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Improved Flexible Triboelectric Nanogenerator Based on
Tile-Nanostructure for Wireless Human Health Monitor
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Run Fang, Huining Wang, Yun Xu, Jun Wang*, and Zhou Li*

Triboelectric nanogenerators (TENGs) have emerged as promising candidates
for integrating with flexible electronics as self-powered systems owing to
their intrinsic flexibility, biocompatibility, and miniaturization. In this study,
an improved flexible TENG with a tile-nanostructured MXene/polymethyl
methacrylate (PMMA) composite electrode (MP-TENG) is proposed for use in
wireless human health monitor. The multifunctional tile-nanostructured
MXene/PMMA film, which is self-assembled through vacuum filtration,
exhibits good conductivity, excellent charge capacity, and high flexibility.
Thus, the MXene/PMMA composite electrode can simultaneously function as
a charge-generating, charge-trapping, and charge-collecting layer.
Furthermore, the charge-trapping capacity of a tile nanostructure can be
optimized on the basis of the PMMA concentration. At a mass fraction of 4%
PMMA, the MP-TENG achieves the optimal output performance, with an
output voltage of 37.8 V, an output current of 1.8 pA, and transferred
charge of 14.1 nC. The output power is enhanced over twofold compared
with the pure MXene-based TENG. Moreover, the MP-TENG has sufficient
power capacity and durability to power small electronic devices. Finally, a
wireless human motion monitor based on the MP-TENG is utilized to detect
physiological signals in various kinematic motions. Consequently, the

1. Introduction

Miniaturized, integrated, and intelligent flexible
electronics have attracted increasing attention
owing to their immense potential for health
monitorjng[l%] and metaverse apphcations.[‘H’]
Thus far, most flexible devices powered by bat-
teries cannot operate sustainably owing to their
limited lifespan. Therefore, there is an urgent
need to develop self-powered systems. Tribo-
electric nanogenerators (TENGs), based on
Maxwell’s displacement current,[ﬁlo] have been
demonstrated as an effective energy-harvesting
device. TENGs based on different working

[14] an be used to convert ambient

modes
energy including human movement,!'*'¢]
wind,['”'®) and raint**”) into electrical energy.
In addition, their intrinsic ﬂexibﬂity,[ﬂ’zz] bio-
compatibility, 23241 [25.26]
make them promising candidates for integrating

with  flexible electronics as  self-powered
[27-30]

and miniaturization

systems.
To date, various approaches have been pro-

proposed performance-enhanced MP-TENG proves a considerable potential
for use in health monitoring, telemedicine, and self-powered systems.
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posed to improve the output performance of
TENGs, including system design,P'**! circuit
design,**** and especially materials design.1***!
Materials design is regarded as the most common
and effective strategy. A TENG can be divided into
four representative layers: the charge-generating layer, the charge-trapping
layer, the charge-collecting layer, and the charge-storage layer.[37] The
charge-generating layer has been investigated extensively, including the
surface morphology,*®! surface functionalization, ! charge injection,*")
and fabrication of new materials.*'! These methods can increase the sur-
face charge density or facilitate charge transfer. The electrode is usually
referred to as the charge-collecting layer. For example, metals**! and two-
dimension materials™* with good conductivity and high strength are
promising candidates. The charge-trapping layer, which blocks the charge
combination, is often overlooked. Electrons can be captured efficientdy by
incorporating trapping materials into the charge-generating layers. Nano-
materials with a large surface-to-volume ratio, such as MoS,,™** Ag nano-
wires,**] and nanocrystals,**) are reported to effectively enhance the
output performance. Compared with conventional layered structures, how
to integrate the charge-generating and charge-trapping layers, as well as
the charge-collecting layer, into a single layer remains a challenge.

MXene is a novel nanomaterial, with excellent properties such as
high conductivity, *”**
morphology.1***'! Its outstanding properties make it a promising

as well as controllable surface state and
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candidate for electrodes.[*?! Thus, it can function as an excellent
charge-generating or charge-collecting material. > "] However, the
lack of an effective charge-trapping layer severely limits the output per-
formance enhancement.

In this work, we first propose a performance-enhanced TENG (MP-
TENG) with a multifunctional tile-nanostructured MXene/polymethyl
methacrylate (PMMA) layer for use in wireless human health monitors.
The tile-nanostructured MXene/PMMA film is self-assembled via vac-
uum filtration method. Furthermore, because the as-prepared MXene/
PMMA film possesses good conductivity and high flexibility, it can
simultaneously function as the charge-generating, charge-trapping, and
charge-collecting layer. The tile nanostructure demonstrates excellent
charge-trapping capacity, which can be adjusted according to the
PMMA concentration. At a mass fraction of 4% PMMA, an optimum
output performance of the TENG is obtained with an output voltage of
37.8 V, an output current of 1.8 pA, and transferred charge of 14.1
nC. The output performance is enhanced over two-fold compared with
the pure MXene-based TENG. Moreover, the MP-TENG realizes good
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Figure 1. Schematic diagram of the MXene/PMMA composite film and MP-TENG. a—c) Fabrication of the few-layer
MXene. d—f) Fabrication of the MXene/PMMA composite film. g—i) Fabrication of the laminated MXene/PMMA

TMAOH T

power ability and durability to power small electronic devices. Finally,
a wireless human motion monitor based on the MP-TENG is used to
detect physiological signals in various kinematic joints. The proposed
performance-enhanced MP-TENG is shown to have considerable poten-
tial for use in health monitoring and telemedicine.

2. Results and Discussion

The construction process of the Ti3C,T, MXene is schematically illus-
trated in Figure la—c. The multi-layer MXene was obtained by chemi-
cal stripping of Al atoms from Ti;AlC, using H,TiFs aqueous solution
(Figure 1b). In the Ti3C,T, MXene, the surface functional Tx groups
play an important role in the electrochemical performance. Then,
TMAOH was used as an intercalant to delaminate the multi-layer
MXene in order to realize a few-layer MXene (Figure 1c). The PMMA
microspheres with a diameter of around 2 um were mixed with
MXene colloidal solution (Figure 1d). Then, the MXene/PMMA colloi-
dal solution was uniformly
dispersed at various PMMA con-
centrations (Figure le). Subse-
quently, the MXene/PMMA
solution was self-assembled to
form tile nanostructure through
vacuum filtration (Figure 1f).
The tile nanostructure integrates
the charge-generating material
and the charge-trapping material
into a single layer, which is
beneficial for generating and
trapping abundant triboelectric
charges. The fabrication of
the laminated MXene/PMMA
through a layer-by-layer method
is illustrated in Figure 1g—i.
First, a MXene thin film was
self-assembled by vacuum filtra-
(i) tion (Figure 1g). After drying,

g8y filration of the PMMA film was
carried out (Figure 1h). The
PMMA microspheres cover the
upper surface of the hybrid
film (Figure 1i). Subsequently,
another MXene film was self-
assembled on the PMMA film to
form a sandwich structure. The
schematic structure of the MP-
TENG is displayed in Figure 1j.
The filter membrane (polypro-
pylene, PP) supports the
elecrode film. The MXene/
PMMA electrode acts as a
charge-generating layer, charge-
trapping layer, and charge-
collecting layer. The PDMS and
Ag electrode are another charge-
generating layer and charge-

7

Few-layer TisC2Tx

hybrid film. j) Schematic structure of the MP-TENG. k) Photograph of the MXene/PMMA film. I) Good conductivity of  collecting layer. A photograph

the MXene/PMMA film measured using a digital multimeter.
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of flexible and free-standing
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MXene/PMMA film (30 pm in thickness) is exhibited in Figure 1k.
The flexible electrode demonstrated good conductivity, as shown in
Figure 11, which is advantageous for charge collecting. The relationship
between the resistance of MP film and the curvature was shown in
Figure $1-S7, Supporting Information.

The morphology and property characterization of the MXene/PMMA
thin film are illustrated in Figure 2. As shown in Figure 2a, the mult-
layer Ti;C,T¢ (lower inset) was obtained by etching Ti;AIC, (Max
phase, upper inset). The few-layer Ti;C,T, obtained by delaminating
the multi-layer Ti;C,Ty is shown in Figure 2b. An SEM image of the
PMMA microspheres is exhibited in Figure 2c. It can be clearly seen
that the microspheres are uniform with an average diameter of
200 nm. The layered structure and tile nanostructure can be seen in
SEM photographs of the lateral section of the MXene/PMMA film. As
shown in Figure S2, Supporting Information, the interface between the
PMMA film and the MXene film is clear, which indicates that the lay-
ered structure was successfully fabricated through the layer-by-layer

500nm

L O

1.00um

1

method. SEM images of the lateral section of the MXene/PMMA hybrid
film with different mass fractions of the PMMA microspheres are com-
pared in Figure 2d,f. Evidenty, the PMMA microspheres were coated
with MXene nanosheets, which formed a tile nanostructure. As the
mass fraction of PMMA increases, a tile-nanostructure unit contains
more PMMA microspheres. For example, as for the MXene/PMMA
hybrid electrode (2% PMMA), the tile nanostructure contains several
PMMA microspheres; it basically contains more PMMA microsphere in
a unit structure as the mass fraction increase to 4%. However, with a
higher mass fraction of PMMA microspheres, the MXene/PMMA solu-
tion cannot form a hybrid film through the vacuum filration method.
The as-prepared hybrid films are fragile. The MXene/PMMA hybrid
electrodes (8% PMMA and 12% PMMA) were shown in Figure S3,
Supporting Information. The five samples were characterized by Fourier
transform infrared (FTIR) spectra, as shown in Figure 2g. Several func-
tional groups are commonly observed on the surface of MXenes,
including C-F, Ti-C, and Ti-F. Broad absorptions are attributed to
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Figure 2. Characteristics of the MXene/PMMA composite film. a) SEM images of the Ti;AlC, particles and multi-layer Ti;C,T,. b) SEM image of the few-
layer MXene nanosheet. c) SEM image of the PMMA microspheres. d) SEM image of the lateral section of MXene/PMMA composite film (2% PMMA).
e) SEM image of the lateral section of MXene/PMMA composite film (4% PMMA). f) SEM image of the lateral section of the MXene/PMMA composite film
(20% PMMA). g) The FT-IR spectra of MXene/PMMA composite films. h) XRD pattern of the Ti3AIC, powder and few-layer Ti;C,T,. i) Sheet resistances of

the MXene/PMMA film with different mass fractions of PMMA.
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C-H, Ti-OH/Ti~O-Ti, and C-O/Ti—O, respectively. It is worth noting
that C=O (1746 cm ') bond from PMMA was found in the MXene/
PMMA hybrid electrodes. The XRD spectra in Figure 2h are consistent
with the SEM images in Figure 2a,b. The disappeared peaks of Ti;AlC,
and the emergence of a characteristic peak of few-layer Ti;C,T, demon-
strated that the few-layer Ti3C,T, was successfully realized. The resis-
tances comparison of MXene/PMMA electrode with various mass
fractions of PMMA is displayed in Figure 2i. It is evident that the resis-
tance increases with the mass fraction of PMMA. The MXene indicates a
minimum sheet resistance of 26 Q sq~ ! In addition, the surface mor-
phology characterized in Figure S4, Supporting Information implies
that the MXene/PMMA electrode was relatively flat. And the X-ray pho-
toelectron spectroscopy (XPS) was characterized to evaluate the stability.
As shown in Figure S5, Supporting Information, the oxygen peak
intensity of MXene film rarely changed after 3 months, which demon-
strated the potential for long-term application.

Based on the excellent electrical and mechanical performance of
the MXene/PMMA hybrid electrode, a flexible contact-separating
mode MP-TENG was constructed. The working mechanism of this
TENG is illustrated in Figure 3a. In the original state (i), the two tri-
boelectric layers are fully separated, and there is no triboelectric
charge. Under an external compressive force, the MXene/PMMA film
and PDMS film are in complete contact, and equal amounts of posi-
tive and negative charges are induced on the two triboelectric layers
(if). The distance between the two layers gradually increases as the
force is released, and the potential difference between the MXene/
PMMA electrode and the Ag electrode drives the electron transfer
from the Ag electrode to the MXene/PMMA electrode (iii). Then, the
distance between the two layers reaches the maximum value, and
there is no charge transfer charges (iv). Next, when the PDMS film
approaches the MXene/PMMA electrode, the opposite potential differ-
ence will result in opposite electron flow (v). Finally, when the two
triboelectric layers are in contact again, the TENG returns to state (ii)
and starts a new cycle. The corresponding finite element simulation
of the open-circuit voltage is displayed in Figure 3b. In the open-
circuit state, there is no charge transfer, and the potential difference
is proportional to the distance between the two triboelectric layers.

(@)

Pressed

i Original ii

. Ag v Pressing a iv
PDMS - —— &

Il PMMA/MXene

(®) I Filter membrane

0mm 2 mm 5mm

Figure 3. Schematic illustration of the working mechanism of the flexible MP-TENG. a) Working mechanism and
charge transfer of the MP-TENG with a load resistance. b) The finite element analysis of the potential difference in

the open-circuit state.
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When the two layers are fully separated, the potential difference
reaches the maximum value.

A series of MP-TENGs with different mass fractions of PMMA (0%,
2%, 4%, and 20%) were fabricated to determine the effect of the
PMMA on the output performance. The PMMA mass ratio of the
MXene/PMMA film was investigated to increase the output perfor-
mance. For convenience, the MP-TENGs based on the four aforemen-
tioned PMMA mass fractions are marked as P-0, P-2, P-4, and P-20,
respectively. And these devices were measured under a force of 50 N
in a frequency of 5 Hz. As compared in Figure 4a—c, the output volt-
age, output current, and transferred charge of P-0 were 13.0 V,
0.8 pA, and 6.7 nC, respectively. Furthermore, it was obvious that the
output performance gradually increased initially, and drastically
decreased with the increasing mass fraction of the PMMA microspheres.
The P-4 possessed the highest output performance, with an output volt-
age of 37.8 V, an output current of 1.8 pA, and transferred charge of
14.1 nC. The output performance was enhanced over twofold com-
pared with P-0. The enhanced output performance is attributed to the
charge-trapping capacity of the tile nanostructure. It is worth noting
that the output performance significantly decreased when the PMMA
concentration increased from 4% to 20%. The output performance of
P-20 was even lower than that of P-0. The sharp decrease in the output
performance is mainly due to the excessive agglomeration of PMMA
microspheres, which destroys the tile nanostructure and increases the
resistance, thereby weakening the triboelectric charge-generating and
the charge-trapping capacity considerably. In addition, the TENG based
on the layered MXene/PMMA/MXene film showed an output voltage
of 22.3 V, an output current of 1.22 pA, and transferred charge of
10.1 nC. Its output performance lies between those of P-0 and P-2. We
ascribe this result to its better charge-trapping ability compared to P-0,
but worse charge-trapping ability than that of P-2.

To better understand the output performance, we further investigated
the dependence of the output performance on the compressive force and
frequency. The relationship between the output performance and the
compressive force is shown in Figure 4d—f. These devices operated at a
frequency of 2 Hz. When the compressive force was varied from 10 to
50 N, the output performance of all the devices except P-20 increased

by various degrees. The output

performance of P-20 decreased as

ili Relaesing the compressive force increased,

e mainly due to its poor mechanical

- - properties. As we mentioned in
Figure S3, Supporting Informa-
tion, the MXene/PMMA compos-
ite film is easily cracked as the

Released mass fraction of PMMA exceeds
T — 8%. Additionally, the effect of the

frequency on the output perfor-
mance is revealed in Figure 4g—i.
In general, there were no signifi-
cant changes in the output voltage
and transferred charge, as the fre-
quency increased from 1 to 5 Hz.
“ However, there was a noticeable
improvement in the output cur-
rent with increasing frequency.
We can ascribe this phenomenon
to faster electron transfer at higher
frequencies.
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Figure 4. a) The output voltage, b) output current, and c) transferred charge of the MP-TENG with different mass fractions of PMMA microspheres (0%,
2%, 4%, and 20%). d) The output voltage e) output current, and f) transferred charge of the MP-TENGs under various forces (10-50 N, mass fraction of
PMMA = 4%). The relationship between the g) output voltage, h) output current, and i) transferred charge of the MP-TENGs and the frequencies.

In order to interpret the phenomenon of the output performance
change, the charge distribution and corresponding charge-trapping
mechanism with various PMMA mass fractions are schematically illus-
trated in Figure 5. When the PMMA fraction was 0%, a pure MXene
electrode was obtained, as shown in Figure 5a. The pure MXene film
can rub against the PTFE film, which acts as the charge-generating and
charge-collecting layers. The triboelectric charges will easily combine
with the induced charges. When the structure is delaminated, the
PMMA film is the charge-trapping layer and the two MXene films are
the charge-generating and charge-collecting layers, as illustrated in
Figure 5b. The triboelectric charge is distributed on the top MXene sur-
face and the induced charge is distributed on the bottom MXene elec-
trode. The middle PMMA layer has a low charge-trapping capacity. As
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the PMMA fraction increased to 2%, a tile nanostructure was formed, as
exhibited in Figure 5c. This enhances the charge-trapping capacity and
decreases the combination between the triboelectric charges and the
induced charges. Therefore, a higher output performance is achieved.
When the PMMA fraction increases to 4% (Figure 5d), additional tile
nanostructures are built regularly. The charge-trapping capacity is fur-
ther increased, leading to fewer combinations and a higher output per-
formance. However, as the PMMA fraction is substantially increased to
20% (Figure Se), an effective tile nanostructure cannot be constructed.
The chaotic structure will result in excessive charge combination and
severe loss. Meanwhile, some PMMA microspheres may remain on the
PDMS surface during the contact process. Overall, the output perfor-
mance is significantly degraded. We also characterized the amount of

© 2023 The Authors. Energy & Environmental Materials published by
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Figure 5. Schematic illustration of the charge distribution of the tile-nanostructured MP-TENG and the corresponding charge-trapping mechanism of a) P-0
(0% PMMA), b) MXene/PMMA/MXene, c) P-2 (2% PMMA), d) P-4 (4% PMMA) and e) P-20 (20% PMMA). f—) Planar average differential potential density

by KPFM.

surface charge in each sample by KPEM, as shown in Figure 5f—. The
measured average potentials for MXene, MXene/PMMA/MXene,
MXene/PMMA (2%), MXene/PMMA (4%), and MXene/PMMA (20%)
were —0.21, —0.19, —0.18, —0.10, and —0.25 V, respectively.
According to the measurement method, the surface average potential
follows the order: MXene/PMMA (20%) > MXene > MXene/PMMA/
MXene > MXene/PMMA (2%) > MXene/PMMA (4%). The differences
in surface potential originated from different PMMA ratio. Furthermore,
the difference in the surface potential of MXene/PMMA film results in
the difference of output performance of MP-TENGs.

The power capacity of the TENG is an important parameter for eval-
uating its potential applications. Thus, the output performance and
charge capacity were investigated, as shown in Figure 6a—c. A TENG
with an effective area of 3 cm” was tested under a force of 15 N and a
frequency of 1 Hz. First, its output voltage and output current were
measured under different load resistances ranging from 10 kQ to
10 GQ. Obviously, the output current decreased as the load resistance
increased. Nevertheless, the output voltage showed an opposite trend.
The instantaneous output power can be calculated by multiplying the
output voltage and output current. Thus, the instantaneous output
power will reach a maximum value at a certain resistance. As shown in
Figure 6b, P-4 achieved a maximum output power of 7.3 UW at a load
resistance of 10 MQ, which was around 20 times higher than that of
P-0. To assess its charge capacity, a series of capacitors with different
capacitances were tested. As displayed in Figure 6c, the capacitor
(1 pF) can be charged to 3 V in 100 s, and a 3.3 UF capacitor was
charged to 1 V. Thus, it has promising charge capacity. And the
charge—discharge profile of the 2.2 PF capacitor was provided in
Figure S6, Supporting Information.

In addition, stability is also an important parameter for assessing its
practicality. As shown in Figure 6d, the output voltage remains steady
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after the triboelectric charge reaches saturation. There was nearly no
performance degradation after ~10 000 cycles, which demonstrates
excellent stability. Considering the alternating current (AC) of the
TENG, a rectifier circuit and a capacitor were used for AC rectification
for subsequent use. The conversion circuit is illustrated in Figure 6e. It
is possible to easily light up more than 10 LEDs by tapping the TENG
with a finger, as shown in Figure 6f. More importantly, a thermohyg-
rometer can be directly powered by quickly and vigorously striking the
TENG, as displayed in Figure 6g. These results provide ample evidence
that a TENG-based power supply can power small electronic devices. In
addition, the comparison of MXene-based TENG is provided in
Table S1-S7, Supporting Information.

To further demonstrate the potential applications of the MP-TENG in
sensing and energy harvesting, we assembled a TENG-based wireless
transmission system. This wireless transmission system includes a flexi-
ble MP-TENG, a lithium-ion battery, a small chip, and a mobile applica-
tion. The small chip can process the output signal from the MP-TENG
and transmit it wirelessly via the mainboard (Bluno Beetle) and Blue-
tooth module. Then, the signal can be received by the mobile applica-
tion and displayed on the screen in real time. The photograph of the
wireless transmission system was provided in Figure S7, Supporting
Information. As illustrated in Figure 7a, the wireless human motion
monitor was utilized to detect the following motions: throat pronuncia-
tion, belly breathing, finger bending, elbow bending, wrist bending,
and finger tapping. First, the flexible MP-TENG was attached to the
throat. Different output signals were obtained as a volunteer pro-
” “7” and “U”, as shown in Figure 7b. Then, it
was attached to the belly. It could monitor shallow and deep breathing
behavior according to the signal amplitude and frequency, as shown in
Figure 7c. Furthermore, it was used for monitoring joint motions such
as finger bending and wrist bending. As displayed in Figure 7d—f, the

nounced the letters “M

© 2023 The Authors. Energy & Environmental Materials published by
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Figure 6. a) The relationship of the output voltage and output current with the load resistance. b) The relationship between the output power and the
load resistance. c) The charging curve of the capacitors with different capacitances ranging from 1 to 22 pF. d) The stability test of the TENG with
10 000 cycles. e) Schematic of the rectifying circuit. f) 18 red LEDs lighted by tapping the TENG. g) A hygrothermograph powered by the TENG.

signals were all proportional to the bending angle. Apparenty, higher 3. Conclusion

output signals were obtained at larger bending angles. It can effectively

monitor joint motion, which is advantageous for health monitoring  In summary, a flexible MP-TENG enhanced using a multifunctional
and telemedicine applications. In addition, it can continuously detect  tile-nanostructured MXene/PMMA film was reported for human energy
finger tapping signals, as shown in Figure 7g. harvesting and wireless physiological monitoring. The building unit of
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Figure 7. a) Schematic of wireless transmission system for human body motion sensing and energy harvesting. The digital photographs show various
detected locations corresponding to the blue circles. A mobile application can display the signal in real time. b) Real-time signals for the pronunciation of
the letters “M” “J” “U” with the MP-TENG mounted on the throat. ¢) The output voltage of the MP-TENG mounted on the human belly. d) The real-time
monitoring of wrist bending. e) Real-time monitoring of elbow bending. f) The real-time monitoring finger bending. g) Real-time output voltage of the MP-

TENG by finger tapping.

the tile nanostructure is a PMMA microsphere and MXene nanosheets,
which were self-assembled utilizing vacuum filtration method. Owing
to the high conductivity, strong charge-trapping capacity, and high
flexibility of the as-obtained MXene/PMMA film, it simultaneously
functions as the charge-generating, charge-trapping, and charge-
collecting layer in the MP-TENG. Moreover, we can improve the
charge-trapping capacity of the MXene/PMMA electrode by adjusting
the PMMA concentration, and thus enhance the output performance of
the MP-TENG. At a mass fraction of 4% PMMA, an optimum output
performance of the TENG is obtained with an output voltage of
37.8V, an output current of 1.8 pA, and transferred charge of
14.1 nC. Furthermore, the output power was enhanced over 20-fold
compared with the pure MXene-based TENG. The MP-TENG realizes
good power capacity to power small electronic devices and outstanding
stability after 10 000 working cycles. Finally, a wireless monitoring
system based on the MP-TENG was demonstrated to detect physiologi-
cal signals in various kinematic motions such as throat pronunciation,
belly breathing, and finger and elbow bending. Consequently, the pro-
posed MP-TENG has a promising prospect in the flexible electronics
and self-powered system.
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4. Experimental Section

Preparation of TizC,T,: The multi-layer Ti;C,T, slurry was obtained by chemi-
cally etching the Al atoms from Ti;AIC, (XFNANO, >90 wt%, MAX phase)
using less hazardous H,TiFs aqueous solution. Specifically, 5 mL of H,TiFs
(Aladdin, AR, 50 wt%) aqueous solution was diluted with 5 mL deionized
water in a 25 mL Teflon beaker. The beaker was then placed in an ice-water
bath, and 2 g of Ti;AIC, was gradually added to the solution under vigorous
stirring with a Teflon magnetic stir bar for 15 min. The reaction proceeded for
6 h at 60 °C and another 12 h at 30 °C. The slurry was then centrifuged at
960 g for 5 cycles until pH > 6. The few-layer Ti;C,T, colloid was produced by
delaminating multi-layer Ti;C,T, using TMAOH (Aladdin, AR) as an intercalant.
Further, 1 g of multi-layer TisC,T, was suspended in a mixture of 20 mL of
deionized water and 1 mL of TMAOH (25% aqueous solution) at 60 °C for
3 h. In addition, interlayer delamination was achieved by sonication for 1 h, to
obtain a stable colloidal solution.

Synthesis of PMMA microspheres: PMMA microspheres were prepared using
methyl methacrylate (Aladdin, AR) as a reactant, sodium dodecyl benzene sul-
fonic acid (SDBS, SCRC, AR) as a surfactant, and potassium persulfate (SCRC, AR)
as an initiator. Next, 10 mL of the vacuum distillate (methyl methacrylate) was
poured into a 250 mL three-neck flask with 80 mL of distillate water and 10 mL
of 0.025-mol L™ SDBS solution. The mixture was subjected to vigorous stirring at

© 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85U017 SUOWILWIOD 8AITeR1D) 3edldde sy Ag peusenob afe sejoiie YO ‘8sn JO Sa|ni Joj Areiqi8UljuO 8|1 UO (SUOTPUOD-pUe-SULIBYLI0O" A3 |1 ARe.q1[BU1|UO//SANY) SUOIPUOD PUe SWB | 8UY 88S *[£202/20/70] Uo ARiqiTauliuo 8|1 Aisieaun Buelluly Aq #G92T 2UWes/Z00T OT/I0pAW0d 8| im Aselq Ul |uoy//Sdny wolj pspeojumod ‘0 ‘9SE0G/52



Energy &
Environmental Materials

25 °C for 30 min with a magnetic stir bar in order to obtain a uniform emulsion.
Then, 20 mL of aqueous solution containing 0.026 g of potassium persulfate was
added into the emulsion dropwise and refluxed at 70 °C for 3 h. Finally, the
milk-white PMMA suspension was centrifuged and washed three times to remove
SDBS.

Synthesis of PMMA-Ti;C,Tx film: A certain amount of the PMMA micro-
sphere suspension was mixed with TisC,T, colloidal solution at 60 °C for 5 min.
The concentrations of the MXene and PMMA solutions used in this work were 2
and 1 mg mL™", respectively. Then, vacuum-assisted filtration was carried out to
fabricate the Ti;C,T,/PMMA film. The Ti;C,T,/PMMA multilayer film was pro-
duced by filtrating and drying the raw materials in the following order: Ti;C,T,-
PMMA-Ti;C,T,; thus, a sandwich-like structure was formed.

Construction of flexible MP-TENG: First, Polydimethylsiloxane (PDMS, Syl-
gard 184, Dow Corning) solution was spin-coated to form a dielectric layer with a
thickness of 0.5 mm. Then, a 50-nm-thick Ag layer was deposited on the plasma-
treated PDMS using vacuum sputter coater (DP650, France) to form the top elec-
trode. The MXene/PMMA film was prepared utilizing the aforementioned
method. The two films were attached using four PDMS cubes with a gap distance
of 2 mm to form a flexible MP-TENG. The effective contact area of the TENG
was around 7 cm?. For convenience, the MP-TENGs based on the four aforemen-
tioned PMMA mass fractions are marked as P-0, P-2, P-4, and P-20, and the as-
prepared MXene/PMMA/MXene film is marked as 2% PMMA multilayer.

Characterization and measurements: Scanning electron microscopy (SEM)
and energy-dispersive spectroscopy images were acquired using a field-emission
SEM (SU8010, Hitachi, Japan). Kelvin probe force microscopy (KPFM) was con-
ducted by Dimension Icon (Bruker). The Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR, Bruker Tensor) instrument was applied
to detect the physical interactions of samples by VERTEX 80v. X-ray photoelectron
spectroscopy (XPS) was conducted using a PHI-5000 VersaProbe Il (ULVAC-PHI)
instrument with monochromatic Al Kot radiation. The X-ray diffraction (XRD) pat-
terns were measured by a diffractometer (MiniFlex600, Rigaku, Japan). The surface
morphology was measured using a 3D laser scanning microscope (VK-X200 series).
A linear motor positioning system (SBT951-T, SIMBATOUCH, China) was used to
control the forces, frequencies, and working distances. The resistance and the out-
put electric performance were recorded using a digit multimeter (DMM 6500)
and an electrometer (Keithley 6514, American), respectively.
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