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1. Introduction

Fossil fuels, a kind of common and finite energy resource, are

A new triboelectric nanogenerator based on a
multi-material stacking structure achieves efficient
power conversion from discrete mechanical
movementy

Jianfeng Luo,® Yuxiang Su, 2 **® Anguo Liu,® Guanyu Dai,? Xinyao Zhang,?
Xiaonan Su,? Yilei Shao,® Zhenhua Li,? Xizeng Zhao 22 and Keyang Zhao () 24

Due to its invaluable potential in discrete mechanical energy collection, TENG (triboelectric nanogenera-
tor) is considered to satisfy the power requirements of intelligent electronic devices and drive the devel-
opment of the Internet of Things (loT). Nowadays, the promotion of TENGs has been hindered due to the
limitation of their output performance and service life. Herein, a brand new triboelectric nanogenerator
based on a multi-material stacking structure is proposed. By stacking various triboelectric materials in a
specific order, a special charge balance state could be achieved inside the system such that the conduc-
tive layer generates more induced charges, and the output performance is significantly enhanced.
Besides, due to the usage of the electropositive elastomer PU (polyurethane sponge), the design also
effectively alleviates abrasion on the contact surface and adjusts its own output according to different
compression environments. The experimental results show that the stacked PTFE/FKM/PU TENG
(PFP-TENG) presents a more than 50% increase in transferred charge and almost 5 times the current
output compared with the general contact-separation type TENG. When connected to the application
circuit, the maximum output power reached 10.2 W m™ and 1452 W m~%, and more than 1400 LEDs
could be easily lit. Finally, the PFP-TENG was also used to collect mechanical energy from simple motion
and realize considerable power generation. This study not only provides new ideas for the design of
TENGs by reasoning the theoretical model but also presents improved output performance, thus exempli-
fying the strong potential of this design in developing a power-generation device that can collect discrete
mechanical energy.

based on the coupling effect of triboelectricity and induction
to harvest discrete mechanical energy in complex
environments.*® Due to the simple preparation, multiple

consumed rapidly, beckoning the serious crisis of the green-
house effect upon the environment and society. The devel-
opment of renewable energy resources, which can effectively
replace fossil fuels and reduce environmental damage, is an
important cornerstone for building a secure future. In 2012,
the first triboelectric nanogenerator (TENG) was invented
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working modes, and high energy conversion efficiency at low
frequencies, researchers have been paying increasing attention
to TENGs.*'° Nowadays, TENGs are thought to be a new kind
of lightweight energy source that can hopefully provide reliable
power support for the expansion of the Internet of Things
(IOT).11_13

For reacting to ambient mechanical motion in the most
convenient and active manner, vertical contact separation
(CS-TENG) is a ubiquitous working mode used in existing
high-performance TENG designs. Benefiting from the discre-
pancy in electron-capturing ability between the different tribo-
electric layers, these TENGs achieve greater charge transfer
efficiency and output voltage. Hereby, choosing CS-TENG as
the main triboelectric unit is very efficient and appropriate for
collecting irregular mechanical energy.'*'> However, common
triboelectric materials, such as PTFE and nylon, suffer from
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unsatisfactory contact effects that can hinder higher perform-
ance because of the inherent rigidity properties.'®'” On the
other hand, long-term surface wear triggers interfacial damage
in TENGs, which in turn affects the feasibility of their appli-
cation. Elastomers can optimize the contact effect and provide
buffering, thereby effectively resolving the shortcomings of the
traditional design, but the disadvantage is that their triboelec-
tric properties are poor.'®'® Therefore, a method that can inte-
grate the merits of elastomers and non-elastomers will
improve the output performance of the TENG to a new level
and further accelerate the application process.

Herein, a novel TENG with excellent performance is pro-
posed. Different from the general dielectric-dielectric tribo-
electric nanogenerators, the physical advantages of both
elastic and inelastic materials were integrated into this device
by adopting a unique optimization strategy based on a multi-
layer structure and stacking various triboelectric materials. In
the theoretical modeling studies, the as-prepared PFP-TENG
showed a better electrification mechanism and intrinsic per-
formance (V-Q-x), which also means that the conductive layers
induce more charges during contact separation to achieve a
higher power output. The experiments show that the TENG
could enhance the current by more than five times that of the
traditional design. Its instantaneous maximum open-circuit
voltage (Voc), short-circuit current (Isc), and transferred charge
(Qsc) in one working cycle were 1992 V, 99 pA, and 1.44 pC,
respectively. Due to the buffer action of PU, the lifetime and
adaptability were greatly extended. At a low frequency, the
output power of the PFP-TENG reached 10.2 W m™2 and 145 W
m~>, which could readily drive more than 1400 commercial
LEDs. The 47 pF capacitor voltage could be charged to 1.5 V in
less than 40 s to support small electrical devices. Meanwhile,
PFP-TENG also demonstrated considerable power generation
benefits in simple motion scenes. Our work offers a reliable
method for the performance optimization of TENGs, providing
new ideas for the technology of discrete mechanical energy col-
lection and device development.

2. Experimental section

The composition of PFP-TENG is shown in Fig. 1a; the TENG
(area: 7 em x 7 cm) was composed of Plate A and B. Plate A
consisted of a conductive copper foil and an acrylic substrate,
which formed a simple triboelectric unit. PTFE, FKM, conduc-
tive copper, and PU were stacked successively and attached to
the substrate to fabricate Plate B. The common double-sided
adhesive was used to ensure bonding between the triboelectric
materials. The wires from the conductive copper in Plate A and
Plate B, respectively, were connected to the external circuit.
The SEM images of PTFE, FKM, and PU are shown in Fig. 1b
and Fig. S1-2.f To ensure the environmental adaptability of
PFP-TENG in the working conditions and the universality of
the preparation method, all experimental materials were pur-
chased from an electronic mall, and no temperature or humid-
ity control was involved in the preparation and testing
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processes. The testing temperature was about 20 °C-26 °C, and
the humidity was about 53%-79%. The experimental platform
was set on a mini workbench, and the reciprocating mechanism
driven by a gear motor provided external excitation. Plate A was
fixed on the flange and connected to the front end of the reci-
procating mechanism. On the other side of the workbench, a
right-angle holder and an L-shaped bracket were used to fix and
brace Plate B so that it was parallel to and aligned with Plate A.
The pressure range was 0-4.2 N, and the initial distance
between the plates was 8 cm. The TENG output performance
parameters presented in Fig. S31 were measured on DMM6500
and TBS1102X. TBS1102X was equipped with a high-resistance
probe (100 MQ) to measure the voltage parameters. The NPLC
of DMM6500 was set to 0.01 to capture the current parameters.
In addition, the electrometer model Keithley 6514 was used to
test the transferred charge of the TENG.

3. Results and discussion

The effectiveness and advantages of improving TENGs at the
structural level have been fully proven. Generally, structural
changes are aimed at increasing the charge density on the
surface or reaching a charge-excited operating state to achieve
a significant improvement in performance.”*>* In this work, a
novel design based on a three-layer stacked structure working
in the vertical contact separation mode was developed to
obtain optimal results. The working principle of PFP-TENG is
illustrated in Fig. 1c and d. When copper in Plate A presses
and squeezes Plate B, according to the rule of electron flow
from the low work function side to the higher work function
side, the electrons begin to transfer from copper to the electro-
negative PTFE on Plate B.”> Meanwhile, extrusion occurs
between PTFE and FKM, and FKM easily turns positive-
charged by transmitting electrons to PTFE."***?° Besides, PU
undergoes compression deformation during extrusion, and a
small amount of positive charge is also induced.”**’
Therefore, conductive copper, FKM, and PU on Plate B are
positively charged, and PTFE is electronegative. To maintain
the electrical equilibrium of the system, the conductive layer
on Plate B absorbs electrons and generates induced current
from Plate B to A in the external circuit.”® Similarly, when the
plates are released and separated, the electrons return, and the
opposite current is generated. By repeating this process, the
PFP-TENG can continuously generate electricity. Fig. 1e and
Video S11 show the potential distribution when the distance
between the plates is 0.4 cm, as simulated in COMSOL by
setting the charge density on the copper layer to 54.42 x 107° C
m™>, In this case, as seen in Fig. 1c, there is a high potential
difference between the conductive layers, resulting in a pulsed-
induced current. The specific COMSOL modeling process is
presented in the ESL{

Different from the dielectric-dielectric and conductive-
dielectric material combinations in traditional vertical contact-
separated TENGs, a novel design of conductive-dielectric-
dielectric materials was chosen, ss shown in Fig. 2a. The
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Fig. 1 (a) Internal structure and material composition of PFP-TENG. (b) The SEM of PTFE, FKM, and PU. (c) The working mechanism of PFP-TENG.
(d) The Isc generated in one working cycle. (e) The potential distribution simulated using COMSOL.
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Fig. 2 The theoretical model of PFP: (a) the traditional vertical contact-separated TENG, (b) the PFP-TENG. (c) The comparison of Isc between (d)
PTFE-PU TENG and (e) PTFE-FKM TENG with PU substrate. (f) The effect of PU on /sc.
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output voltage of a vertical contact-separated TENG can be
expressed as follows:*’

V =Eydy + Exdy + Egirx

© (4% ) s

Er Er2

61x(t) (1)

- S&‘()

where x(¢) is the distance between the contact surfaces, d;, d,,
&1, and g, correspond to the thickness of the triboelectric
layers (1 and 2) and the relative dielectric constants of the con-
stituent materials, respectively. The surface frictional charge
density oy plays an important role in determining the output
parameters of TENG, including open-circuit voltage (Voc),
short-circuit transferred charge (Qsc), and capacitance (C).**>
The theoretical model of the PFP-TENG is illustrated in
Fig. 2b. Under the coordination of copper and the FKM layer,
the frictional charge density o, on the surface of PTFE is
greater than oy, and the total charge is —Q,. Additionally,
based on the analysis of the working principle, a smaller
amount of charge is transferred to the electropositive FKM
layer, which can be expressed as Q, — So., where o, is the fric-
tional charge density difference between the two dielectric
layers. Then, the electric field intensity (E) in the dielectric 2
(FKM) is given by:

_QZ — 8o

E2 —
Sepery

(2)

According to the potential difference between the two elec-
trodes, the V-Q-x relationship of the TENG is expressed as
follows:

O (dl d2 sz(t) O'C_dz (3)

V= ————+—4mm)+———+

Seo \&r1 €n2 €0 E0&r2

Then, the corresponding output performance can also be
derived as shown below:
Srzo'zx(t) =+ O'Cdz
VOC -
€ofr2
Q o (Srzo'zx(t) + Ucdz)SSrl
SC —
E‘rgdl + €r1d2 + srlerzx(t)
_ Seoer1éra
é‘rzdl + Srldz + 8r18r2x(t)

Evidently, this design is superior to the general vertical
contact-separation mode TENG in terms of output voltage and
charging capability. After proving the effectiveness of the
stacked structure by the above theoretical model, the actual
performance of the two designs was compared. As seen in
Fig. 2c, compared with the dielectric-dielectric contact surface
combination (PTFE-FKM), PFP-TENG displayed almost 5 times
the maximum short-circuit current (Isc) and 55.1% augmenta-
tion in the amount of transferred charge. Notably, the
extruded PU transported a small amount of charge to
Electrode 2, turning electropositive to maintain the electrical
balance inside the TENG system. In TENGS, if a certain dielec-
tric layer is removed or the stacking sequence is changed to
achieve a new charge distribution, the output voltage and the
amount of charge transferred will be impaired. The influence
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of the thickness of PTFE on the device performance was
explored, as shown in Fig. S7.1 Our PFP-TENG showed the best
performance when the thickness of PTFE was 1 mm. This can
be because a thinner tribo-layer cannot generate and accumu-
late enough triboelectric charges, and can detach, tear or get
damaged easily. However, if the tribo-layer is too thick, the
generation and flow of induced charge on the conductive layer
may be hindered, which will also impair the performance.
Based on the above analysis, the output performance of a tri-
boelectric nanogenerator can be improved significantly by
introducing more dielectric layers and adopting specific stack-
ing structures. The detailed theoretical derivation and the
effect of PU are described in the ESL.}

As shown in Fig. 3a, to carry out the quantitative analysis
and research better, PFP-TENG was employed under different
extrusion conditions by changing the number of acrylic plates
(3 mm per plate) at the bottom of Plate B. The maximum
pressure on the PFP-TENG surface was 4.2 N, which does not
cause deformation of the substrate and additional acrylic
plates. According to the number of plates, we could define five
working states: N1-N5. In the initial state of no additional
acrylic plate, the output performance of PFP-TENG was
minimal because there was no triboelectric effect at the inter-
face. The effect of the amount of extrusion is also reflected in
the amount of transferred charge (Qsc). As seen in Fig. 3b,
when PU was squeezed (N2 — N3), the Qg¢ of the TENG signifi-
cantly improved, and the peak-to-peak value jumped from 86
nC to 189 nC. In N5, it reached 223 nC. Fig. 3c illustrates the
influence of frequency and extrusion amount on Voc. There
was no contact between Plate A and B at N1; hence, only a
small amount of charge transfer was induced by inductive
electrification, and the maximum Vy¢ only reached 195.3 V.
With two additional plates (N2), contact was established
between PTFE and FKM, but PU was not compressed. Because
of the coupling effect of triboelectrification and induction, the
output was remarkably improved. The Voc at 1 Hz increased
from 93.75 V to 390.6 V, while that at 3 Hz reached 1054 V. In
N3, the PU layer deformed due to the squeezing of Plate A, the
duration of contact was prolonged, and the bonding effect was
optimal. Meanwhile, the electropositive PU was discharged,
causing the copper layer on Plate B to induce more electrons,
further enhancing the output. Owing to this, the V¢ of N3 was
almost 2.5 times that of N2, and the V¢ reached 985 V at 1
Hz. With the N4-N5 transition, the V¢ increased from 1532 V
to 1640 V, respectively. However, with the deformation degree
of PU deepening and nearing the limit, the increase in Voc
slowed down, finally achieving its maximum point. As seen in
Fig. 3d and e, under complete extrusion (N5), Voc and Isc
gradually reached the maxima with the increase in frequency
(1 Hz-3 Hz). At 1 Hz, the maximum instantaneous Vo and Igc
were 1171 V and 30.9 pA, respectively, while at 3 Hz, they
improved to 1992 V and 99 pA; the promotion of Isc was more
than three times. Correspondingly, the amounts of transferred
charge were 1.44 pC, 2.44 pC, and 3.42 pC. This can be
explained by the accelerated transfer charge in the external
circuit with the frequency. The maximum force between the
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plates enhanced from 1.4 N to 4.2 N, and the stronger crush
also improved the synergy between the triboelectric layers.>>*”
Therefore, these results exemplify that PFP-TENG with elastic
characteristics can adapt to the changing environment and
effectively adjust its output performance according to different
extrusion conditions.

Next, the durability of PFP-TENG was investigated. Due to
the elastic deformation of PU, which offers a buffer in the
process of compression, the PTFE surface wear was reduced.
As shown in Fig. 4a and Fig. S9,T even when PFP-TENG experi-
enced a violent collision (N5, 3 Hz) for more than 1.5 hours,
its surface of PTFE was not seriously damaged, and the Isc
value did not decrease significantly and was maintained at
about 95 pA. Furthermore, the maximum instantaneous
output power of PFP-TENG under different loads is illustrated
in Fig. 4b and c. With the external load increasing from 10 MQ
to 1000 MQ, the maximum Ig; decreased from 57.3 pA to
2.2 pA, and the point of peak-to-peak power located at 100 MQ
was 49.28 mW. This means a power density of 10.2 W m™>
(145.2 W m™) was achieved, which exceeds the values of pre-
vious designs, as shown in Fig. 4d.>***"*" Differentiating the
general optimization on the material, our TENG design rea-
lizes excellent output performance because of the stacking of
multiple tribo-layers, which is more efficient and cheaper in
terms of device fabrication. It eliminates tedious chemical
treatment and enables large-scale device production, further
promoting the utility progress of TENGs. To investigate the
practical application potential of PFP-TENG, it was used to
charge commercial capacitors with capacitance values 4.7 pF,
10 pF, 22 pF and 47 pF; their potentials reached 18.32 V, 9.07
V, 5.49 V and 2.71 V (Fig. 4e), respectively, within 60 s. In
addition, as shown in Fig. 4f, the TENG could light more than

This journal is © The Royal Society of Chemistry 2024

1400 blue LEDs (light-emitting diodes) to a high brightness
state, which also proves that it has excellent power density.

By connecting the PFP-TENG to a full-bridge rectifier
circuit, electrical energy could be stored in the charging
capacitor first and then utilized to drive low-power loads. As
shown in Fig. 5a-b and Videos S2-S3,} after charging a 47 pF
capacitor for 30 s, PFP-TENG could power an electronic clock
to complete the 20 s timing task, and at the same charging
time, a calculator (ADG98837), which was shielded from auxili-
ary power, could also be turned on to perform simple calcu-
lations. Apart from this, as shown in Fig. 5c-e and Videos
S4-S6,1 mechanical energy from the daily movements of the
human body, such as flapping, trampling, and walking, could
be used to light the LED array. This shows that, as a basic tri-
boelectric unit, PFP-TENG has the potential to harvest discrete
mechanical energy and provides a good foundation for the
future development of a power generation device.

4. Conclusions

In summary, a new TENG design based on a multi-layer struc-
ture has been proposed. By adopting a specific stacking
sequence, more induced charges could be generated on the
conductive layer of the PFP-TENG, which resulted in a five-fold
increase in Isc and a 55.10% higher total transfer charge than
that of the traditional design under the same conditions.
According to different extrusion environments, TENG is flex-
ible and adjusts its output so that the V¢ can be selected in
the range of 195 V to 1992 V. Under maximum compression, it
could reach an Isc of 99 pA and a Qgc of 1.44 pC in one
working cycle. When connected to the load circuit, PFP-TENG
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exhibited maximum output power densities of 10.2 W m™> and
145.2 W m™>. More than 1400 LEDs could be lit in a high-
brightness state using a contact area of 7 cm x 7 cm. The
efficient capacitor charging ability indicates that the TENG has
the ability to support micro-intelligent electronic devices.
Besides, this TENG also shows great potential in collecting
mechanical energy from daily human activities, demonstrating
a considerable power conversion effect from pedestrian flap-
ping, trampling, and walking. Therefore, this PFP-TENG
design can promote the development of triboelectricity techno-
logy and the collection of discrete mechanical energy.
Especially, as a basic triboelectric unit, it offers a reliable
method for the performance optimization of TENGs, which is
applied in different scenarios.
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