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ABSTRACT

The development of triboelectric nanogenerator (TENG) technology which can directly convert ambient mechanical energy into
electric energy may affect areas from green energy harvesting to emerging wearing electronics. And, the material of triboelectric
layer is critical to the mechanical robustness and electrical output characteristics of the TENGs. Herein, a MXene enhanced
electret polytetrafluoroethylene (PTFE) film with a high mechanical property and surface charge density is developed. The
MXene/PTFE composite film was synthesized by spraying and annealing treatment. With the doping of MXene, the crystallinity
of composite film could be tuned, leading to an enhancement in the tensile property of 450% and reducing the wear volume
about 80% in the friction test. Furthermore, the as-fabricated TENG with this composite film outputs 397 V of open-circuit voltage,
21 pA of short-circuit current, and 232 nC of transfer charge quantity, which are 4, 6, and 6 times higher than that of the TENG
made by pure PTFE film, respectively. Therefore, this work provides a creative strategy to simultaneously improve the mechanical
property and electrical performance of the TENGs, which have great potential in improving device stability under a complex

mechanical environment.

KEYWORDS

MXene, polytetrafluoroethylene (PTFE), mechanically and electrically enhanced, triboelectric layer, triboelectric nanogenerator

1 Introduction

On the demand of healthcare or environment monitoring,
distributed equipment including wearable electronics [1-3],
internet of thing (IoT) devices [4-6], smart facilities [7, 8],
play an increasingly important role in our daily life. However,
one critical challenge identified in this field is how to power
up these devices sustainably [9-13]. Thus, collecting energy
from renewable sources [14-19] like wind, ocean wave, solar
and thermal is gradually attracting the attention of researchers.
In the past several years, comparing with the traditional
electromagnetic generator, triboelectric nanogenerator (TENG),
which is based on the second term of Maxwell’s displacement
current [20-22], has been demonstrated its great advantages in
the low-frequency, light-weight and low-cost [15, 23, 24]. As the
reason, the TENG has been extensively researched in energy
harvesting devices and self-powered sensors [25-27]. However,
to make it more practical in actual application, researchers
are keeping pursuing various methods for improving the
performance of the TENG [28-32].

Typically, the TENG consists of two kinds of materials with
different electronegativity and corresponding electrodes [33].

In the contact-separation mode, two triboelectric layers contact
and separate from each other, leading to the electron transfer
between the surfaces of two triboelectric layers and causing the
reciprocating induction current in the external circuit [34-39].
Therefore, the study on triboelectric layer material is one of
the key factors to improve the performance of TENG. Series of
materials, which commonly appeared in our daily life, have
been studied seriously to investigate the ability of electrostatic
induction. Among them, polytetrafluoroethylene (PTFE), one of
the materials at the end of the triboelectric series [40], has been
vastly applied in TENG devices. Moreover, various methods were
developed to further enhance the TENG's output performance.
For instance, the surface modification [41, 42] can improve
the surface roughness via creating a micro/nanostructure or
introduce some electronegative function group [43] on the
material surfaces to change the electron affinity of the
triboelectric layer. Another way is manipulating the charge
storage ability [44-46] of the triboelectric layer by doping some
conductive particles like Au nanoparticles [47] and active carbon
particles [48]. Nevertheless, most of the previous works are
focusing on promoting electrical output performance, few of
them consider the mechanical property enhancement, which
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is also quite important to the robustness of the TENG.

MXene [49], as a new kind of two-dimensional material, owing
to its excellent conductivity, high specific area, and good
mechanical strength, has been used in many fields [50-54]. It has
been demonstrated that MXene has the triboelectric ability [55],
similar to PTFE, which is attributed to the electric negative
functional group like —~OH, -E. Herein, we introduce an MXene
enhanced PTFE composite film achieving high mechanical
strength and high relative electronegativity. Different amounts of
the MXene flakes were doped into the PTFE aqueous emulsion

and the composite film was obtained via spray coating method.

After annealing treatment, the crystallinity of PTFE could be
tuned, which can greatly affect the mechanical property of the
composite film. Besides, with the synergistic effect of the MXene,
the obtained composite film shows a great enhancement in
tensile property up to 450% and wear volume is reduced more
than 80% in the friction test. Due to the addition of the con-
ductive MXene material, the composite film exhibits a greater
electric charge storage ability and the fabricated TENG shows
a 397 V of open-circuit voltage, 21 pA of short-circuit current,
and 232 nC of transfer charge quantity, which are 4, 6 and 6 times
higher than that of TENG made by PTFE film without MXene
doping. And the charge speed for a 1 pF capacitor is almost
37 times faster. Hence, this work reported a new strategy that
can simultaneously improve the mechanical property and the
electrical performance of the TENG, which has great potential
to improve the stability of the TENG.

2 Experimental

2.1 Preparation of MXene

MXene was obtained by etching the commercial MAX (Ti;AlC;
11 Technology Co., Ltd., China) by using HF (49 wt.%,
MACKLIM Co., Ltd., China). 2 g MAX was added into 20 mL
HF solution and stirring by a magnetic stirring table at 40 °C for
24 h to remove the aluminium element. After that, the obtained
solution was centrifuged and washed by deionized water many
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times until the pH of the solution is about 6-7. Subsequently,
the sediment dispersed in deionized water and ultrasonicate
for 1 h to acquire the blackish green supernatant.

2.2 Preparation of composite film and fabrication of
the TENG

Different amounts of MXene from 0 to 35 mg were added into
2 mL pure PTFE aqueous emulsion (DISP 40, Dupont, American)
and stirred for 5 min at 1,000 rpm. And then the commercial
spray gun (W-101, Qi Yan, Japanese) was used to spray on Cu
substrate and then put it into chemical vapor deposition (CVD).
Argon gas as the protective gas will be turned on for 30 min
before and during the whole annealing process at the rate of
100 ccm. Next, CVD begins to heat up from room temperature
to 380 °C at the rate of 3 °C/min, then the temperature was kept
for 30 min, subsequently cool down to room temperature for
about 7-8 h. Finally, the composite film could be obtained.
The obtained composite would be polarized at 6 kV for 3 min
and fixed on a linear-motor ready for the contact-separation
test with another Cu plate.

2.3 Material characteristic

Surface morphology images of the MXene and composite film
were carried by the ultra-high resolution field emission scanning
electron microscope (SEM, SU 8020, Hitachi, Japanese) with
an accelerating voltage of 10 kV. Raman spectra were acquired
by Labram Hr Evolution (HORIBA, France). Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectra
were acquired by VERTEX 80v (Bruker, German). Differential
scanning calorimeter (DSC) spectra were acquired by Q2000
(TA, USA). X-ray diffraction (XRD) spectra were acquired by
X Pert Pro (Holland) X-ray diffract meter with Cu Ka1 radiation
(A =0.154 nm) from 5° to 90°.

2.4 TENG performance measurement

Electrical performance was measured by a low-noise electrometer
(Keithley 6514, USA). Tensile test was carried on a universal
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Schematic illustration of the composite film. (a) Illustration of the MXene based mechanically and electrically enhanced PTFE film. (b) The

fabrication process of the composite film. (c) Photograph of the PTFE/MXene aqueous emulsion (10 mg MXene). Scale bar: 1.5 cm. (d) SEM image of the
sprayed PTFE/MXene film before heat treatment. Scale bar: 2.5 pm. (e) SEM image of the sprayed PTFE/MXene film after heat treatment. Scale bar: 10 pm.

(f) Photograph of the obtained film. Scale bar: 1 cm.
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testing machine (Mark 10, USA) at the speed of 10 mm/min.
Friction test was carried by a UMT-Tribo Lab (Bruker, German)
under 1 Hz with a steel grinding ball with the diameter of 6 mm.

3 Result and discussions

Figure 1(a) schematically presents the structure of the composite
film. Figure 1(a)(i) is the molecular structure of MXene (Ti:C.Tx)
and Fig. 1(a)(ii) shows the interconnection between MXene
flakes and PTFE. The composite film is made of PTFE and
MXene flakes, and the MXene flakes were distributed evenly
among the film. The fabrication procedures are shown in Fig. 1(b).
MZXene flakes were obtained by using the traditional method to
etch the “A” layer from its parent phase-MAX. Then, MXene
aqueous solution with specific concentrations (the corresponding
doping amount of MXene is 0-35 mg) were added into PTFE
aqueous emulsion. With a thoroughly stirring process, MXene
flakes uniformly dispersed in the mixed solution, and the color of
the mixture turned from white to gray as shown in Fig. 1(c).
Next, by using the commercial spray gun, the MXene/PTFE
mixture was directly sprayed on the copper plate to form the
MZXene/PTFE composite film, in which the copper plate plays
the role of both substrate and electrode, before annealing process.
The surface detail of the composite film was shown in Fig. 1(d). It
is obvious that numerous PTFE nano sphere-particles with
average size of about 200 nm densely dispersed on the substrate.
In addition, the thickness of the film could be controlled by
using the different amounts of PTFE aqueous emulsion and
the relationship between them was shown in Fig. S1 in the
Electronic Supplementary Material (ESM). Considering the film
quality, 2 mL PTFE aqueous emulsion was used in the fabrication
process and the thickness of the corresponding film is about
36 (£2) um. After that, the composite film was annealed in a
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CVD at 380 °C for half an hour and the enhanced film could
be obtained. As depicted in the SEM image in Fig. 1(e), the
shape of PTFE turned from sphere particles to well-connected
fusiform-liked particles. The acquired film could be peeled off
from the substrate (Fig. 1(f)) and shows the excellent mechanical
performance which will be discussed later.

To better understand the obtained MXene material and MXene/
PTFE composite film, various characteristic methods were carried
to investigate their inner properties. As depicted in Fig. 2(a), it
is obvious that the obtained MXene shows an accordion-liked
structure, making it have a larger specific area which is helpful
for PTFE chain attaching on its surface. Raman spectrum is
often investigated to characterize various termination groups
and chemical properties of MXene material [56]. As seen in
Fig. 2(b), the sharp and intense peak in 153 cm™ indicates the
massive production of the relatively large MXene flakes. Next,
the distinct sharp peak Alg (Ti, O, C) of MXene appeared
around 203 cm™. Resonance peak of Alg (Ti, Al) appeared
around 600 cm™', however, with the disappearance of Al, peak
changes from 610 cm™ (MAX) to 625 cm™ (MXene) and the full
width at half-maximum of the peak decreased around 40 cm™.
What’s more, a small peak around 509 cm™ indicates the
production of small flakes. Additionally, the structural changes
of the MAX phase to MXene could also be verified by the
XRD patterns in Fig. S2 in the ESM. The disappearance of the
characteristic (104) peak located at 39° also indicates the Al
atom layer is effectively removed. And the significant shift of
(002) peak from 9.5° to 7.8°, which is consistent with previously
reported works [57], also illustrating the successful production
of Ti;C.Tx MXene nanoflakes. What's more, the energy dispersive
spectroscopy (EDS) mapping result (Fig. S3 in the ESM) implies
a similar conclusion and shows that there are tremendous -F
functional groups that are jointed on the surface of MXene.
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Figure 2 The characteristic of the composite film. (a) SEM image of the accordion-liked MXene. Scale bar: 2 pm. (b) Raman patterns of MAX and
MXene. (c) Upper part: three-dimensional image of the MXene/PTFE film with 10 mg MXene doped; Bottom part: crossing section contour of the film.
(d) and (e) SEM image and EDS mapping images of the composite film with 10 mg MXene doped. Scale bar: 10 um. (f) Attenuated total reflectance FTIR
patterns of the composite films with doped MXene from 0-35 mg. (g) DSC patterns of composite film with doped MXene from 0-35 mg. (h) XRD patterns

of the composite film with doped MXene from 0-35 mg.
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It is known that the surface properties of the triboelectric
layer have a huge influence on the output performance of the
fabricated TENG. By using the confocal microscopy, we find that
there is a good deal of micro-humps scattered on the surface
of the composite film (Fig. 2(c) upper part) and their scale
fluctuating in the vertical direction within 7 pm (Fig. 2(c) bottom
part). This is because PTFE nanoparticles are agglomerating
in the micro-region during the spraying process and this
characteristic contributes to a larger surface area to the obtained
MXene/PTFE composite film, which is pretty helpful for
increasing its surface charge density. It is known that the color of
the MXene flakes is black so that color of the obtained composite
film gradually became dark with the increasing amount of
MXene, showing that the MXene and PTFE are mixed uniformly
(Fig. S4 in the ESM). After that, enlarged images of composite
films with the Cu substrate were acquired by an optical microscope
(Fig. S5 in the ESM). Because of the agglomerating of nano
flakes, it is obvious the size of the MXene flakes inside the film
is growing with the increase doping amount of MXene flakes.
One more thing worth mentioning that the MXene seen in Fig. S5
in the ESM is just on the focal plane inside the film actually.
As for the reason of the reflection of the substrate and optical
transparency of the composite film to some extent, it just looks
like it’s on the surface. Furthermore, EDS was used to investigate
the element mapping on the MXene/PTFE composite film
(Figs. 2(d) and 2(e)). Consistent with the molecular formulas
of MXene and PTFE, the color in C and F are more intensive
which indicates that they are the main part of the film. The
evenly dispersed Ti also demonstrates the MXene flakes were well
mixed with PTFE aqueous, which is important for preparing
film with good quality. What's more, the functional groups on
the surface of the MXene flakes like ~-OH or -0, and also may
partially oxide MXene to contribute to the existence of O

Nano Res. 2021, 14(12): 4833-4840

element. For further verification, ATR-FTIR was also carried
out, and the result patterns in Fig. 2(f) show that MXene from
0 to 35 mg has little impact on the PTFE phase change. Generally,
the CF. chain in PTFE is pretty symmetric, and there are no
side chains on the main chain, so CF: is easy to densely pack
and crystallize. Therefore, CF. in PTFE film would rearrange
to form some special structures which have unique property
after annealing process. DSC was used to verify the effect of
MZXene doping on the crystallinity of the PTFE film. The
curve (Fig. 2(g)) shows that the presence of MXene flakes has no
effect on the crystal melting point of 329 °C. But the melting
enthalpy of the composite film is related to the doping of
MXene flakes. For pure PTFE, the melting enthalpy is 24.24 J/g,
which is higher than the doped PTFE film (film with 10 mg
MZXene: 22.61 J/g and film with 35 mg MXene: 20.97 J/g). The
corresponding crystallinity of the pure PTFE film, 10 mg
doping film and 35 mg doping film is 61%, 56% and 52%,
respectively. Meanwhile, the changing crystallinity has a great
impact on the mechanical property [58, 59] of the film which
will be discussed later. Besides, an evident characteristic peak,
which is the main crystallinity peak of PTFE, was observed at
20 angle of 18.4° in the XRD patterns of all samples. The peak
areas of these patterns, which also could be referenced as
evidence to represent the crystallinity of the composite films [60],
indicate a similar result with the DSC analysis.

To investigate the effect of MXene sheet in PTFE film on
the mechanical properties of composite membrane, the shape
of MXene/PTFE composite membrane was customized to a
standard rectangle (Fig. 3(a)), and then stretched by a universal
testing machine to breakage. As depicted in Fig. 3(b), it is
evident that all the MXene doped composite films show better
mechanical property than the pure PTFE film. Particularly,
the composite film with 10 mg MXene demonstrates the best
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composite film with doped MXene from 0-35 mg in tensile test. (e) The net missing volume and (f) the width of the scratch of the composite films with
doped MXene from 0-35 mg in friction test. (g) Photographs of the composite film with doped MXene from 0-35 mg (from left to right) rubbed for 1 h
under 1 N pressure.

Figure 3 The mechanical property of the MXene enhanced film. (a
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performance. In detail, the maximum strain rate of all composite
films has improved to some extent than the pure PTFE film,
and the composite film with 10 mg MXene reaches the highest,
which is as large as 90 % and it is 450% more than that of the
pure PTFE film (strain rate is 20 %). As the doping amount
of MXene flakes increasing further (more than 10 mg), this
property of the composite film begins to drop off (Fig. 3(c)).
Coincidently, the maximum tensile stress illustrates the same
trend as the maximum strain rate. The composite film with 10 mg
MXene shows the maximal tensile stress of 48 MPa, which
is also 50% larger than that of pure PTFE film (32 MPa). What’s
more, with the amount of MXene flakes increase to 35 mg, the
tensile stress of the composite film becomes lower than that
of the virginal PTFE film (Fig. 3(d)). As seen in Fig. S6 in the
ESM, the mechanism of the mechanical enhancement effect is
attributed to the addition of the MXene flakes. It is known
that the MXene is a new kind of two-dimensional ceramic
material and its surface has a lot of functional groups such
as —F, which has been verified before. At the same time, —-CF,
which is a carbon atom connected with two fluorine atoms, is
the basic unit of the PTFE film. Based on the analysis, one of the
possible enhancement effects is related to the intermolecular
force. At the interface between MXene sheet and CF. chain,
the fluorine atoms are in the overlapping force field area
caused by the titanium atoms and the carbon atoms, so that
the fluorine atoms act as a bridge that firmly binds the two
materials together. In addition, the surface of MXene flakes is
rough, which can provide many salient points for the CF. chain
attach, resulting in a good adhesion between the CF. chain and
the MXene flakes. Therefore, when the composite membrane
is stretched under the action of external force, inside the PTFE
membrane, numerous MXene flakes hinder the dislocation
movement of the CF, chain which often result in cracks, and
form many strength enhanced areas which is similar to the
reinforced concrete structure. Thus, as seen in Fig. S6(a) in the
ESM, plenty of reinforced areas are constructed to make the
composite film have better mechanical properties. However,
with the further increase of MXene doping, MXene flakes
tend to agglomerate together, which is due to the weak van der
Waals force. These agglomerated grains are the potential split
areas that are easily propagated to cracks under external force,
resulting in the break of the film. And this has been observed
on the SEM images (Fig. S7 in the ESM) of the composite film
with doped MXene of 0, 10, and 35 mg. It is obvious that the
increase of MXene will lead to the production of some little
cracks on the surface of the composite film. The crystallinity
of the PTFE is another critical reason related to its mechanical
enhancement. It is known that the crystalline region in PTFE film
has good strength and hardness but has poor deformability,
while the amorphous area has an opposite property. As illustrated
in Fig. S6(b) in the ESM, without heterogeneous material,
there are many crystalline bulks formed during the annealing
stage and this process would cause a local and limited amorphous
region distribution inside the film. This kind of structure will
make the film have poor deformability. However, the doping
MZXene will break the bulk crystalline region into many small
pieces and decrease the crystallinity of the film (from 61% to
52%) which has been verified in the DSC testing. Hence, the
evenly distributed amorphous area makes the film have better
stretchability.

Step further, friction test was also carried to check the wear
resistance property of the composite film. As seen in Fig. S8 in
the ESM, a steel grinding ball is applied to rub the surface of
composite films back and forth with a vertical force of 1 N for
3,600 s. As shown in Fig. 3(e), the missing volume of rubbed
film has been calculated and the composite film with 15 mg
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MXene doping shows the least miss part of 1.07x10™> mm”.
On the contrary, the pure PTFE film loses 4.12x10° mm’,
which is almost 4 times larger. However, as the doping amount
of MXene starts from 15 mg, the missing part further increases
because the debris are more easily to be generated by defects
that are more likely to appear on the surface of the heavily
doped composite film. Coincidently, a similar trend shows on
the width of the rubbed trace of each film (Figs. 3(f) and 3(g)).
What's more, vertical load from 0.2 to 4 N acted on the surface
of the films and rubbed for 30 s in every test. As shown in Fig.
S9 in the ESM, under the weak force, wear scar width of the
film is decreasing as the doped MXene increasing. As the force
is increased to 3 N, the pure PTFE film wears first, and the
composite film doped with 5 mg MXene also shows signs of
cracking (red circled area). Oppositely, other composite films are
quite stable. But all the film can't bear the friction and torn by
the steel grinding ball at 4 N. This result also shows the strength
enhancement effect of the doping MXene.

Furthermore, the electrical performance of fabricated TENG
with size of 5 cm x 5 cm x 0.5 cm was tested in contact-separation
mode by a commercial linear motor as seen in Fig. S10 in the
ESM. The typical four working steps of this kind of TENG are
shown in Fig. 4(a). At the initial stage, the two triboelectric
layers with opposite electronegative property contact with
each other and the electron will transfer from the volatile
electron layer (Cu) to the electronegative layer (PTFE). Because
of the electric field shielding, there is no electron movement in
the external circuit at this moment. At stage ii, Cu layer begins
to separate from the interface and electrons are kept on the
surface of PTFE film which causes an unbalanced electric field
on the PTFE surface. To keep the electric field back into
equilibrium, some charges driven by induced electric field are
flowing from bottom electrode to ground. At stage iii, Cu layer
moving to the farthermost position, charges induced on the
bottom reach the maximum and electrons keep flowing to
the ground on external circuit in this process. At stage iv, as the
top Cu layer getting close to the PTFE layer, the equilibrium
electric field is broken again and electrons flow back to the
bottom Cu electrode through the external circuit. As the top
Cu layer contact with the PTFE layer, this system goes back into
the initial condition and is ready for next circle. During these
processes, electron flows back and forth in the external circuit
driving the load to work. To have a better understanding of
the enhancement effect of the MXene/PTFE based TENG,
capacitor models are established in Fig. S11 in the ESM. As
shown in Fig. S11(a) in the ESM, the typical capacitor model
can be described like this [61]

C = (e0-&rS)/d (1)

Where &, &, S and d represent vacuum permittivity, relative
permittivity, surface area of the electrode, and the thickness of
the dielectric layer. Based on this model, when the electrodes
with the thickness of r were inserted into the dielectric layer,
the total capacitance became larger as it is contributed by four
series capacitors, as shown in Fig. S11(b) in the ESM, and the
capacitance can be described below

C = (e0-&rS)/(d-31) 2)

Thus, if i pieces of electrodes inserted, the equivalent
capacitance should be

C = (g0-&-S)/(d-ir) (3)

We can learn from the equation that the capacitance rises as
the number of the electrode inside the dielectric increases. The
real and simplified distribution models of the MXene flakes are

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 4 Electric output performance of the fabricated TENG. (a) Working mechanism of the as fabricated TENG. (b) Finite element analysis of the
charge distribution on a MXene flake. (c)-(f) The open-circuit voltage, the shot-circuit current and the surface charge density of the TENG fabricated by
composite film with doped MXene from 0-35 mg. (g) the output power of the TENG with external resistance. (h) Using the Pure-PTFE film and 10 mg
MXene doped composite film fabricated TENG charge for capacitors with the capacity of 1 uF and 10 uF, respectively.

shown in Figs. S11(c) and S11(d) in the ESM. k represents the
number of MXene flakes in the vertical direction and i represents
the number of MXene flakes in the horizontal direction. Thus,
the equivalent capacitance can be calculated as follow

C = (e0&-S)/d + eo-erk-a(1/(d-ir)-1/d) (4)

where a represents the area of a single MXene flake.
Consequently, numerous micro-capacitors created by filling
the MXene flakes in the PTFE film have a great enhancement
effect on the capacity of the capacitor, thereby improving the
energy storage in the capacitor and promoting the performance
of the fabricated TENG. As mentioned before, MXene flakes
have a rough surface resulting in a higher specific area, as
shown in the corresponding finite element analysis (FEA)
simulation model in Fig. 4(b). When a high voltage is applied,
a larger specific surface provides more area for charge to
accumulate, resulting in more positive charges induced on the
upper interface of MXene flake and PTFE. Meanwhile, more
negative charges induced on the bottom interface between the
two. Therefore, countless charged interface in the film contributes
to a higher voltage in the whole structure and leading to a
better electrical performance.

To validate the theory, electrical output of the fabricated
TENG with MXene from 0 to 35 mg is investigated. Figure 4(c)
shows the open-circuit voltage of the TENG and output
voltage increase with the increasing fraction of MXene from 0
to 10 mg and reach a peak voltage of almost 400 V. Then with
MZXene increasing further, output voltage decreases and shows
the same performance with pure PTFE film as MXene at 35 mg.
And short-circuit current in Fig. 4(d) shows a similar trend
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with the voltage output (Fig. S12 in the ESM). And the TENG
with 10 mg MXene shows the best current output of 21 A,
which is almost 6 times higher than that of pure PTFE film.
The transfer charge quantity of the TENG with 10 mg MXene
also shows a peak performance of 232 nC (the corresponding
surface charge density is 92.8 pC/m?*) which is 6 times higher
than that of pure PTFE film too (Figs. 4(e) and 4(f)). The output
voltage and current of the TENG with 10 mg MXene are also
measured under different resistance from 0 to 1 GQ. As presented
in Fig. S13 in the ESM, it can be told that the voltage and
current keep stable when the external load under 1 MQ. And
between 1 and 100 MQ, both the voltage and current varied
sharply and gradually back to stable state after the load
more than 100 MQ. In addition, the output power could be
calculated (P = U*/R) and the maximum power of 2.25 mW
reached as the external load at 10 MQ (Fig. 4(g)). To contrast
the output performance of TENG fabricated by composite film of
10 mg MXene and pure PTFE film, TENG were connected
with a rectifier bridge and charge for capacitors, as shown in
Fig. 4(h). Time for charging the capacitors of 1, 10 pF to 10 V
by TENG with 10 mg MXene are just 15 and 154 s respectively.
On the contrary, TENG fabricated by pure PTFE film charging
for the same capacitors are spending at least 550 and 1,786 s
which is more than 37 and 11 times slower than that of the
composite film. This result clearly shows that electrical per-
formance of the TENG could be greatly enhanced by the doping
of MXene flakes into the PTFE film. Finally, 100,000 cycles test
was carried on to verify the durability of the fabricated TENG.
As illustrated in Fig. S14, there is no significant attenuation
during the test. And the SEM images displayed in Fig. S15 in the
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ESM demonstrate the surface morphologies of the composite
film with 10 mg MXene before (Fig. S15(a) in the ESM) and
after (Fig. S15(b) in the ESM) the 100000 cycles test and there
has no distinct variance which shows the excellent stability of
the MXene/PTFE based TENG.

4 Conclusion

In summary, we fabricate a MXene based mechanically and
electrically enhanced PTFE composite film for TENG. Different
amount of MXene was doped into PTFE and corresponding
performance was investigated systematically. We find that the
addition of MXene could affect the crystallinity of the PTFE
film as well as energy storage of the composite film which
have a great impact on the mechanical performance and
TENG output of the fabricated device. Finally, the composite
film with 10 mg MXene shows the best strain rate of 90% and
tensile strength of 48 MPa, which is 450% and 50% larger than
that of the pure PTFE film. As the MXene increases to 15 mg, the
wear resistance evidently improved and the 80% wear volume
of the film during the friction test is reduced than the pure
PTEFE film. These properties make the film could keep stable in
various complicate environments. Coincidently, because of the
numerous micro-capacitors formed inside the PTFE film by
MXene, TENG with 10 mg MXene also shows the best electrical
performance, open-circuit voltage of 397 V, short-circuit current
of 21 pA and transfer charge quantity of 232 nC which is 4, 6,
6 times higher than that of pure PTFE film. Therefore, the TENG
made by the MXene/PTFE composite film has good mechanical
and electrical performance at the same time which makes it a
good candidate for some complicated environments.
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