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ABSTRACT: The development of flexible MXene-based multi-
functional composites is becoming a hot research area to achieve
the application of conductive MXene in wearable electric
instruments. Herein, a flexible conductive polyimide fiber (PIF)/
MXene composite film with densely stacked “rebar-brick-cement”
lamellar structure is fabricated using the simple vacuum filtration
plus thermal imidization technique. A water-soluble polyimide
precursor, poly(amic acid), is applied to act as a binder and
dispersant to ensure the homogeneous dispersion of MXene and
its good interfacial adhesion with PIF after thermal imidization,
resulting in excellent mechanical robustness and high conductivity
(3787.9 S/m). Owing to the reflection on the surface, absorption
through conduction loss and interfacial/dipolar polarization loss
inside the material, and the lamellar structure that is beneficial for multiple reflection and scattering between adjacent layers, the
resultant PIF/MXene composite film exhibits a high electromagnetic interference (EMI) shielding effectiveness of 49.9 dB in the
frequency range of 8.2−12.4 GHz. More importantly, its EMI shielding capacity can be well maintained in various harsh
environments (e.g., extreme high/low temperature, acid/salt solution, and long-term cyclic bending), showing excellent stability and
durability. Furthermore, it also presents fast, stable, and long-term durable Joule heating performances based on its stable and
excellent conductivity, demonstrating good thermal deicing effects under actual conditions. Therefore, we believe that the flexible
conductive PIF/MXene composite film with excellent conductivity and harsh environment tolerance possesses promising potential
for electromagnetic wave protection and personal thermal management.

KEYWORDS: polyimide fiber, MXene, lamellar structure, EMI shielding, Joule heating

1. INTRODUCTION

With the advent of the information age, lots of electronic devices
that use high-frequency and high-power electromagnetic waves
(EMWs) for interconnection have been widely used. However,
the generated electromagnetic radiation or interference would
threaten the operation reliability of precise instruments and
human health seriously, promoting the rapid research and
development of highly efficient electromagnetic interference
(EMI) shielding materials.1−4 Traditionally, metal and metallic
alloys are chosen as the EMI shielding materials with favorable
EMI shielding effectiveness (SE) higher than 60 dB based on
their high electrical conductivity and shallow skin depth, but
their high weight density, poor flexibility, and poor chemical
corrosion resistance limit their wide applications to some
extent.5,6 Herein, some efforts have been devoted to seeking
promising substitutes with high EMI SE, lightweight, and good
flexibility.7−9

Conductive polymer composites (CPCs) with the merits of
good flexibility, excellent conductivity, and easy processing have
been approved to be the most promising EMI shielding
materials. Generally, CPCs are obtained by combining the
insulated polymer [e.g., poly(vinylidene fluoride),10 cellulose
nanofiber,11 and nitrile butadiene rubber (NBR)3 and
conductive filler (e.g., carbon black,12 carbon nanotubes,45

graphene,13,14,46 silver nanofiber,15,16 and MXene17−22) togeth-
er through a proper processing technology. More importantly,
electrical conductivity, which is the key factor determining the
EMI SE of a material, could be effectively tunned through
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changing the conductive filler loading of CPCs, satisfying
different shielding requirements. For example, Das’s group
conducted a series of related studies,23−26 and the EMI SE of the
reported wool/nylon polymer nanocomposites increases from
8.65 to 73.8 dB at 1−20 dipping cycles, which affects the coated
PEDOT:PSS/reduced graphene oxide loading directly.23 Be-
sides, CPCs with special structures, including porous
structure,27 segregated structure,28 alternating multilayer
structure,29,30 and nacre-like structure,11 can also be designed
easily to further enhance their EMI shielding performance based
on the multiple reflections of EMWs.
Recently, Ti3C2Tx MXene, as one of the newly emerged two-

dimensional transition-metal carbides and/or nitrides, has
attracted tremendous attention for EMI shielding applications
based on its excellent metallic conductivity and multiple layer
structures. For example, a pure Ti3C2Tx film with an EMI SE up
to 93 dB at a thickness of 40 μmwas acquired due to its ultrahigh
conductivity of 5225 S·cm−1 and multiple internal reflections.31

However, the pure Ti3C2Tx film usually presents poor
mechanical properties, and the Ti atom also has poor oxidation
resistance in humid air or water,32 affecting its practical
application badly. In this case, the preparation of flexible
MXene-based CPCs turns to be an effective route to solve the
above problems. Meanwhile, the abundant active polar func-
tional groups (e.g.,−O,−F,−andOH) on the surface ofMXene
also facilitate the formation of hydrogen bonding with the
polymer matrix,22,33−35 including sodium alginate,2 cellulose
nanofibers,11 NBR,3 and polystyrene,22 endowing the CPCs
with improved robustness. However, the poor harsh environ-
ment (e.g., extreme temperature, water, and acid−base solution)
tolerance of those conventional polymers can undoubtedly
restrict their stability of EMI shielding performances.
In this work, polyimide fiber (PIF), which possesses high-/

low-temperature resistance, high mechanical strength, chemical
and radiation resistance, and good flexibility,36−39 was chosen as
the polymeric matrix for the preparation of flexible conductive
PIF/MXene composite films through the vacuum filtration plus
thermal imidization technique. Here, the water-soluble poly-
imide (PI) precursor, poly (amic acid) (PAA), was applied to act
as a binder and dispersant to ensure the homogeneous
dispersion of MXene and its good adhesion with PIF,
constructing the densely stacked “rebar-brick-cement” (PIF-
PAA-MXene) lamellar structure. After the transformation of
PAA into PI during the thermal imidization process, robust PIF/
MXene composite films were successfully prepared. The

microstructure, mechanical properties, electrical conductivity,
and EMI shielding performances as a function ofMXene loading
were investigated in detail. Especially, the prepared flexible
conductive PIF/MXene composite film exhibits stable EMI
shielding performances toward different harsh environments,
such as extreme high/low temperature, acid/salt solution, and
repeated bending, showing excellent harsh environment
tolerance when served as EMI shielding materials. Moreover,
the flexible conductive composite film also presents fast, stable,
and long-term durable Joule heating performances based on its
stable and excellent conductivity. Therefore, our prepared
flexible conductive PIF/MXene composite film possesses great
industrialization potential in advanced wearable EMI shielding
and thermal management applications.

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. Titanium aluminum carbide

(Ti3AlC2, 400 mesh) was purchased from Jilin 11 Technology Co.,
Ltd (China). Lithium fluoride (LiF), 4,4′-diaminodiphenyl ether
(ODA, 98%), and 3,3′,4,4′-biphenyltetracarboxylic dianhydride
(BPDA, 97%) were obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd (China). Hydrochloric acid (HCl) was provided
by Luoyang Haohua Chemical Reagent Co., Ltd (China). N-Methyl-2-
pyrrolidone (NMP, AR) was bought from Tianjin Kermel Chemical
Reagent Co., Ltd (China). Triethylamine (TEA, AR) was supplied by
Tianjin DamaoChemical Reagent Factory (China). PIF (fiber diameter
≈ 400 nm) membranes were bought from Jiangxi Xiancai Nanofibers
Technology Co., Ltd (China). All the chemicals and materials were
used as received, except that BPDA was vacuum dried at 80 °C for 10 h
before use.

2.2. Preparation of Ti3C2Tx MXene Nanosheets. According to
our previous studies,33,40−43 a high-quality Ti3C2Tx MXene nanosheet
was prepared by selectively etching the Al atomic layer from the
Ti3AlC2MAX phase. Typically, 2 g of LiF was first dissolved in 40mL of
HCl at room temperature (25 °C), and 2 g of Ti3AlC2 powder was then
slowly added and stirred in an oil bath (35 °C) for 24 h to completely
etch the Al atomic layer. Subsequently, aiming to remove the residual
LiF, HCl, and other impurities, the obtained suspension was separated
by centrifugation (3500 rpm, 10 min) and washed with deionized (DI)
water under shaking alternately 4−5 times until the pH value of the
supernatant was higher than 5. Thereafter, the obtained black
centrifugal sedimentation was redispersed with 40 mL of ethanol,
ultrasonically treated (200W, 60 min), and separated by centrifugation
(10 000 rpm, 10 min) successively, achieving black exfoliated MXene
nanosheets. Finally, the exfoliated products were dispersed in DI water
and centrifuged (3500 rpm, 3 min) several times to collect the upper
dark green supernatant. As a result, a few-layer Ti3C2Tx MXene
nanosheet suspension with a concentration of 5 mg/mL was acquired.

Figure 1. Schematic illustration for the fabrication of flexible conductive PIF/MXene composite films.
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2.3. Preparation of Water-Soluble PAA.Water-soluble PAA was
synthesized according to the previously reported polycondensation
procedure, Figure S1.40,44 Typically, ODA (4.00 g, 0.02 mol) and
BPDA (5.88 g, 0.02 mol) were dissolved in 60 mL of NMP successively
under mechanical stirring in an ice−water bath for 10 h. After that, TEA
(2.78 mL 0.02 mol) was added and stirred for another 2 h to obtain a
light yellow viscous solution, which was then slowly poured into 1000
mL of DI water at 0 °C, generating the white water-soluble TEA-capped
PAA precipitate. After filtering and washing with DI water, the PAA
precipitate was freeze-dried (10 Pa, −80 °C) for 48 h and grinded for
further use.
2.4. Preparation of Flexible Conductive PIF/MXene Compo-

site Films. Figure 1 illustrates the procedure for fabricating the flexible
conductive PIF/MXene composite film. In brief, 200 mg of the PIF
membrane was first shredded into small pieces with a dimension of 3 ×
3 mm2 and soaked in 40 mL of dioxane for 15 h, which was then treated
using a high-shearing homogenizer (FJ200-SH) at a speed of 13,000
rpm for 30 min, and fluffy PIF (Figure S2) was acquired after freeze-
drying (10 Pa, −80 °C) for 48 h. Subsequently, homogeneous yellow
PIF aqueous suspension was prepared by adding 50 mg of PIF and 30
mg of PAA into 10 mL of 5 vol % TEA aqueous solution under stirring
for 1 h, followed by adding 12.5 mg of MXene nanosheet under
mechanical stirring for 20 min. Finally, the homogeneous black PIF/
MXene mixture was treated using the simple vacuum filtration
technique, and the obtained filler cake was dried in an oven at 50 °C
for 30 min and further thermal imidized (100 °C, 1 h; 200 °C, 1 h; and
300 °C, 1 h) at a heating rate of 5 °C/min under a nitrogen atmosphere,
resulting in the designed flexible conductive PIF/MXene composite
film. In this work, a series of PIF/MXene composite films were prepared
by adjusting the MXene loading, and the PIF/MXene composite films
with 12.5 mg (13.8 wt %), 25 mg (24.3 wt %), 50 mg (39.1 wt %), and
75 mg (49.1 wt %) MXene were denoted as PM-13.8, PM-24.3, PM-
39.1, and PM-49.1, respectively. In addition, a pure PIF film without the
addition of MXene nanosheets was also prepared using the same
procedure.
2.5. Characterizations.Morphology and size of MXene nanosheet

were observed using a transmission electron microscope (JEOL JEM-
2100F) and an atomic force microscope (MFP-3D Origin+/icon).

Scanning electron microscopy (SEM) was conducted on a JEOL JSM-
7500F instrument at an accelerating voltage of 5 kV. Raman spectra
were recorded using a Raman spectrometer (HORIBA Lab RAM HR
Evolution) with a laser excitation of 488 nm and a resolution of 1 cm−1.
Fourier transform infrared (FTIR) spectra in the range of 400 to 4000
cm−1 were recorded on a Nicolet Nexus 870 instrument using the
attenuated total reflection mode. X-ray photoelectron spectroscopy
(XPS) was measured using an X-ray photoelectron spectrometer
(Thermo ESCALAB 250XI) with an excitation source of Al Kα
radiation. The tensile mechanical property test is operated on an
electronic universal testing machine (UTM2203, load cell = 100 N,
Shenzhen Suns Technology Stock Co. Ltd., China). The electrical
property was measured using a 4-point Probes resistivity meter (RTS-
8). The Joule heating performance was characterized by charging a
certain voltage supplied by a DC power supply (UTP 1306S, UNI-T)
and then in situ monitoring the temperature change using the infrared
thermal imaging camera (E60, FLIR). The EMI shielding performance
test was conducted using a network analyzer (Agilent Technologies
N5244A) with the wave-guide method. Based on the recorded
scattering parameters (S11 and S21) in the frequency range of 8.2−
12.4 GHz (X-band), transmission coefficient (T), reflection coefficient
(R), absorption coefficient (A), total SE (SET) and its components of
(SER), and absorption (SEA) were calculated using the following
equations.

R S11
2= | |

T S21
2= | |

A R T1= − −

RSE 10log(1 )R = − −

T
R

SE 10log
1A = −

−

SE SE SE SET R A M= + +

where the multiple internal reflections (SEM) can be negligible when
SET is higher than 10 dB.45

Figure 2. (a) TEM and (b) AFM images of MXene nanosheets. (c) XRD patterns of Ti3AlC2 andMXene. (d) Digital pictures of the pure PIF film and
different PIF/MXene composite films. Digital pictures showing (e) excellent tailorability, bendability, foldability and (f) good tensile strength of the
prepared PIF/MXene composite film.
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3. RESULTS AND DISCUSSION

3.1. Fabrication of PIF/MXene Composite Films.
Flexible conductive PIF/MXene composite films were prepared
through the vacuum filtration plus thermal imidization
technique, and the details are listed in the experimental part.
First, MXene nanosheet is prepared through the etching and
deamination technique, and the transmission electron micros-
copy (TEM) (Figure 2a) and atomic force microscopy (AFM)
(Figure 2b) images prove that the transparent and flexible
MXene nanosheet with an average lateral size of 600 nm and a
thickness of 3.4 nm were successfully obtained. As a result, the
final MXene aqueous dispersion displays the typical “Tyndall
effect” due to the nanometer dimension and amounts of
hydrophilic groups of MXene nanosheet. In addition, the
successful preparation of MXene nanosheet is also verified from
the XRD results (Figure 2c). Comparing with Ti3AlC2, the
strong (104) peak vanishes completely for MXene, which is
mainly due to the successful etching of the Al atomic layer. In
addition, the (002) peak shifts from 9.5 to 6.18°, indicating that
the interlayer spacing increases from 4.67 to 7.16 nm, which is
strong evidence for the extension of the interlayer distance
arising from the successful delamination of the layered Ti3AlC2.
More importantly, the sharpness of the (002) peak confirms that
the crystallinity and structure of Ti3AlC2 are well retained during
the preparation process. After that, a series of PIF/MXene
composite films were prepared by mixing MXene aqueous
dispersion with PIF (average length: ∼50 μm, Figure S3)
suspension and PAA solution at a certain mass ratio, which was
then vacuum-filtered, dried, and processed by thermal
imidization sequentially. As can be seen in Figure 2d, the
color of the fabricated PIF/MXene composite film gradually
changes from the yellow of the pure PIF film to black with

increasing MXene nanosheet loading, and the rough surface of
the pure PIF film is also well kept. Here, it should be noted that
PAA can be completely converted into PI during the thermal
imidization process (Figure S1), enabling it to act as a binder to
ensure the strong PIF−PIF and PIF−MXene interfacial
adhesion. As a result, the obtained PIF/MXene composite film
can bear a 200 g weight (about 13,600 times its weight) without
being destroyed (Figure 2e), exhibiting excellent tensile
mechanical property. Besides, based on the good flexibility of
PIF, the PIF/MXene composite film exhibits excellent
tailorability, bendability, and foldability (Figure 2f), which can
effectively solve the disadvantage of brittleness of the pure
MXene film (Figure S4), promoting the wide application of
MXene in the field of flexible electronics.

3.2. Morphology, Mechanical Property, and Conduc-
tivity Analysis. To verify the interfacial adhesion role of PAA,
the cross-sectional SEM images of the pure PIF film before and
after thermal imidization treatment and PM-13.8 were system-
atically investigated, Figure 3. Clearly, special hierarchical
lamellar structure is well observed for all samples due to the
vacuum-assisted self-assembly process, but the pure PIF film
before thermal imidization treatment is less obvious due to the
loosely physically entangled PIF (Figure 3a,a′). After the
thermal imidization treatment process, the pure PIF film
presents a denser and obvious aligned lamellar cross-section,
where PIF are strongly welded together with the help of thermal-
imidized PI (Figure 3b,b′). As for the PIF/MXene composite
film, tightly stacked lamellar structure without an obvious
interlayer gap is obtained especially for the composite film with
higherMXene loading (Figure 3c,c′ and S5), where PIF serves as
a “rebar” to construct the main skeleton of the composite film,
MXene nanosheets serve as “brick” to further reinforce the PIF

Figure 3. Cross-sectional SEM images of the pure PIF film (a,a′) before and (b,b′) after thermal imidization treatment and (c,c′) PM-13.8 under
different magnifications.

Figure 4. (a) Typical stress−strain curves and (b) corresponding mechanical properties of PIF/MXene composite films with different MXene
loadings. (c) Electrical conductivity of PIF/MXene composite films with different MXene loadings before and after thermal imidization treatment.
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skeleton, and thermal-imidized PI serves as “cement” to weld-
adjacent PIF andMXene-PIF strongly, ensuing the robustness of
the prepared composite film. Such a special “rebar,” “brick,” and
“cement” structure will undoubtedly be beneficial for excellent
mechanical property and perfect conductive network of the
prepared composite film.
Figure 4a shows the typical stress−strain curves of pure PIF

and different PIF/MXene composite films. As expected, a
significant enhancement in the mechanical property is clearly
observed for the pure PIF film after thermal imidization
treatment. Specially, as shown in Figure 4b and S6, tensile
strength, Young’s modulus, and fracture elongation of the pure
PIF film are increased from 3.56 to 5.13 MPa, 50.45 to 64.75
MPa, and 11.24 to 15.27%, respectively, which is mainly ascribed
to the “cement” of thermal-imidized PI that effectively weld the
loosely physically entangled PIF together, enabling it to bear
stronger stress. As for the PIF/MXene composite film, tensile
strength and Young’s modulus are further significantly improved
to 21.72 and 527.43 MPa for PM-13.8, respectively. The large
improvement in mechanical properties can be attributed to the
special “rebar,” “brick” and “cement” structure, where the
homogeneously dispersed MXene nanosheets in the PIF
network and the strong PIF/MXene and PIF/PIF interfacial
adhesion with the help of thermal-imidized PI can ensure the
effective stress transfer inside the prepared composite film. With
increasing MXene loading, Young’s modulus of the composite
film displays an increasing trend, and a 1037% increase to 736.1
MPa is observed for PM-39.1. However, tensile strength and
fracture elongation are obviously reduced. The reason can be
explained by the fact that the agglomeration effect of MXene at
higher loading leads to the weaker bonding effect of thermal-
imidized PI. Besides, Young’s modulus also begins to decline for
PM-49.1 due to an ultrahigh MXene loading. Figure 4c
illustrates the electrical conductivity of different PIF/MXene

composite films before and after thermal imidization treatment.
Obviously, benefiting from the dense PIF/MXene conductive
network constructed by the thermal-imidized PI, an effective
enhancement in electrical conductivities is achieved for all PIF/
MXene composite films after the thermal imidization process.
Meanwhile, higher MXene loading endows the composite film
with higher electrical conductivity due to the construction of
more perfect conductive network, and the electrical conductivity
reaches 3787.9 S/m for PM-49.1 with a thickness of 132 μm. All
these excellent mechanical property and electrical property
stated above will undoubtedly enable the prepared conductive
PIF/MXene composite film to be applicable for EMI shielding
and Joule heating applications, which will be systematically
investigated in the following part.

3.3. Raman, XPS, and FTIR Analysis. Raman, XPS, and
FTIRwere further conducted to study the chemical composition
and interfacial interaction of the prepared PIF/MXene
composite film. As for the Raman spectra shown in Figure 5a,
the Raman peaks of MXene at 199 and 716 cm−1 are ascribed to
the A1g symmetry out-of-plane vibrations of Ti and C atoms,
respectively, and the peaks at 281, 390, and 628 cm−1 are
attributed to the Eg group vibrations, including in-plane shear
modes of Ti, C, and surface functional group atoms.46 The broad
peaks at 1350 and 1580 cm−1 correspond to the D and G bands
of graphitic carbon of MXene, respectively.47 Besides, the pure
PIF film displays the typical C−N tensile vibration of the imide
ring at 1389 cm−1 and aromatic imide ring vibration of the
dianhydride at 1617 cm−1. As for the composite film of PM-49.1,
all the typical peaks of PI and MXene overlap with each other,
generating weaker and wider peaks at 1377 and 1604 cm−1. All
these can be ascribed to the charge transfer betweenMXene and
PIF that leads to the average of the charge density between them,
verifying the existence of good interfacial interactions. Figure 5b
shows the XPS survey spectra of MXene, PIF, and PM-49.1.

Figure 5. (a) Raman spectra, (b) XPS survey spectra, and (c) high-resolution Ti2p spectra of MXene and PM-49.1. (d) FTIR spectra of the pure PIF
film, PM-13.8, and PM-49.1.
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Clearly, all the representative elements of MXene (C, O, Ti, and
F) and PIF (O, N and C) are observed for PM-49.1, indicating
their successfully combination. In addition, the high-resolution
Ti2p spectra of MXene and PM-49.1 in Figure 5c illustrate that
the TiO2 percentage increases slightly from 12.49% for MXene
to 15.52% for PM-49.1, which can be ascribed to the high-
temperature oxidation of Ti during the thermal imidization
process.32 However, it should be noted that the excellent oxygen
barrier effect of thermal-imidized PI on MXene can effectively
enhance the stability of MXene, enabling the composite film
applicable in various harsh environments, which will be
discussed in the following part. The FTIR spectra of PIF, PM-
13.8, and PM-49.1 are shown in Figure 5d. The pure PIF film
shows typical characteristic peaks of PI, including C−O
stretching vibration at 1242 cm−1, C−N stretching vibration at
1375 cm−1, CC stretching vibration in the benzene ring at
1500 cm−1, and CO symmetric and asymmetric stretching
vibrations on the imine ring at 1716 and 1776 cm−1. After mixing
with MXene, it can be observed that most typical peaks of PI
shift to a lower wavenumber, which can be due to the formation
of a hydrogen bond between PI and MXene nanosheets,
endowing it with excellent mechanical properties through
effective stress transfer.40

3.4. EMI Shielding Performance of PIF/MXene Com-
posite Films. Figure 6a displays the EMI shielding performance
of different conductive PINF/MXene composite films in the
frequency range of 8.2−12.4 GHz. As expected, PM-13.8
presents a satisfactory EMI SE of about 20 dB, which meets the
commercial-level EMI shielding applications. With increasing
the MXene loading, the prepared PIF/MXene composite film
shows an enhanced EMI shielding performance in the whole
frequency range, and an average EMI SE value of 41.4 dB is

achieved for PM-49.1, indicating that about 99.99% incident
microwave can be effectively shielded. Based on the classic
Simon formula,44 the enhanced EMI shielding performance is
closely related to the improved electrical conductivity of the
PIF/MXene composite film with higher MXene loading. Apart
from electrical conductivity, the thickness of material also affects
their actual EMI shielding performances. In this work, a series of
PM-49.1 with different thicknesses were prepared from the
materials and energy saving standpoint. As expected, thickness-
dependent EMI shielding performances are observed from
Figure 6b, where thicker PIF/MXene composite films present a
higher EMI SE. Specifically, the average EMI SE values are
calculated to be 31.8, 41.4, 47.3, and 49.9 dB for the sample with
a thickness of 105, 132, 201, and 256 μm, respectively, which is
enough to block 99.999% incident EMWs.
Then, the maximum EMI SE values achieved in this study and

the values reported in the literatures are compared to highlight
the excellent EMI shielding performance of the PIF/MXene
composite film. Owing to the thickness-dependent EMI SE, the
values of EMI SE normalized by the thickness (SE/t) are
calculated to give a fair comparison. As shown in Table S1 and
Figure 6c, our prepared PIF/MXene composite film possesses
superior EMI shielding over other MXene-based composite
materials and CPCs, which is mainly ascribed to the high
electrical conductivity and the special “rebar,” “brick,” and
“cement” lamellar structure. Herein, it can be concluded that our
prepared flexible conductive PIF/MXene composite film is
qualified to serve as highly efficient EMI shielding materials.
Generally, reflection and absorption are the two main

shielding mechanisms toward EMW.48−51 In a conductive
material, shielding by reflection (SER) can be expressed as:

Figure 6. EMI SE of PIF/MXene composite films with (a) different MXene loadings and (b) different thicknesses in the frequency range of 8.2−12.4
GHz. (g) Comparison of SE/t of the PIF/MXene composite film with literature studies.
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SE 168 10 log
f

R
r

r
= − · μ

σ
, where f is frequency, μr is the

permeability of the shielding material relative to that of free
space, and σr is the conductivity of the shielding material relative
to the conductivity of copper. Clearly, the shielding material
with higher conductivity is beneficial for higher SER, while the
existence of magnetic materials will lead to lower SER. As for the
shielding by absorption (SEA), EMW is mainly attenuated
through the interaction with free-charge carriers and/or
electric/magnetic dipoles. Generally, a shielding material with

a thickness of l can be defined as: l fSE 131A r rμσ= . Hence, it be

concluded that a material with higher conductivity and
permeability possesses stronger EMW absorption efficiency. In
addition, there is a linear relationship between shielding by
absorption and thickness of a shield. As a matter of fact, the
higher the thickness of a conductive shield, the greater is the
amount of interacting free-charge carriers and/or electric/
magnetic dipoles.52,53

To further identify the EMI shielding mechanism of the
conductive PIF/MXene composite film, the average power
coefficients (A, R, and T) of PIF/MXene composite films with
different MXene loadings are shown in Figure 7a. Clearly, R
values are always higher than A values, indicating that most
incident waves are attenuated by reflection due to the good
interaction between the mobile charge carriers of shielding
materials and electric vector of incident electromagnetic
radiation. Herein, it can be concluded that the reflection is
identified to be the dominant shielding mechanism of our
prepared conductive PIF/MXene composite film. In addition, it
can be found that increasing MXene loading gives rise to an
increased reflectivity but decreased absorptivity, where the R
value is up to 0.97 and the A value is only 0.03 for PM-49.1.
Therefore, the reflection-dominated shielding mechanism can
be effectively enhanced through increasing MXene loading.
Figure 7b displays a comparison of average SET, SER, and SEA of
different conductive PIF/MXene composite films. Unlike the
power coefficients analyzed above, SET, SER, and SEA are

Figure 7. (a,c) Average power coefficients of A, R and T and (b,d) average SET, SER, and SEA of PIF/MXene composite films with different MXene
loadings and different thicknesses in the frequency range of 8.2−12.4 GHz. (e) Schematic illustration showing the EMI shielding mechanism of the
conductive PIF/MXene composite film.
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acquired based on the waves penetrating the material to exclude
their reflected wave. Generally, absorption occurs before
reflection for the incident waves, so SER and SEA only represent
the capability of shielding materials to attenuate the penetrated
waves. Different from the power coefficients, both SEA and SER
increase with increasing MXene loading, and the contribution of
SEA to SET is up to >62.5% for all PIF/MXene composite films,
making greater contribution than that of SER. Thus, the
absorption mechanism plays a dominant role inside the
materials, which will greatly avoid the secondary EMWpollution
in practical applications. As for the thickness-dependent EMI
shielding mechanism of PIF/MXene composite films, it can be
clearly observed from Figure 7c that all the average power
coefficients of different composite films are almost the same.
Meanwhile, it should be noted from Figure 7d that the average
SEA increases with increasing thickness, but the average SER
remains almost stable, demonstrating that the stronger EMI
shielding performance of the thicker composite film stems from
the enhanced absorption loss toward the incident waves.
As shown in Figure 7e, a schematic illustration showing the

transmission process of EMW through the PIF/MXene
composite film is proposed to get a better understanding of
the shielding mechanism stated above. First, most EMWs are
reflected immediately after injecting on the surface of the
composite film, owing to the impedance mismatch between free
air and shielding materials, which is mainly ascribed to the
numerous free electrons at the MXene surface. Then, the
incident EMWwould be attenuated inside the materials through
interacting with the high charge density MXene and generating
electric conduction loss. Actually, the asymmetric distribution of
charges at the interfaces between MXene and PIF, and the
defects and terminal functional groups ofMXene can also lead to

interfacial and dipolar polarization loss toward the incident
EMW.31 Meanwhile, the special “rebar,” “brick,” and “cement”
lamellar structure is also beneficial for the multiple reflection of
EMW inside the materials to further enhance their EMW
dissipation capacity. As a result, both the reflection and
absorption of EMW contribute to an excellent EMI shielding
performance.

3.5. EMI Shielding Performance of PIF/MXene Com-
posite Films under Harsh Environments. The flexible
conductive PIF/MXene composite film was further treated in
different environments to evaluate its EMI shielding stability,
which is crucial for its practical applications. As shown in Figure
8a, PM-49.1 exhibits good structure integrity after being soaked
into 0.5mol/LNaCl solution and 0.5 mol/LHCl solution for 30
min, respectively. In addition, the EMI SE curve of the natural
drying PM-49.1 after the soaking process almost coincided with
that of the pristine sample, exhibiting stable EMI shielding
performances. Similarly, as shown in Figure 8b and Video S1,
PM-49.1 also exhibits good structure integrity, flexibility, and
stable EMI shielding performances after being immersed in
liquid nitrogen (−196 °C) and calcined at 150 °C for 30min. All
these can be ascribed to the good tolerance of PI to acid/salt and
extreme temperature environments, where the good oxidation
protection of MXene by PI ensures the stable electrical property
of the composite film in the above special environments,
resulting in such an excellent harsh environment tolerance.36−39

Mechanical stability is also another important index to ensure
the wider applicability of the PIF/MXene-based EMI shielding
material. Obviously, as depicted in Figure 8c, the EMI shielding
performance also remains almost unchanged after 500 bending
cycles. Such a stable behavior can be ascribed to the special
“rebar”, “brick,” and “cement” structure of PIF/MXene

Figure 8. EMI shielding performances of the PM-49.1 before and after (a) soaking inNaCl/HCl solution, (b) soaking liquid nitrogen/annealing at 150
°C, and (c) repeated bending cycles. (d) Average SET before and after the treatment in different environments.
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composite films that endow it with excellent durability toward
cyclic bending (Video S2). In addition, it can also be proved by
the stable electrical property of the composite film during the
cyclic bending process (Figure S7). Figure 8d comprehensively
shows the comparison of the average EMI SE of the composite

film before and after being treated in different environments, and
it can maintain stable EMI shielding performances with less than
3% degradation. Hence, it can be claimed that our prepared PIF/
MXene composite film possesses wide application prospects in
harsh external environments arising from the merits of PI,

Figure 9. (a) Time-dependent surface temperature profile of PM-49.1 under different voltages. (b) Experimental data and linear fitting of saturated
temperature vs U2.

Figure 10. Infrared thermal images of PM-49.1 (a) at saturated temperature under different voltages and (b) applied to the bended finger under 1.5 V.

Figure 11. (a) Time-dependent surface temperature profiles of PM-49.1 in 1st, 5th, 10th, and 15th heating cycles under a voltage of 2.3 V. (b) Long-
term temperature stability of PM-49.1 under a voltage of 2.3 V. (c) Optical images showing the thermal deicing performance of PM-49.1 under a
voltage of 2.3 V.
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including chemical resistance, thermal stability, high-/low-
temperature resistance, and mechanical performance, which is
usually impossible for the conventional polymer-based shielding
materials.
3.6. Joule Heating Performance of PIF/MXene

Composite Films. Based on Joule’s law [Q = (U2/R)t, Q is
the generated heat in joule, U is the applied voltage, R is the
resistance, and t is operating time], the good electrical
conductivity of the prepared conductive PIF/MXene composite
film can also endow it with excellent Joule heating performance,
making it applicable for personal thermal management. Figure
9a shows the time-dependent temperature profile of PM-49.1
with a dimension of 1.75 × 1.25 cm2 recorded by an infrared
thermal imaging camera under different voltages for 60 s and
then cut off. Clearly, the surface temperature of PM-49.1 quickly
rises from room temperature (25.1 °C) to a saturated
temperature of 38, 42.5, 65, 75, 93, and 105 °C under a low
voltage of 1, 1.2, 1.5, 1.8, 2.3, and 2.5 V within 10 s, respectively,
indicating a fast thermal response and efficient electrothermal
conversion. In addition, the applied low voltages that are far
lower than the safe threshold of 36 V make it to be powered
easily through a portable battery. Figure 9b shows the good
linear relationship between the saturation temperature and the
square of the voltage, which is well accorded with Joule’s law,
indicating a controllable Joule heating performance.
What is more, the uniform infrared thermal images at

saturated temperature in Figure 10a present the homogeneous
temperature distribution, which is critical for an ideal joule
heater. In addition, the composite film can also be applied to
personal thermal management under different human gestures,
which can be verified by the simple application of human joint.
When PM-49.1 is applied to the bended finger at a very low and
safe voltage of 1.5 V, it exhibits stable and uniform electro-
thermal response during the bending process owing to the good
flexibility and stable conductive network (Figure 10b).
To further explore the Joule heating performance of the

prepared conductive PIF/MXene composite film in practical
applications, cyclic and long-term electric heating tests were
conducted for PM-49.1. As shown in Figure 11a, the time-
dependent surface temperature profiles of PM-75 in 1st, 5th,
10th, and 15th heating cycles at a voltage of 2.3 V almost
coincided with each other, showing the excellent reproductivity
and recoverability. Meanwhile, the composite film also exhibits
stable saturated temperature during a Joule heating process of
1800 s under a voltage of 2.3 V (Figure 11b), confirming the
long-term durable Joule heating performance. Figure 11c and
Video S3 show the application of the PIF/MXene composite
film for thermal deicing and dehumidification in sub-zero
temperature environments. As we can see clearly, both the front
and back sides of the composite film are completely covered by
ice, which is quickly melted and dripped after applying a voltage
of 2.3 V for 120 s due to the Joule heating effect. After another
120 s, the moisture inside the composite film gradually
evaporates, and the composite film turns to be completely
dried in 320 s. In a conclusion, the excellent Joule heating
property of the flexible conductive PIF/MXene composite film
endows it with great applications in the thermal deicing of
military aviation equipment and intelligent electronic equip-
ment and the application of human thermal management.

4. CONCLUSIONS
In this work, flexible conductive PIF/MXene composite films
with densely stacked “rebar-brick-cement” lamellar structure

were prepared using the simple vacuum-assisted filtration plus
thermal imidizationmethod. Here, the excellent flexibility of PIF
and good binding effect of thermal-imidized PI solved the
disadvantage of brittleness of the pure MXene film effectively,
enabling it to be applicable in flexible wearable devices. When
served as EMI shielding materials, the composite film exhibited
the typical filler loading- and sample thickness-dependent
shielding performances. Benefiting from the reflection and
absorption of EMWs, the resultant PM-49.1 with a thickness of
256 μm exhibited an EMI SE of 49.9 dB in the frequency range
of 8.2−12.4 GHz. In addition, it also displays super Joule heating
performances with fast response time, controllability, excellent
cyclic stability, and good long-term durability. Impressively, the
composite film displayed stable and durable EMI shielding
performance toward harsh environments (e.g., extreme high/
low temperature, acid/salt solution, and long-term cyclic
bending) and highly efficient thermal deicing performance
under actual conditions. Therefore, our prepared flexible
multifunctional composite film has great potential in EMW
protection and personal thermal management.
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