pressing

B

images of (d2) ANF-MXene film, (e2) ANF-MXene-PEDOT:PSS
(60%) film, (f1) aramid fiber, (f2) ANF, (f3) ANF film (hydrogel
induction) and (f4) ANF film (vacuum filtration); Element mapping
images of (g) ANF and (h2) Ti;AlIC,; SEM images of (hl) Ti;AIC,
powder and (i) multilayered Ti;C,T,; (j1-j2) TEM and HRTEM
images of MXene; (k1-k2) SEM and element mapping images of
MXene
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«Fig.3 Skeleton construction of ANF-MXene-PEDOT:PSS film and
surface chemistry analysis of samples. a Skeleton construction of
ANF-MXene-PEDOT:PSS film; (b1-b3) XRD patterns and crystal-
linity analysis of samples; (c1-¢3) FTIR spectrum of various films
and intensity ratio of hydrogen bonds; (d1-d3) XPS spectra and
analysis of ANF, ANF-MXene and ANF-MXene-PEDOT:PSS (60%)
films

3 Results and discussion
3.1 Hydrogel-induced ANF-MXene-PEDOT:PSS film

There were several preconditions to obtain a flexible film
with excellent mechanical strength and EMI shielding capac-
ity: (1) constructing strong interfacial interactions was nec-
essary and (2) highly conductive networks were responsible
for exceptional EMI shielding performances. To meet above
conditions simultaneously, 1D ANF, 2D MXene nanosheets

@ ANF-MXene-PEDOT:PSS (40%) film @ ANF film (Vacuum filtration)
@ ANF-MXene-PEDOT:PSS (50%) film @ANF film (Hydrogel induction
@ ANF-MXene-PEDOT:PSS (60%) film
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Fig.4 Stress—strain curves and tensile strength of ANF, ANF-MXene
and ANF-MXene-PEDOT:PSS (40%), (50%), (60%) films. a-b
Related stress—strain curves and tensile strength of samples; (c¢) The

OI I I

and 1D PEDOT:PSS as functional building blocks were uti-
lized for the scale-up production of high-performance hybrid
film (Fig. la-b).

As displayed in Fig. 1c, MXene nanosheets were acquired
by selectively etching Al atoms from Ti;AlC, powder and
ultrasound dispersion of multilayered Ti;C,T,. The transfor-
mation from macroscopic fibers to aramid nanofibers could
be accomplished by a top-down strategy [10, 16, 26-30]
(Fig. 1d). In this work, transparent PVA hydrogel as a tem-
plate could effectively promote the ultra-fast protonation
and the formation of ANF hydrogel film. The high moisture
content of PVA hydrogel was beneficial for providing a large
number of proton donors to facilitate the ultra-fast recon-
struction of hydrogen bonding between molecular chains.
During in-situ phase separation process, proton donors
rapidly diffused from the interior of PVA hydrogel to the
surface of ANF liquid film. Compared with the vacuum fil-
tration of ANF/H,0 [15, 31], the above strategy was more
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ANF-MXene-PEDOT:PSS (60%) film (0.2 g) holding 500 g stand-
ard weight; (d) Different tensile fracture mechanism of ANF, ANF-
MZXene and ANF-MXene-PEDOT:PSS (60%) films
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Fig.5 Schematic diagram of the interlayer bonding mechanism and cross-sectional morphologies of ANF-MXene-PEDOT:PSS (60%) film. a
Diagram of the interlayer bonding mechanism of various films; (b1-b3) SEM images of MXene layer in ANF-MXene-PEDOT:PSS (60%) film

favorable to the formation of ultra-long molecular chains,
further inducing the construction of high-density hydrogen
bonding networks between molecular chains. When sub-
jected to external stretching, high-density hydrogen bonding
networks guaranteed the structural stability of ANF-MXene-
PEDOT:PSS film, thus enhancing the mechanical strength
of hybrid film. For ANF-MXene-PEDOT:PSS film, flexible
and porous ANF networks facilitated stress buffering and
dispersing and the presence of MXene layer could provide
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a 2D skeleton for resisting to external damage. Meanwhile,
the encapsulated layer of highly conductive PEDOT:PSS,
was in favor of enhancing the interlayer force and protecting
MXene layer from rapid oxidation. Therefore, the result-
ant multifunctional hybrid film was expected that it would
exhibit high-strength, outstanding EMI shielding perfor-
mance, satisfactory intelligent sensing and joule heating
properties.
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Fig.6 Digital photograph and surface morphology of various films.
al Digital photograph of ANF-MXene-PEDOT:PSS (60%) film; (a2-
al0) Folding and crimping of flexible hybrid film; (b1-b3) Tape peel-
ing experiment for the adhesion of hybrid films; (c1-¢3) Cross-section

Figure 2a-b illustrated the preparation process of ANF-
MXene-PEDOT:PSS film by an ultra-fast protonation
method. It was obvious that the abundant proton donors on
the surface of PVA hydrogel induced the ultra-fast forma-
tion of ANF hydrogel film in 60 s (Fig. 2b1-6). Digital pho-
tographs and surface morphologies of ANF film (hydrogel

ds

Surface microstructure

morphologies of ANF, ANF-MXene and ANF-MXene-PEDOT:PSS
(60%) films; (d1-d6) Surface microstructure of ANF, MXene and
PEDOT:PSS layers in the films

induction), ANF film (vacuum filtration), ANF-MXene film
and ANF-MXene-PEDOT:PSS (60%) film were shown in
Fig. 2c1-e2. Moreover, surface morphologies and element
mapping images of aramid fiber, ANF, Ti;AIC, powder,
multilayered Ti;C,T, and MXene nanosheets were exhib-
ited in Fig. 2f1-k2. Macroscopic aramid fibers gradually
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«Fig.7 EMI shielding performances of ANF, ANF-MXene and
ANF-MXene-PEDOT:PSS (60%) films. a Electrical conductivity of
PEDOT:PSS, MXene, ANF, ANF film, ANF-MXene film and ANF-
MXene-PEDOT:PSS (60%) film; (b) Shielding efficiency of different
films; (c-d) SEg, SE,, SE; of various films in X-band, Ku-band and
K-band; (e-f) SEg, SE, and SE; of various films in X-band, Ku-band
and K-band after one month

transformed into high aspect ratio nanofibrils under the
strong alkali effect of KOH/DMSO [16, 29, 30] (Fig. 2f1-
2). It could be observed from Fig. 2f3-4 that the average
diameter of the ANFs reached 28.7 +2.0 nm and 35.3 +2.0
nm after hydrogel induction and vacuum filtration. The ANF
with a smaller diameter in hydrogel-induced film was con-
tributed to forming denser molecular chain entanglements
and crosslinking networks. Detailed elemental mapping
image of ANF was shown in Fig. 2g. The existence of above
nanofibers was in favor of alleviating the serious flocculation
of MXene nanosheets, further facilitating the construction of
a robust brick—mortar structure at the interface. Meanwhile,
it also could be observed from XRD curves (Fig. 3b1-b2)
that the diffraction peaks at 19.2° (004), 33.8° (101) and
39.2° (008) gradually disappeared after acid etching and
ultrasonic dispersion [32]. Interesting, the typical peak
(002) was kept and shifted from 9.5° in Ti;AlC, powder
(Fig. 2h1-2) to 7.2° in MXene nanosheets (Fig. 2j1-k2),
further indicating the successful etching and stripping of
Ti;AlC, powder. As shown in the results of XPS analysis
(Fig. 3d1-d3), a typical peak of Ti—-O-C (456.9 eV) appeared
on the surface of ANF-MXene-PEDOT:PSS (60%) film,
compared with MXene nanosheets.

The skeleton construction of ANF-MXene-PEDOT:PSS
film was displayed in Fig. 3a. According to a hydrogel-
induced ultrafast protonation process, the ultra-long molec-
ular chains of ANF were tightly entangled to form a high-
density network structure. 2D MXene nanosheets with
strong EMI shielding capability and 1D PEDOT:PSS with
high conductivity sequentially deposited on the ANF film
with the assistance of vacuum filtration. It could be observed
from Fig. 3b3 that the crystallinity of ANF film (hydrogel
induction) was higher than that of ANF film (vacuum fil-
tration). The enhancement of hydrogen bonding promoted
the ordered arrangement of molecular chains, resulting in
the increase of crystalline zones (Fig. 3c3). As exhibited in
Fig. 3c1-c2, the peaks spanning from 3000 to 3500 cm™!
belonged to the N-H and O-H stretching vibration peaks,
which indicated a slight redshift, further illustrating an
enhancement of hydrogen bonding. Meanwhile, it could be
seen in Fig. 3c3 that the intensity ratio of hydrogen bonds
increased from 0.805 (ANF film (vacuum filtration)) to
0.917 (ANF-MXene-PEDOT:PSS (60%) film). The above
redshift phenomenon could be explained that the ultra-fast
protonation process would induce the rapid reconstruc-
tion of hydrogen bonding networks and enhance bonding

forces between ANF and MXene. Additionally, the design
of PEDOT:PSS layer could not only effectively improve the
conductivity of hybrid film, but also avoid the rapid oxida-
tion of MXene layer.

3.2 Mechanical properties
of ANF-MXene-PEDOT:PSS film

Oxidization-prone performance and low strength limited the
scale-up production of pure MXene film [5, 19]. To over-
come the above issues, highly conductive PEDOT:PSS was
coated on the surface of MXene layer to form an encap-
sulated layer for mitigating the rapid oxidation of MXene.
Meanwhile, design of gradient layered structure contributed
to achieving the effective dispersion of external stress for
enhancing mechanical properties and extending service life
of hybrid films. Related stress—strain curves, ultimate tensile
strength and elongation of ANF, ANF-MXene and ANF-
MZXene-PEDOT:PSS (40%), (50%), (60%) films were illus-
trated in Fig. 4a-b. The vacuum filtration of ANF/H,O was
a common strategy to prepare ANF film [31, 33, 34]. The
ultimate tensile strength of ANF film was 80.7 MPa based
on above method (Fig. 4a). Meanwhile, it could be observed
from Fig. 4a that the ultimate tensile strength of ANF film
reached 170.6 MPa according to hydrogel induction, show-
ing an increase of 111.4%.

The above results could be explained by the fact that the
formation of the ultra-long molecular chains during hydro-
gel-induced ultra-fast protonation process was beneficial for
the entanglement of molecular chains and the construction
of hydrogen bonding networks, which further enhanced the
strength properties of hybrid film. After the multi-vacuum
filtration of MXene and PEDOT:PSS, there was an upward
trend in the tensile strength of hybrid films (Fig. 4a). It
could be seen in Fig. 4b that the ultimate tensile strength
of ANF-MXene film was 214.5 MPa under the elongation
of 12.7%. Meanwhile, the ultimate tensile strength of ANF-
MXene-PEDOT:PSS (40%), (50%) and (60%) films reached
247.7, 239.6 and 233.6 MPa, displaying a 206.9%, 196.9%
and 189.5% increase, respectively. The rising in the ulti-
mate tensile strength could be attributed to the formation
of a robust brick—mortar structure on the interface between
MXene and ANF layers, which was conducive to improv-
ing the transfer efficiency of external stress [35, 36]. As
previous literatures reported [37], the tensile strength of
ANF/MXene-PEDOT:PSS film was 155.9 MPa based on
the method of direct vacuum filtration. Compared with the
above strategy, the hydrogel-induced ultra-fast protonation
process demonstrated significant advantages in enhancing
the strength of film. For ANF-MXene-PEDOT:PSS hybrid
film, high-density hydrogen bonding networks and unique
brick—mortar structures were responsible for its exceptional
tensile strength. It also could be observed from Fig. 4c that
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«Fig.8 EMI shielding mechanism and moisture permeability of
samples. a XRD patterns of ANF, ANF-MXene and ANF-MXene-
PEDOT:PSS (60%) films after one month; (b) EMI shielding perfor-
mances of ANF-MXene-PEDOT:PSS (60%) film after 10, 50 and 500
cycles of bending; (¢) EMI shielding performances of ANF-MXene-
PEDOT:PSS (40%), (50%) and (60%) films; (d) Related EMI shield-
ing mechanism of ANF-MXene-PEDOT:PSS film; (e) Power effi-
ciency of R, A and T of different films; (f) Comparison of EMI SSEt
with the other materials (MXene/CNF [2], MXene/TOCNF [40],
CNT/Cellulose [41], CNT/Rubber [42], Cu-Ni-CNT [43], CNT/PANI
[44], CNT/WPU [45], CNT/Epoxy [46], CNT/Phenolic [47], PVA/
RGO [3], PVA/MXene [32], PANI/SWCNTs [48], CNT/PP [49]);
(g-h) Digital photograph and EMI shielding mechanism of ANF and
ANF-MXene-PEDOT:PSS (60%) films for blocking wireless charg-
ing of the phone; (i-j) Moisture permeability testing of various films

the hybrid film of merely 0.2 g even withstood the weight of
500 g, which was 2500-fold loadings of own weight, further
indicating light-weight and high-strength of films.

Related schematic diagram of fracture mechanism was
exhibited in Fig. 4d. For ANF film, nanofilaments of 3D net-
works were pulled out, when subjected to external stresses
(Fig. 4d). Accompanied by the deposition of MXene and
PEDOT:PSS, MXene acted as an efficient glue, would
induce the construction of high-density cross-linking net-
works to form a stable integrated structure and improve
transfer efficiency of stress, thus alleviating the structural
damage of film [36]. It also could be observed from Fig. 5a
that the reconstruction of amide bonding and hydrogen
bonding occurred simultaneously during hydrogel-induced
ultra-fast protonation process. The above process would
drive the construction of high-density hydrogen bonding
networks by narrowing the molecular chain spacing. Com-
pared with the method of vacuum filtration, the crosslink-
ing networks of ANF film was denser and more uniform
based on hydrogel induction. When subjected to external
stretching, the molecular chains in ANF film would slip and
hydrogen bonds between molecular chains were dislocated
and reorganized, effectively avoiding the extension of cracks.
The cross-sectional morphologies of films were recorded to
further support the above explanation (Fig. 5b). It could be
observed from Fig. 5b1 that the MXene layer exhibited a dis-
tinct laminated winkle structure. High aspect ratio nanofib-
ers and MXene nanosheets were prone to forming mechani-
cal interlocks on the interfacial region, resulting in a robust
brick—mortar structure, which was in favor of stress diffusion
along adjacent lamellar layers to reduce stress-concentrated
zones (Fig. 5b2-3).

After folding, crimping and bending (Fig. 6al-10), the
ANF-MXene-PEDOT:PSS (60%) film still remained integ-
rity and flatness without cracks and debris detachment, indi-
cating excellent flexible properties. To further explore the
adhesion of MXene and PEDOT:PSS layers, tape-peeling
testing was conducted as shown in Fig. 6b1-b3. The sur-
face of ANF-MXene and ANF-MXene-PEDOT:PSS (60%)

films were tightly taped and peeled off separately after 30
s. For ANF-MXene film, partial MXene flakes retained on
the tape and MXene layer was seriously damaged owing to
the weak surface interaction (Fig. 6b3). For ANF-MXene-
PEDOT:PSS (60%) film, few PEDOT:PSS and MXene
nanofragments sticked on the tape, demonstrating that the
existence of PEDOT:PSS enhanced the interaction between
MXene and ANF to avoid the damage to functional layers
(Fig. 6b3). Additionally, cross-section morphologies of
ANF, ANF-MXene and ANF-MXene-PEDOT:PSS (60%)
films were displayed in Fig. 6¢1-3. The assembly of different
functional layers was realized by the hydrogel-induced ultra-
fast protonation technology to further prepare high perfor-
mance hybrid film (Fig. 6d1-6). This flexible, high-strength
hybrid film demonstrated great application prospects in the
aerospace and engineering machinery fields.

3.3 EMi shielding performance
of ANF-MXene-PEDOT:PSS film

Electrical conductivity of films would directly affect the
reflection and absorption of electromagnetic waves [38,
39]. Related testing results of ANF, MXene, PEDOT:PSS,
ANF film, ANF-MXene film and ANF-MXene-PEDOT:PSS
(60%) film were displayed in Fig. 7a. Regardless of non-
conductive ANF and ANF film, the electrical conductiv-
ity of MXene, PEDOT:PSS, ANF-MXene film and ANF-
MXene-PEDOT:PSS (60%) film reached 384.8, 1118.6, 37.0
and 264.7 S-cm™!, respectively. Owing to the exceptional
metal-like conductivity of MXene, the ANF-MXene film
transformed from insulating into conductive. The rapid
increase in the conductivity of ANF-MXene-PEDOT:PSS
(60%) film could be attributed to the construction of abun-
dant conductive pathways of 1D conductive polymers and
2D MXene nanosheets. As shown in Fig. 7c-d, the EMI SE;
value of ANF film were all below 5 dB in X-band, Ku-band
and K-band due to its insulating property, which was unable
to meet commercial requirements of EMI shielding mate-
rials (>20 dB) [2]. To improve the EMI shielding capac-
ity of films, MXene with unique layered structure and high
electrical conductivity was utilized to enhance the reflec-
tion of electromagnetic waves. It could be observed from
Fig. 7d1-3 that the EMI SE; value of ANF-MXene film
increased from 0.7 dB (ANF film) to 30.8-33.9 dB. Mean-
while, the EMI SE value of ANF-MXene-PEDOT:PSS
(60%) film reached 48.2, 45.7 and 47.8 dB, showing an
increase of 6785.7%, 3164.3% and 4680.0% at X-band, Ku-
band and K-band, respectively.

It could be seen in Fig. 7b that the shielding efficiency
of ANF-MXene-PEDOT:PSS (60%) film was more than
99.99%. The above results further verified the influence of
the increase in electrical conductivity on conduction loss
and impedance mismatch [37]. Stability of EMI shielding
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«Fig.9 Joule heating properties of ANF-MXene-PEDOT:PSS film.
al-a2 Digital photograph and infrared thermal image of ANF-
MXene-PEDOT:PSS (60%) film; (b) Time—temperature curves of
ANF, ANF-MXene and ANF-MXene-PEDOT:PSS (60%) films; (c-
d) Time—temperature curves and U>-temperature of ANF-MXene-
PEDOT:PSS (60%) film at 1, 2, 3 and 4 V; (e) Time-temperature
curves and infrared thermal images of ANF-MXene-PEDOT:PSS
(60%) film at 2 V; (f) Contact angle of various films; (g) Schematic
diagram of interfacial bonding of hybrid film; (h) Infrared thermal
images of hybrid film at 1, 2, 3 and 4 V; (i1-i5) Self-cleaning experi-
ment of ANF-MXene-PEDOT:PSS (60%) film

properties was also essential for EMI shielding materials.
The EMI shielding properties of films were further tested
after one month of exposure to air at room temperature as
shown in Fig. 7e-f. It was obvious that the EMI SE value of
ANF-MXene film decreased from 31.8-33.9 dB to 13.4-15.0
dB after one month (Fig. 7f1-3). Low chemical stability of
MXene was highly susceptible to oxidization in air environ-
ments, resulting in the descend of conductivity and EMI
shielding properties. The color of ANF-MXene film changed
from black to gray and characteristic peaks of rutile and
anatase titanium dioxide appeared in the XRD spectrum as
shown in Fig. 8a, further illustrating the oxidation of MXene
layer. For ANF-MXene-PEDOT:PSS (60%) film, the encap-
sulation of highly conductive PEDOT:PSS layer effectively
slowed down the rapid oxidation of MXene layer. The
above film still maintained relatively stable and high EMI
shielding properties (43.8—46.0 dB) after one month dur-
ing X-band, Ku-band and K-band (Fig. 7f1-3). It also could
be observed from Fig. 8b that the EMI SE; value of ANF-
MXene-PEDOT:PSS (60%) film was still more than 44.5 dB
after 500 cycles of bending, demonstrating its potential for
application in EMI shielding of flexible electronic devices.
Moreover, the EMI shielding performances of hybrid films
with different loading of MXene-PEDOT:PSS were pre-
sented in Fig. 8c. With the loading increased from 40 wt.%
to 60 wt. %, the EMI SE; of hybrid film has risen from 37.8
dB to 48.2 dB (Fig. 8c). Constructing high-performance
ANF-MXene-PEDOT:PSS film provided the possibility for
solving the problems of air sensitivity and poor chemical
stability of MXene-based hybrid materials.

To further explore the EMI shielding mechanism, related
power efficiency of reflection (R), absorption (A) and trans-
mission (T) of various films were displayed in Fig. 8e. For
ANF-MXene and ANF-MXene-PEDOT:PSS (60%) films,
the power efficiency of R was much higher than T and A at
X-band, Ku-band and K-band. It could be observed that the
value of R, A and T of ANF-MXene-PEDOT:PSS (60%) film
reached 0.999, 0.001 and 0.000 (Fig. 8e). The above results
indicated that the EMI shielding properties of ANF-MXene
and ANF-MXene-PEDOT:PSS (60%) films were domi-
nated by reflection. This could be ascribed to the imped-
ance mismatch between the MXene/MXene-PEDOT:PSS

layer and free space, which caused the reflection of most
incoming microwaves before absorption [36]. Moreover, it
could be seen in Fig. 8d that most microwaves were reflected
when electromagnetic waves struck on the surface of ANF-
MXene-PEDOT:PSS film due to impedance mismatch. With
the penetration of remaining electromagnetic waves, ohmic
losses and multiple internal reflections were conducive to
dissipating the energy of surviving electromagnetic waves.
Ultimately, multiple reflections between different layers in
the film resulted in the minimal transmission of electromag-
netic waves.

In order to eliminate the effects of thickness and density
[19], the EMI SSE, value was employed to comprehensively
evaluate the EMI shielding performances of films. Differ from
single-component conductive building blocks such as MXene
and CNT as reported in the literatures [2, 40, 42-44, 50-53],
dual-conducting hybrid networks of PEDOT:PSS and MXene
demonstrated higher EMI shielding performances. Compared
with other EMI shielding materials including MXene/CNF
(2647.0 dB-cm>g™") [2], CNT/Rubber (308.1 dB-cm?-g~})
[42], PVA/RGO (416.7 dB-cm*g~") [3] et. al., the EMI SSE,
value of ANF-MXene-PEDOT:PSS (60%) film achieved
10,866.7 dB-cm?-g~! at 12.0 GHz (Fig. 8f). In this work,
designing an ultra-thin ANF-MXene-PEDOT:PSS hybrid
film with high-strength and excellent EMI shielding capacity
exhibited strong competitiveness in the application of aero-
space engineering fields. To further examine the EMI shield-
ing capability of films in daily life, ANF and ANF-MXene-
PEDOT:PSS (60%) films were placed between the phone and
wireless charging device (Fig. 8g-h), respectively. It could be
observed from Fig. 8g1-2 that the phone still could connect to
the wireless charging device for charging despite the presence
of ANF film. However, ANF-MXene-PEDOT:PSS (60%) film
acted as a shielding barrier, which could effectively block the
wireless charging signals for the phone (Fig. 8g3-4). The above
results could be attributed to the high-efficiency EMI shield-
ing capability of hybrid film, which contributed to reflection,
absorption and multiple internal reflections of electromagnetic
waves (Fig. 8h2). Additionally, the moisture permeability
testing was carried out and related results were exhibited in
Fig. 8i-j. Excellent breathability provided the possibility to
prepare high-performance and comfort integrated hybrid films.

3.4 Joule heating properties
of ANF-MXene-PEDOT:PSS film

As new-generation of EMI shielding materials, joule heat-
ing performance was also the focus of concern [54]. As
displayed in Fig. 9a-h, the ANF-MXene-PEDOT:PSS
(60%) film was cut into the circle with a diameter of 4 cm
and folded in half to serve as an electric heater for test-
ing joule heating capacity at 1, 2, 3 and 4 V. The above
experiment followed the formula Q =U?%Rt (Q and U
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Fig. 10 Combustion experiments of various films. al-c4 Combus-
tion experiments of ANF film, ANF-MXene film and ANF-MXene-
PEDOT:PSS (60%) film for 90 s; (d1-d4) Surface morphologies of
ANF-MXene-PEDOT:PSS (60%) film before and after combustion

were generated heat and working voltage; R and t repre-
sented resistance and working time) [19]. It could be seen
in Fig. 9b that the stable temperature of ANF-MXene-
PEDOT:PSS (60%) film reached 94.3 °C, compared with
ANF film (31.5 C) and ANF-MXene film (61.2 C).

In addition, the temperature of hybrid film was sta-
ble at 45.3, 60.3, 71.1 and 94.3 °C after 50 s, under the
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voltage of 1, 2, 3 and 4 V (Fig. 9c-d1). Detailed infrared
thermal images of ANF-MXene-PEDOT:PSS (60%) film
were exhibited in Fig. 9h, from 0-180 s at 1, 2, 3 and
4 V. Achieving high temperature heating and instantane-
ous cooling in a short period of time were essential for
an electrical heater. It was worth noting that the ANF-
MXene-PEDOT:PSS (60%) film indicted an obvious
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linear relationship between temperature and U? (Fig. 9d2).
Light-emitting diodes became brighter when the diode was
connected in series with the ANF-MXene-PEDOT:PSS
(60%) film, further illustrating good electrical conductiv-
ity of hybrid film. As displayed in Fig. 9¢, ANF-MXene-
PEDOT:PSS (60%) film worked at a voltage of 2 V for
1000 s, indicating the stability of long-term heating.
Furthermore, it could be observed from Fig. 9f that the
contact angles of ANF, ANF-MXene and ANF-MXene-
PEDOT:PSS (60%) films were 79.4°, 70.0° and 115.8°,
respectively. Owing to the conversion of surface hydrophi-
licity to hydrophobicity, ANF-MXene-PEDOT:PSS (60%)
film exhibited excellent self-cleaning ability (Fig. 9i1-i5).

3.5 Fire-resistance and intelligent sensing
of ANF-MXene-PEDOT:PSS film

To explore the fire-resistance properties of films, ANF,
ANF-MXene and ANF-MXene-PEDOT:PSS (60%) films
were placed on a burning alcohol lamp for 30, 60 and 90
s, respectively (Fig. 10a-c). It was obvious that ANF film
shrank and crumpled when it exposed to fire (Fig. 10al-
4). However, ANF-MXene-PEDOT:PSS (60%) film still
remained structural integrity and flatness after 90 s com-
bustion testing, demonstrating certain flame-retardant per-
formances (Fig. 10c1-c4).

Due to the oxidation effects from Ti;C,T, to TiO,, the
color of ANF-MXene film changed from black to grey.
The coverage of PEDOT:PSS layer effectively protected
the MXene layer from rapid oxidation, which kept black
color of the film after long-time burning (Fig. 10d-f). Addi-
tionally, the residual weight of ANF, MXene and ANF-
MXene-PEDOT:PSS (60%) film reached 64.3%, 90.2% and
74.5% at 800 C (Fig. 10g), further displaying great thermal
stability of hybrid film. Highly conductive ANF-MXene-
PEDOT:PSS (60%) film was utilized as a strain sensor to
realize the real-time monitoring of human pulsation, fin-
ger bending and weight pressure (Fig. 11a). The real-time
monitoring process of human pulse signals and related test-
ing results were shown in Fig. 11b and d. It was obvious
that both folded and flat hybrid films in series with diodes
exhibited excellent conductivity (Fig. 11c1-c5). Moreover,
relative output voltage variation was detected at various fin-
ger bending angles (Fig. 11e). It could be observed from
Fig. 11e that the degree of finger bending changed from 0°
to 30°, 60° and 90°, which further generated a stable signal.
The above process would result in a change in the relative
resistance, further leading to the fluctuation of the output
voltage. In addition, different weights (50, 100, 150, 200
and 300 g) were placed on the surface of the smart sensor to
detect its sensitivity to external pressure (Fig. 11f-g). Due
to high-strength, flexibility, high conductivity and strong
EMI shielding capability, ANF-MXene-PEDOT:PSS film

displayed great potential for the application in EMI shield-
ing, thermal management and intelligent sensing fields
(Fig. 11h-i).

4 Conclusions

In summary, nanoscale building blocks including 1D ANF,
2D MXene and 1D PEDOT:PSS were assembled to con-
struct flexible and breathable ANF-MXene-PEDOT:PSS
hybrid films according to a hydrogel-induced ultra-fast
protonation process. Abundant conductive pathways and
gradient laminar structures endowed the hybrid film with
high conductivity and excellent EMI shielding properties.
Compared with ANF film (0.7 dB), the EMI SE value of
ANF-MXene-PEDOT:PSS (60%) film increased to 48.2
dB in the X-band. Meanwhile, the EMI SSE, value of the
hybrid film reached 10,866.7 dB-cm?-g~! at 12.0 GHz. After
500 cycles of bending, the EMI SE value of ANF-MXene-
PEDOT:PSS (60%) film was still more than 44.5 dB. Addi-
tionally, superior joule heating properties guaranteed the
temperature of hybrid film to rapidly heat and stabilize at
94.3 °C after 50 s. The high sensitivity and fast response
of this film provided the possibility for real-time monitor-
ing of human physiological signals. This work provided
a direct path of assembling nanoscale building blocks to
construct a multifunctional conductive film for the applica-
tion in aerospace industry, electromagnetic protection and
human-machine communication.
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«Fig. 11 Human physiological signal capturing and sensing of ANF-
MXene-PEDOT:PSS (60%) film. a Diagram of ANF, MXene and
PEDOT:PSS layers in ANF-MXene-PEDOT:PSS (60%) film; (b, d)
Human pulse detection and related testing curve; (c1-¢5) Electrical
conductivity testing of ANF-MXene-PEDOT:PSS (60%) film; (e)
Sensing test for finger bending at 30°, 60° and 90°; Related sensing
curves under the pressure of (f) 150 g, (g1-g2) 50 g, 100 g, 150 g,
200 g and (g3) 100 g, 150 g, 200 g, 250 g; (h) Radar chart on the per-
formance comparison with ANF/MXene-PEDOT:PSS [37], MXene/
ANF [13] and MXene/PEDOT:PSS/PBO films [19]; (i) The wide
application of ANF-MXene-PEDOT:PSS hybrid film
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