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A dielectric enhancement effect is firstly proposed to improve the performance of
triboelectric nanogenerators (TENGs) by elevating the triboelectrification effect.
More importantly, the dielectric enhancement effect exhibits universality for all
types of TENG. Moreover, the dielectric enhancement layer with leakage current is
proven to be necessary for DC-TENG to produce continuous output. Through
comparison experiments, output power of 8.5-fold enhancement for AC-TENG
and 2.6-fold enhancement for DC-TENG are achieved compared with normal
devices.
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SUMMARY

As an emerging energy-harvesting technology, enhancing the
output performance of triboelectric nanogenerators (TENGs) is
crucial for its practical application. Here, a dielectric enhancement
effect is firstly proposed to improve the output performance of
TENGs. It is found that the dielectric enhancement layer greatly el-
evates the triboelectrification effect, and the enhanced perfor-
mance is verified by all types of TENGs. Thus, the output power of
alternative current TENG (AC-TENG) and direct current TENG (DC-
TENG) realizes 8.5-fold and 2.6-fold enhancement of normal de-
vices, respectively. Besides this, the dielectric enhancement layer
with leakage performance is proven to be necessary for DC-TENG
to produce a continuous output. Our work provides a simple and
universal strategy for elevating the performance of all types of
TENGs, which is beneficial to the promotion of large-scale energy
harvesting by TENGs.

INTRODUCTION

As the world enters the era of the Internet of Things (loT) and artificial intelligence,
widely distributed and numerous sensors that form the foundation of the loT are
crucial for the collection of mass data information, and a continuous energy supply
is an important requirement for the operation of these sensors.” Based on the com-
bination of triboelectrification (TE) and electrostatic induction effects, the alternative
current triboelectric nanogenerator (AC-TENG) was first invented by the Wang
group in 2012 for the conversion of randomly distributed and ubiquitous mechanical
energy into electricity.” With its advantages of light weight, broad materials avail-
ability, low cost, and high efficiency even when operating at low frequency, TENG
exhibits great potential in the application of loT and artificial intelligence in power-

ing a wide number of sensors.®>™”

As an energy-harvesting device, the wide application of TENG depends on its power
density, which is determined by the triboelectric charge density.'”"" Based on TE
and electrostatic induction, the limited factors of the effective surface charge density
of AC-TENG (¢ ac_Teng) can be described as follows:'?

(Equation 1)

0 AC-TENG = mln(o'triboelectriﬁcation7 Oy, air breakdown ; O dielectric breakdown)~

Researchers have invested great efforts in increasing the o yipoelectrification SUCh as ma-
terial optimization,’” ion injection,'* and surface modification.'® Nevertheless, with
the increase of the surface charge density on the surface of dielectric film, the output
of AC-TENG will be limited by air breakdown. Recently, some strategies including a
high vacuum environment'? and an ultrathin dielectric film ¢ were proposed to avoid
air breakdown and thus further improve the o, 4 breakdown- In addition, to break

Progress and potential

The triboelectric nanogenerator
(TENG) is a burgeoning energy-
harvesting technology, and
enhancing its output performance
is essential for practical
application. In this work, a simple
and universal method has been
developed to improve the output
performance of TENGs by a
dielectric enhancement effect.
The universality of the dielectric
enhancement layer for TENG is
verified by comparison
experiments for all types of TENG.
Furthermore, the mechanism of
dielectric enhanced DC-TENG
(DEDC-TENG) producing
sustained DC output is proposed
and analyzed, which comprises
breakdown electrons passing
through the dielectric
enhancement film to the dielectric
layer in the form of leakage
current. This work provides a
simple and universal strategy for
elevating the performance of all
types of TENG, which is beneficial
to promoting TENGs for large-
scale energy harvesting.
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through the limitation of o yipoelectrification, €xternal circuit optimization is an

effective strategy to boost the surface charge density.

To utilize the air breakdown, the direct current TENG (DC-TENG) was auspiciously
invented by coupling the effects of TE and the electrostatic breakdown effect, which
can effectively harvest mechanical energy to directly drive electronic devices without
any auxiliary rectifiers and energy-storage units.”' Based on the working mechanism
of DC-TENG, the limited factors of the effective surface charge density of DC-TENG

v (6 pc_TenG) can be described as follows:*?

ODC-TENG = k x min(o triboelectrification s O ¢, electrostatic breakdown)- (Equation 2)

To date, many efforts have been devoted to improving the surface charge density of
DC-TENG. High temperature, an appropriate low atmospheric pressure, and
atmosphere control can improve the output performance of DC-TENG by increasing
the o ¢, electrostatic breakdown-~'>* Additionally, microstructure design is another way to
improve opc_Teng by a high k value.?” Aiming to elevate the surface charge density
of both AC-TENG and DC-TENG, an effective strategy via interface liquid lubrication
was proposed by suppressing interface breakdown and improving the efficiency of
TE.?® According to Equations 1 and 2, the surface charge density of AC-TENG and
DC-TENG can be both enhanced by improving the TE and thereby the output per-
formance of TENGs can be boosted.

In this work, we propose a new method to improve the output performance of
TENGSs by a dielectric enhancement effect (defined as using dielectric material to
improve the TENG's performance). By incorporating a dielectric enhancement layer
on the friction electrode, the dielectric enhanced TENG (DE-TENG) can increase the
TE and thus achieve a higher output value of TENGs. The enhanced performance of
the dielectric enhancement effect is verified by all types of TENGs. By using the
dielectric enhancement layer, the output power of AC-TENG and DC-TENG realizes
8.5-fold and 2.6-fold enhancement of normal devices, respectively. In addition, the
mechanism of dielectric enhanced DC-TENG (DEDC-TENG) producing sustained
DC output is proposed and analyzed, whereby breakdown electrons pass through
the dielectric enhancement film to the dielectric layer in the form of leakage current.
For demonstration purposes, a rotary dielectric enhanced AC-TENG (DEAC-TENG)
and DEDC-TENG are fabricated to harvest environmental energy for charging a
capacitor and powering an electronic device. This work provides a simple and uni-
versal strategy to elevate the performance of all types of TENG.

RESULTS AND DISCUSSION

Dielectric enhancement effect for TENGs

A TENG is an effective strategy to convert mechanical energy into electrical energy.
In principle, TENG can be divided into AC-TENG and DC-TENG. As an energy-har-
vesting technology, the energy flow chart of TENG can be summarized as follows
(Figure 1A): TE converts mechanical energy into electrostatic energy, whereby
AC-TENG can convert electrostatic energy to AC output via electrostatic induction,
while DC-TENG can directly transform electrostatic energy to DC output via electro-
static breakdown without any rectification methods (Figure 1B). Therefore, the
output performance of AC-TENG and DC-TENG can be simultaneously improved
through enhancement of TE.

Here, nitrile is used as a dielectric enhancement layer for improving the TE, and thus

elevates the performance of both AC-TENG and DC-TENG (Figure 1A), which has
been demonstrated by dual-mode TENG. The three-dimensional (3D) structure of
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Figure 1. Structure and working mechanism of TENG with dielectric enhancement layer
(A) Energy conversion diagram of AC-TENG and DC-TENG.

(B) Characteristics of AC-TENG and DC-TENG.

(C) Schematic illustration of dual-mode dielectric enhanced TENG.

(D) Working mechanism of dual-mode dielectric enhanced TENG.

(

E-G) Output charge (E), short-circuit current (F), and open-circuit voltage (G) comparison of dual-mode dielectric enhanced TENG and normal dual-
mode TENG.

the dual-mode TENG with a dielectric enhancement layer is schematically illustrated
in Figure 1C, which mainly contains a stator and a slider working in the sliding status.
The stator consists of an induction electrode (IE) connected to polytetrafluoroethy-
lene (PTFE) as triboelectric Iayer.26 The sliding part is composed of a back electrode
(BE), a charge collecting electrode (CCE), and nitrile as dielectric enhancement
layer.”” The detailed fabrication process is described in experimental procedures.

The principle of dual-mode DE-TENG is based on TE, electrostatic induction, and

electrostatic breakdown. As shown in Figure 1D, the whole working cycle can be
divided into four stages. In the initial state, PTFE and nitrile come into physical
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contact and carry the opposite electric charges due to TE. As the slider moves to the
right in the horizontal direction, there will be a potential difference between IE and
BE. To balance the potential difference, a current signal will appear in the external
circuit, which always exits until the slider moves to the edge of the IE electrode.
When the slider moves back, there will be an opposite current signal due to the
reverse flow of electrons. At the same time, PTFE can preserve the negative charges
on the surface due to the electret effect. Therefore, as the slider moves to the left,
there will be a high electric field between PTFE and CCE. Once the value of electric
field exceeds 3 kV mm™', the surrounding air will be ionized and the negative
charges on the PTFE surface will transfer to the CCE. The charges then flow from
CCE to BE via the external circuit. Based on the aforementioned, the whole cycle mo-
tion can produce both DC and AC signals.

To measure the effect of the dielectric enhancement effect on the output perfor-
mance of dual-mode TENG, the devices are driven by a linear motor separately
for horizontal sliding movement. The ordinary dual-mode TENG consists of IE,
dielectric layer (here PTFE), friction electrode (FE), and CCE (Figure S1A). Compar-
isons of the charge, short-circuit current, and open-circuit voltage of two devices are
shown in Figures 1E-1G and S1B-S1D. Obvious higher output of the dual-mode
TENG is observed by using the dielectric enhancement layer. The transferred
charges of DC increase from 10 nC to 24 nC, an enhancement of 140%, while the
transferred charges of AC increase from 51 nC to 80 nC or 57% enhancement. More-
over, the short-circuit current and open-circuit voltage exhibit similar increasing ten-
dency. The short-circuit current and open-circuit voltage of DC increase from 0.027
to 0.074 pA and from 27 to 67 V, respectively, while the short-circuit current and
open-circuit voltage of AC increase from 0.165 to 0.236 pA and from 147 to 235
V, respectively.

Universality of the dielectric enhancement effect for TENGs

To further verify the universality of the dielectric enhancement effect for TENGs, we
also compared the output performance of traditional AC-TENG and DC-TENG with
the corresponding DEAC-TENG and DEDC-TENG. Based on the working mode,
traditional AC-TENG can be classified into vertical contact-separation mode (CS),
single-electrode mode (SE), sliding freestanding triboelectric-layer mode (SFT),
and sliding mode (SL) (Figures S2A-S2D). For these four modes of AC-TENG the
surface of two dissimilar materials takes opposite charges due to TE. When the
separation distance or contact area of these two materials changes with a recipro-
cating motion, an induced potential difference will be generated, resulting in an
alternative current in the external circuit. The detailed working mechanisms of these
four AC-TENGs are depicted in Note S1. The structures of four types of DEAC-TENG
are depicted in Figures 2A, 2E, 2|, and 2M, where the main difference in structure
compared with the traditional TENGs is that all of them have a dielectric enhance-
ment layer on the FE.

The comparison of the transferred charges, short-circuit current, and open-circuit
voltage between DEAC-TENG and AC-TENG are shown in Figures 2B-2D, 2F-2H,
2J-2L, and 2N-2P. The transferred charges of four modes DEAC-TENGs (CS-
mode DEAC-TENG, SE-mode DEAC-TENG, SFT-mode DEAC-TENG, and SL-
mode DEAC-TENG) are 12.4 nC, 10.7 nC, 74.1 nC, and 59.6 nC, increases of 16%,
49%, 42%, and 62%, respectively compared with normal AC-TENGs. Additionally,
the short-circuit current and open-circuit voltage of the four modes of DEAC-
TENG exhibit similar increasing tendency with the transferred charge as displayed
in Figures 2C-2D, 2G-2H, 2K-2L, and 20-2P. These results demonstrate the
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Figure 2. Output performance of several types of DE-TENG

) Schematic illustration of CS-mode DEAC-TENG.
B-D) Output charge (B), short-circuit current (C), and open-circuit voltage (D) comparison of CS-mode DEAC-TENG and normal CS-mode AC-TENG.
E) Schematic illustration of SE-mode DEAC-TENG.
F-H) Output charge (F), short-circuit current (G), and open-circuit voltage (H) comparison of SE-mode DEAC-TENG and normal SE-mode AC-TENG.
) Schematic illustration of SFT-mode DEAC-TENG.
J-L) Output charge (J), short-circuit current (K), and open-circuit voltage (L) comparison of SFT-mode DEAC-TENG and normal SFT-mode AC-TENG.
M) Schematic illustration of SL-mode DEAC-TENG.
N-P) Output charge (N), short-circuit current (O), and open-circuit voltage (P) comparison of SL-mode DEAC-TENG and normal SL-mode AC-TENG.
Q) Schematic illustration of DEDC-TENG.
R-T) Output charge (R), short-circuit current (S), and open-circuit voltage (T) comparison of DEDC-TENG and normal DC-TENG.
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Figure 3. Working mechanism of dielectric enhancement effect for improving the performance of TENG
(A) Transfer charge of nitrile, Cu, PE, and Kapton with PTFE.

(B) Working mechanism of improving the performance of AC-TENG by dielectric enhancement effect.

(C) Potential distribution between dielectric layers of DC-TENG.

(D) Comparison of leakage of nitrile and current of DEDC-TENG.

(E) Working mechanism of DEDC-TENG.

improved output performance of four modes AC-TENG by the dielectric enhance-
ment method.

We also compared the output performance of DEDC-TENG and the normal DC-
TENG. The structures of DEDC-TENG and DC-TENG are displayed in Figures 2Q
and S2E, and the working mechanism of DC-TENG is described in Figure S2F and
Note S2. As depicted in Figures 2R-2T, the DEDC-TENG can generate a good DC
output signal, and its transferred charge, short-circuit current, and open-circuit
voltage are 39.4 nC, 0.101 pA, 113.5V, representing increases of by 90%, 129%,
101%, respectively compared with the normal DC-TENG. Furthermore, the effect
of the gap between nitrile and CCE on output performance of DEDC-TENG was
studied. As shown in Figures S3 and S4, the charge density decreases with the in-
crease of the gap between nitrile and CCE (Note S3). Based on the above analyses,
the improved output performance of all types of DE-TENG verifies the universality of
the dielectric enhancement effect for all modes of TENG.

Mechanism of the dielectric enhancement effect

Although the position of nitrile in the triboelectric series has been mentioned in a
previous review, the specific properties of nitrile as triboelectric material are not
clear.?® To investigate the mechanism of the dielectric enhancement effect, we
used PTFE as the counter triboelectric layer to measure its transfer charges with
nitrile, Cu, polyethylene (PE), and Kapton. As depicted in Figure 3A, transferred
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charges between nitrile and PTFE are much larger than that of Cu, PE, and Kapton,
which indicates that the ability to lose negative charges of nitrile from PTFE is higher
than that of Cu. The result demonstrates that using nitrile as the dielectric enhance-
ment layer can largely improve the TE, thus enhancing the output performance of
both AC-TENG and DC-TENG (Figure 3B).

We also investigated the mechanism of DC-TENG to generate a continuous DC
output in the presence of a dielectric enhancement layer. For DC-TENG, the break-
down electrons pass through the circuit to reach FE and then transfer to the dielectric
layer to produce continuous TE. However, there is a dielectric enhancement layer
between FE and the triboelectric layer of the DEDC-TENG, so how do electrons
get from the BE to the triboelectric layer? Considering the poor insulation perfor-
mance of nitrile, we tested the leakage current of nitrile. Firstly the potential distri-
bution of the dielectric layer was theoretically simulated by COMSOL Multiphysics
software. According to the experimental data, we set the surface charge density
of PTFE to 90 uC m~2, and the potential difference between both sides of nitrile is
60V as depicted in Figure 3C. Based on the potential difference obtained by theo-
retical simulation, a 60 V bias voltage was applied to the silver-plated nitrile on both
sides with a leakage current meter. As shown in Figure 3D, the leakage current of
nitrile exceeds 1 pA, which is higher than the output current of the DEDC-TENG (Fig-
ure S5), indicating that electrons can pass though the nitrile in the form of leakage
current. We also studied the behavior of charge dissipation in a real TENG by using
nitrile-PTFE and PTFE-Cu as the triboelectric pairs. The faster charge loss behavior,
higher initial surface charges, and higher stable surface charges in nitrile-PTFE again
demonstrated the dielectric enhancement effect in DE-TENG (Figure Sé6 and Note
S4). For DEDC-TENG, the breakdown electrons pass through the circuit to reach
BE and accumulate, which strengthens the electric field applied on both sides of
the nitrile and thus increases the leakage current (Figure 3Ei). Finally, a complete
loop is formed. Based on the theoretical simulation and experimental results, the
working mechanism of DEDC-TENG is displayed in Figure 3Eii. The DC-TENG is
based on the principle of TE and electrostatic breakdown to generate a DC output,
after which the breakdown electrons pass through the nitrile film to the dielectric
layer in the form of leakage current to produce continuous DC output.

To demonstrate the universality of the dielectric enhancement effect, we chose ther-
moplastic polyurethane (TPU) and nylon as the dielectric enhancement layers. The
corresponding output performance of CS-mode DEAC-TENG and DEDC-TENG
are shown in Figures S7A and S7B. The results indicate that both TPU and nylon
can improve the TE and thereby increase the output performance of DEAC-TENG
and DEDC-TENG. We also tested the leakage current of silver-plated TPU and sil-
ver-plated nylon with a leakage current meter (the bias voltage is theoretically simu-
lated by COMSOL and the surface charge density refers to the experimental data), as
depicted in Figures S7C and S7D. The leakage currents of TPU and nylon both
exceed their output current of the corresponding DEDC-TENG. In addition, by re-
placing the triboelectric layer with PE, whose leakage current is only around 1 nA,
the output current of DEDC-TENG cannot continue to exist stably. As shown in Fig-
ure S7E, the output charges of normal DC-TENG are almost unchanged after 20 cy-
cles, while DEDC-TENG with PE as triboelectric layer declines rapidly and even
drops by 81.2% after 100 cycles compared with the initial value. The leakage current
of silver-plated PE is measured with a leakage meter (the bias voltage is theoretically
simulated by COMSOL as depicted in Figure S7F, and the surface charge density re-
fers to the experimental data). The leakage current of PE is only 1 nA, which is inferior
to the output current of the DEDC-TENG (Figure S7G). Therefore, the electrons

Matter 5, 1-14, January 5, 2022 7



(2021), https://doi.org/10.1016/j.matt.2021.10.019

Please cite this article in press as: Cui et al., Improving performance of triboelectric nanogenerators by dielectric enhancement effect, Matter

¢? CellPress

cannot pass though the PE to generate a continuous DC output, which also demon-
strates the working mechanism of DEDC-TENG in this work from the opposite
perspective. Otherwise, we use Al instead of Cu as the BE and CCE. The output per-
formance of DEDC-TENG and DC-TENG is depicted in Figure S7H. The enhanced
result of DEDC-TENG indicates that the part of Cu can be replaced by Al as BE,
further demonstrating the universality of the dielectric enhancement effect.

According to the above experimental results, there are two characteristics that the
dielectric enhancement layer must possess to realize the dielectric enhancement ef-
fect: improved triboelectrification and permitting certain charges to be transferred
in the form of leakage current. The former ensures improved performance in all types
of TENG, while the latter aims to ensure the formation of an electric loop in DEDC-
TENG to enhance the output performance of DEDC-TENG.

Output performance and application of rotary mode DE-TENG

To further demonstrate the enhanced output performance of DE-TENG and facili-
tate its application, we fabricated a rotary mode DEAC-TENG and DEDC-TENG
(Figures S8A and ST10A, respectively). The 3D structure of rotary mode DEAC-
TENG is depicted in Figure 4A. The device is composed of a stator and slider.
Both the stator and the slider consist of radically arrayed sectors, and each unit is
similar to the SFT mode. The slider contains a copper foil as top electrode with a
piece of nitrile pasted on it as positive triboelectric layer. The stator contains
conductive fabrics as bottom electrodes and a piece of PTFE pasted on it as negative
triboelectric layer.

Before the comparative experiment, the influence of rotation speed of DEAC-TENG
was investigated. As shown in Figures S8B-S8D, with the rotation speed changing
from 100 r min~' to 300 rmin ", the transferred charges maintain a stable value while
the short-circuit current and voltage increase from 4.6 to 16.8 pA and from 490 to
1148 V, respectively. The comparison of output performance between rotary
mode AC-TENG and rotary mode DEAC-TENG at 300 r min~" is shown in Figures
S8E-S8G. The transferred charges, the short-circuit current, and voltage of the ro-
tary mode DEAC-TENG are all higher than that of the rotary mode AC-TENG, where
the transferred charges increased by 137%. When connected to an external load, the
current value of the two devices is almost stable, with the load resistance increasing
from 0.001 to 30 MQ and then declining from 100 to 400 MQ (Figure S8H). Mean-
while, the maximal power output of rotary mode AC-TENG and rotary mode
DEAC-TENG reach 1.33 and 12.64 mW (Figure S8H), respectively. The maximal po-
wer output of DEAC-TENG increased by 8.5-fold compared with normal devices.
Furthermore, the voltage curves of capacitors with capacitance of 1.1 pF, 2.2 pF,
and 4.7 pF charged by rotary mode AC-TENG and DEAC-TENG with a full-wave
rectifier are depicted in Figures 4B and 4C. For charging the 1.1 pF, 2.2 uF, and
4.7 uF capacitors to 10V, the rotary mode AC-TENG takes 3.45s,7.14 s, and 16.7
s, while the rotary mode DEAC-TENG takes 1.48 s, 2.94 s, and 6.23 s, respectively.
The results indicate that the rotary mode DEAC-TENG takes less time than the rotary
mode AC-TENG to charge the same capacitor.

The 3D structure of the rotary mode DEDC-TENG is depicted in Figure 4D. The sta-
tor contains many sectors, each unit comprising BE, CCE, and nitrile, which is similar
to the sliding mode DEDC-TENG; the CCE and BE are all connected togetherin par-
allel. The slider is composed of PTFE and a piece of foam to ensure contact intimacy
between triboelectric layers. The influence of rotation speed in rotary mode DEDC-
TENG is shown in Figures 4E, S10B, and S10C. With the rotation speed changing
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Figure 4. Output performance and application of rotary mode DE-TENGs
(A) Schematic illustration of rotary mode DEAC-TENG.

(B and C) Charging curves of capacitors with various capacitance by rotary mode AC-TENG (B) and DEAC-TENG (C).

(D) Schematic illustration of rotary mode DEDC-TENG.

(E) Output charge of rotary mode DEDC-TENG at different rotation rates.

(F and G) Output charge (F) and short-circuit current (G) comparison of rotary mode DC-TENG and DEDC-TENG.

(H) Output current and power comparison of rotary mode DC-TENG and DEDC-TENG.

(I and J) Charging curves of capacitors with varied capacitance by rotary mode DC-TENG (I) and DEDC-TENG (J).

(K and L) Charging curves of capacitors when the electronic calculator is driven by rotary mode DC-TENG (K) and DEDC-TENG (L).

from 100 r min~" to 300 r min~", the transferred charge speed, the short-circuit cur-
rent, and voltage of the device increased from 0.49 to 1.07 pC s, from 0.69 to
1.45 pA, and from 60 to 134 V, respectively. Therefore, we compared output perfor-
mance between rotary mode DC-TENG and rotary mode DEDC-TENG at 300 r
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min~". As depicted in Figures 4F, 4G, and S10D, the transferred charge speed, the
short-circuit current, and voltage of the rotary mode DEDC-TENG are all higher than
those of the rotary mode DC-TENG, where the transferred charge speed increased
by 51%. When connected to an external load, the current values of the two devices
are almost stable and the power output improves linearly, with load resistance
increasing from 0.01 to 500 MQ. In particular, the maximum power of the rotary
mode DEDC-TENG and rotary mode DC-TENG reaches 0.4 and 0.11 mW, respec-
tively. The maximal power output of rotary mode DEDC-TENG increased by 2.6
times that of rotary mode DC-TENG (Figure 4H).

The most prominent feature of DC-TENG is the ability to charge energy-storage de-
vices and drive electronics directly without any rectifier units. Figures 41 and 4J show
the voltage curves of capacitors with capacitance of 1.1 pF, 2.2 pF, and 4.7 pF
charged directly by a rotary mode DC-TENG and rotary mode DEDC-TENG without
rectifier, and the corresponding circuit diagrams are shown in Figures S9A and S9B.
For charging 1.1 uF, 2.2 uF, and 4.7 pF capacitors to 5V, the rotary mode DC-TENG
takes 9.85's, 23.11 s, and 41.17 s while the rotary mode DEDC-TENG takes 5.98 s,
12.48 s, and 21.8 s, respectively. The less charging time of the rotary mode
DEDC-TENG indicates higher output performance of DEDC-TENG than that of
DC-TENG. As an energy-harvesting device, DC-TENG can also drive electronics
and charge energy-storage devices simultaneously. The self-powered system is built
by integrating DC-TENG with the capacitor (47 pF) as energy-storage unit to power
an electronic calculator. When powering the electronic calculator, the decreased
voltage curve of the capacitor is monitored by a voltmeter as shown in Figures 4K
and 4L. As for the rotary mode DC-TENG, the curve slope decreases when the
DC-TENG works and the calculator remains operational, while for the rotary mode
DEDC-TENG the voltage of the capacitor increases once the device operates and
the calculator still works simultaneously. These results further illustrate that the per-
formance of DEDC-TENG is superior to that of DC-TENG.

Conclusions

In this work, the dielectric enhancement effect was firstly proposed to improve the
performance of TENGs. It was demonstrated by dual-mode TENG that the dielectric
enhancement method can simultaneously enhance the output performance of AC-
TENG and DC-TENG. The universality of the dielectric enhancement layer for
TENG was verified by comparison experiments for all types of TENGs. Besides,
the dominate mechanism of the dielectric enhancement layer for improving the per-
formance of TENGs is verified as the enhanced TE, and the principle of the dielectric
enhanced DC-TENG producing continuous DC output is that the breakdown elec-
trons pass through the nitrile film to the dielectric layer in the form of leakage cur-
rent. Ultimately, a rotary mode DEAC-TENG and DEDC-TENG were fabricated to
verify its ability for environmental energy collection, whereby the output power is
8.5- and 2.6-fold that of the rotary single dielectric layer TENG, respectively. Our
work provides a simple and universal strategy for elevating the performance of all
types of TENGs, which is beneficial to the promotion of large-scale energy harvest-
ing by TENGs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Jie Wang (wangjie@binn.cas.cn).
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Materials availability
The materials generated in this study are available from the lead contact upon
reasonable request.

Data and code availability
The data used to support the findings of this study are available from the lead con-
tact upon reasonable request.

Fabrication of dual-mode DE-TENG

Slider: (1) Cut a piece of acrylic sheet with dimensions of 20 x 22 x 5 mm as substrate
using a laser cutter. (2) Cut a piece of copper foil with dimensions of 20 X 22 mm and
paste on the right of the substrate as BE. Cut a piece of copper foil with dimensions
of 5 X 22 mm and paste on the right of the acrylic as CCE. There is a gap of about
0.7 mm between the BE and the CCE. (3) Cut a piece of nitrile with dimensions of
20 x 22 mm and place on the right of the copper foil as triboelectric layer. The
gap between the nitrile and CCE is about 0.5 mm. Stator: (1) Cut a piece of acrylic
sheet with dimensions of 66 X 30 X 5 mm as substrate using a laser cutter. (2) Paste
a piece of foam of the same size on the substrate to ensure sufficient contact. (3) Cut
a piece of copper foil with dimensions of 33 x 30 mm as inductive electrode and
paste it on the right of the foam. (4) Paste a piece of PTFE with dimensions of
66 x 30 mm on the top as triboelectric layer. (5) Connect both copper foils by wires
for electrical measurement.

Fabrication of DEAC-TENG

CS-mode/SE-mode DEAC-TENG

Partl: (1) Cut a piece of acrylic sheet with dimensions of 20 X 20 x 5 mm as substrate
using a laser cutter. (2) Cut a piece of copper foil with dimensions of 20 x 20 mm and
paste on the substrate as electrode. (3) Cut a piece of nitrile with dimensions of 20 x
20 mm and pasts on the electrode as triboelectric layer. Part II: (1) Cut a piece of
acrylic sheet with dimensions of 10 x 10 X 5 mm as substrate using a laser cutter.
(2) Cut a piece of foam with dimensions of 10 X 10 mm and paste on the substrate
to ensure sufficient contact. (3) Cut a piece of copper foil with dimensions of 10 x
10 mm and paste on the foam as electrode. (4) Cut a piece of PTFE with dimensions
of 10 x 10 mm and paste on the electrode as triboelectric layer. The CS-mode
DEAC-TENG with TPU and nylon as the dielectric enhancement layers adopts the
same method as that described for nitrile.

SFT-mode DEAC-TENG

Slider: (1) Cut a piece of acrylic sheet with dimensions of 20 x 24 x 5 mm as substrate
using a laser cutter. (2) Cut a piece of copper foil with dimensions of 20 x 24 mm and
paste on the substrate as electrode. (3) Cut a piece of nitrile with dimensions of 20 x
24 mm and paste on the electrode as triboelectric layer. Stator: (1) Cut a piece of
acrylic sheet with dimensions of 24 x 50 x 5 mm as substrate by a laser cutter. (2)
Cut a piece of foam with dimensions of 24 x 50 mm and paste on the substrate to
ensure sufficient contact. (3) Cut two pieces of copper foil with dimensions of
24 x 25 mm and paste with small gap of 0.5 mm on the foam as electrode. (4) Cut
a piece of PTFE with dimensions of 24 x 50 mm and paste on the electrode as tribo-
electric layer.

SL-mode DEAC-TENG

Slider: (1) Cut a piece of acrylic sheet with dimensions of 20 x 24 x 5 mm as substrate
using a laser cutter. (2) Cut a piece of copper foil with dimensions of 20 x 24 mm and
paste on the substrate as electrode. (3) Cut a piece of nitrile with dimensions of 20 x
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24 mm and paste on the electrode as triboelectric layer. Stator: (1) Cut a piece of
acrylic sheet with dimensions of 30 X 35 x 5 mm as substrate using a laser cutter.
(2) Cut a piece of foam with dimensions of 30 X 35 mm and paste on the substrate
to ensure sufficient contact. (3) Cut a piece of copper foil with dimensions of 30 x
35 mm and paste on the foam as electrode. (4) Cut a piece of PTFE with dimensions
of 30 X 35 mm and paste on the electrode as triboelectric layer.

Rotary mode DEAC-TENG

Stator: (1) Cut a disk-shaped acrylic sheet with dimensions of 70 mm as substrate us-
ing a laser cutter. (2) Paste a piece of foam of the same size on the substrate to ensure
contact efficiency. (3) Cut a piece of conductive fabric with radical-arrayed sectors
and the same central angle of 45° and paste on the foam. (4) Paste a piece of
PTFE of the same size on the surface of conductive fabric as triboelectric layer. Ro-
tator: (1) Cut a disk-shaped acrylic sheet with dimensions of 70 mm as substrate using
alaser cutter, with radical-arrayed sectors and the same central angle of 45°. (2) Cut a
piece of copper foil with the same shape as substrate and paste on the substrate. (3)
Cut a piece of nitrile with the same shape as substrate and paste on the copper foil.

Fabrication of DEDC-TENG

DEDC-TENG

Slider: (1) Cut a piece of acrylic sheet with dimensions of 20 X 22 X 5 mm as substrate
using a laser cutter. (2) Cut a piece of copper foil with dimensions of 20 X 22 mm and
paste on the substrate as BE. Cut a piece of copper foil with dimensions of 5 x
22 mm and paste on the right of the acrylic as CCE. There is a gap of about
0.7 mm between the copper foil and the CCE. (3) Cut a piece of nitrile with dimen-
sions of 20 x 22 mm and paste on the BE as triboelectric layer. The gap between the
nitrile and CCE is about 0.5 mm. Stator: (1) Cut a piece of acrylic sheet with dimen-
sions of 30 X 66 X 5 mm as substrate by a laser cutter. (2) Cut a piece of foam with
dimensions of 30 X 66 mm and paste on the substrate to ensure sufficient contact. (3)
Cut a piece of PTFE with dimensions of 30 X 66 mm and paste on the electrode as
triboelectric layer. The DEDC-TENG with TPU and nylon as the dielectric enhance-
ment layers adopts the same method as described for nitrile.

Rotary mode DEDC-TENG

Rotator: (1) Cut a disk-shaped acrylic sheet with dimensions of 70 mm as substrate
using a laser cutter. (2) Paste a piece of foam of the same size on the substrate to
ensure contact efficiency. (3) Paste a piece of PTFE of the same size on the surface
of foam as triboelectric layer. Stator: (1) Cut a disk-shaped acrylic sheet with dimen-
sions of 70 mm as substrate using a laser cutter, with radical-arrayed sectors and the
same central angle of 20°. (2) Cut a piece of copper foil with the same shape as sub-
strate and paste on the substrate. The copper foil should maintain a gap of about
0.7 mm from the sector margin. (3) Cut a piece of nitrile with the same shape as sub-
strate and paste on the copper foil. The nitrile should maintain a gap of about
0.5 mm from the sector margin. (4) Cut nine pieces of copper foil with dimensions
of 5mm x 5.5 mm and paste them on the left of section in vertical direction, main-
taining distance from nitrile and PTFE.

COMSOL simulation

The 2D potential distribution of dielectric enhancement layers was calculated using
the commercial software COMSOL. For nitrile-PTFE condition, the surface charge
density of PTFE is 90 pC m~2. For TPU-PTFE condition, the surface charge density
of PTFE is 81 uC m~2. For nylon-PTFE condition, the surface charge density of
PTFE is 79 nC m 2.
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Characterization and electrical measurement

The contact-separation and sliding process was driven by a linear motor (TSMV120-
1S). The rotary process was operated by a rotational motor (80BL165575-3130TKO).
The short-circuit current, voltage, and transferred charges of the TENG were
measured by a programmable electrometer (Keithley model 6514). A potentiostat
(VSP-300, Bio-Logic, France) was used to test the capacitance of the capacitor and
the charge/discharge curves of the self-charging power system. The leakage current
of nitrile was measured by a capacitor leakage current/IR meter (TH2689).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2021.10.019.
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