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Recently, multifunctional materials have attracted tremendous attention in intelligent equipment and human-
—computer interaction, requiring the integration of electrical conductivity, sensing property and heating man-
agement. Herein, conductive MXene is formulated and deposited on the PVDF film surface and followed by
integrating PI tape to construct a multifunctional PVDF/MXene/PI wearable electronic. The PVDF/MXene/PI
with sandwich structure shows ideal mechanical strength and tensile toughness. Based on the conductive MXene
network, PVDF/MXene/PI composite possesses excellent mechanosensation ability, which can sensitively
monitor different human movements. Besides, PVDF/MXene/PI composite presents prominent Joule heating
capability and achieves a temperature of over 80 °C at 6.5 V voltage. Insulated high-temperature resistant PVDF
and PI tape as protective layers ensure the stability and safety of PVDF/MXene/PI heater. Moreover, PVDF/
MXene/PI composite exhibits outstanding electromagnetic interference shielding effectiveness of 40 dB. Finally,
PVDF/MXene/PI multifunctional electronic with fascinating multi-functions shows potential applications in

human thermotherapy, human-machine interaction and electromagnetic wave protection.

1. Introduction

With the development of information technology and artificial in-
telligence, smart wearable electronic products show promising pros-
pects in man-machine interaction [1-5]. As a group of smart devices in
the new era, wearable smart electronic devices are developing rapidly to
realize functions such as human motion sensing and personal health
monitoring [6-8]. In addition, the popularization and development of
smart electronic devices has aggravated another serious problem,
namely the electromagnetic waves radiated by these electronic devices
[9]. Electromagnetic radiation not only negatively affects the perfor-
mance of some precision instruments, but also seriously hurts human
health, causing nausea, headaches and cancers [10]. Therefore, it is of
great application value to design and develop smart wearable electronic
with electromagnetic shielding performance, so as to protect the human
body and precision electronic devices from electromagnetic radiation,
and meanwhile possess the ability to respond to different environmental
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stimuli. At present, numerous studies have reported multifunctional
electronic devices with electromagnetic interference shielding capabil-
ities, greatly expanding the application range of traditional wearable
electronic devices [11-13].

At the same time, human survival has to cope with the impact of
different climatic environments. Under cold conditions, the heat emitted
by human itself can only maintain the basic survival. In this case, elec-
trical heaters have aroused great research interest, which exhibit pros-
pects in the fields of intelligent heating equipment, thermotherapy and
food thermal processing [14-16]. Furthermore, if the wearable elec-
tronic is given a heating function, it can provide energy for the human
body in a cold environment, prevent the human body from being
attacked by colds and diseases, thus provide a comprehensive protection
system for the human body. However, for current wearable electronic,
the integration of electromagnetic shielding, electrothermal therapy,
and human motion detection is still a huge challenge, which cannot
meet the requirements for the versatility of materials in complex
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environments, especially in some specific scenarios. Recently, MXene as
a typical two-dimensional (2D) inorganic conductive materials which
possesses excellent electrical conductivity exhibits promising applica-
tions in electromagnetic shielding [17,18], wearable electronic [19,20]
and electronic heater [21,22]. The surface terminations (-OH, -O, and
-F) enable MXenes to be dispersible in solvents, thus can be solution-
manufactured through various coating techniques such as spin-casting
and spray-coating [23,24]. Zhang and co-workers [25] developed a
highly stretchable, conductive and hierarchical polydimethylsiloxane
(PDMS)/Ti3C2Tx MXene films for efficient electromagnetic interference
shielding and pressure sensing. Wang et al. [26] reported a multifunc-
tional polymeric textile-based wearable heater decorated with MXenes
on a fiber surface. The MXene-decorated textiles exhibit exceptional
electrothermal heating performance with a wide temperature range of
40-174 °C under 1-3.5 V. However, pure MXene usually possesses poor
mechanical strength, such as MXene film [27] and MXene aerogels [28].
In this case, MXene/polymer composites are expected to show numerous
advantages, such as good flexibility, ideal mechanical properties and
versatile functions.

Here in, this work reports a multifunctional PVDF/MXene/PI wear-
able electronic sensor with electromagnetic shielding ability and electric
therapy performance via spray-depositing MXene nanosheeets on the
PVDF surface and then pasting insulating PI tape. By assembling three-
layer structure, PVDF/MXene/PI possesses ideal mechanical properties.
The prepared PVDF/MXene/PI wearable electronic exhibits obvious
resistance changes under the loading of different external strains, which
is caused by the microscopic changes of the MXene conductive layer
during the bending process. Based on its strain sensing performance,
PVDF/MXene/PI wearable electronic can be further attached to the
human body to monitor and distinguish different human movements.
Besides, PVDF/MXene/PI wearable electronic generates Joule heat
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under the stimulus of voltage, thus can supply warmth or electric ther-
apy to the human body under cold external conditions. More impor-
tantly, PVDF/MXene/PI wearable electronic also exhibits prominent
electromagnetic shielding performance, which can protect the human
body from electromagnetic radiation. Based on the above functions,
PVDF/MXene/Pl wearable electronic provides a comprehensive pro-
tection for the human body and is expected to become a new generation
of multifunctional wearable electronic devices.

2. Material and experiments
2.1. Materials

Poly(vinylidene fluoride) (PVDF) particles were provided by Sigma-
Aldrich. N-methyl pyrrolidone (NMP) solvent and lithium fluride (LiF)
were purchased from Aladdin Chemical Co., Ltd, Shanghai, China.
Ti3AlCy MAX precursor was provided by 11 Technology Co., Ltd, Jilin,
China. Hydrochloric acid (HCl) was bought from Sinopharm Chemical
Reagent Co., Ltd, Shanghai, China. The polyimide (PI) tape was
commercially available products. All above chemical reagents were
employed without further purification and distilled water was used.

2.2. Synthesis of delaminated MXene nanosheets

MXene nanosheets was synthesized by etching TisAlCy precursor
using LiF/HCl solution to selectively eliminate Al layer (Fig. 1). First, 2 g
of TigAlC, powder was slowly added into 40 mL HCl (9 M) containing 2 g
of LiF in a Teflon beaker. After reacting at 35 °C for 24 h, the obtained
product was washed with deionized water and centrifuged several times
until the pH of supernatant exceed 6. Afterwards, the above sediment
was dispersed in deionized water and followed by ultrasound to
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Fig. 1. The schematic diagram showing the fabrication process of MXene nanosheets and PVDF/MXene/PI composite.
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exfoliate multilayer MXene. Centrifuging at 3500 rpm for 1 h, the
delaminated MXene nanosheets were collected and a concentrated
Ti3CyTx colloidal dispersion was finally obtained.

2.3. Fabrication of PVDF/MXene/PI composite structure

Briefly, PVDF film was firstly synthesized by a solution-casting
method [29]. 10.6 g of PVDF particles were dissolved in 60 mL of
NMP solvent at 60 °C for 2 h to get PVDF solution (15 wt%). Afterwards,
the above PVDF solution was casted onto a clean and horizontal glass
plate, evaporated at 60 °C for 12 h and annealed at 120 °C for 8 h to
obtain PVDF free-standing film. To fabricate the PVDF/MXene/PI
composite structure, PVDF film was soaked in ethanol solution for 20
min and dried in the oven to clean the impurities on the surface. In order
to improve the interface interaction between MXene nanosheets and
PVDF film, the cleaned PVDF film was treated by an Oy plasma vapor
deposition equipment as hydrophilic modification for 50 s (50 W),
where O, was used as etching gas. Then, TigC,Tx MXene nanosheets
were spraying-coated on the surface of modified PVDF film as conduc-
tive active materials under 2 bar air pressure by using a spray gun with
an aperture of 0.5 mm and dried on a heating stage. Since the self-
adhesive PI tape has a sticky layer, thus can be attached directly to
the PVDF/Ti3C,Tx surface to finally obtain PVDF/MXene/PI composite
structure (Fig. 1). For simplicity, PVDF/MXene/PI composite structures
with different MXene contents are defined as PVDF/XMXene/PI, where
X is the loading density (mg/cm?) of MXene. Here, the loading density of
MXene was determined by weighing the added mass sprayed on the
fixed area of the PVDF film.

2.4. Characterization

The surface and the cross-sectional morphology images were char-
acterized by scanning electron microscopy (SEM, Sirion 200). The
transmission electron microscopy morphology was characterized by
field-emission transmission electron microscopy (FETEM, JEM-2100F).
The atomic force microscope (AFM, dimension icon, Bruker) was
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employed to record the height morphology of MXene nanosheets. An X-
ray diffractometer (XRD, SmartLab, Japan) was used to characterize the
crystalline phase of TigAlCy; MAX and MXene nanosheets. The X-ray
photoelectron spectum (XPS) were characterized by a Thermo ESCA-
LAB250Xi spectrometer. The Materials Test System (MTS) (ASTM D-
882) was used to test the mechanical properties of samples. The elec-
trical conductivity of PVDF/MXene film was tested by the standard four-
point contact method (FT-340, Ningbo rooko instrument Co., Ltd.,
China). The electromagnetic interference shielding values were tested
by ASTM D 4935-89 using a vector network analyzer (AV3672, China
electronics technology instruments Co., Ltd). The electrical sensing
properties were measured by the ModuLab materials test system
(Solartron analytical, AMETEK advanced measurement technology, Inc.,
United Kingdom). The applied bending strain and displacement were
controlled by the dynamic mechanical analyzer (DMA, ElectroForce
3200, TA instruments, Minnesota 55,344 USA). The Joule heating per-
formance was investigated by a DC power supply (IT8500, Itech elec-
tronic Co., Ltd) and a thermocouple device (DT-3891G, Shenzhen
Everbest Machinery Industry Co., Ltd, China). An infrared camera
(ImagelR 8325) was used to record infrared electrothermal images.

3. Results and discussion

3.1. Characterization of MXene nanosheets and PVDF/MXene/PI
composite structure

In order to prove the successful etching of Ti3AlCy precursor, XRD
and XPS characterization were carried out. The strong peak (104) at
39°0of Ti3AlCy vanishes, indicating that the Al layer is completely elim-
inated (Fig. 2a). In addition, the representative peak (002) (9.3°) moves
to a lower angle (6.2°), suggesting that the layer spacing of MXene in-
creases after etching and stripping. The XPS test results show the binding
energy of Ti 2p, Al 2p, O 1 s and C 1 s, the Al 2p peak disappears
obviously after etching, further demonstrating the Al layer is completely
removed (Fig. 2b and c). Fig. 2d shows the TEM image of MXene
nanosheets. The etched and delaminated MXene nanosheets present a
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Fig. 2. (a) XRD pattern and (b, ¢) XPS spectrum of Ti3AlC, precursor and MXene nanosheets. (d) TEM image and (e, f) AFM morphology of delaminated

MXene nanosheets.
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thin and transparent lamellar structure. In accordance with TEM char-
acterization result, AFM morphology also shows the lamellar structure
of MXene nanosheets (Fig. 2e). Additionally, the AFM height topography
shows the thickness of the synthesized MXene nanosheets of about 2.0
nm, which highly proves the successful synthesis of single-layer/few-
layer MXene nanosheets (Fig. 2f).

SEM is used to characterize the surface and interface morphologies of
PVDF/MXene/PI composite. The surface of PVDF film synthesized by
solution-casting method presents a spherical cell structure, which is
rough and convex (Fig. 3a). After depositing MXene nanosheets, the
surface of PVDF/MXene shows a porous network structure morphology
(Fig. 3b). The MXene droplets are coated on the surface of PVDF film in
the form of emission when the spray gun ejects the MXene solution, thus
results in a continuously porous structure on the PVDF/MXene surface.
To confirm the O, plasma sputtering can be employed to modify the
surface of PVDF film to improve the interface interaction between
MXene nanosheets and PVDF film, the interface change between PVDF
and MXene layers of PVDF/MXene composite film without/with Oy
plasma sputtering treatment were compared. As shown in Figure S1, it
was found that PVDF/MXene composites without O, plasma sputtering
treatment (left) would obviously show delamination and wrinkling

(a) d

(d);
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phenomenon at high temperature, while PVDF/MXene composites with
O, plasma sputtering treatment would not show delamination phe-
nomenon at high temperature, proving that the interface adhesion be-
tween PVDF and MXene layers was obviously improved through O
plasma sputtering treatment [30,31]. From the cross-section image of
PVDF/MXene/PI sandwich structure, the three-layer of PI, MXene and
PVDF can be clearly observed (Fig. 3c). The thicknesses of the PI, MXene
and PVDF layer are approximately 68, 18 and 35 pm, respectively. The
corresponding element mapping images show the spatial distribution of
Ti, C, O, N and F elements, which further confirms the distinct three-
layer structure of PVDF/MXene/PI (Fig. 3d). To explore the mechani-
cal property of PVDF/MXene/PI sandwich structure, tensile tests were
firstly carried out (Fig. 3e). Here, the effective distance between the
fixtures as the original length (Lo) of the tensile specimen is selected to
calculate the elongation in the mechanical test. According to the
stress—strain curve, PVDF/MXene/PI sandwich structure exhibits two
fracture points (Fig. 3f). The first fracture point is attributed to the
tensile failure of PVDF/MXene bilayer, and the second fracture point is
derived from the tensile failure of PI layer. Besides, PVDF/MXene breaks
at 7.59% tensile strain, showing typical brittle behavior (Figure S2a),
while PI shows significant toughness and can withstand large tensile
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Fig. 3. SEM surface images of (a) PVDF film and (b) PVDF/MXene film. (c) The cross-sectional SEM image of PVDF/MXene/PI composite structure and (d) the
corresponding elemental mapping image. (e) The diagram of tensile test conducted by MTS measurement. (f) The stress-strain curves of PVDF/MXene/PI composite
structure. (g) The tensile strength and elongation of PI tape, PVDF/MXene and PVDF/MXene/PI.
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strain with elongation at break of 119% (Figure S2b). By forming three-
layer structure, PVDF/MXene/PI composite can maintain good me-
chanical strength (maximum tensile strength is 40.82 MPa), while being
endowed with good toughness (elongation at break is 87%) (Fig. 3g),
thus guarantees its durability and universality in practical applications.
In order to further explore the interfacial interaction of PVDF/MXene/PI
composite structure, the peel force between layers of material by using
Dynamic mechanical analysis (DMA) equipment is measured. As shown
in Figure S3a and 3b, when the peel displacement is set to 5 mm, the peel
force of PVDF/MXene layer and PI layer reaches 2.8 N. Based on the test
result and the self-adhesion property of PI, it is not easy to slip and peel
off between PVDF/MXene layer and PI layer. More important, it can be
seen from Figure S3d that after peeling, the spray-coated MXene nano-
sheets are still attached to the PVDF film surface, but do not transfer to
the PI layer due to the stickness of PI tape, which further indicates that
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the interface interaction between PVDF and MXene nanosheets can be
enhanced by oxygen plasma treatment.

3.2. Mechanical-electrical coupling sensing performance of PVDF/
MXene/PI wearable electronic

To investigate the mechanical-electrical sensing performance,
PVDF/MXene/PI wearable electronic were fixed on the DMA fixture.
The bending strain was determined by applying different bending dis-
placements. Meanwhile, impedance instrument was used to record the
resistance change signal (Fig. 4a). During the loading and unloading
cycles of different bending strains, the resistance of the PVDF/MXene/PI
wearable electronic produces a real-time resistance change, showing
significant stimulus-response characteristics to the external strain. As
shown in Fig. 4b, when the bending strain varies from 10%, 15%, 20%,
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Fig. 4. (a) Schematic diagram of piezoresistive sensing using DMA measurement and impedance instrument. (b) Sensing signals (AR/Rg values) of PVDF/MXene/PI
wearable electronic under different bending strain. (c) The AR/R, values of PVDF/MXene/PI wearable electronic under 20% cyclic bending strain and (e) the
corresponding bending displacement of PVDF/MXene/PI wearable electronic under 20% cyclic bending strain. (d) The AR/R, values of PVDF/MXene/PI wearable
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25% to 30% (Figure S4), the AR/R¢ values increases from 17%, 20%,
23%, 26% to 32%, respectively. In Fig. 4b, the AR/Ry in different per-
centage bending strain is not stable. Since the as-fabricated PVDF/
MXene/PI sensor is lab-grade product and not as stable as industrial
grade products, it is difficult to accurately determine the external strain
through a single measurement, so we hope that it can distinguish
different strain by means of average value through multiple measure-
ments. As shown in Figure S5, the mean value of the resistance change
shows a stable and rising change with the increase of strain in multiple
measurements, which shows the reliability of the measurement method
and further indicates that the as-developed PVDF/MXene/PI sensor is
capable to recognize different strain via the resistance change signal.
Importantly, the AR/R¢ values and the bending displacement both show
good stability and cyclicity under 20% bending strain (Fig. 4c and e).
Besides, the response performance under different forms of strain stimuli
was also investigated. Fig. 4d explores the stimulus-response perfor-
mance of PVDF/MXene/PI wearable sensor under continuous loading of
different strains from 10% to 35% with an increment of 5% strain. By
gradually loading different strains, the AR/R values of PVDF/MXene/
PI wearable electronic presents a stepwise increase, further illustrating
that PVDF/MXene/PI wearable electronic exhibits obvious mechan-
ical-electrical sensing performance. In each stimulus-response stage,
the dwell time is 100 s. When the PVDF/MXene/PI sensor is subjected to
the corresponding strain, the resistance initially increases. Once the
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stimulation is over, the resistance of the sensor tends to the initial value,
thus the resistance decreased and the curve sudden drops. Because the
resistance of the PVDF/MXene/PI sensor needs a long time to recover,
the resistance can only recover to a certain value within 100 s. When the
strain is finally loaded to 30% and the stimulation ends, the resistance
recovery time is long enough, so there is a very large drop of AR/Rg
value from 32.5% to 2.5% in resistance. In conclusion, PVDF/MXene/PI
is expected to be used in wearable electronic sensing devices to monitor
different deformation.

3.3. Multiple stimuli perception and body monitoring performance of
PVDF/MXene/PI wearable electronic

To study the human tactile perception behavior of PVDF/MXene/PI
wearable electronic, various human movements and complex muscle
movements were monitored respectively. When the finger gently
touched the sample, PVDF/MXene/PI wearable electronic immediately
generated a resistance-changed signal. After the finger was removed, the
resistance value simultaneously recovered, exhibiting excellent human
body monitoring behavior (Fig. 5a). Similarly, PVDF/MXene/PI wear-
able electronic can also generate different AR/R( values under finger
stroking and finger pressing due to difference in applied stress (Fig. 5b
and c). Larger applied stress caused larger AR/R( value, thus can
sensitively distinguish different hand movements. Interestingly, it can
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detect the movement of the larynx by spelling “University of Science and
Technology of China (USTC)”. As shown in Fig. 5d, when the throat
reads the letter “USTC”, four peaks of different shapes with different
AR/Rg values appear, corresponding to “U”, “S”, “T” and “C”. More
importantly, the significant AR/Ry changes can also be used to distin-
guish the accent from the light tone, which shows the sensitivity of the
PVDF/MXene/PI wearable electronic to perceive human behavior.
Fig. 5e-g further shows a series of human monitoring properties of
PVDF/MXene/PI wearable electronic, such as the bending of fingers at
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different angles, drinking water and bending of arms. Therefore, PVDE/
MXene/PI wearable electronic possesses high sensitivity, excellent
sensing performance and cyclic stability, thus shows potential applica-
tion prospects in monitoring and analyzing human movement.

3.4. The Joule electrothermal performance of PVDF/MXene/PI wearable
electronic

According to the Joule’s law, the Joule heating performance of the

Temperature/-C
3 3

N
o
T

5 10 15 20 25 30 35 40 45
112

w
o

(d) 110
100}
oo}
80
70
60
50
40
30

Temperature/°C

20 1 1 1 1 1 1
0 250 500 750 1000 1250 1500
Timel/s

Fig. 6. (a) The temperature profile curves of PVDF/MXene/PI composite structure under different voltages. (b) The graph of the relationship between saturation
temperature and voltage under different loading voltages. (c) The cyclic electric heating performance of PVDF/MXene/PI composite structure under 5.5 V loading
voltage. (d) The temperature stability under the constant loading voltage of 6.5 V (inset pictures are the corresponding infrared thermal images). (e) The corre-
sponding infrared thermal images of PVDF/MXene/PI heater under different voltages.
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PVDF/MXene/PI wearable electronic under different loading voltages
was studied. As shown in Fig. 6a, when the voltage increases from 2.5V
to 6.5 V, the maximum saturation temperature of PVDF/MXene/PI rises
rapidly from 29 to 84 °C. The saturation temperature increases with the
improvement of the input voltage, and shows a good linear relationship
with the square of the voltage, indicating that the heat generated by
PVDF/MXene/PI wearable electronic can be controlled by the external
electrical power (Fig. 6b). Furthermore, the cyclic stability of the heat-
ing performance was investigated. In each cycle, the temperature first
rises to the saturation temperature, and then drops to the initial tem-
perature. During 23 heating cycles, PVDF/MXene/PI wearable elec-
tronic can still maintain its saturation temperature at about 62 °C when
the applied voltage is 5.5 V, confirming its stable cyclic heating per-
formance (Fig. 6¢). In addition, the temperature change curve under 6.5
V constant voltage loading over 1800 long-time was also tested, further
guarantees its long-term heating stability and durability (Fig. 6d).
Furthermore, the corresponding infrared thermal images of PVDF/
MXene/PI heater under different voltages also show the uniform dis-
tribution of temperature (Fig. 6e). Thus, the prepared PVDF/MXene/PI
wearable electronic has good electric heating performance, and is ex-
pected to be used for the human heating and human thermal therapy.
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3.5. The wearable electrical heating performance of PVDF/MXene/PI
heater

The wearable heating behavior of PVDF/MXene/PI heater fixed on
the back of hand demonstrates the activity of the electrical heater on the
particular human body region (Fig. 7a—f). The wearable heater can
warm up the specific hand surface to 39.3 °C and 55.4 °C, whereas the
rest of the other area without PVDF/MXene/PI electronic heater remains
unaffected (Fig. 7a—c), indicating the viability of using PVDF/MXene/PI
as a wearable heater to treat and relieve rheumatism and joint pain for
human thermotherapy. Besides, the flexibility of PVDF/MXene/PI
electronic heater guarantees the stable heat generation performance
under the bending state (Fig. 7d-f). Furthermore, the wide temperature
range make PVDF/MXene/PI electronic heater can be used to heat ice
water and make the ice water melt (Fig. 7g). Therefore, PVDF/MXene/PI
wearable heater shows promising prospects not only in electronic
therapy and keeping warm for human beings, but also in heating and
melting the ice water for human drinking. Finally, the insulating and
high-temperature resistant PVDF and PI tapes are selected as the pro-
tective layer, not only preventing the conductive MXene layer from
being directly exposed to the external environment, but also avoiding
direct contact with the skin when used for human thermal treatment,
ensuring the stability and safety of PVDF/MXene/PI wearable electronic
as an electric heater.
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Fig. 7. (a) The digital image of PVDF/MXene/PI electronic heater attached on the back of hand. The IR images of the heater on the hand at the voltage of (b) 2.5 V
and (c) 4.5 V. (d) The digital image of PVDF/MXene/PI electronic heater attached on the back of hand under the bending state. The IR images of the heater on the
hand under the bending state at the voltage of (e) 3.5 V and (f) 5.5 V. (g) Digital images of the ice/water at different times during the melting process heated by

PVDF/MXene/PI electronic heater.
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3.6. The electrical conductivity and electromagnetic interference (EMI)
shielding performance of PVDF/MXene/PI wearable electronic

According to the electromagnetic theory, the key to improve the
electromagnetic shielding performance is to introduce conductive
components so as to improve the electrical conductivity of materials. As
shown in Fig. 8d, the electrical conductivity of PVDF/MXene composites
was greatly improved after spray-coating the conductive MXene nano-
sheets. With the increase of MXene content, the electrical conductivity
shows an increasing trend and the highest electrical conductivity can
reach 4300 S/m. The excellent inherent conductivity of MXene enables
PVDF/MXene/PI wearable electronic to exhibit superior electromag-
netic shielding performance. To evaluate the electromagnetic shielding
performance of PVDF/MXene/PI wearable electronic, the EMI SE values
in the frequency range of 8.2-12.4 GHz (X-band) were tested. As shown
in Fig. 8a, PVDF and PI tapes have almost no electromagnetic shielding
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ability. By spraying conductive MXene on the PVDF film surface with the
MXene surface density of 0.035 mg/cm? the electromagnetic shielding
value can be effectively increased to 21 dB. As the amount of MXene
increases, the EMI SE value of the PVDF/MXene/PI wearable electronic
also gradually increases. When the spraying amount of MXene reaches
0.165 mg/cm?, the electromagnetic shielding value of PVDF/MXene,/PI
can reach 40 dB, indicating PVDF/MXene/PI can availably block the
electromagnetic radiation and protect the human body.

To understand the electromagnetic shielding mechanism [32], the
contribution of reflection (SEg) and absorption (SE,) to the total elec-
tromagnetic shielding effectiveness (SEt) were calculated in Fig. 8b.
Obviously, the SEg, SEx and SEr values are all increased with the in-
crease of MXene amount. The SE, value is always higher than the SEg
value, suggesting that both the reflection and absorption mechanisms
contribute to the EMI shielding ability. In order to further determine the
main mechanism of shielding electromagnetic waves for PVDF/MXene/
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Fig. 8. (a) EMI shielding values, (b) average EMI SEr, SE5 and SEg values (sample 1-5 refer to PVDF/0.035MXene/PI, PVDF/0.065MXene/PI, PVDF/0.095MXene/
PI, PVDF/0.130MXene/PI and PVDF/0.165MXene/PI, respectively), (c) R, A and T coefficients and (d) electrical conductivity of PVDF/MXene/PI wearable with
different MXene contents. (e) Schematic illustration of EMI shielding mechanism for PVDF/MXene/PI wearable electronic.
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PI wearable electronic, the R, A and T coefficients are calculated. As the
content of MXene increases, the R value shows an increasing trend,
while the A value shows a downward trend (Fig. 8c). Moreover, the R
value is much higher than the A value, indicating PVDF/MXene/PI
wearable electronic mainly shields electromagnetic waves by reflecting
electromagnetic radiation. In addition, the extremely small T value
states that the incident electromagnetic waves are basically shielded,
further confirms the remarkable EMI shielding behavior of PVDF/
MXene/PI wearable electronic. Here, the EMI shielding performance of
other previously reported composites are consulted in Table S1. It is
found that the PVDF/MXene/PI composite structure shows an excellent
EMI shielding ability compared with these similar composites [33-39].
Fig. 8e shows the spreading process of electromagnetic waves
through the PVDF/MXene/PI wearable electronic and possible shielding
mechanism in detail. Since PVDF and PI tapes are completely trans-
parent to electromagnetic waves, the incident electromagnetic waves
collide with the surface of MXene layer. Due to the impedance mismatch
of the MXene-air interface, a large part of the electromagnetic wave is
reflected firstly. The remaining electromagnetic waves then enter into
the layered structure of MXene and interacts with the high charge
density of MXene, causing ohmic loss and leading a significant absorp-
tion of the electromagnetic waves. In addition, the layered structure of
MXene nanosheets is conducive to the multiple reflection of electro-
magnetic waves, which can effectively expedite the conversion of elec-
tromagnetic waves into heat loss, thus enhancing the absorption and
attenuation of incident electromagnetic waves. Moreover, the functional
groups (—OH, -F, -0, etc) and Ti in MXene will cause dipolar polarization
loss when contacts electromagnetic waves, further dissipating electro-
magnetic waves and improving the total shielding effectiveness.

4. Conclusions

In summary, a multifunctional PVDF/MXene/PI wearable electronic
was constructed by spray-coating the conductive MXene nanosheets on
the PVDF film and followed by assembling the PI tape. Through
assembling, PVDF/MXene/PI composite structure is not only endowed
with ideal versatility, but also is able to maintain good toughness and
mechanical strength. By forming the conductive MXene layer, the
resistance of PVDF/MXene/PI changes under the stimulation of external
strain, thus can respond to the different strain. Moreover, PVDF/MXene/
PI wearable electronic can monitor different human muscle movements
such as finger bending, arm bending, drinking water and talking, which
shows good monitoring sensitivity and cyclicality. Based on the Joule
heating effect, the conductive layer MXene in the PVDF/MXene/PI
wearable electronic can generate heat under the loading of voltage, thus
can be used as a heater to provide electrical therapy for the human body.
Interestingly, the conductive MXene network improves the electro-
magnetic shielding performance of PVDF/MXene/PI wearable elec-
tronic with the maximum SE7 of 40 dB, thus provides electromagnetic
protection for the human body. In conclusion, this multifunctional
PVDF/MXene/Pl wearable electronic shows expansive application
values in the field of wearable electronic devices and human body
protection.
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