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ABSTRACT: High-efficiency electromagnetic interference (EMI) Muitifunctional MXene/ANF film
shielding and heat dissipation synergy materials with flexible, robust,

and environmental stability are urgently demanded in next- fm

generation integration electronic devices. In this work, we report

the lamellar MXene/Aramid nanofiber (ANF) composite films,

which establish a nacre-like structure for EMI shielding and heat
dissipation by using the intermittent filtration strategy. The MXene/ ,
ANF composite film filled with S0 wt % MXene demonstrates “

enhanced mechanical properties with a strength of 230.5 MPa, an | s O

elongation at break of 6.2%, and a toughness of 11.8 MJ-m* (50 wt % T G
. ’ RN

MXene). These remarkable properties are attributed to the hydrogen

bonding and highly oriented structure. Furthermore, due to the EMI shielding Heat dissipation Joule heat
formation of the MXene conductive network, the MXene/ANF
composite film shows an outstanding conductivity of 624.6 S/cm, an EMI shielding effectiveness (EMI SE) of 44.0 dB, and a
superior specific SE value (SSE/t) of 18847.6 dB-cm?/g, which is better than the vacuum filtration film. Moreover, the MXene/ANF
composite film also shows a great thermal conductivity of 0.43 W/m-K. The multifunctional MXene/ANF composite films with
high-performance EMI shielding, heat dissipation, and joule heating show great potential in the field of aerospace, military,
microelectronics, microcircuit, and smart wearable electronics.

KEYWORDS: MXene nanosheets, Aramid nanofiber, mechanical properties, electromagnetic interference shielding (EMI),
thermal management

1. INTRODUCTION On the other hand, the EMI shielding and thermal manage-
ment performance should be further enhanced simultaneously
to satisfy commercial requirements. So, seeking the appropriate
fillers and improving their distribution and orientation in the
matrix can greatly improve the electromagnetic shielding and
heat conduction of polymer composites while maintaining
desirable mechanical properties.””*

MZXene has been widely applied in the fields of EMI
shielding due to its superior metallic conductivity, lightweight,
large specific surface area, and ease of processing.”> > For
example, a free-standing Ti;C,T, film exhibited a distinguished
electrical conductivity and EMI shielding effectiveness (EMI
SE) of 4665.1 S/cm and 92 dB, respectively.”” However,

SG communication technology has promoted the booming
development of smart wearable electronic devices. Accom-
panied by high integration and increases in power density, the
electronic device will not only generate plenty of electro-
magnetic waves in different frequency bands but also cause
thermal management issues.' " These problems severely
restrict the working accuracy and stability of systems, which
destroys the body’s health and increases the risk of diseases.
Therefore, it is critical to develop and integrate electro-
magnetic interference (EMI) and heat dissipation materials
with high performance for next-generation wearable elec-
tronics.

In general, polymer composites with conductive fillers (such
as graphene,s_9 carbon nanotubes,'*™"3
and nanowires'*'”) have been widely explored in terms of Accepted:  January 4, 2023
flexible EMI shielding and thermal management films owing to Published: January 13, 2023
their favorable lightweight, anticorrosion, and machinabil-
ity.'°”*" Nevertheless, most fillers are short of functional
groups, which are difficult to disperse uniformly in the matrix.
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oxidation and self-stacking often tend to happen in a pure
MXene film during the applied process, which deteriorates the
mechanical properties. It has been reported that introducing
1D nanomaterials into MXene films can compensate and
improve their robustness.”> For example, Cao et al. have
designed the Ti;C,T,/CNF/CNF film, achieving a mechanical
strength of 135.4 MPa and EMI shielding efficiency of 2647
dB-cm?/g.>* Notably, 1D Aramid nanofiber (ANF) has been
regarded as the most promising reinforcement in composite
materials due to its superior mechanical 5prc;perties, good
chemical resistance, and flame retardamcy.3 37 In addition,
ANF displays rich functional groups, which is conducive to
forming stron§ interactions with MXene through the valence
bond effect.***” 1D ANF and 2D MXene nanosheets can form
lamellar structure to simultaneously enhance the mechanical
and thermal performance of the materials."”*" However, the
common preparation methods of MXene-based composites are
hard to tune the orientation and distribution of the fillers,
which enormously leads to the aggregation of nanosheets.
Thus, it remains a challenge to balance the electrical
conductivity, mechanical strength, and thermal management
of the composite films by increasing the orientation of
MXene. ">~

Herein, flexible, super-strength, and highly oriented MXene/
ANF composite films with the “brick—mortar” structure were
fabricated by intermittent filtration for EMI shielding and heat
dissipation applications. The MXene/ANF composite film
displayed an outstanding mechanical strength of 230.5 MPa, an
elongation at break of 6.2%, and a toughness of 11.8 MJ/m?
due to the synergistic effect between the 1D rigid rodlike ANF
and 2D MXene. More importantly, the MXene nanosheets
have highly oriented distribution in the matrix to form
electrically conductive paths, resulting in a high conductivity of
624.6 S/cm and an EMI shielding efliciency of 44.0 dB. The
MXene/ANF composite films also exhibited remarkable heat
dissipation capacity and stable Joule heating performance,
which is applied for thermal interface material to cool LED
chips.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. The p-phenylene terephthalamide
(PPTA) yarns were purchased from Yantai Tayho Advanced
Materials Co., Ltd. MAX precursor (Ti;AlC,, >99.99%, 200 mesh)
powder was purchased from Jilin 11 Technology Co., Ltd. Lithium
fluoride (LiF, >99.995%, AR) was provided by Sigma-Aldrich Co.
Ltd. Dimethyl sulfoxide (DMSO, >99.8%, AR) was supplied by the
Aladdin Reagent Co. Ltd. Potassium hydroxide (KOH, AR) and
hydrochloric acid (HCI, 36.0—38.0 wt % in H,0) were supplied by
Sinopharm Chemical Reagent Co., Ltd.

2.2. Preparation of the ANF Dispersion. The ANF dispersion
was synthesized from PPTA yarns based on the proton donor-assisted
deprotonation method.*® In detail, 0.3 g of PPTA yarns, 0.45 g of
KOH, and 6 mL of DI water were first added to 150 mL of DMSO in
sequence. The mixed solution was magnetically stirred for 6 h at room
temperature. Then, the above ANF/DMSO solution was added to
300 mL of DI water with magnetic stirring for 30 min. The mixture
solution was repeatedly washed with alcohol and deionized water to
eliminate the redundant KOH and DMSO. Finally, 0.3 g of ANF was
dispersed in 600 mL of DI water under mechanical stirring, and a
homogeneous ANF/water dispersion was acquired.

2.3. Synthesis of Ti;C,Ty. Ti;C,T, was exfoliated by a minimally
intensive layer delamination (MILD) method.*”** First, 3 g of LiF
was added to 40 mL of 9 M HCI solution in a Teflon vessel and
continuously stirred for 30 min. Next, 2 g of Ti;AlC, powder was
slowly poured into the etching solution by constantly stirring for 48 h
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at 35°C. After etching, the reaction mixture was washed with DI water
and centrifuged to remove the HCI and LiF. Subsequently, the
supernatant was ultrasonically stratified for 30 min under an Ar flow.
Finally, the MXene aqueous dispersion was prepared by centrifuging
for 30 min to remove the unexfoliated powder.

2.4. Preparation of the MXene/ANF Composite Films. The
ANF dispersion was uniformly mixed with MXene dispersion and
sonicated for 10 min. Subsequently, the mixture was added into the
sand core funnel several times using intermittent filtration. A series of
films were prepared by intermittent filtration and dried in the oven for
13 h. The MXene/ANF composite films were hot-pressed at 60°C for
30 min. For comparison, the mixtures containing ANF films and
MXene were added into the sand core at one time using the vacuum
filtration strategy. For brevity, MXene/ANF composite films are
marked as MA—X%, where X represents the MXene content.

2.5. Characterization of Materials. The microstructures of
Ti;C,T, MXene, ANF, and MXene/ANF were collected using a
scanning electron microscope (SEM, Zeiss Ultra Plus) and a field
emission transmission electron microscope (TEM, Talos F200S). The
thickness and morphological structures of MXene were examined by
atomic force microscopy (AFM, Cypher ES). The crystalline
structures of the powder and film samples were determined by X-
ray diffraction (XRD, Rigaku Smartlab). Small-angle X-ray scattering
(SAXS) was conducted on a NanoSTAR SAXS system (Bruker-AXS).
The elemental compositions and chemical bonds of Ti;C, T, MXene,
ANF, and MXene/ANF were measured by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi). Fourier transform infrared
(FTIR) spectra of the above films were performed using an FTIR
spectrometer (Nicolet6700).

The mechanical properties of the MXene/ANF composite film
were recorded by an electronic universal testing machine (MTS
Criterion44). The samples for the tensile test were cut into regular
strips, the sample width and gauge length for all of the films were 3
and 10 mm, and the loading rate was 1 mm/min. The sheet resistance
was collected by a four-point probe instrument (RTS-9).

2.5.1. EMI Property Characterization of MXene/ANF Composite
Films. The EMI SE of composite films was collected using a vector
network analyzer (PNA Network Analyzer, N5244B) in the frequency
ranging from 8.2 to 12.4 GHz (X-band) at an ambient temperature.
The S,, and S,; were measured to evaluate the coefficients of
transmission (T), reflection (R), and absorption (A) coefficients.

The total electromagnetic shielding effectiveness (SEr), microwave
absorption (SE,), and microwave reflection (SEg) were calculated
from the following formulas

R=1s,
T =18,
A=1-R-T

SEx = —10log(1 — R) = —10log(1 — IS,,/*)
1S, 1*
1 -1,

When the SEr is over 15 dB, the SEy; can be ignored. The specific
SE value (SSE/t) is used to evaluate the effectiveness of the shielding
material to eliminate the effects of density and thickness

EMI SE
density X thickness

SE, = —10 log(#) = —1010g[

SE; = SEy + SE, + SEy

SSE/t = = dB cm?/g

2.5.2. Thermal Property Characterization of MXene/ANF
Composite Films. The thermal conductivity of MXene/ANF
composite films was calculated by the following equation

A=axC,Xp

https://doi.org/10.1021/acsami.2c20101
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Figure 1. (a) Schematic illustration showing the fabrication of the MXene/ANF films. (b) Schematic illustration of the ball-and-stick model of the
MXene/ANF film. (c) Cross-sectional SEM image of the MXene/ANF film. (d) AFM image of an individual MXene. (e) TEM images of ANF. (f)
Optical photographs of the MXene/ANF film. (g) 2D SAXS azimuthal angle plots of the MXene/ANF and MXene films.
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Figure 2. (a) XRD patterns of Ti;AlC, (MAX), MXene, ANF, and MXene/ANF films. (b) FTIR spectra of ANF, MXene, and MXene/ANF films.
(c) XPS spectra of MXene, ANF, and MXene/ANF films. (d) High-resolution XPS spectra of C 1s for ANF and MXene/ANF films. (e) High-

resolution XPS spectra of O 1s for MXene and MXene/ANF films.

where the 4, @, C,, and p represented the thermal conductivity,
thermal diffusivity, heat capacity, and density, respectively. The
thermal diffusivity of films was recorded by the laser flash method
(LFA 467 NanoFlash, Netzsch). The heat capacity was measured by a
differential scanning calorimeter (DSC 8500, PerkinElmer). The
thermal images of the surface temperature were collected by an
infrared thermal imager (HIKMICRO). A constant voltage was
supplied by a DC Power Supply (Rigol, DP832).

3. RESULTS AND DISCUSSION

3.1. Morphological Characteristics of MXene/ANF
Composite Films. The schematic for fabricating flexible
and robust MXene/ANF composite films is shown in Figure
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la. MXene nanosheets were first synthesized by selectively
etching Al layers from MAX (Figure Sla) using LiF/HCI
mixed solution. AFM and TEM images revealed the ultrathin
and transparent MXene with a thickness of 1.44 nm, indicative
of its successful exfoliation (Figures 1d and S1b). Then, the 1D
rigid rodlike ANF was prepared via the proton donor-assisted
deprotonation process (Figure le) in the KOH/DMSO
system. In the deprotonation process, KOH/DMSO permeates
into the inside of the pristine PPTA, weakening the hydrogen
bonding and extracting the mobile hydrogen from the amide
groups. A small number of proton donors decrease the
viscosity of the ANF/DMSO dispersion and increase the

https://doi.org/10.1021/acsami.2c20101
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Figure 3. (a) Stress—strain curves and (b) tensile strength and toughness of MXene/ANF films with different MXene contents. (c) Cross-sectional
SEM image of the bending MXene/ANTF film. (d) Stress—strain curves with a constant stress of 100 MPa for 30 cycles. (e) and (f) SEM images of

the fracture surface.

degree of deprotonation.”” Subsequently, a highly stable and
homogeneous ANF/DMSO dispersion was obtained, owing to
the m—n stacking, electrostatic repulsion, and hydrophobic
attraction between ANF materials (Figure S2). Moreover, an
obvious Tyndall effect was observed in all aqueous dispersions
of ANF, MXene, and MXene/ANF, verifying the stable and
well-exfoliated colloidal characteristics (Figure S3).

The MXene/ANF composite films were assembled by the
intermittent filtration technique and then hot-pressing treat-
ment (Figure S4). Especially, the mixture containing MXene
and ANF was divided into multiple stages during the filtration
process, thus improving the homogeneity and specific area of
films, which is different from the conventional filtration
strategy. The cross-sectional SEM and energy-dispersive
spectrometer elemental maps of the MXene/ANF verify the
filler dispersion of the two strategies (Figure SS). By
conventional vacuum filtration, a large amount of MXene is
deposited at the bottom of the film and displays a dense stack,
which can be verified by the inconsistent conductivity on both
sides of the resulting composite films (Figure S6). On the
contrary, the film via intermittent filtration shows a uniform
lamellar structure. As shown in Figures 1b,c and S7-S9,
MXene nanosheets are tightly interacted with hydrogen
bonding by the ANF to form the “brick—mortar” structure,
as revealed by SEM images of MXene and MXene/ANF
composite films. Figure 1f shows that the MXene/ANF
composite film can be folded into a complex model or loaded
with a weight of 200 g, demonstrating the superior mechanical
performance. The SAXS was further used to quantify the
alignment degree of nanosheets. The MXene/ANF composite
film exhibits narrower peaks and a higher Herman orientation
factor (f = 0.85) compared to the pristine MXene film.
Therefore, the interaction between ANF and MZXene can
enhance the orientation and stacking of the MXene/ANF
composite films (Figure 1g).

Figure 2a shows the XRD patterns of MAX, MXene, ANF,
and MXene/ANF composite films. Compared with the
Ti;AlC, powder, the characteristic peak (002) of MXene
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shifts from 9.5 to 6.7°, and other characteristic peaks of MAX
such as (101), (103), (104), (105), and (107) disappear after
the ultrasonication process, further proving the successful
synthesis of MXene. Only diffraction peaks arising from the
(002) and (004) planes of MXene and the (110) plane of ANF
are observed in the XRD pattern of composite film, verifying
the good interaction of MXene and ANF. It is worth noting
that the characteristic peak (002) of MXene/ANF shifts to a
lower angle, which indicates that the ANF is successfully added
to the MXene layers.

FTIR spectra and XPS were also used to analyze the valence
bond and the chemical structure of the ANF, MXene, and
MXene/ANF composite films. The absorption peaks are
located at 3427 and 1630 cm™' appearing in the FTIR
spectrum of MXene, which can be ascribed to the vibration of
the hydroxyl (-OH) and C—O (Figure 2b). In addition, the
peaks are located at 3325 and 1544 cm™" in the FTIR spectrum
of ANF, corresponding to the stretching vibration and
deformation of N—H, respectively, while the peak at 1646
cm™! to the stretching vibration of C=O. The most
characteristic peaks of MXene and ANF are all observed in
the MXene/ANF composite film. However, some subtle
differences appear in the film. For example, the characteristic
peak of —OH at 1648 cm™' for the ANF shifts red to 1644
cm™! in the MXene/ANF composite film, proving the
hydrogen bonding between ANF and MXene during the self-
assembly preparation process.”” The vibrational absorption
peak of —OH for MXene/ANF is lower than that for MXene,
which also confirmed the effect of hydrogen bonding.

The XPS spectra of the MXene, ANF, and MXene/ANF
composite films and the component peaking-fitting for C 1s
and O 1s are shown in Figures 2c—e and S10. Clearly, the
terminal groups incorporating fluorine (—F), oxide (—0O), and
hydroxyl (—OH) appear in the XPS spectrum of MXene,
suggesting that abundant functional groups are introduced to
the surface and edge during the material synthesis processes.
After the introduction of ANF, the main peaks of MXene and
ANF arise simultaneously in the relevant XPS spectra.

https://doi.org/10.1021/acsami.2c20101
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Figure 4. (a) Electrical conductivity plotted as a function of the MXene content. (b) EMI SE in the X-band (8.2—12.4 GHz). (c) Comparison of
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Compared with ANF, the C 1s spectra of MXene/ANF exhibit
a new C—N peak at 285.5 eV and C—Ti peak at 282.3 eV,
demonstrating the successful integration of ANF and MXene
into the composite film. As shown in Figure 2e, the
characteristic peaks appearing at 530.1, 531.2, 531.9, 532.8,
533.9, and 535.1 eV represent the Ti—O, C-Ti—0,, C—Ti—
(OH),, O—Al, and C=O0 and adsorb water in the MXene/
ANF composite film, respectively. Besides, the characteristic
peak of the C—Ti—(OH), bond located at 521.9 eV for
MXene changes to 532.0 eV for MXene/ANF, and a new peak
appears at 2862 eV in the C 1s XPS spectra, which
corresponds to the C—O bond. This result suggests that the
chemical environment and hydrogen bond have been changed
during the preparation.

3.2. Mechanical Characteristics of MXene/ANF Com-
posite Films. Additionally, high-performance EMI shielding
materials require excellent mechanical strength and adequate
flexibility for complex applications. Typically, the self-
assembled MXene films possess poor mechanical properties
and weak oxidation resistance, which hinder the mass
production for applications. After integration with ANTF,
remarkable mechanical improvement including the tensile
strength, elongation at break, and toughness of the composite
films is revealed by the tensile stress—strain curves of the
MXene/ANF composite films (Figures 3a and S11). Especially,
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the MA-80% exhibits a strength of 155.7 MPa, an elongation at
break of 4.8%, and a toughness of 5.8 MJ/m? which are 2.85,
4.8, and 21.1 times than those of pure MZXene films,
respectively. (Table S2). With the increase of the ANF
content, the mechanical performances of MXene/ANF
composite films continuously increase and finally achieve an
optimum tensile strength of 282.5 MPa, an elongation at break
of 9.7%, and a toughness of 20.0 MJ/m’ at the MA-20%
(Figure 3b).

The hydrogen bonding of 1D ANF and 2D MXene
nanosheets and the building “brick—mortar” structure is
essential to achieve a tough, flexible, and robust mechanical
strength. To substantiate the reliability and stability of MXene/
ANF, the cyclic tensile tests were carried out in EMI shielding
materials. Figure 3¢ shows the SEM image of the MXene/ANF
film bent at 180°; the film remains in a compact structure,
indicating that it has sufficient flexibility and mechanical
strength. As shown in Figure 3d, the cyclic tensile load of
MXene/ANF film was recorded under a constant pretension
stress of 100 MPa. While the stress—strain curves prove
irreversible deformation of the MXene/ANF structure during
stretching, the strain degree slightly changes and the film still
exhibits good fatigue resistance during deformation. Besides,
the surface morphology of MXene/ANF films was evaluated to
understand the fracture mechanism (Figures 3e—f and S12). At
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the initial stage of stretching, the tensile stress straightens the
curved ANF chains and the wrinkled MXene nanosheets, while
the entirety structure of the MXene/ANF film remains intact.
With further stress loading, MXene slips relatively and
gradually breaks to form stepped cracks. The curly fracture
edges and multistep cracking path appear in the magnified
region of the surface of the MXene/ANF composite film. The
cracking path growth can absorb an amount of fracture energy,
which was ascribed to the hydrogen bonding and interface
interactions between the ANF and MXene.”*® Moreover,
partial fibers are pulled out along the stretching direction, and
therefore, the stress will be effectively passed from MXene
nanosheets to the ANF internetwork during the cracking path
growth, resulting in remarkable mechanical reinforce-
ment.”'Figure S13 shows the photographs of the films under
different ultrasonication times. While the pure MXene film
starts to dissolve into powder after ultrasonication for 0.5 min,
whereas the composite film exhibits superb stability after
ultrasonication for 10 min. In addition, the contact angle of the
MXene film is 51.4°, which is improved to be 61.6° after
integration with ANF. These results suggest the improved
resistance to harsh conditions in the MXene/ANF composite
film (Figure S14).

3.3. Electrical and EMI Shielding Performances of
MXene/ANF Composite Films. Figure 4a shows the
conductivity of the MXene/ANF composite films with
different ratios. In terms of percolation theory, increasing
contact areas and conductive paths will be established in the
MXene/ANF composite films with the MXene content
increasing from 20 to 50 wt %, resulting in significantly
increased electrical conductivity in the resulting composite
film. However, the electrical conductivity nearly remains
unchanged above 50 wt % MXene content. A high electrical
conductivity of up to 913.4 + 32.8 S/cm is realized at the
maximum content of MA-80%. As demonstrated in the insets
of Figure 4a, the brightness of the LED light remains
unchanged after bending and stretching, indicating its excellent
flexibility and electrical conductivity. Figure 4b shows the EMI
SE of the MXene/ANF composite films in the frequency
ranging from 8.2 to 12.4 GHz. The SEy increases rapidly with
the increase of content, which stays with the continuous
increase in electrical conductivity of the composite film. With a
low content of MA-20%, the composite film presents a
relatively high EMI SE of 24.1 dB, which can satisfy the
demands of EMI shielding applications (higher than 20 dB).
When the content of MXene increases up to 80 wt %, the EMI
SE increases to 53.5 dB because of the more remarkable
electric conductivity. Besides, the theoretical EMI SE is
calculated by the Simon equation

SE = 50 + 10 Iog? + 1.7t Jof

where o, f, and t are the electrical conductivity, frequency, and
thickness of films, respectively.”> The calculated EMI SE values
are consistent with the experimental results (Figure S15). As
shown in Figure 4c, the SEr, SE,, and SE; values are measured
to analyze the mechanism of EMI shielding. With the MXene
content enhanced, the SE, values of MXene/ANF exhibit a
greater increasing trend than SEg. This result proves that
microwave absorption, rather than reflection, is the dominant
shielding mechanism. Furthermore, the MXene/ANF compo-
site films represent extremely high shielding efficiency above
99.9% (Figure S16 and Table S1).
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The performance of MXene/ANF composite films is
processed by two strategies, as shown in Figure 4d. The
EMI SE of the intermittent filtration film is obviously better
than that of the vacuum filtration film, confirming that the
uniform structure facilitates the loss of electromagnetic wave.
To verify the adaptive capacity of the MXene/ANF composite
films for various complex deformations, the bending resistances
of two types of films are tested (Figure S17a,b). Due to the
introduction of the rigid ANF, the EMI efficiency of the two
strategy films remains above 98% after bending 5000 cycles,
and the electrical conductivity of the intermittent filtration film
remains basically unchanged in the meantime. Figures 4e and
S17¢ show the EMI SE and electrical stability of the MA-50 wt
% film during bending and stretching 10000 cycles,
respectively. The bend radius and stretch distance were
controlled by a computer-controlled stepping motor. The
EMI SE value decreases from 38.5 to 35.8 dB after bending
10 000 cycles, with a 93.0% electromagnetic shielding perform-
ance retention. The MXene/ANF composite films present
steady electrical signals under repeated bending and stretching
states at a fixed frequency of 2 Hz (Figure S17c). After bending
10 000 cycles, a dense structure is almost kept in the composite
film, without obvious cracks and holes in the film surface
(Figure S18). The excellent electrical stability and bending
durability are enabled by the “brick-mortar” structure and
hydrogen-bonding interaction between ANF and MXene. We
also verify the potential application of MXene/ANF composite
films under extreme temperature environments, as shown in
Figure 4f. The EMI shielding efficiency only exhibits a slight
decrease in liquid nitrogen for 0.5 h or heating at 200 °C for
0.5 h in air, confirming that the ANF restrains the destruction
of the MXene structure.

The thickness and the density of the composites are crucial
factors that influence the EMI shielding performance in
practical applications. Thus, the EMI shielding performances of
MA-50% with different thicknesses were measured. As
expected, EMI SE monotonically increases with the increase
of thickness (Figure 4g). To avoid the influence of density and
thickness in the diverse system, SSE/t is introduced to evaluate
the EMI shielding property of the film. The maximum value of
SSE/t achieve is 18 847.6 dB-cm®/g with the SO wt % MXene
content, as shown in Table S3. The MXene/ANF composite
films possess excellent EMI shielding performance according to
the relationship between the thickness and SSE/t of films
(Figure 4h—i), which is better than that of other materials. To
discuss the EMI shielding mechanism, a detailed drawing is
described in Figure S19, which displays the interaction process
of the electromagnetic waves and the MXene/ANF composite
material. When the electromagnetic waves come onto the
surface of the composite film, the portion of the electro-
magnetic waves is reflected directly at the interface because of
the impedance mismatch between the air and the composite
film. Subsequently, the residual electromagnetic waves further
pass into the interior of the film, interact with the high-density
electron of the MXene, and generate induced currents, leading
to the partial absorption of the electromagnetic wave. In
addition, the multistage internal reflections of the neighborin
MXene facilitate the loss of partial electromagnetic waves.™
The synergistic effect of multiple shielding actions endows the
remarkable EMI shielding property of the composite films.

3.4. Thermal Management Performances of MXene/
ANF Composite Films. The MXene/ANF composite films
also present a huge potential for thermal management. Figure
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Figure S. (a) Through-plane thermal conductivity and diffusivity of the MXene/ANF films. (b) Infrared thermal images and (c) surface
temperature evolution of MA-20% and MA-80% after continuous heating. (d) Schematic diagram of the system configuration for LED cooling. (e)
Infrared thermal images of the LED chip with different TIM and (f) the corresponding time-dependent temperature curves.

Sa exhibits the through-plane thermal conductivity and thermal
diffusivity of the MXene/ANF composite films. The thermal
conductivity of the composite films clearly increases with the
content of ANF, and the highest thermal conductivity and
thermal diffusivity reach 0.59 W/m:K and 0.4 mm?/s in the
MA-20%, respectively. The thermal conductive pathways are
formed by the interconnected ANF frameworks in the
composite films, which greatly reduces the interfacial thermal
resistance between the matrix and fillers. Heat flow can be
efficiently transferred along the continuous thermal conductive
network, resulting in thermal conductivity improvement in the
MXene/ANF composite films.”*™>® To further verify such
improvement, the MA-20% and MA-80% were selected to be
placed on the heating plate and heated from room temperature
to 105 °C. The infrared thermal images show the surface
temperature change of the composite films (Figure Sb). The
surface temperature of MA-20% is 40.2 °C higher than MA-
80% after heating for 120 s, indicating that the introduction of
ANF can improve the heating transfer performance of the
composite films (Figure Sc). Furthermore, due to great
thermal conductivity, superior mechanical properties, and
resistance to bending deformation, the MXene/ANF compo-
site films have great potential as cooling installations for high-
power flexible electronic devices. To demonstrate these
applications, we selected the MA-20% and MA-80% for the
heat dissipation of the LED chip. Figure 5d shows the flow
diagram of the cooling devices of LED, where the films are
used to act as thermal interface material (TIM) to connect the
heat sink (Cu) and LED chip, and the LED operates at an
applied voltage of 11 V. The changes in the central
temperature of the LED chip loaded with different thermal
interface materials were recorded by the infrared thermal
imager, and the corresponding time-dependent temperature
curves and infrared thermal images are shown in Figure Sef,
respectively. The LED started to glow and generate a certain
amount of heat after turning on the power. With the increase
of the ANF content, the real-time central temperature of the
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LED chip gradually decreased, and MA-20% exhibited the best
capacity for heat transmission. As shown in Figure 5f, the LED
chip loaded with MA-20% presents the lowest temperature
after working for 210 s and rapidly approached equilibrium
temperature, indicative of a faster cooling rate.

Figure 6a shows the time-dependent temperature of the
MXene/ANF composite films at the low direct voltages from
0.5 to 4 V. Due to the efficient conductive pathway, the surface
temperature of the film increases continuously with the
increase of the load voltage and reaches a steady-state
temperature within 10 s. The infrared thermal images exhibit
a uniform temperature distribution; the steady temperatures
change from 31.6 at 0.5 V to 89.0 °C at 4 V (Figure 6d),
indicating the high-efficiency electrothermal conversion
capacity. According to the following equation

U2
= —t
=7

where Q, U, R, and t stand for the Joule heat, load voltage,
resistance, and working time, respectively.”” The steady-state
temperatures of the film surface are linearly fitted to the square
of the voltages (Figure 6b), which proves that the electro-
thermal conversion performance is consistent with the
theoretically expected results. Figure 6c shows the cyclic
tests of the electronic heating property. The surface temper-
ature of the MXene/ANF composite film exhibits stable and
periodic changes under different unloading and loading applied
voltages, exhibiting its outstanding stability. The I-V curve
also shows the linear relationship between applied voltage and
current, demonstrating the stable resistance of the composite
film (Figure S20). Moreover, the MXene/ANF composite film
exhibits long-term Joule heating performance for 3600 s at an
applied voltage of 2.5 V, as shown in Figure 6e. The surface
temperature was recorded at around 54.1 °C by infrared
thermal images, and no temperature variation occurred, which
certifies the durability for long-time working.
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Figure 6. (a) Time-dependent temperature curves of the MXene/ANF film with 50 wt % MXene content under different applied voltages. (b) The
test data and linear fitting of saturation temperature versus U2 (c) The cyclic test of the MXene/ANF film at the applied voltages of 1.0, 2.0, and
3.0 V. (d) Infrared thermal images of the film at changed voltages. (¢) Long-term temperature curve at an applied voltage of 2.5 V for 3600 s.

4. CONCLUSIONS

In summary, the MXene/ANF composite films were prepared
through intermittent filtration and applied with excellent EMI
shielding and heat dissipation. The MXene nanosheets have
been oriented to form highly ordered “brick—mortar” structure
and conductive networks, which enable great electrical
conductivity, thermal conductivity, and mechanical strength.
The resulting MXene/ANF with an MXene content of 50 wt %
exhibits an excellent conductivity of 624.6 S/cm, an EMI
shielding efficiency of 44.0 dB, and an SSE/t of 18 847.6 dB-
cm?/g. The hydrogen bonding of MXene and 1D rigid ANF
endow the composite films with a superior tensile strength of
230.5 MPa, an elongation at break of 6.2%, and an outstanding
toughness of 11.8 MJ/m’. In addition, ANF enhances the
through-plane thermal conductivity of the composite film up to
0.43 W/m'K, which is higher than pure MXene. The
multifunctional MXene/ANF composite films reveal great
potential in the areas of electronic communication, military,
aerospace, microelectronics, and smart wearable electronics.
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