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HIGHLIGHTS

® The Janus-type multifunctional ultra-flexible polytetrafluoroethylene-carbon nanotube-Fe;0,/MXene (FCFe/M) membranes were

fabricated via a shear-induced in situ fibrillation technique followed by vacuum-assisted filtration.

e Thanks to the strategic distribution of the MXene conductive reflection layer and the silk-like FCFe electromagnetic wave’s absorp-
tion layer, the membranes achieve robust electromagnetic interference shielding and effective antireflection through the absorption-

reflection-reabsorption mechanism.

e The membranes exhibit exceptional thermal management performance, including efficient heat dissipation and electrothermal/pho-

tothermal conversion capabilities, further enhancing their promising potential for applications in flexible wearable technologies.

ABSTRACT Herein, a novel Janus-structured

multifunctional membrane with integrated elec-
tromagnetic interference (EMI) shielding and

personalized thermal management is fabricated
using shear-induced in situ fibrillation and vac-
uum-assisted filtration. Interestingly, within the
polytetrafluoroethylene (PTFE)-carbon nanotube
(CNT)-Fe;0, layer (FCFe), CNT nanofibers inter-
weave with PTFE fibers to form a stable “silk-like”
structure that effectively captures Fe;O, particles.
By incorporating a highly conductive MXene layer,
the FCFe/MXene (FCFe/M) membrane exhibits

excellent electrical/thermal conductivity, mechanical properties, and flame retardancy. Impressively, benefiting from the rational regulation

Hydrophobic

of component proportions and the design of a Janus structure, the FCFe/M membrane with a thickness of only 84.9 um delivers outstanding
EMI shielding effectiveness of 44.56 dB in the X-band, with a normalized specific SE reaching 10,421.3 dB cm? g~!, which is attributed to the
“absorption-reflection-reabsorption” mechanism. Furthermore, the membrane demonstrates low-voltage-driven Joule heating and fast-response
photothermal performance. Under the stimulation of a 3 V voltage and an optical power density of 320 mW cm™2, the surface temperatures of

the FCFe/M membranes can reach up to 140.4 and 145.7 °C, respectively. In brief, the FCFe/M membrane with anti-electromagnetic radiation
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and temperature regulation is an attractive candidate for the next generation of wearable electronics, EMI compatibility, visual heating, thermo-

therapy, and military and aerospace applications.
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1 Introduction

With the advent of next-generation communication technol-
ogies and the rapid evolution of portable electronic devices,
flexible wearable electronics are increasingly becoming an
integral part of our daily lives [1]. However, these devices
inevitably generate electromagnetic (EM) radiation and
interference during operation, which not only disrupts the
normal functioning of surrounding electronic equipment,
but also poses significant health risks to humans [2, 3].
While traditional metal-based shielding materials have been
favored for their excellent electrical conductivity, their sub-
stantial weight, susceptibility to corrosion, processing dif-
ficulties, and lack of flexibility have increasingly made them
less suitable for the evolving demands of modern society
[4, 5]. Meanwhile, the significant impedance mismatch on
their surface leads to a substantial portion of electromagnetic
waves (EMWs) being reflected back into the surrounding
environment, which not only ineffective in alleviating radia-
tion leakage, but also susceptible to inducing undesirable
secondary pollution [6, 7].

In recent years, conductive polymers and their composites
(CPCs) with porous structures have attracted considerable
attention owing to their lightweight, flexibility, robust cor-
rosion resistance, and remarkable design versatility [8—10].
The combination of the continuous conductive network and
the lightweight porous structure within CPCs effectively
attenuates the propagation of EMWs through the conduc-
tive polymer [11, 12]. To date, a plethora of CPCs have been
developed for electromagnetic interference (EMI) shield-
ing, including carbon-based composites [13], graphene-
based composites [14], and carbonaceous material foams
[15]. Simultaneously, several strategies have been proposed
to enhance the EMI shielding performance of CPCs with
porous structure. One approach involves increasing the con-
centration of conductive fillers, but this method not only
hinders effective integration between the fillers and the pol-
ymer matrix, but also exacerbates reflection effects, lead-
ing to additional EM pollution [16]. Another approach is
to increase the thickness of CPCs, yet this method restricts
its applicability in flexible wearable devices and portable
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electronic devices [17]. Consequently, there is a pressing
need for a multifunctional and innovative design that inte-
grates robust shielding and effective antireflection with thin
and flexible characteristics.

A rational approach to resolve this paradox is to tailor
the local conductivity of materials to fulfill varying require-
ments, by strategically positioning optimized compositions
and architectures in appropriate regions, thereby integrat-
ing antireflective and shielding structures within a single
asymmetric material [18]. Grounded in impedance matching
theory, constructing multilayer materials featuring a continu-
ous conductivity gradient offers the potential for near-perfect
antireflective EMI shielding [19]. Despite this approach is
conceptually straightforward, the intricate layer-by-layer
fabrication process and the weak interlayer interactions
substantially compromise the overall material performance
[20, 21]. Therefore, developing a simpler and more feasi-
ble approach to fabricate asymmetric structures with supe-
rior performance remains a significant challenge. Recently,
Janus-structured materials have garnered widespread atten-
tion due to their unique asymmetric structure and straight-
forward fabrication process [22, 23]. In comparison to con-
ventional homogeneous materials, Janus structures possess
distinctly different chemical compositions and microstruc-
tures on each side, enabling them to exhibit superior mul-
tifunctional performance through asymmetric synergistic
effects and independent mechanisms [24, 25]. Particularly in
the field of EMI shielding, designing one side of the material
as an EMW reflective layer composed of high-conductivity
materials, and the other side as an EMW absorbing layer
based on CPCs can induce an “absorb-reflect-reabsorb” EMI
shielding mechanism, which effectively shields EMWs while
minimizing reflection effects [26].

Unlike the aforementioned concepts, the strategic selection
of EM modulation components plays a crucial role in con-
structing conductivity-Janus structures and enhancing shield-
ing performance. Due to their flexible assembly characteris-
tics, emerging two-dimensional transition metal carbides and
carbonitrides (MXene) have increasingly been utilized in the
microstructural design of advanced EMI shielding materials
[27]. Moreover, their outstanding metallic-like conductivity
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and distinctive layered architecture facilitate the formation
of continuous and dense conductive networks during self-
assembly, making them excellent candidates for conductive
reflective layers in Janus structures [28, 29]. Notwithstand-
ing unparalleled electrical properties, most assembled MXene
films/papers are susceptible to mechanical deformation due to
their inherent rigidity and brittleness, which constrains their
use in flexible electronic applications [30]. Moreover, their
hydrophilic nature and poor chemical stability further hinder
their long-term performance in humid or harsh environments
[18, 31]. Accordingly, developing a CPCs substrate with opti-
mal flexibility and robust bonding with MXene is crucial for
constructing Janus structures with enhanced structural stabil-
ity and superior shielding performance.

PTFE is renowned for its exceptional mechanical strength,
excellent chemical stability, and heat/cold resistance [32,
33]. Additionally, its inherent hydrophobicity and flexibility
further broaden its applications in textiles, filtration systems,
and electronic devices [34]. Therefore, employing PTFE-
based CPCs as an EMW absorbing layer not only enhances
the overall mechanical properties of Janus films, but also
shields the conductive layer from external environmental
damage, thereby extending the lifespan of electronic devices
[35]. Nevertheless, given the robust solvent resistance of
PTFE and its notably high melt viscosity, it is tough to be
processed and modified PTFE-based CPCs via the tradi-
tional processing methods (freeze-drying, solution or melt
spinning, phase separation, etc.) [36]. The difficulty is fur-
ther compounded when attempting to fabricate PTFE-based
composites that simultaneously achieve high filler content,
excellent mechanical strength, and high porosity.

To address the aforementioned issues, we employed a
straightforward and innovative shear-induced in situ fibril-
lation process to fabricate PTFE-CNT-Fe;0, (FCFe) sub-
strates. Impressively, the shear force during processing
induces PTFE fibrillation, intertwining with CNT fibers to
form a robust silk-like porous structure. This unique struc-
ture not only promotes the incorporation of Fe;O, particles,
boosting the composite films’ magnetic loss capabilities, but
also enhances EMW absorption through multiple internal
reflections and scattering. Subsequently, the Janus PTFE-
CNT-Fe;0,/MXene (FCFe/M) membrane was obtained
through a simple vacuum-assisted filtration process. In terms
of results, the FCFe/M membranes achieve efficient shielding
and effective antireflection through the absorption-reflection-
reabsorption mechanism. The Janus-structured membrane,
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with a thickness of just 84.9 um, achieves a maximum EMI
shielding effectiveness (SE) of up to 44.56 dB, and the nor-
malized surface-specific SE (SSE, defined as the ratio of SE
to the density and thickness of the shielding material) reach-
ing an impressive 10,421.3 dB cm® g~'. Additionally, owing
to the inherent properties of the material and the anisotropy
provided by the Janus structure, the FCFe/M membranes
exhibit excellent mechanical properties, self-extinguishing
characteristics, hydrophobicity, corrosion resistance, and
electrothermal/photothermal conversion capabilities. This
study presents a versatile strategy for developing EMI shield-
ing membranes with robust shielding and effective antireflec-
tive properties. The resulting Janus FCFe/M composite mem-
branes are anticipated to become strong candidates for future
applications in EM radiation protection and next-generation
flexible wearable technologies.

2 Experimental Section
2.1 Materials and Chemicals

PTFE powder (METABLEN A3800) was purchased from
Mitsubishi Rayon Chemical, Japan. Single-walled carbon
nanotubes (SWCNTSs) with an outer diameter of 1.2-2.0 nm,
known for their excellent electrical conductivity, were sup-
plied by OCSiAl, Russia. Fe;O, (200 nm) was purchased
from Macklin Biochemical Technology Co., Ltd., Shang-
hai. Polylactic acid (PLA, Ingeo4032D), used as a lubricant
during the in situ fiber formation process, was purchased
from NatureWorks LLC, USA. The Ti;C,Al (400 mesh) and
Celgard 3501 membrane (50 mm) were provided by Jilin
Province 11 Technology Co., Ltd. Hydrochloric acid (HCI,
37 wt%), lithium fluoride (LiF), n-butyl alcohol, and dichlo-
romethane (DCM) were purchased from Aladdin Biochemi-
cal Technology Co., Ltd., Shanghai.

2.2 Preparation of the FCFe Membranes

Prior to commencing fabrication, PTFE powder, PLA pel-
lets, CNT, and Fe;0, nanoparticles were dried in a vacuum
oven at 85 °C for 10 h to remove moisture from the raw
materials. For the preparation of the FCFe membranes with
50 wt% Fe;O, content as an example, two portions of 9 g of
PLA were first weighed and dissolved in 100 mL of DCM
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each. Then, 0.05 g of CNT and 1 g of Fe;0, were separately
added to the prepared PLA/DCM solution. After thorough
stirring, the two solutions were combined in one beaker and
subjected to ultrasonic treatment for 4 h to obtain the CNT/
Fe;0,/PLA/DCM suspension with uniformly dispersed fill-
ers. The mixture was then placed in a 70 °C water bath and
heated with mechanical stirring for 4 h. Next, the mixture
was transferred to a vacuum oven at 90 °C and dried for
24 h until the DCM was completely evaporated. After the
solution was completely dried, the resulting solid material
was cut into small pellets. Next, 1 g of PTFE was thoroughly
mixed with the CNT/Fe;O,/PLA pellets, and the mixture
was injected into a twin-screw extruder and processed at
190 °C for 10 min. The extruded PTFE/CNT/Fe;O,/PLA
was then hot-pressed at 10 MPa and 190 °C to form a film.
To ensure complete removal of PLA, the PTFE/CNT/Fe;0,/
PLA film was subjected to Soxhlet extraction in DCM at
65 °C for 12 h, resulting in the formation of the FCFe mem-
brane. By adjusting the mass fraction of Fe;O,, FCFe mem-
branes with Fe;O, contents of 10 and 30 wt% were also
prepared.

2.3 Synthesis of Ti;C,T, MXene Dispersion

Ti;C,T, MXene few-layer dispersion was prepared using a
minimal delamination method [37]. First, 3.2 g of LiF were
dissolved in 40 mL of 9 M HCI and stirred for 1 h. Then,
Ti;AlC, powder was slowly added to the mixture and stirred
at 40 °C for 24 h. The resulting dispersion was repeatedly
washed with deionized water until the pH of the superna-
tant was greater than 6. Such dispersion was sonicated for
40 min under nitrogen atmosphere. Finally, the mixture was
centrifuged at 3500 rpm for 1 h, and the black supernatant
obtained was the few-layer MXene dispersion.

2.4 Preparation of the FCFe/M Janus Membranes

First, one side of the FCFe membrane is subjected to plasma
treatment to enhance its hydrophilicity. Subsequently, a sim-
ple vacuum-assisted filtration process is employed to deposit
dispersions of MXene of varying volumes onto the plasma-
treated side. Finally, the prepared film is hot-pressed at
50 kPa for 30 min, resulting in the formation of the FCFe/M
Janus membrane.

© The authors

2.5 Characterization and Measurements

The microstructure of the FCFe/M surfaces and cross sec-
tions was investigated using a field emission scanning elec-
tron microscope (FESEM, Gemini 500, Zeiss, Germany).
The wide-angle X-ray diffraction (WAXD) of the sam-
ples was performed using an X-ray diffractometer (XRD,
DMAX-2500PC, Rigaku, Japan) from 5° to 70° and a step
interval of 5° per min. To analyze the chemical composition
of the composite films, X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Scientific, USA) was
employed. Prior to all tests, the samples were dried in an
oven at 80 °C for 3 h. Following ASTM D792 standards,
the sample densities were measured using an analytical bal-
ance (AB204, Mettler Toledo, Switzerland). The porosity
(e) of the FCFe membranes was quantified by measuring
the absorption of n-butanol into the membrane pores, with
porosity calculated using the following equation [38]:

o= (ml - mz)/m 0
(ml - mz)//’z +my/p,

where m, represents the weight of the sample after being
wetted with n-butanol, while m, corresponds to the weight
of the dried membrane. p; denotes the density of n-butanol
(0.8097 g mL™Y), and p, indicates the average density of all
materials within the membrane. The membrane was cut into
rectangular pieces measuring 50 mm X 10 mm and subjected
to tensile testing on a universal testing machine (HDW-2000,
Hengxu, China) at a speed of 1 mm min~! to evaluate the
mechanical properties of the FCFe/M. The magnetic hys-
teresis loop of the samples was measured using a vibrat-
ing sample magnetometer (7404, Lake Shore, American).
The thermomechanical properties were characterized by a
dynamic mechanical analyzer (Discovery DMA-850, TA,
USA), where samples with dimensions of 25 mm X5 mm
were stretched over a temperature range of — 150 to 300 °C,
with a heating rate of 5 °C min~! and a frequency of 1 Hz.
The hydrophilic/hydrophobic properties of the membrane
were investigated using a contact angle measuring device
(JC2000D, Powereach, China). Approximately 3 pL of
deionized water droplets were deposited on the flat film sur-
face, and their dynamic images were captured. The electrical
conductivity of the samples was measured with a four-point
probe tester (ST2242, Suzhou Jingge, China). The electro-
magnetic interference (EMI) shielding effectiveness (SE) of
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Nano-Micro Lett. (2025) 17:136

Page 50f22 136

the membrane in the X-band frequency range was meas-
ured using a vector network analyzer (N5247A, Agilent,
USA), with the sample placed in a rectangular waveguide
(22.86 mm x 10.16 mm). Due to the softness of the FCFe/M
membrane, it was secured in place using two 0.3-mm thick
PC plates during the test. The EMI SE and power parameters
of the samples were calculated based on S-parameters [16,
23]:

st = -1 (1 -5
s, = -1 (5 (1[5 )
#=
=
A=1-R-T @)

where S;; and S,; are scattering parameters. SE; represents
the total EMI SE, SE, denotes the reflection SE, and SE,
indicates the SE due to absorption. The parameters R, A, and
T refer to the power coefficients of reflection, absorption,
and transmission of the sample, respectively. where the SE,,
is negligible if the SE; is greater than 10 dB. To compare
the effectiveness of shielding materials equitably, specific
shielding effectiveness (SSE) taking into account the density
and thickness is represented as follows [5]:

SE;
pXW

SSE =

®)

where p represents the density of the membrane, and W
denotes the thickness of the membrane. EMI shielding
efficiency (%), referring to the capability to block waves
in terms of percentage, is obtained using the following
equation:

Shieldingefficiency(%) = 100 — < ISET > x 100 9)

1070

The thermal diffusivity (a) was determined by HyperFlash
(LFA 467, Netzsch, Germany) at 25 °C. The thermal con-
ductivity (1) was calculated by the following equation:

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

A=pXC,Xa (10)

where p and C,, are the density and specific heat of the meas-
ured samples. The voltage for the electrical heating test was
supplied by a digital source meter (2450, Keithley, USA).
The UV-Vis-NIR absorption and reflection spectra of the
FCFe/M membranes in the range of 200 to 2500 nm were
measured using a spectrophotometer (Lambda 950, Perki-
nElmer, USA). Simulated sunlight was provided by a xenon
lamp (CEL-HXF300-T3, Zhongjiao, China). All infrared
thermal images were captured using an infrared camera
(E8xt, FLIR, USA). The surface temperature of the samples
was recorded using a digital thermometer (MIK-R200T,
Supmea, China).

3 Result and Discussion

3.1 Fabrication and Characterization of the FCFe/M
Janus Membranes

The preparation process of FCFe/M composite membranes
is illustrated in Fig. 1. To ensure the uniform distribution of
the modified fillers in the nanofibrous network, CNT and
Fe;0, were initially mixed with PLA in DCM. The mixture
was then dried and pelletized into easily workable particles.
The CNT/Fe;0,/PLA blends were subsequently thermally
compounded with PTFE particles in a twin-screw extruder.
During this process, the PLA melt acted as a lubricant, trans-
ferring the shear force generated by the screws to the PTFE
particles. This shear mixing at a specific temperature avails
the PTFE crystals to untangle and fibrillate into a nanofi-
brous structure [39, 40]. Meanwhile, CNT and Fe;O, were
uniformly dispersed into the PTFE/CNT/Fe;0,/PLA mix-
ture. Following hot-pressed the mixture into a film, repeated
etching with DCM was performed to completely remove the
polylactic acid, yielding a purified FCFe membrane. As a
result, PTFE fibers interweave with CNT fibers to form a
dual-nanofibrous structure, tightly encapsulating the Fe;O,
nanoparticles. As shown in Fig. S1a, the XRD spectra of the
resulting products distinctly display the characteristic peaks
of Fe;O, and CNT, confirming the successful preparation of
FCFe composite membranes. To verify the uniform disper-
sion of CNT and Fe;0O, within the FCFe membranes, we
measured conductivity and saturation magnetization values
at 6 different orientations and positions of the membrane

@ Springer
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Fig. 1 Schematic illustration of the preparation of FCFe/M Janus membranes based on an in situ fibrillation and vacuum-assisted filtration strat-

egy

(Table S1). The results showed that the conductivity vari-
ation did not exceed 6%, and the saturation magnetization
variation was less than 5%. These findings confirm the
homogeneous distribution of CNT nanofibers and Fe;0,
nanoparticles within the PTFE nanofibrous network.

Ti;AlC, was utilized to synthesize Ti;C,T, MXene
nanosheets, where the Al layer in Ti;AIC, was selectively
etched using an HCl and LiF solution mixture, followed by
sonication and centrifugation of the resulting precipitate.
The characteristic peak of Ti;AlC, layer spacing appeared at
9.5° (002), and the characteristic peak of Al layer appeared
at 38.9°. After acid etching, the (002) peak shifted to 6.7°,
while the other characteristic peaks nearly vanished, con-
firming the successful preparation of MXene (Fig. Sla)
[37]. Subsequently, the prepared MXene dispersion was
subsequently deposited on one side of the plasma-treated
FCFe membrane by vacuum-assisted filtration. Finally,
the FCFe/M Janus membrane underwent thermal pressing
to further enhance its structural integrity and mechanical
strength. Here, the FCFe/M membranes with the addition
of 10, 30, 50, and 70 wt% of MXene relative to the total
mass of the FCFe membrane are defined as FCFe/M-10 m,
FCFe/M-30 m, FCFe/M-50 m, and FCFe/M-70 m,
respectively.

© The authors

Figure 2a, b illustrates the macroscopic optical images and
microscopic structure of FCFe/MXene membranes. Interest-
ingly, although the FCFe/M membrane has an overall black
appearance, its two surfaces exhibit distinct visual proper-
ties discernible to the naked eye. The MXene side displays
a wrinkle-like structure with a metallic luster, attributed to
the stacking of layered nanosheets (Fig. 2a,, a,). Conversely,
the FCFe side has a rough, lusterless texture. As shown in
Fig. 2b,, b,, the coarser nanofibers are identified as PTFE,
while the thinner, curly nanofibers are CNT. These CNT
nanofibers are randomly and uniformly distributed within
the gaps of the PTFE nanofibers. Figure S1b illustrates that
the diameter of PTFE nanofibers is mostly distributed in the
range of 100-200 nm, whereas the CNT nanofibers exhibit
a finer and more concentrated diameter of below 50 nm.
These two types of nanofibers intertwine to construct a
porous and robust dual-nanofibrous structure, leveraging
the advantages of both components. Based on these struc-
tural characteristics, the lustrous MXene side is designated
as FCFe/M-MXene (FCFe/M-M), while the rough FCFe
side is designated as FCFe/M-FCFe (FCFe/M-F). Further
examination of the internal microstructure of FCFe/M-F
reveals that the fully fibrillated PTFE fibers interweave with
finer CNT fibers, forming a silk-like nanofibrous network

https://doi.org/10.1007/s40820-025-01647-x
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Fig. 2 Characterization and microstructures of FCFe/M membranes. Digital photos of a FCFe/M-M and b FCFe/M-F. Surface morphology of
a,, a, FCFe/M-M and by, b, FCFe/M-F. The ¢ photograph and ¢; microscopic image of mulberry silk. d SEM image and d,;, d, elemental map-
ping of the cross section of FCFe/M Janus membrane. e XRD patterns of FCFe/M-M and FCFe/M-F. f XPS spectra of MXene, FCFe/M-M,
FCFe/M-F, and FCFe. g O 1s spectra of MXene and FCFe/M-M. h O 1s spectra of FCFe and FCFe/M-F

(Fig. 2c, c,). The silk-like structure not only securely traps
Fe;0, nanoparticles, but also effectively prevents the infil-
tration of MXene nanosheets into the FCFe layer, ensur-
ing structural integrity and functional segregation. Notably,
owing to the porous structure formed by the silk-like nanofi-
brous network, the FCFe membrane achieves a porosity of
up to 71.2% (Fig. S1c). With increasing Fe,;O, content, the
porosity of the composite membranes exhibited a gradual
increase. It is speculated that the Fe;0, nanoparticles dis-
persed within the nanofibrous structure gradually props up
the silk-like network, leading to the formation of smaller and
more numerous pores (Fig. S2) [35]. Figures 2d and S3 show
the cross-sectional microstructure of the FCFe/M Janus
membrane. The composite membrane displays a distinctly
differentiated layered structure, where the dense MXene
layer (25.7 um) is tightly bonded to the FCFe supporting
layer (59.2 pm) through hydrogen bonding and van der
Waals forces. Furthermore, energy-dispersive X-ray spec-
troscopy (EDS) analysis of the FCFe/M membrane shows
that Ti elements are primarily concentrated in the MXene
layer, while Fe elements are predominantly located in the
FCFe layer, further confirming the successful fabrication

SHANGHAI JIAO TONG UNIVERSITY PRESS

of the Janus structure (Fig. 2d,, d,). The advantage of this
Janus configuration lies in the FCFe layer acting as a sub-
strate, providing the composite membranes with enhanced
membrane-forming ability and mechanical properties, while
the MXene layer enriches the opposite side, delivering excel-
lent electrical conductivity.

To better understand the formation mechanism of the
FCFe/M, additional tests were conducted to analyze the
chemical structures and validate the role of hydrogen bond-
ing interactions between the MXene layer and the FCFe
layer. As shown in Fig. 2e, the XRD patterns of both sides
of the FCFe/M Janus membrane display characteristic peaks
corresponding to MXene, PTFE, CNT, and Fe;O,. Nota-
bly, compared to pure MXene, the peak representing the
(200) crystal plane in the FCFe/M-M layer shifts to a lower
angle (from 6.7° to 6.2°), indicating that the FCFe layer is
tightly bonded to the MXene layer through strong interac-
tions [41]. Figure 2f presents the XPS wide-scan spectra of
MXene, FCFe, and FCFe/M membranes. The MXene spec-
trum shows the presence of C, O, Ti, and F elements, with
no detectable Al, indicating that the Al layer in Ti;AlC, has
been fully etched away with the introduction of functional

@ Springer
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groups (— O, — OH, —F) [42]. Notably, the XPS spectrum of
FCFe/M-F closely resembles that of FCFe, while FCFe/M-M
mirrors the MXene spectrum, further confirming the intrin-
sic Janus characteristics of the FCFe/M membrane [43].
Upon meticulous peak fitting analysis, it is found that in the
O 1s spectrum of MXene, the peaks corresponding to Ti— O,
C—-0-Ti,and Ti—C—0O—H...O were observed at 529.22,
530.27, and 531.81 eV, respectively. In contrast, in the O 1s
spectrum of FCFe/M-M, these peaks shift slightly to 529.40,
530.43, and 532.03 eV, respectively, and a new feature peak
appears at 533.48 eV, representing C=0 —N (Fig. 2g). This
newly observed peak may be attributed to the interaction
between MXene and FCFe, which provides strong support
for the stability of the Janus structure [44, 45]. Interestingly,
similar peak shifting phenomena are also observed on the
other side of the Janus membrane (Figs. 2h and S4). Com-
pared to FCFe, the binding energy of the Fe — O, C -0, and
C =0 peaks in FCFe/M-F shift to higher values by 0.27,
0.32, and 0.47 eV, respectively. The slight upshift of O 1s
binding energy of FCFe/M-M further confirms the formation
of hydrogen bonds between MXene and FCFe [37, 44, 46].
This differential coordination interaction, originating from
the hydrogen bonds and van der Waals forces between the
FCFe layer and MXene layer, imparts a stable Janus struc-
ture to the composite membrane and enhances the mechani-
cal properties of FCFe/M to some extent [47].

3.2 Mechanical Properties, Thermal Stability,
Hydrophobicity and Flame Retardancy
of the FCFe/M Janus Membranes

Superior mechanical performance is a prerequisite for the
application of FCFe/M membranes in flexible wearable tech-
nologies. Leveraging the inherent mechanical strength of
PTEFE fibers and the robust interfacial interactions between
the FCFe and MXene layers, FCFe/M Janus membranes
demonstrate exceptional mechanical performance and out-
standing flexibility. As depicted in Fig. S5 and Table S2,
compared to pure PTFE film, the tensile strength of FCFe
membranes is significantly enhanced, which can be attrib-
uted to the formation of the dual-nanofibrous network com-
posed of CNT fibers and PTFE fibers. With the increase in
Fe;0, content, the mechanical performance of FCFe mem-
branes declines, which can be attributed to the disruption of
molten interfaces between PTFE fibrils and the increased
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membrane porosity [35]. Furthermore, the incorporation of
MXene into the composite membrane resulted in a marked
improvement in tensile strength, elongation at break, and
elastic modulus compared to the original FCFe membrane
(Fig. 3a, b). Of particular interest is the emergence of an
elastic-like deformation region with rapidly increasing stress
during the initial deformation phase of the FCFe/M Janus
membrane, a characteristic absent in the pure FCFe mem-
brane. This phenomenon is likely attributed to the initial
stress being effectively absorbed by the FCFe/M-M layer,
highlighting the enhanced mechanical properties imparted
by the MXene integration [26]. As the MXene content in
the FCFe/M composite membranes increased from 10 to 70
wt%, the tensile strength of the composite membrane gradu-
ally increased from 17.11 to 28.14 MPa. Similarly, the elon-
gation at break exhibited a slow yet steady rise, from 54.89%
to 65.89%. Additionally, the modulus improved significantly,
increasing from 41.47 to 78.95 MPa. The detailed mechani-
cal properties are summarized in Table S2. These results
indicate that MXene not only enhances its own mechanical
strength through its compactly stacked layered structure, but
also forms effective interlocking with the nanofibrous net-
work of the FCFe membrane via hydrogen bonding [37, 45].
These two factors work synergistically to further reinforce
the Janus structure beyond the elastic deformation phase,
thereby enhancing the overall mechanical performance of
the composite.

Figure 3c shows the magnetic hysteresis loops of the
films. Pure PTFE exhibits no magnetic properties, whereas
both FCFe and FCFe/M-70 m membranes demonstrate typ-
ical ferrite characteristics similar to Fe;0,, with saturation
magnetization values of 42.45 and 22.24 emu g™, respec-
tively. This exceptional magnetic performance allows the
FCFe/M-70 m membrane to be easily lifted by a magnet.
Figure 3d demonstrates that the lightweight FCFe/M-70 m
membrane, with a mass of only 0.13 g, can effortlessly
support a 200 g load without any signs of cracking or fail-
ure, highlighting its impressive mechanical properties.
Moreover, the membrane’s remarkable flexibility enables
it to be bent or folded into complex shapes (Fig. 3e). To
assess performance under extreme conditions, the ther-
momechanical properties of the FCFe/M-70 m membrane
were further evaluated. As shown in Fig. 3f, the FCFe/M
membrane demonstrates exceptional durability and sta-
bility across a wide temperature range, from — 150 to
300 °C. This remarkable resistance to heat and cold can
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be attributed to its regular molecular structure, stable C—F
bonds with high bond energy, and relatively high molecu-
lar weight [35].

To further elucidate the reinforced toughening mechanism
of FCFe/M Janus-structured membranes, a possible fracture

o)
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process is intuitively proposed. As shown in Fig. 3g, under
low tensile strain, the strong interfacial interactions formed
by hydrogen bonds between the MXene layer and the FCFe
layer enhance stress transfer and frictional energy dissipa-
tion, effectively inhibiting slippage and crack propagation
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of MXene nanosheets [48]. During further stretching, the
MXene layer in the FCFe/M Janus membrane is the first
to develop cracks and undergo failure. However, the poly-
mer chains in the FCFe layer undergo slippage under stress,
which effectively impedes further crack propagation and pre-
serves the overall integrity of the FCFe/M membrane [39].
Ultimately, as the stress and strain continue to accumulate
and surpass a critical threshold, the silk-like structure within
the FCFe layer begins to progressively break down.

Many conventional CPCs exhibit high flammability, mak-
ing them prone to fire hazards in EMI shielding applications,
which poses significant risks to equipment and even per-
sonnel [49]. In this regard, the FCFe/M membranes exhibit
self-extinguishing and melt-drip resistance properties. As
demonstrated in Fig. 2h and Video S1, the FCFe/M-70 m
membrane produced only minimal residue after 30 s of com-
bustion and extinguished immediately upon removal from
the flame source within 5 s. The excellent flame retardancy
of the FCFe/M membranes can be attributed to two factors.
Firstly, the intrinsic flame-retardant properties of PTFE and
CNT contribute significantly [35]. Secondly, the TiO, and
amorphous carbon generated from the oxidative decomposi-
tion of MXene during combustion form a protective shield-
ing layer that efficiently mitigates both flame propagation
and energy transfer [50]. Additionally, excellent hydropho-
bicity and corrosion resistance are also crucial for ensur-
ing the long-term stability of flexible wearable electronics
under harsh environmental conditions. MXene materials,
due to their inherent hydrophilicity, are highly susceptible
to oxidation in humid environments, which significantly
degrades their performance [51]. As depicted in Fig. 3i, j,
the abundant functional groups (-F, -OH) on the MXene
surface impart notable hydrophilicity to the FCFe/M-M,
resulting in a water contact angle (WCA) of only 52°. In
contrast, the FCFe/M-F surface, benefiting from the excep-
tionally low surface tension of PTFE and the rough surface
texture provided by Fe;O, nanoparticles, achieves a water
contact angle of 153°, demonstrating superhydrophobicity.
After standing for 5 s, the WCA on the FCFe side decreased
by 5°, which is only half of the reduction observed on the
MXene side. This remarkable hydrophobicity can be attrib-
uted to the low surface energy of PTFE [39]. Consequently,
the FCFe/M membranes demonstrate exceptional water
resistance, with water droplets effortlessly rolling off the
FCFe side and carrying away contaminants without leav-
ing any residue, showcasing superior rain resistance and
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self-cleaning capabilities (Fig. 3k). Additionally, due to the
excellent solvent resistance of PTFE and CNT, the FCFe
membranes exhibit strong durability under various harsh
chemical conditions. As shown in Fig. 31, under acidic and
alkaline conditions, the integrity of the pure MXene mem-
brane was compromised, and traditional textiles such as cot-
ton and polyester also underwent substantial decomposition.
In stark contrast, the FCFe membrane remained intact with-
out any signs of destruction. Therefore, during the operation
of the FCFe/M Janus membrane, simply exposing the FCFe
side to the external environment can effectively protect the
MXene conductive layer, thereby extending the lifespan of
electronic devices.

3.3 Electrical Properties and EMI Shielding
Performance of the FCFe/M Membranes

Theoretically, the performance of EMI shielding materials is
tightly correlated with its electrical conductivity and internal
microstructure. Thanks to the formation of well-connected
MXene conductive networks, FCFe/M membranes exhibit
distinct electrical properties on two sides. Figure 4a illus-
trates the conductivity of FCFe/M membranes. Without
the addition of MXene, the electrical conductivity of the
pure FCFe membrane is only 1.12 S cm™'. However, as the
MXene content increases from 10 to 70 wt%, the conductivity
undergoes a dramatic surge, rising from 42.71 S cm™! to an
impressive 402.78 S cm™!. The significant disparity in con-
ductivity between the two sides of the Janus FCFe/M-70 m
membrane enables it to control the light bulb’s switching
(Fig. 4b). Additionally, the exceptional flexibility of com-
posite membranes, combined with robust interfacial interac-
tions, significantly strengthens the conductive network within
the MXene layer, allowing the LED light to maintain stable
brightness even when the film is repeatedly bent or folded.
Benefiting from the distinctive Janus structure created by
the conductive reflective layer (MXene) and the magnetic
absorption layer (FCFe), linked via hydrogen bonding and
electrostatic interactions, FCFe/M membranes effectively
attenuates EMWs through the synergistic effects of conduc-
tive and magnetic losses. Figure 4c, d illustrates the EMI
shielding performance of FCFe/M membranes with varying
MXene content in the X-band. The pure FCFe membrane
demonstrates a relatively low EMI SE of only 12.64 dB,
reflecting suboptimal shielding capability. However, as the
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MXene content increases, the shielding performance of the
FCFe/M Janus membranes progressively improves, achieving
a maximum EMI SE of 44.56 dB at 70 wt% MXene, signifi-
cantly surpassing the commercial requirements (>20 dB).
The increase in MXene content significantly enhances the
ability of FCFe/M membranes to shield EMWs. Further-
more, to explore the impact of magnetic particles on the
overall shielding performance, the EMI SE of FCFe/M mem-
branes with varying Fe;0, content was tested (Fig. 4e). As
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anticipated, the EMI SE of FCFe/M membranes increases
with the rising Fe;O, content, confirming the critical role of
magnetic loss in the EMI shielding process (Fig. S6).

Due to the different electrical conductivities on either side
of FCFe/M Janus membranes, an investigation was conducted
to ascertain the impact of EMW incidence direction on the
membrane’s EMI shielding performance. Obviously, the EMI
SE of the FCFe/M membranes remains consistent, regardless
of whether the EMWs are incident from the MXene side or
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the FCFe side. It suggests that the direction of incidence of
the EMWs has no impact on the total shielding efficiency
(SEy) of the FCFe/M Janus membranes, without considering
the EMI shielding mode. However, the perpendicular inci-
dence direction of EMWs can affect the reflective shielding
efficiency (SEy) and absorption shielding efficiency (SE,).
As illustrated in Fig. 4f, g, the SE, of all the samples exceeds
their respective SEj, suggesting that microwave absorption
has a significant predominant contribution to the SE; [52].
That is to say, without considering the initial reflection, most
of the EMWs entering the FCFe/M membranes are absorbed
internally [53]. As the MXene loading increases, although the
SE, shows a general upward trend for both incident direc-
tions, the rate of increase is significantly higher when the
waves are incident from the FCFe side compared to when
they are incident from the MXene side. Additionally, the pro-
portion of SE, in SEis greater when waves are incident from
the FCFe side. It is hypothesized that when EMWs enter the
FCFe/M membrane from the FCFe side, a substantial por-
tion of the waves is absorbed within the FCFe layer through
conductive and magnetic losses. In contrast, when EMWs
are incident from the MXene side, they encounter a severe
impedance mismatch at the MXene layer, leading to signifi-
cant reflection back into the air, with only a small fraction
penetrating into the FCFe layer.

Nevertheless, previous studies have demonstrated that
relying solely on SEj and SE, to classify shielding modes
is insufficient and inaccurate [16]. To provide a more com-
prehensive understanding of the shielding mechanisms in
FCFe/M membranes and to assess the differences in antire-
flective properties under various incident directions, the
reflection coefficients (R), absorption coefficients (A), and
transmission coefficients (7) were measured (Fig. 4f, g). The
result shows that in the absence of MXene, the T value is
relatively high, indicating that the FCFe membrane exhibits
suboptimal shielding performance. As the MXene content
increases, the R values show a marked increase, while the
A values tend to decrease, and the T values progressively
decline, stabilizing near zero. This trend highlights that an
increase in MXene content significantly enhances the reflec-
tive capability of the membranes, thereby optimizing its
overall shielding performance. When EMWs are incident
from the MXene side, the R value for FCFe/M-70 m is 0.91,
which exceeds the value of 0.76 observed when waves are
incident from the FCFe side. Conversely, the A value is 0.09
for waves incident from the MXene side, markedly lower
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than the 0.24 recorded for waves incident from the FCFe
side. These discrepancies in loss factors between different
incident directions are primarily due to the varying imped-
ance matching between the two sides of the FCFe/M Janus
membrane and the free space. Specifically, when waves enter
the FCFe/M membrane from the lower conductivity FCFe
side, a significant portion is absorbed within the FCFe layer.
The remaining waves are then reflected at the MXene/FCFe
interface and reenter the FCFe layer, effectively prolonging
their path within the absorbing layer and thereby enhancing
the film’s antireflective performance. In FCFe/M-70 m mem-
brane, the R value is higher than the A value, indicating that
the reflection is the dominant EMI shielding mechanism. The
high-power coefficient R should be due to the fact that the
reflection of incoming EMWs happens before the absorption,
which results in most of the total power is reflected first when
it comes into contact with the membrane surface (Although
the SE; of FCFe/M membrane is much lower than SE)).

Further analysis of the effect of magnetic Fe;O, nano-
particles on the EMI shielding performance of FCFe/M
membranes shows that, as the Fe;O, content in the FCFe
layer increases from 10 to 50 wt%, the EMI SE of FCFe/M
increases by 8.86 dB, with SE, and A values rising by 51.2%
and 75.1%, respectively (Fig. 4h). This trend indicates that
the magnetic loss generated by Fe;O, nanoparticles signifi-
cantly enhances the EMW absorption capacity of the FCFe
layer. The response of the FCFe layer to EM waves also can
be expressed in terms of complex permittivity (), complex
permeability (p), and tangential loss (tan 6,=¢"/¢’ and tan
8, =p"/p). In general, the real part (¢) and imaginary part
(") of the complex permittivity correspond to the storage
and consumption of electrical energy, and the real part (p")
and imaginary part (") of the complex permeability indicate
the storage and dissipation of the magnetic energy [54]. As
shown in Fig. S8a, b, the fluctuation ranges of €’ and &"
are 8.52-11.77 and 7.46-8.53, respectively, and p’ and p’’
are 0.47-1.04 and 0.028-0.12, respectively (Fig. S7a, b). A
higher frequency will intensify the hysteresis of dielectric
polarization, which is completely consistent with the trend
of ¢’ and " decreasing with the increase in frequency. The
relationship of tan 6, greater than tan §, indicates that dielec-
tric loss is dominant in EM loss, while magnetic loss plays
an important role in enhancing loss (Fig. S7c¢).

Notably, the EMI SE results indicate that the Janus mem-
brane is capable of shielding up to 99.997% of EMWs. Con-
sequently, the FCFe/M-70 m membrane, with a thickness
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of only 84.9 pum, can effectively impede the transmission of
radio energy and halt the charging process (Fig. 4i). Moreo-
ver, due to the inherent flexibility of the FCFe substrate, the
FCFe/M-70 m membrane retains 96.83% and 92.57% of its
original SE; even after 500 cycles of bending and folding,
respectively, demonstrating its remarkable stability in EMI
shielding performance under complex mechanical environ-
ments (Fig. 4j). In consideration of lightweight, flexible
nature, and thin profile of the FCFe/M membrane, the SSE
values were further calculated with the goal of achieving
efficient EMI shielding using minimal material. The results
revealed that with 70 wt% MXene content, the SSE value of
the FCFe/M membrane reached an impressive 10,421.3 dB
cm? g~!, surpassing many typical EMI shielding materi-
als ever reported, including CNT-based, graphene-based,
MXene-based, and metal-based films (Fig. 4k and Table S3).

In order to elucidate the EMI shielding mechanism of
FCFe/M membranes, the attenuation process of EMWs is
plotted in Fig. 5a. When EMWs are incident from the MXene
side, the shielding performance is predominantly governed by
the strong reflection induced by the highly conductive MXene
layer, resulting in a higher R value and a lower A value. Con-
versely, when EMWs are incident from the FCFe side, the
lower conductivity of the FCFe layer permits waves to pen-
etrate more readily into the absorption layer. Subsequently,
thanks to the silk-like nanofibrous structure composed of CNT,
Fe;O,, and PTFE, a portion of the incident EMWs is dissi-
pated as thermal energy while moving along the conductive
fiber network. Additionally, multiple reflections and scattering
within the silk-like nanofibrous network significantly extend
the transmission path of these waves, effectively attenuating
EM energy. Combined with the magnetic loss effect introduced
by Fe;O, nanoparticles, various shielding mechanisms col-
lectively contribute to the excellent EMI absorption perfor-
mance of the FCFe membrane [55]. When the EMWs pen-
etrate the FCFe layer and reach the MXene layer, a portion
of the remaining waves is immediately reflected back into the
FCFe layer due to the impedance mismatch at the interface.
These reflected waves are then reabsorbed within the FCFe
layer [56], leading to the formation of an absorption-reflection-
reabsorption mechanism [57]. Simultaneously, a smaller frac-
tion of the waves manages to enter the MXene layer, where
they interact with the high-density electron carriers present in
the material. During this process, electron collisions generate
thermal energy, leading to ohmic losses. Additionally, multi-
ple reflection’s internal between adjacent MXene nanosheets
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also promoted the dissipation and attenuation of EMWs [58].
Moreover, defects and oxygen-containing functional groups
in MXene can induce an asymmetric distribution of charge
density, creating local dipoles. These dipoles undergo polari-
zation in response to the direction of the EM field, resulting in
an improvement in shielding effectiveness [37]. Therefore, by
strategically controlling the direction of incidence, the FCFe/M
Janus membrane can efficiently absorb EMWs through an
absorption-reflection-reabsorption mechanism, even with a
limited material thickness. This design, asymmetric gradient
multilayer structure, provides an effective strategy for develop-
ment of materials with ultrahigh EMI shielding performance.

CST simulations were conducted to elucidate and visu-
alize the EMI shielding mechanism, with corresponding
parameters detailed in Supporting S1 and Fig. S8. As
depicted in Fig. 5b, for the FCFe membrane lacking a
conductive reflective layer, EMWs readily penetrate the
material from the excitation source S; to the receiving
source S,, indicating its poor EMI shielding capability.
However, after depositing a high-conductivity MXene layer
onto the FCFe substrate, there is a significant reduction
in both electric and magnetic field strengths between the
FCFe/M membrane and the receiving source S, (Fig. 5c-
e). When the MXene content is further increased to 70
wt%, the electric and magnetic fields nearly disappear,
demonstrating the strong interaction between the EMWs
and the FCFe/M-70 m membrane (Fig. 5f). Notably, all
FCFe/M membranes respond to both electric and magnetic
fields, indicating that the attenuation mechanism of EMWs
involves not only conductive losses (including reflection
and absorption), but also magnetic losses [5, 59]. Fur-
thermore, the theoretical SE value of the FCFe/M-70 m
membrane was calculated based on its thickness and con-
ductivity (S2) [60, 61]. As shown in Fig. S9, the theo-
retical SE; of the FCFe/M-70 m membrane with identical
thickness and electrical conductivity is only ~38.61 dB,
which is significantly lower than the experimentally meas-
ured value. The additional EMI shielding contribution may
stem from insulating structures within the FCFe membrane,
beyond the conductive network. Typically, conductive fill-
ers in the conductive polymer interconnect to form a per-
colation network, while some isolated fillers act as polar
plates, together with the intermediate polymer matrix as the
dielectric layer, constitute pseudo—parallel plate microca-
pacitors in composites. Since the CNT content in the FCFe
membrane is only 5 wt%, the membrane lacks a complete
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percolation network. As a result, more insulating microca-
pacitors can form within the structure, which are coupled
by EM waves to yield a shielding effect [62].

3.4 Thermal Conductivity and Joule Heating
Properties of FCFe/M Membranes

To further expand the application of EMI shielding materials
in the field of flexible wearable technology, and to ensure
their efficient performance in cold environments such as
aerospace and plateaus, an excellent integrated heating
capability is a requisite component [63]. Therefore, we first
evaluated the thermal conductivity and thermal diffusivity
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of PTFE, FCFe, and FCFe/M membranes. As shown in Fig.
S10a, compared to the pure PTFE film, the introduction of
CNT, Fe;0,, and MXene significantly enhanced the thermal
performance of the FCFe/M membrane. The in-plane ther-
mal conductivity and diffusivity of FCFe/M-70 membranes
reached 19.89 W m™' K~! and 9.11 mm? s™!, respectively,
which are 86.5 and 65.1 times higher than those of pure
PTFE membranes. This improvement is primarily attributed
to the silk-like nanofibrous network formed by CNT fibers,
PTFE fibers, and Fe;0, in the FCFe membrane, as well as
the introduction of the 2D thermally conductive MXene
material. These two components establish effective ther-
mal conduction paths on both sides of the FCFe/M Janus
membrane, which effectively reduces phonon scattering,
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strengthens phonon propagation, thereby enabling rapid
heat diffusion throughout the membrane in the in-plane
direction [26]. Figure S10b shows the through-plane ther-
mal conductivity performance of the FCFe/M membrane.
Similarly, with the introduction of modified fillers and
2D MXene materials, the through-plane thermal conduc-
tivity and thermal diffusivity of the membrane gradually
increase, reaching a maximum of 1.92 W m~' K~! and 0.88
mm? s~!, respectively. However, compared to in-plane ther-
mal conductivity, the through-plane thermal conductivity
of the FCFe/M membrane is significantly lower, with an
anisotropic thermal conductivity value of 10.35. When heat
flows along the through-plane direction, phonons scatter at
the interfaces of the Janus structure, resulting in a signifi-
cant loss of heat during the transmission process [26]. To
evaluate the thermal performance of FCFe/M membranes in
practical applications, we heated PTFE, FCFe, and FCFe/M
membranes on an 80 °C hot plate for 30, 60, and 90 s, fol-
lowed by rapid cooling to room temperature (Fig. S10c, d).
The results demonstrate that the FCFe/M membrane exhibits
the fastest heating and cooling rates, with a uniform tem-
perature distribution throughout the membrane. In summary,
the FCFe/M Janus membrane, which features high in-plane
thermal conductivity and low through-plane thermal con-
ductivity, is capable of quickly dissipating heat from hot-
spots in the plane direction, while preventing overheating
from affecting the electronic components or skin beneath
the FCFe/M Janus membrane [64, 65].

The outstanding electrical and thermal conductivity of the
flexible FCFe/M membranes render them strong candidates
for use in portable electric heaters. To this end, a systematic
evaluation of their Joule heating properties was conducted
(Fig. 6). A high correlation coefficient (0.9928) for the lin-
ear [-V fitting curve demonstrates that the electrothermal
behavior of the composite film adheres closely to ohmic
law, confirming its reliability as an efficient electrothermal
heater (Fig. S11). Figure 6a illustrates the temperature vari-
ation curves of the FCFe/M-70 m membrane under differ-
ent applied voltages. Upon the application of voltage, the
surface temperature of the FCFe/M membrane rises rapidly,
reaching a saturation temperature (7;). Upon the removal of
the voltage, the FCFe/M membrane cools rapidly, reaching
its original state within 20 s. This behavior demonstrates a
rapid and reversible Joule heating effect. Notably, at a low
voltage of 0.6 V, the T of the FCFe/M membrane stabilizes
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around 33.6 °C, which approximates the human body’s com-
fort temperature [66]. As the applied voltage increases, T
progressively rises, achieving 47.5, 65.9, 97.7, and 140.4 °C
at voltages of 1.2, 1.8, 2.4, and 3 V, respectively. Addition-
ally, the heating rate of the membrane increases significantly
with higher voltages, reaching a temperature rise of over
100 °C within 30 s at 3 V. These results indicate that the
FCFe/M membranes exhibit superior electrothermal conver-
sion efficiency and rapid response characteristics.

In essence, the T of an electric heater is determined by the
balance between the Joule heat generated and the energy dis-
sipated [67]. This relationship is articulated in Eq. S9, where
T, is primarily governed by factors such as electrical resist-
ance, surface area, and the applied voltage. Furthermore, as
outlined in Eq. S10, T increases linearly in proportion to the
square of the supplied voltage (U?). As depicted in Fig. 6b,
the T, of the FCFe/M membrane presents an excellent linear
correlation with U2, demonstrating their remarkable resistance
stability and dimensional integrity. To further assess the tem-
perature controllability of the FCFe/M membrane, real-time
temperature changes were monitored across a voltage range
of 0.6-3 V. As shown in Fig. 6¢, the FCFe/M-70 m membrane
achieves rapid temperature regulation under voltage fluctua-
tions as low as 0.6 V, due to the high response power gener-
ated by the current, underscoring its significant potential for
applications in smart temperature control devices.

Long-term heating stability and cyclic heating/cooling
tests were conducted to evaluate the reliability and durabil-
ity of the FCFe/M membranes as a Joule heating device. As
shown in Fig. 6d, the FCFe/M-70 m membrane maintains
its equilibrium temperature at 1.8 V for at least 5000 s, with
infrared thermal imaging confirming a uniform tempera-
ture distribution throughout the heating process. Addition-
ally, the composite membrane exhibits consistent and sta-
ble temperature cycling across a voltage range of 1.2-3 V
(Fig. 6e). These findings imply that the FCFe/M membrane
possesses exceptional performance stability and reusabil-
ity. It is worth noting that, thanks to the Janus structure of
the FCFe/M membrane, with one conductive side and one
nearly nonconductive side, the nonconductive FCFe side
can safely contact the human body during electrical heat-
ing, significantly enhancing its safety in flexible wearable
devices. Furthermore, the equilibrium temperature of the
FCFe/M-70 m membrane exhibited a gradual increase with
the increase in MXene content (Fig. 6f). This phenomenon
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sponding infrared images

can be attributed to the high conductivity resulting from the
elevated concentration of MXene. Finally, the visual Joule
heating behavior of the composite membrane was examined
at 2.4 V. As illustrated in Fig. 6g, the FCFe/M membrane
displayed a noticeable color change within just 5 s, with the
dolphin pattern completely transitioning from red to yellow
after 20 s of heating. This rapid and pronounced thermo-
chromic response allows for effective monitoring of envi-
ronmental temperature changes, offering a valuable tool for
detecting potential high-temperature hazards, such as fires.

© The authors

3.5 Photothermal Conversion Performance
of the FCFe/M Membranes

Owing to the photoinduced coherent oscillations of surface
electrons in the MXene layer, FCFe/M membranes exhibit
exceptional photothermal conversion capabilities [68]. This
enables them to directly capture energy from natural sun-
light, thereby achieving an effective conversion of light into
heat. As shown in Fig. 7a, the UV-Vis-NIR spectra clearly
demonstrate the excellent light absorption capability of the
FCFe/M-70 m membrane, with solar absorption rates reaching

https://doi.org/10.1007/s40820-025-01647-x
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up to 90.34%. This high absorption within the solar spectrum
endows FCFe/M Janus membranes with the requisite radiative
heating capability. Upon exposure of the MXene side of the
FCFe/M-70 m membrane to simulated sunlight, the surface
temperature of the composite film exhibited a rapid increase,
gradually reaching a steady state (Fig. 7b). Furthermore, as the
optical power density is increased from 40 to 320 mW cm ™2,
the steady-state surface temperature of the FCFe/M-70 m
membrane rises almost linearly from 39.4 to 145.7 °C (Fig.
S12). As illustrated in Fig. 7c, the surface temperature of the
FCFe/M-70 m membrane can rapidly respond to changes
in optical power density, exhibiting a gradient increase,
which underscores their highly controllable photothermal

conversion capability. Additionally, following the deactiva-
tion of the xenon lamp light source, the FCFe/M-70 m mem-
brane cools rapidly, returning to its original state. Infrared
thermal imaging vividly illustrates the surface temperature
of the FCFe/M-70 m membrane at steady-state under varying
optical power densities (Fig. 7d). The composite membrane
demonstrates a uniform temperature distribution during the
photothermal process, making it a promising candidate for
high-performance wearable smart heaters. The cyclic stabil-
ity of the FCFe/M photothermal material was subsequently
evaluated at different optical power densities (Fig. 7e). During
multiple cycles of alternating activation and deactivation of
the xenon lamp light source, the FCFe/M-70 m membrane
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branes with different MXene contents. h Photothermal conversion mechanism of FCFe/M Janus membranes
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exhibited stable and regular heating and cooling curves, main-
taining a relatively constant surface temperature at the same
power density. Furthermore, the FCFe/M-70 m membrane
was able to sustain its steady-state temperature for at least
2000 s, confirming its remarkable reliability and photothermal
stability (Fig. 7f). Further investigation into the influence of
MXene content on photothermal conversion performance was
conducted. As shown in Figs. 7g and S13, under an optical
power density of 240 mW cm ™, the steady-state temperature
of the FCFe/M membranes exhibits a linear increase with
rising MXene content. Additionally, the increase in MXene
loading significantly enhances the heating rate of the Janus
membranes, indicating that the incorporation of MXene
strengthens the photothermal conversion capability.
Moreover, the schematic diagram of the photothermal
conversion mechanism of the FCFe/M membranes is illus-
trated in Fig. 7h. When a laser irradiates the surface of the
FCFe/M-M, the MXene layer, owing to its exceptional elec-
trical conductivity and unique layered structure, absorbs a
significant amount of photons, causing internal electrons to
transition to higher energy levels. These excited electrons
subsequently interact with phonons, rapidly releasing energy
and thereby generating heat. Furthermore, the presence of
lattice atoms in MXene enhances light absorption and photo-
thermal conversion efficiency through the localized surface
plasmon resonance (LSPR) effect [69, 70]. When the resid-
ual energy penetrates the MXene layer and reaches the FCFe
layer, the conjugation and hyperconjugation effects in CNTs
enable strong absorption in the near-infrared (NIR) region
and enhance electron mobility. Electrons in the n orbital are
excited to the 7* orbital upon photon absorption and release
heat as they return to the ground state [71]. The incident laser
undergoes multiple energy conversions inside the film due
to the synergistic effects of MXene and CNT, resulting in
rapid and efficient photothermal conversion. Based on the
discussion above, we successfully fabricated a flexible Janus-
structured material through a simple and novel shear-induced
in situ fibrillation method. This material exhibits excellent
multifunctional properties, including superior EMI shielding
performance, weather resistance, thermal conductivity, and
multisource-driven self-heating capabilities. Furthermore, the
comprehensive property of this multifunctional membrane
was compared with previously reported EMI shielding materi-
als, and the FCFe/M Janus membrane achieves more efficient
EMW absorption and superior electrothermal-photothermal
performance at a relatively small thickness [16, 35, 72-74].

© The authors

4 Conclusion

In summary, a flexible multifunctional FCFe/M composite
membrane with a Janus structure were prepared by a com-
bination of shear-induced in situ fibrillation and vacuum-
assisted filtration process for EMI shielding and thermal
management. The highly conductive MXene layer was
tightly bonded to the flexible and robust silk-like FCFe
nanofibrous network through hydrogen bonds, which
endowed the composite film with outstanding electrical/
thermal conductivity, mechanical properties, thermal sta-
bility, superhydrophobicity, and flame retardancy. Moreo-
ver, the strategic distribution of the conductive reflective
layer and the magnetic absorption layer enables the Janus
membranes to effectively attenuate EMWs through an
absorption-reflection-reabsorption mechanism when the
waves enter from the FCFe layer. Notably, the FCFe/M
membrane with a thickness of only 84.9 um achieved a
remarkable EMI SE of 44.56 dB and the SSE value reached
up to 10,421.3 dB cm? g ! in the X-band, surpassing many
conventional shielding materials. Simultaneously, lever-
aging the excellent electrical and thermal conductivity of
MXene and the Janus structure, the FCFe/M membrane
demonstrates outstanding performance in personalized
thermal management applications. The FCFe/M membrane
achieves in-plane and through-plane thermal conductivities
0f 19.89 and 1.92 W m™' K™, respectively, with an anisot-
ropy ratio of 10.35. Furthermore, the FCFe/M membrane
exhibits excellent electrothermal and photothermal conver-
sion capabilities. Under appropriate electrical stimulation
(0.6-3 V) and light irradiation (40-320 mW cm™?), the
FCFe/M heating material achieves maximum surface tem-
peratures of 140.4 and 145.7 °C, respectively, demonstrating
rapid, stable, and efficient heating and dissipation processes.
These characteristics render FCFe/M membranes a promis-
ing candidate for self-heating applications in cold regions.
Hence, the innovative Janus structure design proposed in
this study provides a practical solution for developing EMI
shielding materials with both robust shielding and effective
antireflection properties. With their exceptional flexibility,
hydrophobicity, flame retardancy, reliability, and thermal
management performance, FCFe/M Janus membranes hold
significant application potential in acrospace, military, artifi-
cial intelligence, smart heating devices, and next-generation
flexible wearable electronics.

https://doi.org/10.1007/s40820-025-01647-x



Nano-Micro Lett. (2025) 17:136

Page 19 0f 22 136

Acknowledgements This study received financial support from
the National Natural Science Foundation of China (NSFC, Grant
No. 52175341), Shandong Provincial Natural Science Foundation
(Grant No. ZR2022JQ24), and Funding Project of Jinan City’s
New Twenty Items for Colleges and Universities (Grant No.
202333038).

Author Contributions Runze Shao performed conceptualization,
data curation, formal analysis, investigation, methodology, valida-
tion, visualization, and writing—original draft. Guilong Wang pre-
sented conceptualization, formal analysis, investigation, writing—
review and editing, project administration, and funding acquisition.
Jialong Chai carried out methodology, formal analysis, and writ-
ing—review and editing. Jun lin provided validation and supervi-
sion. Guoqun Zhao conducted data curation and conceptualization.
Zhihui Zeng analyzed methodology, investigation, and supervision.
Guizhen Wang approved methodology and data curation.

Declarations

Conlflict of Interest The authors declare there is no conflict of in-
terest. They have no known competing financial interests or personal
relationships that could have appeared to influence the work reported
in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-025-01647-x.

References

1. T. Wu, F. Ren, Z. Guo, J. Wang, Z. Zong et al., Hierarchi-
cal assembly of ternary MOF-derived sandwich composites
for high-efficiency tunable electromagnetic wave absorption.
Small 20, 2407599 (2024). https://doi.org/10.1002/sml1.20240
7599

2. M. Li, Y. Sun, D. Feng, K. Ruan, X. Liu et al., Thermally
conductive polyvinyl alcohol composite films via introducing
hetero-structured MXene @silver fillers. Nano Res. 16, 7820—
7828 (2023). https://doi.org/10.1007/s12274-023-5594-1

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

10.

11.

12.

13.

Z. Guo, Y. Zhao, P. Luo, J. Wang, L. Pei et al., Asymmetric
and mechanically enhanced MOF derived magnetic carbon-
MXene/cellulose nanofiber films for electromagnetic interfer-
ence shielding and electrothermal/photothermal conversion.
Chem. Eng. J. 497, 155707 (2024). https://doi.org/10.1016/].
cej.2024.155707

Z.Zeng, F. Jiang, Y. Yue, D. Han, L. Lin et al., Flexible and
ultrathin waterproof cellular membranes based on high-con-
junction metal-wrapped polymer nanofibers for electromag-
netic interference shielding. Adv. Mater. 32, 1908496 (2020).
https://doi.org/10.1002/adma.201908496

F. Hu, N. Gong, J. Zeng, P. Li, T. Wang et al., Aramid
nanofiber-based artificial nacre-supported graphene/silver
nanowire nanopapers for electromagnetic interference shield-
ing and thermal management. Adv. Funct. Mater. 34, 2405016
(2024). https://doi.org/10.1002/adfm.202405016

J. Yang, H. Wang, Y. Zhang, H. Zhang, J. Gu, Layered struc-
tural PBAT composite foams for efficient electromagnetic
interference shielding. Nano-Micro Lett. 16, 31 (2023). https://
doi.org/10.1007/s40820-023-01246-8

S. Wu, M. Zou, Z. Li, D. Chen, H. Zhang et al., Robust and
stable Cu nanowire @ graphene core-shell aerogels for ultra-
effective electromagnetic interference shielding. Small 14,
¢1800634 (2018). https://doi.org/10.1002/smll.201800634
K. Qian, J. Zhou, M. Miao, H. Wu, S. Thaiboonrod et al.,
Highly ordered thermoplastic polyurethane/aramid nanofiber
conductive foams modulated by Kevlar polyanion for pie-
zoresistive sensing and electromagnetic interference shield-
ing. Nano-Micro Lett. 15, 88 (2023). https://doi.org/10.1007/
s40820-023-01062-0

X. Shen, J.-K. Kim, Graphene and MXene-based porous struc-
tures for multifunctional electromagnetic interference shield-
ing. Nano Res. 16, 1387-1413 (2023). https://doi.org/10.1007/
$12274-022-4938-6

Q. Zhang, Q. Wang, J. Cui, S. Zhao, G. Zhang et al., Structural
design and preparation of Ti;C,T, MXene/polymer compos-
ites for absorption-dominated electromagnetic interference
shielding. Nanoscale Adv. 5, 3549-3574 (2023). https://doi.
org/10.1039/D3NA00130J

B. Shen, Y. Li, D. Yi, W. Zhai, X. Wei et al., Microcellular
graphene foam for improved broadband electromagnetic inter-
ference shielding. Carbon 102, 154-160 (2016). https://doi.
org/10.1016/j.carbon.2016.02.040

J.-M. Thomassin, C. Pagnoulle, L. Bednarz, I. Huynen, R.
Jerome et al., Foams of polycaprolactone/MWNT nanocom-
posites for efficient EMI reduction. J. Mater. Chem. 18, 792
(2008). https://doi.org/10.1039/b709864b

L.-Q. Zhang, S.-G. Yang, L. Li, B. Yang, H.-D. Huang et al.,
Ultralight cellulose porous composites with manipulated
porous structure and carbon nanotube distribution for promis-
ing electromagnetic interference shielding. ACS Appl. Mater.
Interfaces 10, 40156—40167 (2018). https://doi.org/10.1021/
acsami.8b14738

B. Zhao, M. Hamidinejad, S. Wang, P. Bai, R. Che et al.,
Advances in electromagnetic shielding properties of composite

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01647-x
https://doi.org/10.1007/s40820-025-01647-x
https://doi.org/10.1002/smll.202407599
https://doi.org/10.1002/smll.202407599
https://doi.org/10.1007/s12274-023-5594-1
https://doi.org/10.1016/j.cej.2024.155707
https://doi.org/10.1016/j.cej.2024.155707
https://doi.org/10.1002/adma.201908496
https://doi.org/10.1002/adfm.202405016
https://doi.org/10.1007/s40820-023-01246-8
https://doi.org/10.1007/s40820-023-01246-8
https://doi.org/10.1002/smll.201800634
https://doi.org/10.1007/s40820-023-01062-0
https://doi.org/10.1007/s40820-023-01062-0
https://doi.org/10.1007/s12274-022-4938-6
https://doi.org/10.1007/s12274-022-4938-6
https://doi.org/10.1039/D3NA00130J
https://doi.org/10.1039/D3NA00130J
https://doi.org/10.1016/j.carbon.2016.02.040
https://doi.org/10.1016/j.carbon.2016.02.040
https://doi.org/10.1039/b709864b
https://doi.org/10.1021/acsami.8b14738
https://doi.org/10.1021/acsami.8b14738

136

Page 20 of 22

Nano-Micro Lett. (2025) 17:136

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

foams. J. Mater. Chem. A 9, 8896-8949 (2021). https://doi.
org/10.1039/d1ta00417d

Q. Song, F. Ye, X. Yin, W. Li, H. Li et al., Carbon nanotube-
multilayered graphene edge plane core-shell hybrid foams for
ultrahigh-performance electromagnetic-interference shield-
ing. Adv. Mater. 29, 1701583 (2017). https://doi.org/10.1002/
adma.201701583

Q. Wei, L. Li, Z. Deng, G. Wan, Y. Zhang et al., Scalable fab-
rication of nacre-structured graphene/polytetrafluoroethylene
films for outstanding EMI shielding under extreme environ-
ment. Small 19, €2302082 (2023). https://doi.org/10.1002/
smll.202302082

Y.-Y. Wang, Z.-H. Zhou, C.-G. Zhou, W.-]J. Sun, J.-F. Gao
et al., Lightweight and robust carbon nanotube/polyimide
foam for efficient and heat-resistant electromagnetic interfer-
ence shielding and microwave absorption. ACS Appl. Mater.
Interfaces 12, 8704-8712 (2020). https://doi.org/10.1021/
acsami.9b21048

J. Xu, J. Fang, P. Zuo, Y. Wang, Q. Zhuang, Competitively
assembled aramid-MXene Janus aerogel film exhibiting con-
currently robust shielding and effective anti-reflection perfor-
mance. Adv. Funct. Mater. 34, 2400732 (2024). https://doi.
org/10.1002/adfm.202400732

T. Kim, H.-W. Do, K.J. Choi, S. Kim, M. Lee et al., Layered
aluminum for electromagnetic wave absorber with near-zero
reflection. Nano Lett. 21, 1132-1140 (2021). https://doi.org/
10.1021/acs.nanolett.0c04593

B. Xue, Y. Li, Z. Cheng, S. Yang, L. Xie et al., Directional
electromagnetic interference shielding based on step-wise
asymmetric conductive networks. Nano-Micro Lett. 14, 16
(2021). https://doi.org/10.1007/s40820-021-00743-y

J. Fang, C. Chen, H. Qi, J. Zhang, X. Hou et al., Flexible mul-
tilayered poly(vinylidene fluoride)/graphene-poly(vinylidene
fluoride) films for efficient electromagnetic shielding. ACS
Appl. Nano Mater. 6, 6858-6868 (2023). https://doi.org/10.
1021/acsanm.3c00574

M. Zhou, J. Wang, G. Wang, Y. Zhao, J. Tang et al., Lotus
leaf-inspired and multifunctional Janus carbon felt@Ag com-
posites enabled by in situ asymmetric modification for electro-
magnetic protection and low-voltage joule heating. Compos.
Part B Eng. 242, 110110 (2022). https://doi.org/10.1016/j.
compositesb.2022.110110

Y. Zhang, Z. Ma, K. Ruan, J. Gu, Multifunctional
Ti;C,T,-(Fe;04/polyimide) composite films with Janus struc-
ture for outstanding electromagnetic interference shielding and
superior visual thermal management. Nano Res. 15, 5601—
5609 (2022). https://doi.org/10.1007/s12274-022-4358-7

W.Lj, Z. Song, Y. He, J. Zhang, Y. Bao et al., Natural sedimen-
tation-assisted fabrication of Janus functional films for versa-
tile applications in Joule heating, electromagnetic interference
shielding and triboelectric nanogenerator. Chem. Eng. J. 455,
140606 (2023). https://doi.org/10.1016/j.cej.2022.140606

P.-L. Wang, W. Zhang, Q. Yuan, T. Mai, M.-Y. Qi et al., 3D
Janus structure MXene/cellulose nanofibers/Luffa aerogels
with superb mechanical strength and high-efficiency desali-
nation for solar-driven interfacial evaporation. J. Colloid

© The authors

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Interface Sci. 645, 306-318 (2023). https://doi.org/10.1016/].
jcis.2023.04.081

M. Zhou, Y. Hu, Z. Yan, H. Fu, Flexible MXene-based Janus
film with superior heat dissipation capability for ultra-effi-
cient electromagnetic interference shielding and Joule heating.
Carbon 219, 118835 (2024). https://doi.org/10.1016/j.carbon.
2024.118835

J. Liu, H.-B. Zhang, R. Sun, Y. Liu, Z. Liu et al., Hydropho-
bic, flexible, and lightweight MXene foams for high-perfor-
mance electromagnetic-interference shielding. Adv. Mater. 29,
1702367 (2017). https://doi.org/10.1002/adma.201702367
Z. Guo, C. Bian, P. Luo, T. Wu, J. Wang et al., Integrated
construction of 0D/1D/2D NiMn-LDH@CNT/MXene with
multidimensionally hierarchical architecture towards boost-
ing electromagnetic wave absorption. Appl. Surf. Sci. 679,
161238 (2025). https://doi.org/10.1016/j.apsusc.2024.161238
Y. Zhang, K. Ruan, K. Zhou, J. Gu, Controlled distributed
Ti,C,T, hollow microspheres on thermally conductive polyim-
ide composite films for excellent electromagnetic interference
shielding. Adv. Mater. 35, 2211642 (2023). https://doi.org/10.
1002/adma.202211642

P. Song, Z. Cai, J. Li, M. He, H. Qiu et al., Construction of
rGO-MXene @FeNi/epoxy composites with regular honey-
comb structures for high-efficiency electromagnetic interfer-
ence shielding. J. Mater. Sci. Technol. 217, 311-320 (2025).
https://doi.org/10.1016/j.jmst.2024.08.022

N. Liu, Q. Li, H. Wan, L. Chang, H. Wang et al., High-temper-
ature stability in air of Ti;C,T, MXene-based composite with
extracted bentonite. Nat. Commun. 13, 5551 (2022). https://
doi.org/10.1038/s41467-022-33280-2

Y. Shi, Y. Hu, J. Shen, S. Guo, Optimized microporous struc-
ture of ePTFE membranes by controlling the particle size of
PTFE fine powders for achieving high oil-water separation
performances. J. Membr. Sci. 629, 119294 (2021). https://doi.
org/10.1016/j.memsci.2021.119294

F. Wang, H. Zhu, H. Zhang, H. Tang, J. Chen et al., An elastic
microporous material with tunable optical property. Mater.
Lett. 164, 376-379 (2016). https://doi.org/10.1016/j.matlet.
2015.10.158

A. Huang, F. Liu, Z. Cui, H. Wang, X. Song et al., Novel
PTFE/CNT composite nanofiber membranes with enhanced
mechanical, crystalline, conductive, and dielectric properties
fabricated by emulsion electrospinning and sintering. Compos.
Sci. Technol. 214, 108980 (2021). https://doi.org/10.1016/].
compscitech.2021.108980

R. Shao, G. Wang, J. Chai, G. Wang, G. Zhao, Flexible, reli-
able, and lightweight multiwalled carbon nanotube/polytetra-
fluoroethylene membranes with dual-nanofibrous structure for
outstanding EMI shielding and multifunctional applications.
Small 20, 2308992 (2024). https://doi.org/10.1002/smll.
202308992

Z.Cui, E. Drioli, Y.M. Lee, Recent progress in fluoropolymers
for membranes. Prog. Polym. Sci. 39, 164-198 (2014). https://
doi.org/10.1016/j.progpolymsci.2013.07.008

Y. Yang, L. Shao, J. Wang, Z. Ji, T. Zhang et al., An asym-
metric layer structure enables robust multifunctional wearable

https://doi.org/10.1007/s40820-025-01647-x


https://doi.org/10.1039/d1ta00417d
https://doi.org/10.1039/d1ta00417d
https://doi.org/10.1002/adma.201701583
https://doi.org/10.1002/adma.201701583
https://doi.org/10.1002/smll.202302082
https://doi.org/10.1002/smll.202302082
https://doi.org/10.1021/acsami.9b21048
https://doi.org/10.1021/acsami.9b21048
https://doi.org/10.1002/adfm.202400732
https://doi.org/10.1002/adfm.202400732
https://doi.org/10.1021/acs.nanolett.0c04593
https://doi.org/10.1021/acs.nanolett.0c04593
https://doi.org/10.1007/s40820-021-00743-y
https://doi.org/10.1021/acsanm.3c00574
https://doi.org/10.1021/acsanm.3c00574
https://doi.org/10.1016/j.compositesb.2022.110110
https://doi.org/10.1016/j.compositesb.2022.110110
https://doi.org/10.1007/s12274-022-4358-7
https://doi.org/10.1016/j.cej.2022.140606
https://doi.org/10.1016/j.jcis.2023.04.081
https://doi.org/10.1016/j.jcis.2023.04.081
https://doi.org/10.1016/j.carbon.2024.118835
https://doi.org/10.1016/j.carbon.2024.118835
https://doi.org/10.1002/adma.201702367
https://doi.org/10.1016/j.apsusc.2024.161238
https://doi.org/10.1002/adma.202211642
https://doi.org/10.1002/adma.202211642
https://doi.org/10.1016/j.jmst.2024.08.022
https://doi.org/10.1038/s41467-022-33280-2
https://doi.org/10.1038/s41467-022-33280-2
https://doi.org/10.1016/j.memsci.2021.119294
https://doi.org/10.1016/j.memsci.2021.119294
https://doi.org/10.1016/j.matlet.2015.10.158
https://doi.org/10.1016/j.matlet.2015.10.158
https://doi.org/10.1016/j.compscitech.2021.108980
https://doi.org/10.1016/j.compscitech.2021.108980
https://doi.org/10.1002/smll.202308992
https://doi.org/10.1002/smll.202308992
https://doi.org/10.1016/j.progpolymsci.2013.07.008
https://doi.org/10.1016/j.progpolymsci.2013.07.008

Nano-Micro Lett.

(2025) 17:136

Page 21 of 22 136

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

bacterial cellulose composite film with excellent electrother-
mal/photothermal and EMI shielding performance. Small 20,
2308514 (2024). https://doi.org/10.1002/smll.202308514

T. Zhou, Y. Yao, R. Xiang, Y. Wu, Formation and charac-
terization of polytetrafluoroethylene nanofiber membranes for
vacuum membrane distillation. J. Membr. Sci. 453, 402-408
(2014). https://doi.org/10.1016/j.memsci.2013.11.027

J. Chai, G. Wang, A. Zhang, X. Li, Z. Xu et al., Robust pol-
ytetrafluoroethylene (PTFE) nanofibrous membrane achieved
by shear-induced in situ fibrillation for fast oil/water separa-
tion and solid removal in harsh solvents. Chem. Eng. J. 461,
141971 (2023). https://doi.org/10.1016/j.cej.2023.141971

I. Ochoa, S.G. Hatzikiriakos, Paste extrusion of polytetrafluor-
oethylene (PTFE): surface tension and viscosity effects. Pow-
der Technol. 153, 108-118 (2005). https://doi.org/10.1016/].
powtec.2005.02.007

C. Liu, Y. Ma, Y. Xie, J. Zou, H. Wu et al., Enhanced elec-
tromagnetic shielding and thermal management properties in
MXene/aramid nanofiber films fabricated by intermittent fil-
tration. ACS Appl. Mater. Interfaces 15, 4516-4526 (2023).
https://doi.org/10.1021/acsami.2c20101

M. Shi, Z. Song, J. Ni, X. Du, Y. Cao et al., Dual-mode porous
polymeric films with coral-like hierarchical structure for all-
day radiative cooling and heating. ACS Nano 17, 2029-2038
(2023). https://doi.org/10.1021/acsnano.2c07293

Y. Zhao, C. Deng, B. Yan, Q. Yang, Y. Gu et al., One-step
method for fabricating Janus aramid nanofiber/MXene nano-
composite films with improved joule heating and thermal cam-
ouflage properties. ACS Appl. Mater. Interfaces 15, 55150—
55162 (2023). https://doi.org/10.1021/acsami.3c13722

J. Bai, W. Gu, Y. Bai, Y. Li, L. Yang et al., Multifunctional
flexible sensor based on PU-TA@MXene Janus architecture
for selective direction recognition. Adv. Mater. 35, 2302847
(2023). https://doi.org/10.1002/adma.202302847

C. Ma, W.-T. Cao, W. Zhang, M.-G. Ma, W.-M. Sun et al.,
Wearable, ultrathin and transparent bacterial celluloses/
MXene film with Janus structure and excellent mechanical
property for electromagnetic interference shielding. Chem.
Eng. J. 403, 126438 (2021). https://doi.org/10.1016/j.cej.
2020.126438

Y. Bin, B. Tawiah, L.Q. Wang, A.C. Yin Yuen, Z.C. Zhang
et al., Interface decoration of exfoliated MXene ultra-thin
nanosheets for fire and smoke suppressions of thermoplas-
tic polyurethane elastomer. J. Hazard. Mater. 374, 110-119
(2019). https://doi.org/10.1016/j.jhazmat.2019.04.026

F. Xie, F. Jia, L. Zhuo, Z. Lu, L. Si et al., Ultrathin MXene/
aramid nanofiber composite paper with excellent mechanical
properties for efficient electromagnetic interference shield-
ing. Nanoscale 11, 23382-23391 (2019). https://doi.org/10.
1039/c9nr07331k

Y. Sun, R. Ding, S.Y. Hong, J. Lee, Y.-K. Seo et al., MXene-
xanthan nanocomposite films with layered microstructure for
electromagnetic interference shielding and Joule heating.
Chem. Eng. J. 410, 128348 (2021). https://doi.org/10.1016/j.
cej.2020.128348

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

L. Wang, X. Li, Y. Qian, W. Li, T. Xiong et al., MXene-
layered double hydroxide reinforced epoxy nanocomposite
with enhanced electromagnetic wave absorption, thermal con-
ductivity, and flame retardancy in electronic packaging. Small
20, 2304311 (2024). https://doi.org/10.1002/smll.202304311
F. Pan, Y. Shi, Y. Yang, H. Guo, L. Li et al., Porifera-inspired
lightweight, thin, wrinkle-resistance, and multifunctional
MXene foam. Adv. Mater. 36, e2311135 (2024). https://doi.
org/10.1002/adma.202311135

A. Chae, G. Murali, S.-Y. Lee, J. Gwak, S.J. Kim et al., Highly
oxidation-resistant and self-healable MXene-based hydrogels
for wearable strain sensor. Adv. Funct. Mater. 33, 2213382
(2023). https://doi.org/10.1002/adfm.202213382

J. Yang, Y. Chen, X. Yan, X. Liao, H. Wang et al., Construc-
tion of in situ grid conductor skeleton and magnet core in
biodegradable poly (butyleneadipate-co-terephthalate) for
efficient electromagnetic interference shielding and low reflec-
tion. Compos. Sci. Technol. 240, 110093 (2023). https://doi.
org/10.1016/j.compscitech.2023.110093

D. Zhang, R. Yin, Y. Zheng, Q. Li, H. Liu et al., Multifunc-
tional MXene/CNTs based flexible electronic textile with
excellent strain sensing, electromagnetic interference shielding
and Joule heating performances. Chem. Eng. J. 438, 135587
(2022). https://doi.org/10.1016/j.cej.2022.135587

T. Zuo, C. Xie, W. Wang, D. Yu, Ti;C,T, MXene-ferroferric
oxide/carbon nanotubes/waterborne polyurethane-based asym-
metric composite aerogels for absorption-dominated electro-
magnetic interference shielding. ACS Appl. Nano Mater. 6,
4716-4725 (2023). https://doi.org/10.1021/acsanm.3c00204
B. Fan, L. Xing, K. Yang, Y. Yang, F. Zhou et al., Salt-
templated graphene nanosheet foams filled in silicon rubber
toward prominent EMI shielding effectiveness and high ther-
mal conductivity. Carbon 207, 317-327 (2023). https://doi.
org/10.1016/j.carbon.2023.03.022

Z. Cai, Y. Ma, M. Yun, M. Wang, Z. Tong et al., Multifunc-
tional MXene/holey graphene films for electromagnetic inter-
ference shielding, Joule heating, and photothermal conversion.
Compos. Part B Eng. 251, 110477 (2023). https://doi.org/10.
1016/j.compositesb.2022.110477

T. Mai, W.-Y. Guo, P.-L. Wang, L. Chen, M.-Y. Qi et al.,
Bilayer metal-organic frameworks/MXene/nanocellulose
paper with electromagnetic double loss for absorption-dom-
inated electromagnetic interference shielding. Chem. Eng. J.
464, 142517 (2023). https://doi.org/10.1016/j.cej.2023.142517
D. Hye Moon Lee, D. Si-Young Choi, A. Jung, P. Seung Hwan
Ko, Highly conductive aluminum textile and paper for flexible
and wearable electronics. Angew. Chem. Int. Ed. 52, 7718—
7723 (2013). https://doi.org/10.1002/anie.201301941

J. He, Z. Ma, S. Liu, X. Qie, W. Zhang et al., Unleashing
multifunctionality: Janus-structured flexible CNT-based com-
posite film with enduring superhydrophobicity and excellent
electromagnetic interference shielding. Chem. Eng. J. 480,
148046 (2024). https://doi.org/10.1016/j.cej.2023.148046

B. Li, Y. Yang, N. Wu, S. Zhao, H. Jin et al., Bicontinuous,
high-strength, and multifunctional chemical-cross-linked

@ Springer


https://doi.org/10.1002/smll.202308514
https://doi.org/10.1016/j.memsci.2013.11.027
https://doi.org/10.1016/j.cej.2023.141971
https://doi.org/10.1016/j.powtec.2005.02.007
https://doi.org/10.1016/j.powtec.2005.02.007
https://doi.org/10.1021/acsami.2c20101
https://doi.org/10.1021/acsnano.2c07293
https://doi.org/10.1021/acsami.3c13722
https://doi.org/10.1002/adma.202302847
https://doi.org/10.1016/j.cej.2020.126438
https://doi.org/10.1016/j.cej.2020.126438
https://doi.org/10.1016/j.jhazmat.2019.04.026
https://doi.org/10.1039/c9nr07331k
https://doi.org/10.1039/c9nr07331k
https://doi.org/10.1016/j.cej.2020.128348
https://doi.org/10.1016/j.cej.2020.128348
https://doi.org/10.1002/smll.202304311
https://doi.org/10.1002/adma.202311135
https://doi.org/10.1002/adma.202311135
https://doi.org/10.1002/adfm.202213382
https://doi.org/10.1016/j.compscitech.2023.110093
https://doi.org/10.1016/j.compscitech.2023.110093
https://doi.org/10.1016/j.cej.2022.135587
https://doi.org/10.1021/acsanm.3c00204
https://doi.org/10.1016/j.carbon.2023.03.022
https://doi.org/10.1016/j.carbon.2023.03.022
https://doi.org/10.1016/j.compositesb.2022.110477
https://doi.org/10.1016/j.compositesb.2022.110477
https://doi.org/10.1016/j.cej.2023.142517
https://doi.org/10.1002/anie.201301941
https://doi.org/10.1016/j.cej.2023.148046

136

Page 22 of 22

Nano-Micro Lett. (2025) 17:136

61.

62.

63.

64.

65.

66.

67.

68.

MXene/superaligned carbon nanotube film. ACS Nano 16,
19293-19304 (2022). https://doi.org/10.1021/acsnano.2c08678

Y. Sun, X. Han, P. Guo, Z. Chai, J. Yue et al., Slippery gra-
phene-bridging liquid metal layered heterostructure nanocom-
posite for stable high-performance electromagnetic interfer-
ence shielding. ACS Nano 17, 12616-12628 (2023). https://
doi.org/10.1021/acsnano.3c02975

X. Zhou, P. Min, Y. Liu, M. Jin, Z.-Z. Yu et al., Insulating
electromagnetic-shielding silicone compound enables direct
potting electronics. Science 385, 1205-1210 (2024). https://
doi.org/10.1126/science.adp6581

P. He, M.-S. Cao, W.-Q. Cao, J. Yuan, Developing MXenes
from wireless communication to electromagnetic attenuation.
Nano-Micro Lett. 13, 115 (2021). https://doi.org/10.1007/
s40820-021-00645-z

W. Lu, Y. Zhou, H. Xu, Dual-gradient MXene/AgNWs/Hol-
low-Fe;0,/CNF composite films for thermal management
and electromagnetic shielding applications. Compos. Com-
mun. 51, 102077 (2024). https://doi.org/10.1016/j.coc0.2024.
102077

M. Tan, D. Chen, Y. Cheng, H. Sun, G. Chen et al., Anisotrop-
ically oriented carbon films with dual-function of efficient heat
dissipation and excellent electromagnetic interference shield-
ing performances. Adv. Funct. Mater. 32, 2202057 (2022).
https://doi.org/10.1002/adfm.202202057

X. Li, X. Sheng, Y. Fang, X. Hu, S. Gong et al., Wearable
Janus-type film with integrated all-season active/passive ther-
mal management, thermal camouflage, and ultra-high elec-
tromagnetic shielding efficiency tunable by origami process.
Adv. Funct. Mater. 33, 2212776 (2023). https://doi.org/10.
1002/adfm.202212776

Y. Cheng, H. Zhang, R. Wang, X. Wang, H. Zhai et al., Highly
stretchable and conductive copper nanowire based fibers with
hierarchical structure for wearable heaters. ACS Appl. Mater.
Interfaces 8, 32925-32933 (2016). https://doi.org/10.1021/
acsami.6b09293

D. Xu, Z. Li, L. Li, J. Wang, Insights into the photother-
mal conversion of 2D MXene nanomaterials: synthesis,

© The authors

69.

70.

71.

72.

73.

74.

mechanism, and applications. Adv. Funct. Mater. 30, 2000712
(2020). https://doi.org/10.1002/adfm.202000712

R. Cheng, Y. Wu, B. Wang, J. Zeng, J. Li et al., Fireproof
ultrastrong all-natural cellulose nanofiber/montmorillonite-
supported MXene nanocomposites with electromagnetic inter-
ference shielding and thermal management multifunctional
applications. J. Mater. Chem. A 11, 18323-18335 (2023).
https://doi.org/10.1039/D3TA03798C

Y. Gao, J. Lin, X. Chen, Z. Tang, G. Qin et al., Engineering
2D MXene and LDH into 3D hollow framework for boosting
photothermal energy storage and microwave absorption. Small
19, 2303113 (2023). https://doi.org/10.1002/sml11.202303113
J. Xiong, R. Ding, Z. Liu, H. Zheng, P. Li et al., High-strength,
super-tough, and durable nacre-inspired MXene/heterocyclic
aramid nanocomposite films for electromagnetic interfer-
ence shielding and thermal management. Chem. Eng. J. 474,
145972 (2023). https://doi.org/10.1016/j.cej.2023.145972
M. Sang, G. Liu, S. Liu, Y. Wu, S. Xuan et al., Flexible PTFE/
MXene/PI soft electrothermal actuator with electromagnetic-
interference shielding property. Chem. Eng. J. 414, 128883
(2021). https://doi.org/10.1016/j.cej.2021.128883

Y. Li, B. Zhou, Y. Shen, C. He, B. Wang et al., Scalable manu-
facturing of flexible, durable Ti;C,T, MXene/Polyvinylidene
fluoride film for multifunctional electromagnetic interference
shielding and electro/photo-thermal conversion applications.
Compos. Part B Eng. 217, 108902 (2021). https://doi.org/10.
1016/j.compositesb.2021.108902

J. Dong, S. Luo, S. Ning, G. Yang, D. Pan et al., MXene-
coated wrinkled fabrics for stretchable and multifunctional
electromagnetic interference shielding and electro/photo-ther-
mal conversion applications. ACS Appl. Mater. Interfaces 13,
60478-60488 (2021). https://doi.org/10.1021/acsami.1c19890

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-025-01647-x


https://doi.org/10.1021/acsnano.2c08678
https://doi.org/10.1021/acsnano.3c02975
https://doi.org/10.1021/acsnano.3c02975
https://doi.org/10.1126/science.adp6581
https://doi.org/10.1126/science.adp6581
https://doi.org/10.1007/s40820-021-00645-z
https://doi.org/10.1007/s40820-021-00645-z
https://doi.org/10.1016/j.coco.2024.102077
https://doi.org/10.1016/j.coco.2024.102077
https://doi.org/10.1002/adfm.202202057
https://doi.org/10.1002/adfm.202212776
https://doi.org/10.1002/adfm.202212776
https://doi.org/10.1021/acsami.6b09293
https://doi.org/10.1021/acsami.6b09293
https://doi.org/10.1002/adfm.202000712
https://doi.org/10.1039/D3TA03798C
https://doi.org/10.1002/smll.202303113
https://doi.org/10.1016/j.cej.2023.145972
https://doi.org/10.1016/j.cej.2021.128883
https://doi.org/10.1016/j.compositesb.2021.108902
https://doi.org/10.1016/j.compositesb.2021.108902
https://doi.org/10.1021/acsami.1c19890

	Multifunctional Janus-Structured Polytetrafluoroethylene-Carbon Nanotube-Fe3O4MXene Membranes for Enhanced EMI Shielding and Thermal Management
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials and Chemicals
	2.2 Preparation of the FCFe Membranes
	2.3 Synthesis of Ti3C2Tx MXene Dispersion
	2.4 Preparation of the FCFeM Janus Membranes
	2.5 Characterization and Measurements

	3 Result and Discussion
	3.1 Fabrication and Characterization of the FCFeM Janus Membranes
	3.2 Mechanical Properties, Thermal Stability, Hydrophobicity and Flame Retardancy of the FCFeM Janus Membranes
	3.3 Electrical Properties and EMI Shielding Performance of the FCFeM Membranes
	3.4 Thermal Conductivity and Joule Heating Properties of FCFeM Membranes
	3.5 Photothermal Conversion Performance of the FCFeM Membranes

	4 Conclusion
	Acknowledgements 
	References


