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Abstract: Lightweight, flexible, and electrically conductive thin films with high electromagnetic
interference (EMI) shielding effectiveness and excellent thermal management capability are ideal
for portable and flexible electronic devices. Herein, the asymmetric and multilayered structure
Ag-MXene/ANFs composite papers (AMAGM) were fabricated based on Ag-MXene hybrids and
aramid nanofibers (ANFs) via a self-reduction and alternating vacuum-assisted filtration process. The
resultant AMAGM composite papers exhibit high electrical conductivity of 248,120 S m−1, excellent
mechanical properties with tensile strength of 124.21 MPa and fracture strain of 4.98%, superior
EMI shielding effectiveness (62 dB), ultra-high EMI SE/t (11,923 dB cm2 g−1) and outstanding
EMI SE reliability as high as 96.1% even after 5000 cycles of bending deformation benefiting from
the unique structure and the 3D network at a thickness of 34 µm. Asymmetric structures play
an important role in regulating reflection and absorption of electromagnetic waves. In addition,
the multifunctional nanocomposite papers reveal outstanding thermal management performances
such as ultrafast thermal response, high heating temperatures at low operation voltage, and high
heating stability. The results indicate that the AMAGM composite papers have excellent potential
for high-integration electromagnetic shielding, wearable electronics, artificial intelligence, and high-
performance heating devices.

Keywords: Ag-MXene/ANFs nanocomposite papers; asymmetric structure; EMI shielding; Joule
heating performance

1. Introduction

With the extensive use of personal electronic devices and the growing demand for
increasingly powerful devices, electromagnetic interference (EMI) has risen to an unprece-
dented level [1,2]. EMI not only has a negative impact on people’s health, but also compro-
mises performance of electronic devices by causing information leakage, false operations, or
even complete failure [3–7]. Typical materials used for mitigating EM transmission includ-
ing sheet metals, metal screens, and metal foams, cannot simultaneously integrate these
intriguing characteristics due to opacity, high density, and inflexibility [8–10]. Recently,
MXene are under the spotlight on account of their good electrical conductivity, light weight,
extremely large specific surface areas, excellent hydrophilicity, and easy processability
for efficient EMI shielding materials [11–15]. In addition, the Ti-F and Ti-OH bonds on
the surface of the Ti3C2Tx nanosheets could be used as functional groups to reduce some
metal ions, such as platinum ion, silver ions and gold ions, into corresponding metallic
nanoparticles [16–19]. The reducing ability of Ti3C2Tx nanosheets not only presents an
Ti3C2Tx nanosheets without an external reducing agent but also extends its application in
various fields. Among the noble metals, silver has received tremendous attention due to its
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high electrical conductivity, good catalytic activity, and low cost. Guo et al. [6] fabricated
PVA/MXene film featured with alternating multilayered structure through multilayered
casting. The obtained multilayered film exhibited a maximum EMI SE of 44.4 dB at a
low MXene loading of 19.5 wt%. Zhang et al. [20] reported an anisotropic porous mul-
tiwalled carbon nanotube/water-borne polyurethane composite, assembled via a facile
freeze-drying method, which displays a high EMI shielding performance. Choi et al. [21]
developed a lightweight, flexible, and conductive 3D porous Fe3O4@Ti3C2TX/GF/PDMS
composite with an excellent conductivity up to 630 S m−1 and an outstanding average
EMI SE of 80 dB in X-band. Although some exciting advances have been achieved, it
remains an enormous challenge to manufacture EMI materials with ultrathin thickness,
high flexibility, and excellent EMI shielding performance. Additionally, the spontaneous
oxidation of MXene, particularly in aqueous dispersion form, is a key barrier which hinders
its long-term usability during real-time applications [22,23].

Aramid nanofibers (ANFs), also called nanoscale Kevlar fibers, which can be extracted
from poly (p-phenylene terephthalamide) (PPTA) fiber, are considered to be promising
reinforcing phases and high-performance polymer substrates for various applications.
ANFs exhibit good mechanical properties, impressive chemical and good thermal stabil-
ity, excellent optical performance, and superior thermal resistance because of the high
anisotropy ratio and strong interactions between PPTA chains such as hydrogen bonding,
π–π stacking, and van der Waals forces. ANFs have rapidly gained significant attention
in many areas such as battery separators, biological tissue, and electrical insulating ma-
terials [24–28]. Nonetheless, due to the insulating character of aramid nanofibers, it is
imperative to improve the conductivity and EMI shielding performance of the composite
paper prepared via direct mixing of MXene and cellulose nanofibrils. Therefore, to simulta-
neously improve the EMI shielding and mechanical performance, effective microstructural
design and reasonable material selection and processing techniques should be considered
for the fabrication of high-performance EMI shielding materials [29,30].

Herein, inspired by the millefeuille cake with multilayered and alternating aligned
network structure between meringue sheets and cream components, we report asymmet-
ric, ultra-flexible, and highly conductive Ag-MXene/ANFs composite papers through
self-reduction followed by a facile alternating vacuum-assisted filtration technology for
high-performance electromagnetic interference shielding and thermal management. Ag
nanoparticles were easily introduced onto the surface of Ti3C2Tx nanosheets to form
Ag-MXene hybrids via direct reduction of AgNO3, which is efficient to prevent MXene
oxidation and improve the electrical conductivity. The sustainable and mechanically strong
ANFs served as the polymer matrix to form extensive hydrogen-bonding interactions with
Ag-MXene hybrids. Benefiting from the novel structure, the resultant nanocomposite paper
exhibits not only outstanding mechanical properties (tensile strength, fracture strain, and
toughness), but also excellent electrical conductivity. The composite films also provide
excellent electromagnetic shielding capabilities and outstanding thermal management
properties. The EMI SE reliability of bending deformation, conductive stability upon the
repeated bending, long-term Joule heating are investigated in detail. We also discuss the
asymmetric structures, which contribute to the value of SEA and SER instead of the total
EMI SE. Furthermore, EM field distribution simulation via COMSOL Multiphysics 6.1
was conducted to intuitively analyze the shielding mechanisms. This work provides a
new strategy in manufacturing ultra-flexible and highly conductive composite paper for
realizing outstanding EMI shielding performance and having promising potentials for
next-generation wearable electronic devices in aerospace, military, and energy conversion.

2. Materials and Methods
2.1. Materials

Kevlar 49 thread was bought from DuPont (Delaware, DE, USA). Ti3AlC2 powders
(400 mesh) were supplied by Foshan Xinxi Technology Co., Ltd. (Foshan, China). Chemicals
including LiF, HCl, DMSO, KOH, AgNO3 were purchased from the Aladdin Reagent Co., Ltd.
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(Shanghai, China). Nylon membranes were provided by Xinya Purification Equipment
Co., Ltd. (Shanghai, China).

2.2. Preparation of Aramid Nanofiber Dispersion

The stable ANFs dispersions were obtained according to the previously reported
methods [31,32]. Typically, 2.0 g of Kevlar 49 thread and 3.0 g of KOH were added into
1000 mL of DMSO. The Kevlar/KOH/ DMSO suspension was magnetically stirred for
7 days at room temperature, obtaining a uniform and dark red ANFs dispersions. Then, a
large amount of water was added to the above solution, and the KOH/DMSO system was
filtered with large amounts of DI water to acquire ANFs precipitate. The obtained ANFs
were washed with suction filtration, and redispersed well in deionized water to form a
homogeneous ANF dispersion.

2.3. Preparation of Ti3C2Tx Nanosheets

Ti3C2Tx nanosheets were prepared through selectively etching Al [32]. In brief, LiF
(3.2 g) was dissolved in HCl solution (40 mL, 9 M) in a Teflon beaker, assisted with magnetic
stirring for 30 min to obtain the etching solution. The MAX powders (2 g) were added
slowly to the Teflon beaker. The reaction was allowed to proceed for 48 h at 40 ◦C to obtain
a clay-like Ti3C2Tx suspension, then the mixture was centrifuged using deionized water
several times until the pH reached 6. After the sonication under N2 atmosphere for 60 min
followed by centrifugation at 3500 rpm for 0.5 h, a homogeneous supernatant of Ti3C2Tx
nanosheets was obtained and stored in a fridge for use.

2.4. Synthesis of Ag-MXene Hybrids

The Ag-MXene hybrids were prepared via direct reduction of AgNO3 [33]. Briefly,
200 mg of Ti3C2Tx MXene was uniformly dispersed in 100 mL water via ultrasound for
30 min. Then, the AgNO3 solution (50 mg) was injected into the MXene solution drop by
drop and placed under continued stirring for another 30 min. Finally, the suspension was
centrifuged and washed with water and ethanol, respectively. AM-10, AM-15 composites
were also prepared under the same conditions except for the mass of AgNO3 (100 mg, and
150 mg).

2.5. Preparation of Ag-MXene/ANF Composite Paper with Asymmetric and Multilayered
Structure (AMAGM)

The AMAGM composite papers were fabricated via the alternating vacuum-assisted
filtration method. First, the ANF dispersion (10 mg) was vacuum filtrated onto a porous
nylon membrane until a steady ANF hydrogel was obtained. Subsequently the desired
AM-5 (10 mg) dispersion was sedimented on the top of the ANF hydrogel using the
identical method. Then, an ANF (10 mg) layer was deposited on the top of AM-5 in the
same way. After that, AM-10 (10 mg), ANFs (10 mg), AM-15 (10 mg), and ANFs (10 mg)
were successively added to deposit on their former layer. The composite papers were
completely dried in vacuum oven at 60 ◦C for 12 h. Other composite papers with gradient
and multilayered structure can be prepared through a similar process. For comparison,
the pure ANF papers and a randomly mixed Ag-Ti3C2Tx MXene (30 mg)/ANFs (8 mg)
composite paper (abbreviated as AMA mixture) were also manufactured via a similar
vacuum-assisted filtration.

2.6. Characterization

The crystalline characterization information of all prepared samples was identified by
X-ray diffractometer (XRD, Rigaku D/MAX-2500/PC, Tokyo, Japan) with Cu Kα radiation
of λ = 0.15418 nm. FT-IR absorption spectra were collected using FTIR spectrometer
(Nicolet iS10 FT-IR system, Thermo Fisher Scientific, Waltham, MA, USA). The surface
morphologies and microstructures of AMAGM composite films were observed with AFM
(Bruker Dimension Icon, Saarbrücken, Germany), SEM (Hitachi S-4700, 20 kV, Tokyo, Japan),
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and HADDF-STEM (G2 F20, Tecnai, Hillsboro, OR, USA). Elemental mapping analyses
were carried out by EDS. The surface chemical composition was characterized by XPS
(K-Alpha+, Thermo-Fisher, San Diego, CA, USA). The mechanical properties of AMAGM
composite films were tested using a universal testing machine (Japan Instrumentation
System Co., Ltd., Tokyo, Japan with rectangular strips of 5 × 30 mm with loading strain
rate of 0.2 mm/min) with a force sensor of 500 N (JLC-M500N, Tokyo, Japan). Electrical
conductivity was measured with the standard four-point using Loresta-GP meter (MCP-
T610, Mitsubishi Chemical, Tokyo, Japan Japan). The surface wettability was analyzed by
using an OCA20 optical contact angle measurement apparatus. The thermal stability was
evaluated by using a thermogravimetric analyzer (TGA, Netzsch, STA449F5, 10 ◦C min−1,
Bavaria, Germany).

2.7. EMI SE Performance Tests

A 2-port vector network analyzer (Rohde–Schwarz ZNA43, Munich, Germany) was
employed to analyze the EMI SE of the nanocomposite papers (22.86 × 10.16 mm2) in
X-band. The scattering parameters (S11, S12, S22, S21) output by the vector network analyzer
were applied to analyze the shielding effectiveness. Each sample was tested at least
three times, and the final result was taken as the average value. The total EMI SE (SET)
contributions from reflection (SER), absorption (SEA), and multiple internal reflections
(SEM) were calculated as follows:

R = |S11|2 = |S22|2, T = |S12|2 = |S21|2 (1)

A = 1− R− T (2)

SER = −10log(1− R) (3)

SEA = −10log
(

T
1− R

)
(4)

In addition, to further evaluate the absolute shielding performance of the films equi-
tably, surface density and the thickness of the materials were also taken into account:

SSE = EMI
SE

density
= dB cm3g−1 (5)

SSE/t = SSE | thickness = dB cm2g−1 (6)

Specifically, EMI shielding efficiency (%), meaning the ability to block waves in terms
of percentage, can be obtained using this equation:

Shielding efficiency (%) = 100−
(

1/100SE/10
)
× 100 (7)

3. Results and Discussion
3.1. Microstructures and Characterization

The homogeneous ANFs dispersion were prepared by the deprotonation of macro-
scopic aramid fabrics as exhibited in Figure 1a. The micro-sized ANFs were transformed
from the macroscale Kevlar fibers by abstracting the mobile protons from amide groups,
weakening the hydrogen-bonding interactions between polymer chains and strengthen-
ing the electrostatic repulsion under the KOH/DMSO system. The as-prepared ANFs
nanofibers display a length of several micrometers with a high-aspect-ratio and a radial
size of 11 nm (Figure S1a,b). The preparation process of 2D Ti3C2Tx nanosheets is illus-
trated in Figure 1b. The (002) characteristic diffraction peak of Ti3C2Tx MXene shifted to a
smaller angle than Ti3AlC2 powder (9.70◦) (Figure S2a,b). The as-obtained Ti3C2Tx MXene
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exhibits a typical 2D lamellar structure with a lateral size of approximately 2 µm and high
dispersibility due to electrostatic repulsion caused by negatively charged terminal groups
such as -OH, -F, and = O. The thickness of individual MXene nanoflakes is about ~1.0 nm,
suggesting the Ti3C2Tx nanosheets are mostly single-layer (Figure S2c–f). The fabrication
process for Ag-MXene hybrids is depicted in Figure 1c. The Ti3C2Tx nanosheets can be used
as reducing agent to synthesize Ag nanoparticles on the surface layers due to the negatively
charged terminal groups (Ti-OH and Ti-F) [34]. The chemical compositions and elemental
components were characterized via XPS (Figure S3a). The characteristic peak of silver
element appears in the XPS wide-scan spectra of the AM hybrid film. The obvious peak,
ranging from 368–374.5 eV, demonstrates the presence of Ag nanoparticles in the sample.
To further analyze the role of the content of silver, AM-5, AM-10, and AM-15 samples were
conducted for the X-ray diffraction (Figure S3b). The AM-5 XRD pattern presents not only
a strong (002) diffraction peak of 7.5◦, assigned to Ti3C2Tx nanosheets, but also a series
of weak peaks belonging to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes of face-centered
cubic Ag single crystal [35,36]. With the increase in AgNO3, the peaks of Ag become
sharper and stronger, while the (002) peak intensity of the Ti3C2Tx nanosheets becomes
weaker, indicating the partial oxidation of the Ti3C2Tx nanosheets during the reduction
reaction process of silver nanoparticles [37]. TEM and SEM images were used to char-
acterize the morphology and microstructure of the AM-5 nanocomposites (Figure S3c–f).
Some non-uniform-sized nanoparticles distributed on the surface of Ti3C2Tx nanosheets
are silver particles, and it was further verified via energy dispersive spectrometer, meaning
the successful introduction of Ag nanoparticles onto Ti3C2Tx nanosheets.
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Figure 1. Schematic diagram of the fabrication procedure. The preparation of (a) ANFs and
(b) Ti3C2Tx MXene; (c) process for in situ reduction of AgNPs on Ti3C2Tx MXene; (d) schematic
illustrating the fabrication of AMAGM composite paper.

Figure 1d schematically illustrates the fabrication process of AMAGM composite pa-
pers via vacuum-assisted alternating filtration of ANFs and Ag-Ti3C2Tx MXene dispersion.
It is worth noting that the outer surfaces on two sides of the multilayered film are ANF lay-
ers. The composite paper can be easily achieved through this method without any valuable
equipment. The dense ANF layer can prevent the entry of oxygen to some extent, tightly
wrap the AM layer, and prevent the oxidation of silver under high humidity conditions. In
this bargain, a construction strategy is beneficial for improving both mechanical properties
and EMI shielding performance. In the atomic model, MXene nanosheets are tightly inter-
acted with hydrogen bonding by the ANFs to form the “stiffeners−interlocks” structure
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illustrated in Figure 2h [38]. Nanocomposite paper has sufficient flexibility and mechanical
properties, which is of great significance for designing high-performance EMI-shielding
materials that are resistant to mechanical deformation. The as-obtained composite paper
is ultrathin with a smooth surface, and can be folded into a complicated model without
cracking, showcasing the outstanding flexibility (Figure S4a–c). Furthermore, the thickness
is only 34 µm, which is significant in practical applications, especially next-generation
portable equipment and wearable devices.
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(b) SEM images of Ag-MXene composite paper. (c) XRD patterns of MXene, ANFs and AMAGM
nanocomposite papers. (d) XPS surveys of delaminated Ti3C2Tx nanosheets and Ag-MXene nanocom-
posites. (e) High-resolution XPS spectra of Ti 2p for Ag-MXene hybrids. (f) High-resolution spectra
of C 1s for Ag-MXene.

SEM imaging was carried out to further observe the morphology and microstructure.
The top-view and cross-sectional SEM images of the Ti3C2Tx nanosheets paper and Ag-
MXene hybrid are displayed (Figures 2a,b and S5a,b). It is obvious that the pure Ti3C2Tx
nanosheets paper possess some wrinkles and the surface is coarse, while the cross-section
presents multi-layered, stacked architecture. As for the Ag-MXene hybrid, some urchin-like
and non-uniform nanoparticles are embedded on the surface. The amount and particle size
of silver nanoparticles on the surface of MXene are related to the silver nitrate contents.
EDX results testify that Ag nanoparticles have been attached onto Ti3C2 nanosheets. It
is worth noting that the stacked-layer morphology of MXene does not change obviously
during the self-reduction process. Figure 2c exhibits the XRD patterns of the pure MXene
paper, Ag-MXene hybrid, and AMAGM composite paper. The shift of the characteristic
peak (002) from 9.6◦ to 7.9◦ and the appearance of another two prominent diffraction peaks
corresponding to the (004) and (110) demonstrate the successful exfoliation of Ti3C2Tx
sheets. The appearance of four pronounced diffraction peaks indexed to the (111), (200),
(220), and (311) planes of face-centered cubic single silver crystals is in accordance with
previous reports [32,39,40]. These results confirm the successful synthesis of Ag-MXene
hybrids. The retained characteristic peaks (002) in composite paper demonstrate the well-
preserved laminated structure of Ti3C2Tx nanosheets. This proves the good combination
between ANFs and Ag-MXene hybrids because only diffraction peaks resulting from (111)
and (200) planes of MXene and the (110) plane of ANFs can be examined. The Fourier
transform infrared spectra and XPS patterns were performed to analyze the valence bond
and the chemical compositions (Figure 2f). As shown in the FT-IR spectrum of Ti3C2Tx
nanosheets, a broad and strong absorption band near 2158 and 2020 cm−1 were observed,
which is ascribed to the stretching vibration of the hydroxyl (-OH) and C−O. As for the
FTIR spectrum of ANFs, the characteristic peaks located at 3335, 1540 and 1645 cm−1
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correspond to the stretching vibration of N−H, deformation of N−H, and stretching
vibration of C=O, respectively. For the AMAGM composite paper, there are some subtle
differences in the film. The stretching vibration of the hydroxyl (-OH) is red-shifted to
3436 cm−1, while the characteristic peak of C=O shifts from 3440 to 3432 cm−1, suggesting
the chemical environment has been changed, which might be attributed to the formation of
hydrogen bonds among ANFs and Ag-MXene hybrids (Figure S5c). Besides, XPS analysis
was performed to examine the surface chemical bonding and electrostatic interaction of Ag-
MXene nanocomposite and Ti3C2Tx nanosheets. As displayed in Figures 2d–f and S5d–f,
the XPS wide-scan spectra of the Ag-MXene hybrids demonstrates the existence of Ag
elemental except Ti, C, O, and F elemental. The characteristic peaks at 368.4 eV and 374.4 eV
corresponding to Ag 3d5/2 and Ag 3d3/2 peaks, respectively, which are in accordance
with the existing literature, suggest the successful reduction of Ag (0). For the high-
resolution spectra of Ti 2p observed from the pure Ti3C2Tx nanosheets via peak splitting,
the characteristic peaks at 455.50, 456.16, 457.23, 461.97, and 461.99 eV belong to Ti2+(I,
and II), Ti2+(I, and III), Ti3+ (I, and II), C-Ti-Fx (III), C-Ti (III) 2P1/2, separately. After the
self-reduction process, the low-valence Ti species was replaced by an intermediate Ti (IV)
species due to the emergence of stable TiO2 formation. Additionally, there is a new peak
around 459.41 eV, assigned to TiO2 for Ag-MXene hybrids, confirming the strong reductive
activity on the low-valence Ti species and the existence of Ag nanoparticles. As shown in
the deconvoluted C1s spectrum, the distinct peak located at 282.52, 284.60, and 287.21 eV
are assigned to C-Ti-Tx, C-C, and CHx/C-O. After treatment with AgNO3, the split peaks
of Ti 2p are shifted to binding energy positions of 284.59, 281.98, 287.73 eV, ascribed to
C-C, CHx/C-O, and C-Ti-Tx (IV), which may be due to the slight oxidation of Ti3C2Tx
nanosheets formed via the reduction of silver ions [32].

3.2. Electrical and Mechanical Properties

Electrical conductivity is of great significance for electromagnetic interference shield-
ing materials. As displayed in Figure 3a, we lit an LED bulb successfully via the AMAGM
nanocomposite paper at 1.5 V external voltage, suggesting good electrical conductivity. We
also found that the conductivity of the AMAGM composite paper is 5-fold higher than that
of AMA mixture film. This increasing electrical conductivity and the asymmetric structure
endows the AMAGM composite paper with superior EMI-shielding ability. The resistance
variation of is also explored upon repeated bending and stretching tests. It displays a stable
relative resistance R/R0 even after 100 bending cycles at different curvatures (Figure 3b,
R/R0, between 0.996 and 1.018). The high flexibility and robust layered structure can
effectively prevent damage to the conductive network to some extent, which significantly
improves the practical potential in wearable or portable electronic devices. Adequate flexi-
bility and mechanical properties are of great significance for the design of EMI-shielding
materials to endure mechanical deformation, especially in the field of flexible electronic
devices. The tensile stress−strain curves are displayed in Figure 3c,d. The pure Ti3C2Tx
nanosheets exhibits poor mechanical properties with an extremely low tensile strength of
4.421 ± 0.47 MPa and a fracture strain of 0.79 ± 0.18% due to the weak interaction, which
severely restricts their applications in harsh environments. Compared to pure Ti3C2Tx
nanosheets, the randomly assembled AMA mixture composite paper shows excellent me-
chanical performance with a tensile strength of 87.76 ± 4.4 MPa and a fracture strain of
3.61 ± 0.2%, which are 19.8 and 4.5 times higher than those of pure Ti3C2Tx nanosheets,
respectively. Generally speaking, ANFs are usually considered an ideal reinforcement be-
cause of their rigidity and interpenetrating network. Evidently, the successful incorporation
of ANFs has a significant improvement on the tensile stress and strain of the AMA mixture.
In particular, the AMAGM composite paper presents a better mechanical performance with
a tensile strength of 124.21 ± 11.3 MPa and a fracture strain of 4.98 ± 1.4% compared with
the AMA mixture. This is probably ascribed to forming an interconnective network and
extensive hydrogen-bonding interactions, which can effectively distribute stress and obtain
high mechanical properties. The hydrogen bonding interaction may be formed between the
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Ag-MXene conductive layer and the ANFs enhancement layer, thus avoiding the cracking
of Ag-MXene conductive layer due to external force.
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Figure 3. Property and structure characterizations of flexible composites. (a) Light an LED bulb.
(b) Electrical resistance variation of AMAGM composite paper with bending test. (c) Tensile
stress–strain curves of the pure Ti3C2Tx nanosheet, AMAGM composite paper, and AMA mixture.
(d) Pure Ti3C2Tx nanosheet, AMAGM composite paper, and AMA mixture, respectively. (e) Schematic
illustrations of the fracture mechanism of pristine Ti3C2Tx nanosheet and AMAGM composite paper.

To explore the enhancement of ANFs on the mechanical properties of the AMAGM
composite paper, the tensile failure processes of the pure Ti3C2Tx nanosheet film and
AMAGM composite paper are proposed to elucidate the mechanism in Figure 3e. When
subjected to tensile load, the pure Ti3C2Tx nanosheets can be inclined to slide over each
other and will be stretched into an elastic limit state. Then, the Ti3C2Tx nanosheets will
suffer partial interlayer gliding and rearrangement till the whole film eventually turns
into a tightening state. Finally, the film achieves a complete fracture at a strain of 0.8%.
Even the Ag-MXene hybrids are completely separated during the further stretching process
in AMAGM composite paper, the ANFs as the elastic hinges can still connect the sepa-
rated nanosheets until the hydrogen bonds are slowly destroyed. The ANF chains can be
stretched during the elastic deformation process till fracture occurs, which results in an
ultimate crack. This asymmetric structure of the composite paper contributes to greatly
enhancing the tensile strength and fracture strain of the AMAGM composite film. This
long-term stability of electrical conductivity makes the composite film is promising for
commercial application in extreme environments.

The digital images of single-layered ANFs, AM-10 and AM-15, respectively, which
constitute the AMAGM composite film, are exhibited in Figure 4a. Figure 4b shows the
electrical conductivity for each component, which is crucial to the conductive materials
for Joule heating and EMI-shielding performance. This indicates that single-layered ANFs
seem to be an insulator and possesses no electrical conductivity, while the AM-5 hybrid
exhibits an electrical conductivity of 248,120 S m−1, which is far higher than requirement for
the commercial standard (1 S m−1). With increasing silver-loading contents, the acquired
AM-15 achieves an ultrahigh electrical conductivity of 314,390 S m−1, demonstrating
the formation of efficient conductive networks. As expected, the highly conductive Ag-
MXene hybrids show outstanding prospects for EMI shielding applications in the X-band
at room temperature (Figure 4c). The pure ANFs are almost transparent to the incident
electromagnetic waves due to insulation characteristics, and their EMI SE can be neglected.
The total EMI SE of Ag-MXene hybrids gradually improves with increasing silver-loading
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contents because of the lower sheet resistance. For AM-15 film, it reveals an excellent
EMI SE of 66 dB at the frequency of 8.2 GHz, and the contribution of SER is only 34.3%
(Figure 4d).

1 

 

 
Figure 4. Property and EMI shielding efficiency of Ag-hybrids. (a) Digital images of Ag-MXene
hybrids and ANF film. (b) Electrical conductivity; (c) EMI SE; and (d) SET, SEA, and SER of AM-5,
AM-10, AM-15, and single-layered ANFs.

3.3. Electromagnetic Shielding Performances

Figure 5a provides the total EMI shielding effectiveness (SET) of AMA mixture film
and AMAGM composite paper in the X-band. The EMI SE of AMA mixture film is 37.5 dB
(larger than the industrial standard of 20 dB), which meets the requirements for practical
applications of commercial electromagnetic shielding materials. Additionally, the AM-
AGM composite paper presents a strong EMI-shielding ability to obstruct electromagnetic
waves with an average EMI SE about 62 dB, which indicates only the transmission of
0.0004% incidental wave. It has been observed that SEA contribute to SET mostly, sug-
gesting that the EMI-shielding performances are mainly determined by the absorption of
electromagnetic waves [41]. The mechanical deformation was performed systematically
to analyze the long-term stability of the EMI shielding for the AMAGM composite paper.
As can be seen, even after 5000 cycles of bending deformation, the AMAGM composite
paper shows a very slight variation (~3.9% reduction, Figure S6), showcasing excellent
EMI shielding stability, which is ascribed to introduction protective coating of ANFs on
the top and bottom sides. In general, the AMAGM composite paper possesses outstand-
ing EMI-shielding reliability and huge potential in harsh environments. The thickness,
density, and the EMI SE are three important factors for EMI materials. Up to now, carbon-
based, metal-based, and other composites are the most widely used shielding materials.
Although some of the literature has reported ultra-high SSE/t EMI-shielding materials,
such as Ag@C core–shell sponges (SSE/t of 61,169 dB cm2 g−1) [42], GO/Ag-7L (SSE/t
of 77,500 dB cm2 g−1) [43], and CNT/PU@PU sponges (SSE/t of 22,316 dB cm2 g−1) [44],
few studies have reported polymeric EMI-shielding composites that possess flexibility,
ultra-thin thickness, and excellent EMI-shielding performance at the same time. In this
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work, the as-obtained AMAGM composite film exhibits both ultra-thin thickness (34 µm)
and high SSE/t (11,923 dB cm2 g−1), which is superior to other shielding materials (seen in
Figure 5c and Table S1).
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Figure 5. EMI-shielding performance of AMAGM composites. (a) EMI SE of composite paper with
different structures in the X-band. (b) Comparison of SET, SEA, and SER. (c) Comparison of the
specific EMI shielding effectiveness as a function of thickness. (d) EMI SE with different structures.
(e) R and A of composite paper with different structures in 8.2 GHz. (f) Comparison of SET, SEA, and
SER of composite paper with different sandwich structures.

To explore the effect of asymmetric and sandwich structures on the EMI SE of the
AMAGM composite film, some single- or double-layered AM composite paper with various
Ag-MXene contents in each layer has also been prepared via a similar vacuum-assisted
filtration technology. In particular, the single structure refers to a homogeneous layer
composed of Ag-MXene hybrids (10 mg AM-5 + 10 mg AM-15 + 10 mg AM-15), and the
double-layered structure consists of an upper layer (10 mg AM-5 + 10 mg AM-15) and
lower surface (10 mg AM-10). As displayed in Figure 5d, there is almost no significant
difference in electromagnetic shielding performance among the samples throughout the
X-band. We also calculated the reflection coefficient (R) and absorption coefficient (A)
individually to analyze the underlying EMI shielding mechanism. Obviously, the R and
A of each sample with different structure are quite different, and R is always higher than
A. The R values show a correlation of single- > double-layered > gradient structure, while
the A values present a rapid upward trend, which is also revealed by the representation
corresponding to the increment in SEA displayed in Figure 5f. It can be deduced that the
asymmetric structures significantly affect the value of SEA and SER rather than their total
EMI SE [45].

3.4. Shielding Mechanism and Application

Figure 6a illustrates the proposed mechanism of the AMAGM composite paper for EMI
shielding. As the initial incident electromagnetic microwave struck the outside ANF layer,
only a little electromagnetic microwave reflected; most of the electromagnetic microwave
was transmitted through the ANFs layer. When the most remaining electromagnetic
waves make contact with the AM layer, some incident waves are immediately reflected
due to the high electrical conductivity and their impedance mismatch of the continuous
AM layer at the interface between air and AM layer [46]. During this period, a part of
the electromagnetic waves is lost because of the silver nanoparticles’ natural resonance
on the MXene upper surface. After that, when the electromagnetic waves pass through
the AM layer, the remaining electromagnetic waves would undergo polarization loss
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and ohmic losses as it interacts with the terminating functional groups and high-density
electron carriers, thus leading to drastic attenuation of the energy of electromagnetic
waves. Furthermore, the overall parallel MXene sheets enables the AM layer to behave
as a multilevel shield, which can make the electromagnetic waves suffer massive ohmic
losses and be reflected between the adjacent MXene nanosheets, the electromagnetic waves
would be further dissipation due to the slit-shaped micropores and the high conductivity
of AM layer [13]. This is an important way to attenuate the incident waves. The entered
electromagnetic waves were trapped and converted into heat and other forms of energy in
the form of microcurrent, significantly enhancing the EMI-shielding efficiency. After that,
as the surviving incident electromagnetic waves enter the layered structure of the AMAGM
paper, they were further attenuated progressively by the multiple reflection. The repeated
reflection and scattering can greatly attenuate or eliminate the internal electromagnetic
waves and further achieve an excellent EMI-shielding performance [47]. Besides, the service
time of the AMAGM composite papers can be extended because of the protection of the
layered structure from oxidation. Therefore, we surmise that the excellent EMI shielding
performance of the AMAGM paper was principally triggered by the improved absorption
and multiple reflection [38,48].
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Furthermore, a practical application was performed to demonstrate the EMI shielding
ability of the AMAGM composite paper. A mobile phone can be freely connected with
another one, as illustrated in Figure 6b. When one phone is placed in the shielding bag,
the connection between the two phones is cut off because of the blocked signal resulting
from the shielding bag. When the shielding bag is broken with a square hole, the phones
can be smoothly connected with each other owing to the electromagnetic wave leaked
through the hole. After the hole is covered by the AMAGM composite paper, indicating
the electromagnetic wave being shielded again, the phones disconnect [49,50].

3.5. Simulation of EMI Shielding Properties

COMSOL Multiphysics was used to simulate the EMI-shielding properties of the
samples. To further explain and describe the shielding mechanism, the simulation model
was utilized to analyze the electric field and magnetic field distributions in COMSOL
Multiphysics 6.1 (Figure 7). The size of the model was set as 22.86 × 10.16 mm2, similar
to the waveguide. The model approximates the walls with ideal conductors, represented
by the boundary condition n × E = 0, allowing EM waves to propagate only within the
waveguide. The left boundary of the model was set as the excitation source, and numerical
ports were used for calculations. The excitation frequency was set to 10 GHz. Finally, the
relevant material parameters such as complex permittivity and complex permeability were
inputted into the model [51].
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Figure 7. EMI shielding performance simulation of different samples. (a,d,g) The simulation models
for shielding performance. (b,e,h) The electric field simulation for different models. (c,f,i) The
magnetic field simulation for different models.

It shows the distribution of electric and magnetic fields within the waveguide as EM
waves enter it (Figure 7a–c); the distribution of electric and magnetic fields is strong and
almost identical, indicating that the waves propagate smoothly through the waveguide
model without loss [52]. Figure 7d–f displays the insertion of shielding material ANFs
into the waveguide. The intensity of the EM field and magnetic field show little change,
suggesting that ANFs possesses the inferior attenuation ability for EM waves and weak
EMI shielding properties, which is consistent with the experimental results. On the contrary,
as can be seen in Figure 7g–i, the intensity of the electric field enhances significantly, demon-
strating the strong interactions between AMAGM and the EM waves after the insertion
of shielding material AMAGM into the waveguide. After passing through AMAGM, the
electric and magnetic fields rapidly attenuate, indicating that AMAGM can effectively
shield EM waves.

3.6. Thermal Management Performances

Excluding the charming features mentioned above, the flexible AMAGM nanocom-
posite papers can be used as high-performance electric heaters based on electrothermal
conversion. Figure 8a presents the time-dependent surface temperature curves of prepared
AMAGM composite paper (2.5 × 1.5 cm2) under different DC voltages from 0.5 to 2.5 V.
According to Joule’s equation: Q = U2

R t. It is clear that the heat engendered is proportional
to the applied voltage [53]. The electric current passing through the AMAGM nanocom-
posite paper becomes higher as soon as the voltage applied on its two ends increases,
generating more Joule heat because of the inelastic collision between accelerated electron
and phonon [54,55]. It takes less than 10 s for the flexible AMAGM nanocomposite papers
to rapidly reach the saturated temperature of 30, 47, 73, 101, 138 ◦C under low voltages
of 0.5, 1.0, 1.5, 2.0, and 2.5 V, respectively, benefiting from the construction of effective
multilayered structures and three-dimensional Ag-MXene hybrid conductive networks. As
for the flexible and multilayered Ag-MXene/ANFs composite paper, there is an excellent
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linear relationship between the steady-state temperature and the square of the applied
voltage, as demonstrated in Figure 8b, which conforms to Joule’s law, proving a control-
lable Joule heating performance by just tuning the supplied voltage. Figure 8c reveals
that the surface temperatures of the nanocomposite papers can be rapidly switched by
applying different gradients of DC voltage in real time, either from 0 to 2.5 V or from 2.5 to
0 V, due to the ability to respond quickly to the change in continuous voltages. Further-
more, it means that the electric heaters can be powered by a portable battery, owing to
the low driving voltage [56]. The time-dependent temperature of the flexible AMAGM
nanocomposite papers under a constant voltage of 2 V for 3000 s was recorded via infrared
thermal imaging to assess the heating recyclability and stability. This also demonstrates
that the film possesses an excellent cyclic on−off thermal response at the applied voltage
of 2.5 V (Figure 8d). As exhibited in Figure 8e, the nanocomposite papers present a stable
temperature with negligible resistance changes after reaching the saturated value (around
101 ◦C), demonstrating their superior durability and reliability. By virtue of low driving
voltage, fast thermal response, high Joule heating temperature, and long-term stability, the
flexible and multilayered Ag-MXene/ANF composite paper is conductive to the thermal
management applications [57,58].
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Figure 8. Rapid electrothermal conversion of multilayered AMAGM composites. (a) Time-dependent
surface temperatures. (b) Experimental data and linear fitting of saturation temperature versus U2.
(c) Tailored surface temperatures upon gradient-changed voltages. (d) Cyclic test. (e) Long-term
time−temperature curve at a constant voltage of 2.0 V.

4. Conclusions

In summary, Ag-MXene hybrids composed of metal nanoparticle-decorated oxidized
MXene were successfully fabricated via a self-reduction process. The loading content of
silver nitrate treatment plays a vital role in the conductivity. We have manufactured a
flexible and conductive Ag-MXene/ANFs composite paper with an asymmetric struc-
ture via a facile, vacuum-assisted alternating filtration technique. The prepared AMAGM
composite paper demonstrates excellent mechanical properties with a tensile strength of
124.21 MPa and a fracture strain of 4.98%, thanks to extensive hydrogen-bonding interac-
tions and the tight intertwining ANF substrate. The resultant AMAGM composite paper
exhibits a superior EMI SE of 62 dB, high EMI SE/t of 11,923 dB cm2 g−1, and high EMI
SE retention (96.1%) even after 5000 cycles of bending deformation, which is better than
the randomly mixed AMA mixture (37.5 dB). Meanwhile, the multifunctional composite
paper displays outstanding thermal management performance such as wide Joule heating
temperature (25–128 ◦C), a sensitive response (<10 s), safe supplied voltages (0.5–2.5 V),
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and long-term stability (3000 s). Thus, these multifunctional AMAGM composite papers
are have promising applications in high-integration electromagnetic shielding, wearable
electronics, artificial intelligence, and high-performance heating devices.
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