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Quantifying contact status and the air-breakdown
model of charge-excitation triboelectric
nanogenerators to maximize charge density
Yike Liu1,3, Wenlin Liu 1,3✉, Zhao Wang1, Wencong He1, Qian Tang1, Yi Xi1, Xue Wang1, Hengyu Guo1,2✉ &

Chenguo Hu 1✉

Surface charge density is the key factor for developing high performance triboelectric

nanogenerators (TENG). The previously invented charge excitation TENG provides a most

efficient way to achieve maximum charge output of a TENG device. Herein, criteria to

quantitatively evaluate the contact efficiency and air breakdown model on charge excitation

TENG are established to enhance and evaluate charge density. The theoretical results are

further verified by systematic experiments. A high average charge density up to 2.38 mC m−2

is achieved using the 4 μm PEI film and homemade carbon/silicone gel electrode in ambient

atmosphere with 5% relative humidity. This work also reveals the actual charge density (over

4.0 mC m−2) in a TENG electrode based on quantified surface micro-contact efficiency and

provides a prospective technical approach to improve the charge density, which could push

the output performance of TENG to a new horizon.
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The invention of the triboelectric nanogenerator (TENG)
provides a most efficient technology of using distributed
mechanical energy sources for powering distributed sensor

networks in the upcoming internet of things era1–9. For TENG
devices, the surface charge density, which dominates output per-
formance, is inevitably limited by the air-breakdown effect
between two tribo-surfaces10–15. In contact-separation mode
TENG, derived from Paschen’s law and TENG parallel-plate
model, the effect of dielectric parameters and atmospheric envir-
onment on maximum surface charge density under short-circuit
condition has been well expounded16,17. These models show that a
thinner dielectric film, a larger dielectric constant and a lower
atmospheric pressure always lead to a higher maximum surface
charge density. For instance, using air ion injection method, the
maximum output charge density reaches ~250 μC m−2 for 50 μm
dielectric, larger than ~150 μC m−2 for 125 μm dielectric film in
ambient atmosphere16. By external charge pumping18, the max-
imum surface charge density is enhanced to 490 μC m−2 and
further to ~1020 μC m−2 through reducing the dielectric thickness
to 5 μm19. Similarly, when pumping the surrounding air pressure
to high vacuum (P ~10−6 torr) and improving the contact20, the
output charge density for the same TENG device is improved
from ~150 μC m−2 to ~600 μC m−2.

Although surface charge density can indeed be improved by
the above strategies, for a common TENG device, the surface
charge generated by contact electrification is usually far below the
maximum one due to the lack of surface electro-states (electron
cloud overlap on the contact interfaces)16. In this case, surface
modification using physical/chemical methods21–24, is always
adopted for achieving a larger charge output to approach the
maximum value. Accordingly, by modifying a 2 μm tribolayer
with a biofunctional group, the surface charge density is 200%
larger than the one without surface treatment25. However, these
results are still lower than the maximum value in theory26–29.
More recently, our group proposed a charge-excitation TENG
(CE-TENG)30, and utilizing the charge produced by external
TENG or TENG itself, the main TENG with any dielectric can
achieve a maximum charge density of 1.25 mC m−2 (the current
reported record), which is approximately the maximum value
according to the limitation of the air-breakdown effect (Paschen’s
law). The CE-TENG provides a more effective avenue towards
high output. However, with further reduction of the thickness of
dielectrics, the insufficient contact caused by surface micro-
structure highly affects the output. The higher average charge
density is hardly obtained due to the insufficient contact.
Therefore, it is worth discussing how large the actual charge
density in TENG is with a thin dielectric film in insufficient
contact level and how to achieve sufficient contact. Unfortunately,
there is no method to qualitatively evaluate surface contact level.
In addition, an effective air-breakdown model for CE-TENG to
reveal the physical mechanism to guide future device develop-
ment is highly desired.

In this work, we theoretically analyze the maximum charge
density of CE-TENG using Paschen’s Law and basic capacitor
model, and clearly illuminate the strategies of enhancing the
charge output for this kind of devices, including the reduction of
the thickness of dielectrics, increase of external capacitor and
control of atmospheric environment. Corresponding experiments
are carried out for further verification. We also find that the
contact status between two tribo-surfaces becomes another key
point that strongly affects the output performance when dielectric
thickness reduces to a few microns. A criterion to qualitatively
evaluate contact efficiency is built. To achieve a more sufficient
contact, we propose an arched soft contact mode using a
homemade carbon/silicone gel electrode, which can improve the
contact efficiency from 6.16% to 54.98% for a 4 μm dielectric film.

We achieve the highest record of average charge and energy
density up to 2.38 mC m−2 and 286.7 mJ m−2 by using the
carbon/silicone gel electrode and the 4 μm PEI film in ambient
atmosphere with 5% relative humidity. This work establishes
quantification criteria of surface contact efficiency and a new air-
breakdown model for CE-TENG, and provides an effective
strategy for evaluating the actual charge density in electrode of
TENG and achieving ultra-high output TENG.

Results
Maximum charge density of the CE-TENG. Surface charge
density is the key factor for improving the output performance of
a TENG device. For a traditional contact-separation mode TENG
(Supplementary Fig. 1), with a certain dielectric parameter and
atmospheric environment, the surface charge density has a
maximum value, which is limited by air-breakdown effect31,32.
The recent developed CE-TENG provides a most efficient way to
achieve the maximum charge density by applying an excitation
voltage instead of physical or chemical modification on tribo-
surface, which significantly improves the working efficiency of
TENG. Figure 1a shows the structural schematic of the charge-
excitation triboelectric nanogenerator (CE-TENG), which con-
sists of an external TENG (smaller one), a main TENG and a
charge-excitation circuit (CEC). Inset 3 presents the photograph
of CE-TENG device. Different from the working mechanism of a
conventional TENG (Supplementary Fig. 1), the output of CE-
TENG is realized by charge transfer between the main TENG and
external capacitor30. Here, inspired by Xu et al.’s work33, a
half–wave rectifier circuit is used to generate a high excitation
voltage, and the corresponding schematic diagram and detailed
working process of CE-TENG is shown in Fig. 1b. Firstly, during
the charge accumulation process, the charge from the external
TENG is excited to the external capacitor through CEC and
reaches a certain level after several operation cycles. Then, the
charge stored in external capacitor transfers to the main TENG
during contact process to reach an equilibrium state, and the
charge stored in the main TENG transfers back to the external
capacitor correspondingly during the separation process due to
the capacitance change of the main TENG when it is pressed and
released. Meanwhile, the charge from the external TENG con-
tinuously supplements to the external capacitor and thus the
main TENG achieves a stable working state. Similar to a con-
ventional TENG, with the rise of charge accumulation, air
breakdown would occur between the top electrode and dielectric
surface and thus limits the maximum charge output. Figure 1c
shows the physical and electric model of the primary part of CE-
TENG (including the external capacitor and main TENG). As
depicted in Fig. 1d, the potential difference (Vgap) (simulated
results by Comsol Multiphysics) forms between the top electrode
and dielectric under a certain air gap. Based on parallel-plate
model, the voltage can be derived and expressed by:

Vgap ¼
xσ
ε0

1� x
d
εr
þ x þ ε0S

C

 !
ð1Þ

Where σ is the average charge density on the electrode of main
TENG when getting contact. d and εr is the thickness and relative
permittivity of the dielectric respectively. ε0, x, and c represent the
vacuum permittivity, separation gap distance and the capacitance
of external capacitor.

On the other hand, according to Paschen’s law34–36, the voltage
that causes air breakdown between two parallel plates complies
with

Va�b ¼
AðPxÞ

ln Pxð Þ þ B
ð2Þ
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Where P is the barometric pressure. x is the gap distance between
two plates. A and B are the constants determined by atmosphere,
including atmospheric composition, relative humidity, tempera-
ture, and etc. A is inversely proportional to the relative humidity
and proportional to maximum charge density. For a common
ambient condition, A equals 2.87 × 107 V (atm∙m)−1, and B
equals 12.6.

To avoid air breakdown, it requires that Va−b is always larger
than Vgap. According to Eqs.(1) and (2), Paschen’s curves under
different values of A and voltage curves between the top electrode
and dielectric with various dielectric thickness under a certain
charge density σ(0)= 1 mC m−2 are plotted as shown in Fig. 1e.
The plots reveal that the adjustment of atmospheric constant A
(other than regulating of air pressure) and the dielectric thickness
can prevent two curves from intersecting. In this case, the
maximum charge density for different dielectrics and ambient
conditions can be deduced as:

σmax ¼
APε0

ln Pxð Þ þ Bð Þ 1� x
d
εr
þxþε0S

C

� �
0
BB@

1
CCA

min

ð3Þ

As depicted in Fig. 1f, with the decrease of dielectric thickness and

increase of atmospheric constant A, the maximum charge density
can be largely improved, which provides an enlightening strategy
towards ultra-high output CE-TENG. The detailed deriving steps
and discussions are presented in Supplementary Note 1.

It is worth noting that, with further reducing the thickness of
dielectric, the contact efficiency would become worse and thus
diminish the real charge output (Supplementary Note 2 and
Supplementary Table 1). In this work, we adopt the 4 μm PEI film
(inset 1, all the dielectric films used in the experiment are
commercially obtained and 4 μm PEI film is the thinnest one we
can purchase from the market) and soft carbon/silicone gel
electrode to improve the contact efficiency (inset 4, the conductivity
of the carbon/silicone gel electrode is about 2.5–7.6 × 10−3Ω·m).
Inset 2 and 3 are the SEM images of the carbon/silicone gel
electrode material and inset 5 shows its conductivity. The carbon/
silicone gel electrode is shapeable and soft (Supplementary Movie 1),
which can realize conformal contact with rough surface. The
fabrication of the carbon/silicone gel electrode is displayed in
Methods and Supplementary Fig. 2.

Critical factors that effect on the real output charge density.
For CE-TENG, the dielectric thickness and contact status would
affect the contact capacitance of the main TENG device, which
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using Comsol Multiphysics (electrodes and dielectric thickness: 0.1 mm, air gap: 0.1 mm, dielectric constant: 4.6, σ(0)= 2 × 10−3 C/m2). e Giving the
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determines the maximum charge quantity that can be stored in
TENG and transferred to the external capacitor. By depositing Cu
(electrode) on both sides of the dielectrics using vacuum eva-
poration (this status can be regarded as 100% contact efficiency of
TENG device), the capacitance of dielectrics with different
thickness are measured and shown in Fig. 2a (the detailed pho-
tograph and data are shown in Supplementary Fig. 3), where the
results are highly consistent with the parallel-plate capacitance
determined by Eq. 4.

C ¼ εrS
4πkd

ð4Þ

In practical TENG devices, there would be large air voids exis-
tence due to the surface microstructure of the electrode, dielectric
and substrate materials when the top and bottom part contacts
(shown in upper of Fig. 2b). In Supplementary Fig. 4, by
depositing Cu on the sandpaper with various roughness as

electrodes, the charge density increases with the reduction of
roughness, proving the higher charge density achieved on
smoother contact surface, which is different to the common
TENG that rougher surface contributes to higher charge density.
In this work, we propose and fabricate a carbon/silicone gel
electrode to form an ultra-soft contact status, which can be easily
conformal contact with the dielectric film and highly increase the
contact efficiency (shown in the lower of Fig. 2b). To improve the
contact efficiency, we further introduced the arched electrode
structure with different parameters (shown in Supplementary
Fig. 5). Figure 2c shows the capacitance of main TENG devices
with six contact optimizations (Supplementary Table 2) versus
the one with deposited electrodes. Here, we define the contact
efficiency as:

η ¼ Ccontact

C0
ð5Þ
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Where Ccontact is the capacitance of the main TENG in contact
state, and C0 is the capacitance of the dielectric with deposited
electrodes (Fig. 2a). In the experiments, through our contact
optimization, the contact efficiency of 4 μm dielectric can be
improved from 6.16% to 54.98% as listed in Supplementary
Table 3.

For the sake of simplicity, we first use external DC voltage
source to provide an excited voltage in order to systematically
investigate the effect of dielectric thickness, contact optimization,
and atmospheric environment on the output charge of CE-
TENG, as shown in Fig. 2d. In theory, a larger external capacitor
would lead to a higher charge transfer (Eq. 3). Supplementary
Fig. 6a demonstrates the impact of different external capacitance
on the output charge, indicating that larger external capacitor
leads to higher charge density. However, a large external capacitor
spends a longer time to reach charge saturation as shown in
Fig. 3b and Supplementary Fig. 6b. Therefore, on balance, we
adopt 25nF external capacitance to test the entire output

performance characteristics. The output charge density of CE-
TENG with 4 μm dielectric under a constant environment and
application of different excitation voltages are shown in Fig. 2e.
With the voltage raising and reaching over 400 V, the output
charge density linearly increases and gets the saturated due to the
limitation of air-breakdown effect discussed above. In this way,
the output charge with different dielectric thickness is measured
under relative humidity of 5% as shown in Fig. 2f (red dot). The
SEM of dielectric surface and cross-section view are demonstrated
in Supplementary Fig. 7. Compared with previous works (dash
line)18,19,30,37,38, the maximum charge density holds a certain
improvement. The possible reason is that the previous theoretical
and experimental results were both obtained in the relative
humidity around 40–70%, which would have high impact on the
atmospheric constant A and thus affect the air breakdown of
TENG. By adjusting the constant A from 2E7 to 5E7, the
experimental results get well matched with the theory (green solid
line). In addition, the measured results of atmospheric humidity
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on the output charge density are shown in Fig. 2g, from which,
with the increase of relative humidity, the output charge density
decreases as expected by air-breakdown model. Finally, with
an optimized contact status, average output charge density of
~2.2 mC m−2 can be achieved using the 4 μm PEI dielectric under
relative humidity of 5% (Fig. 2h).

Here, considering the incomplete contact in TENG, which
means that the actually effective contact area is smaller than the
area of electrode (S= 10 cm2), inspired by the contact efficiency
above, we can get the actual effective contact area S′ and actual
charge density σ′ in TENG.

S0 ¼ S � Ccontact

C0
¼ S � η ð6Þ

σ 0 ¼ Q
S0
¼ σ

η
ð7Þ

Where Q is the measured charge quantity and σ is the average
charge density. The detail discussion is given in Supplementary
Note 3.

From the above discussion, the criterion to qualitatively
evaluate the contact efficiency is built. The actual contact area
and the actual charge density of the CE-TENG with six contact
levels are shown in Fig. 2i (electrode area: 10 cm2). Obviously, the
contact level has large influence on average charge density and the
output charge quantity depends on the actual charge density and
actual contact area, but the actual charge density of CE-TENG is
basically the same under different contact levels. The actual
charge density in CE-TENG is over 4.0 mC m−2, which also
means that the maximum output charge density could be up to
4.0 mC m−2 in an ideal surface contact level. Therefore, reducing
dielectric thickness, increasing that the external capacitor,
improving contact efficiency and controlling ambient condition
all benefit the charge output enhancement.

Output performance of the CE-TENG. With the optimized
condition, the output performance of CE-TENG using external
TENG as charge source should be systematically investigated.
Figure 3a exhibits the basic short-circuit charge and open-circuit
voltage output of the external TENG. According to Fig. 2e, the
voltage over 1000 V is enough to ensure the main TENG working
near the maximum level. In Fig. 3b–e, the dynamic charge
accumulation of CE-TENG under 3 Hz frequency without (Sup-
plementary Movie 2) and with (Supplementary Movie 3) using
zener diode25,30 are recorded, respectively. The voltage across the
external capacitor is also measured and presented in Supple-
mentary Fig. 8, which reveals the stable voltage around 450 V.
From the enlarged initial and final process (Fig. 3c, e), the
charge accumulates linearly and finally reaches saturation to
~2.38 mC m−2 (without zener diode) and ~2.25 mC m−2 (with
zener diode) (the calculated effective charge density are shown in
Supplementary Fig. 9). This experimental result achieves the
highest record of charge output density in the TENG history. And
following the instructive strategies above, the higher output could
be further expected as summarized in Fig. 3f. In addition, the
peak power and energy output per cycle of CE-TENG is mea-
sured under 3 Hz low working frequency with varied external
load resistance. From Fig. 3g, h, with the matched impendence 4
MΩ and 3 MΩ, the ultra-high peak output and energy can reach
115.6Wm−2 and 286.7 mJ m−2, respectively.

Demonstrations of the CE-TENG. To demonstrate the output
performance of CE-TENG in practical applications, we first
measure the short-circuit current and voltage (the voltage is
measured from a 10 MΩ load, which is connected with external

capacitor and main TENG in series to prevent the electric
breakdown of dielectric film) under 5 Hz working frequency as
depicted in Fig. 4a, b, respectively, (output under other fre-
quencies are shown in Supplementary Fig. 10). The peak current
and voltage can reach up to ~360 mAm−2 and ~1200 V, which
can be directly used for powering 456 LEDs with diameter of
5 mm to high brightness in series (Fig. 4c and Supplementary
Movie 4). Afterwards, with the use of full-wave rectifier (Fig. 4d),
the CE-TENG can charge 2.2 μF capacitor to 200 V (Supple-
mentary Movie 5) at 3 Hz. Under the operation frequency of
3 Hz, the equivalent charging rate reaches as high as 13.6 μC s−1

(Fig. 4e) when charging 1 mF and 470 μF capacitors. And it can
be used for driving a commercial thermo-hygrometer in sus-
tainable working mode (Fig. 4f and Supplementary Movie 6) at
5 Hz. Finally, we test the stability during 30k operation cycles as
shown in Fig. 4g. The charge density is gradually decreasing at the
early stages and then tends to be stable. Supplementary Note 4
and Supplementary Fig. 11 discuss the reason of possible output
decreasing mechanism of CE-TENG.

Discussion
In summary, a criterion to qualitatively evaluate the surface
contact level between an electrode and dielectric (contact effi-
ciency) is established for TENG. A new air-breakdown model on
charge-excitation TENG is built based on Paschen’s law, and we
achieve a high charge density by multiple parameter adjustment,
including reduction of the thickness of dielectrics, increase of the
external capacitor, control of the atmospheric environment and
optimization of surface contact level. We also demonstrate that
the previous defined charge density belongs to average charge
density due to the incomplete contact, an actual charge density in
TENG is obtained based on micro-contact efficiency theory. The
actual charge density in CE-TENG is over 4.0 mC m−2, which
also means that the maximum output charge density could be up
to 4.0 mC m−2 in an ideal surface contact level, which would have
a great significance in evaluating the actual charge density on the
surface of dielectric materials for TENG. Besides, a soft carbon/
silicone gel electrode is invented to improve contact efficiency
from 6.16% to 54.98% for a 4 μm dielectric film, by which the
high average charge and energy density of 2.38 mC m−2 and
286.7 mJ m−2 are obtained on CE-TENG in ambient atmosphere
with 5% relative humidity. This work provides a new insight into
the way of enhancing the output performance, which could push
triboelectric nanogenerators to a new stage.

Methods
Fabrication of the soft carbon silica gel electrode. First, the 4 mm thick foam
was cut with the dimensions of 67.2 × 44.4 × 4 mm3 (Marked as foam 1), and
the 0.8 mm thick foam was cut with the dimensions of 67.2 × 44.4 × 0.8 mm3

(Marked as foam 2). Then, making a square groove with the dimensions of
32 × 32 × 0.8 mm3 on the right side of the foam 2. The foam 2 with a square groove
was adhered to the foam 1. Required amounts of Parts A and B of Ecoflex 20 were
dispensed into a Petri dish (1 A: 1B by volume and were stirred fully for 3 min.) An
appropriate amount of fine carbon powder (Tanfeng Tech) was put into the
mixture, which was stirred for 3 min. Then, the coarse carbon powder was mixed
into the mixture with fine carbon powder and silica gel. After stirring for 4 min, the
mixture was poured into the square groove, which was sandwiched between two
acrylic based plates and pressed for 8 h. At this point, the fabrication of the silica
gel electrode was finished. The fabrication process is shown in Supplementary
Fig. 2a.

Fabrication and integration of the TENG. As is shown in Fig. 1a, the CE-TENG is
mainly composed of two parts. For one part, it consists of an acrylic based plate
and two Cu electrodes. The fabrication process of this part is as follows. First, two
Cu electrodes were attached to the left and right sides of the acrylic plate, which
was cut by laser cutter with dimensions of 67.2 × 44.4 × 4 mm3. And the size of two
Cu electrodes was 32 × 32 mm2 and 32 × 15.0 mm2, respectively. 44 mm ×20 mm ×
12.5 μm FEP film was attached to the upper surface of 32 × 15.0 mm2 Cu electrode
at last. For another part, 67.2 × 44.4 × 1 mm3 arch structure that was made by 3D
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printer was attached to the upper surface of 67.2 × 44.4 × 4 mm3 acrylic based plate.
Then, 32 × 15.0 mm2 Cu electrode was attached to the left side of the foam with
silica gel electrode, which was adhered to the upper surface of the arch structure.
Finally, 44 mm × 44 mm × 4 μm PEI film was attached to the surface of the silica gel
electrode.

Fabrication of the evaporation coating electrodes. A dielectric film was sand-
wiched between two acrylic frames, the shape of the frame is the same as the shape
of the electrode. The prepared devices were put into the high vacuum evaporation
coating machine. Utilizing vacuum evaporation technology Cu was deposited on
the both sides of the dielectric film as the electrodes. The fabrication process of the
sandpaper electrodes mainly consists of three parts. Firstly, 44 × 44 mm2 sandpaper
was attached to the left side of the 67.2 × 44.4 × 4 mm3 acrylic based plate, 67.2 ×
44.4 × 1 mm3 acrylic frame with a 32 × 32 × 1mm3 square groove was adhered to
the surface of the sandpaper. Then, the device was put into the high vacuum
evaporation coating machine. Finally, taking out the device and removing the
acrylic frame, the sandpaper electrode was finished.

Electric measurement and characterization. The measurement of the electrical
performance of TENG was carried out in a 50 × 50 × 95 cm3 acrylic glove box. The
contact-separation process of TENG was driven by a linear motor (WEI-
NERMOTOR WMU-090-D). The humidity of the glove box was controlled by the
reusable silica gel desiccant, and the reuse of the silica gel desiccant was realized by

a freeze dryer (Bilon FD-1B-80). The temperature was controlled by a constant
temperature circulating water tank (HX-105) and homemade copper tubes with a
blower. The voltage of the capacitor was measured by electrostatic voltmeters (Trek
370). The transferred charges and the short-circuit current were measured by an
electrometer (Keithley 6514). The capacitance of the device with sinusoidal motion
was measured by a 7–1/2 digital graphical sampling multimeter (Keithley
DMM7510). A source meter (Keithley 6517) was adopted as the voltage source for
providing excitation voltage. The temperature and humidity were measured by a
digital temperature humidity atmospheric pressure gauge (Testo 622), the relative
humidity was controlled in the range of 4–6%, and the temperature was controlled
in the range of 16–17 °C, The Cu electrodes on both sides of the dielectric film are
plated by high vacuum evaporation coating machine (VZZ-300). The scanning
electron microscope images were taken by scanning electron microscopy (SEM,
TESCAN VEGA 3 SBH SEM).

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding authors upon reasonable request.

Received: 20 November 2019; Accepted: 7 March 2020;

400 Frequency = 5 Hz

Frequency = 3 Hz

a

c

f g

d e

b
1200

900

600

V
ol

ta
ge

 (
V

)

V
ol

ta
ge

 (
V

)

300

–300

0

300

200

100

0

–100

C
ur

re
nt

 d
en

si
ty

 (
m

A
 m

–2
)

C
ha

rg
e 

de
ns

ity
 (

m
C

 m
–2

)

–200

–300

–400

0 10 20 30 40

Time (s)

50 60 70 65.0

Excitation module Zener diode

Main TENG

Rectifier

C

65.2 65.4 0 10 20 30

8

470 μF

13
.6

 μC
 s

–1

12.6 μC s
–1

1 mF6

4

2

0

2.5

2.0

1.5

Gradually
decrease

Being
plateaued

1.0

0.5

0.0
0.0 6.0k 12.0k 18.0k

Cycles

24.0k 30.0k

0 100 200 300 400

40

Time (s)

Time (s)

50 60 70 65.0 65.2 65.4

Fig. 4 Demonstrations of high output CE-TENG. a Current density and b voltage output of CE-TENG under 5 Hz operation frequency. c Directly powering
hundreds of LEDs by CE-TENG (scale bar: 10 cm). d Electric scheme of CE-TENG for charging capacitor. e Charging curve of 1 mF and 470 μF capacitor
using CE-TENG (frequency: 3 Hz). f CE-TENG for powering thermometer under 5 Hz operation frequency (scale bar: 10 cm). g Long-term stability test of
CE-TENG.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15368-9 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:1599 | https://doi.org/10.1038/s41467-020-15368-9 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


References
1. Lee, Y., Cha, S. H., Kim, Y.-W., Choi, D. & Sun, J.-Y. Transparent and

attachable ionic communicators based on self-cleanable triboelectric
nanogenerators. Nat. Commun. 9, 1804 (2018).

2. Lin, Z. H. et al. A self-powered triboelectric nanosensor for mercury ion
detection. Angew. Chem. Int. Ed. 19, 5065–5069 (2013).

3. Lu, C. et al. A stretchable, flexible triboelectric nanogenerator for self-powered
real-time motion monitoring. Adv. Mater. Technol. 6, 1800021 (2018).

4. Lv, T., Liu, M., Zhu, D., Gan, L. & Chen, T. Nanocarbon-based materials for
flexible all-solid-state supercapacitors. Adv. Mater. 17, 1705489 (2018).

5. Shinbrot, T., Komatsu, T. S. & Zhao, Q. Spontaneous tribocharging of similar
materials. EPL 2, 24004 (2008).

6. Wang, S. et al. Skin electronics from scalable fabrication of an intrinsically
stretchable transistor array. Nature 555, 83 (2018).

7. Chen, J. et al. Micro-cable structured textile for simultaneously harvesting
solar and mechanical energy. Nat. Energy 1, 16138 (2016).

8. Hinchet, R. et al. Transcutaneous ultrasound energy harvesting using
capacitive triboelectric technology. Science 365, 491 (2019).

9. Guo, H. et al. A highly sensitive, self-powered triboelectric auditory sensor for
social robotics and hearing aids. Sci. Robot. 3, eaat2516 (2018).

10. Chen, J. et al. A fully-packaged and robust hybridized generator for harvesting
vertical rotation energy in broad frequency band and building up self-powered
wireless systems. Nano Energy 33, 508–514 (2017).

11. Wei, X. Y., Zhu, G. & Wang, Z. L. Surface-charge engineering for high-
performance triboelectric nanogenerator based on identical electrification
materials. Nano Energy 10, 83–89 (2014).

12. Wu, C. S., Wang, A. C., Ding, W. B., Guo, H. Y. & Wang, Z. L. Triboelectric
nanogenerator: a foundation of the energy for the new era. Adv. Energy Mater.
9, 1802906 (2019).

13. Zhang, C., Tang, W., Han, C., Fan, F. & Wang, Z. L. Theoretical comparison,
equivalent transformation, and conjunction operations of electromagnetic
induction generator and triboelectric nanogenerator for harvesting mechanical
energy. Adv. Mater. 26, 3580–3591 (2014).

14. Zi, Y. et al. Standards and figure-of-merits for quantifying the performance of
triboelectric nanogenerators. Nat. Commun. 6, 8376 (2015).

15. Zi, Y., Wu, C., Ding, W. & Wang, Z. L. Maximized effective energy output of
contact-separationtriggered triboelectric nanogenerators as limited by air
breakdown. Adv. Funct. Mater. 27, 1700049 (2017).

16. Wang, S. et al. Maximum surface charge density for triboelectric
nanogenerators achieved by ionized-air injection: methodology and
theoretical understanding. Adv. Mater. 26, 6720–6728 (2014).

17. Wang, Z. L. On Maxwell’s displacement current for energy and sensors: the
origin of nanogenerators. Mater. Today 20, 74–82 (2017).

18. Cheng, L., Xu, Q., Zheng, Y., Jia, X. & Qin, Y. A self-improving triboelectric
nanogenerator with improved charge density and increased charge
accumulation speed. Nat. Commun. 9, 3773 (2018).

19. Xu, L., Bu, T. Z., Yang, X. D., Zhang, C. & Wang, Z. L. Ultrahigh charge
density realized by charge pumping at ambient conditions for triboelectric
nanogenerators. Nano Energy 49, 625–633 (2018).

20. Wang, J. et al. Achieving ultrahigh triboelectric charge density for efficient
energy harvesting. Nat. Commun. 8, 88 (2017).

21. Li, H. et al. Significant enhancement of triboelectric charge density by
fluorinated surface modification in nanoscale for converting mechanical
energy. Adv. Funct. Mater. 25, 5691–5697 (2015).

22. Tang, Q. et al. Whirligig-inspired triboelectric nanogenerator with ultrahigh
specific output as reliable portable instant power supply for personal health
monitoring devices. Nano Energy 47, 74–80 (2018).

23. Wang, S. et al. Molecular surface functionalization to enhance the power
output of triboelectric nanogenerators. J. Mater. Chem. A 4, 3728–3734
(2016).

24. Zhou, T. et al. Multilayered electret films based triboelectric nanogenerator.
Nano Res. 9, 1442–1451 (2016).

25. Zhang, Y. et al. “Genetically Engineered” biofunctional triboelectric
nanogenerators using recombinant spider silk. Adv. Mater. 30, 1805722
(2018).

26. Chun, J. et al. Boosted output performance of triboelectric nanogenerator via
electric double layer effect. Nat. Commun. 7, 12985 (2016).

27. Guo, H. et al. A water-proof triboelectric-electromagnetic hybrid generator for
energy harvesting in harsh environments. Adv. Energy Mater. 6, 1501593
(2016).

28. Wang, J. et al. Sustainably powering wearable electronics solely by
biomechanical energy. Nat. Commun. 7, 12744 (2016).

29. Wang, Z., Cheng, L., Zheng, Y., Qin, Y. & Wang, Z. L. Enhancing the
performance of triboelectric nanogenerator through prior-charge injection
and its application on self-powered anticorrosion. Nano Energy 10, 37–43
(2014).

30. Liu, W. et al. Integrated charge excitation triboelectric nanogenerator. Nat.
Commun. 10, 1426 (2019).

31. Lacks, D. J. & Sankaran, R. M. Contact electrification of insulating materials. J.
Phys. D. Appl. Phys. 44, 453001 (2011).

32. Lacks, D. J. & Shinbrot, T. Long-standing and unresolved issues in
triboelectric charging. Nat. Rev. Chem. 3, 465–476 (2019).

33. Xu, L. et al. Giant voltage enhancement via triboelectric charge supplement
channel for self-powered electroadhesion. ACS Nano 12, 10262–10271 (2018).

34. Baytekin, H. T. et al. The mosaic of surface charge in contact electrification.
Science 333, 308–312 (2011).

35. Cornforth, A. & Jacob, L. Paschen law and shock-excited breakdown in air. J.
Appl. Phys. 34, 2914 (1963).

36. Lisovskii, V. A. & Yakovin, S. D. A modified paschen law for the initiation of a
DC glow discharge in inert gases. Tech. Phys. 45, 727–731 (2000).

37. Tang, W. et al. Liquid-metal electrode for high-performance triboelectric
nanogenerator at an instantaneous energy conversion efficiency of 70.6%. Adv.
Funct. Mater. 25, 3718–3725 (2015).

38. Wang, J. et al. All-plastic-materials based self-charging power system
composed of triboelectric nanogenerators and supercapacitors. Adv. Funct.
Mater. 26, 1070–1076 (2016).

Acknowledgements
This work was supported by National Natural Science Foundation of China (NSFC)
(51572040 and 51772036), and the Fundamental Research Funds for the Central Uni-
versities (2019CDXZWL001, 2018CDQYWL0046, and 2018CDPTCG0001/22).

Author contributions
C.H. supervised the project. W.L., Y.L. C.H. and H.G. conceived the project and designed
the experiment part. Y.L. fabricated the devices and completed the electrical performance
measurement. Z.W., W.H., Q.T., Y.X. and X.W. helped plot and analyze data. Y.L., H.G.,
W.L. and C.H. wrote the manuscript. All authors contributed to the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15368-9.

Correspondence and requests for materials should be addressed to W.L., H.G. or C.H.

Peer review information Nature Communications thanks Dayan Ban, Chengkuo Lee and
the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15368-9

8 NATURE COMMUNICATIONS |         (2020) 11:1599 | https://doi.org/10.1038/s41467-020-15368-9 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-15368-9
https://doi.org/10.1038/s41467-020-15368-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Quantifying contact status and the air-breakdown model of charge-excitation triboelectric nanogenerators to maximize charge density
	Results
	Maximum charge density of the CE-TENG
	Critical factors that effect on the real output charge density
	Output performance of the CE-TENG
	Demonstrations of the CE-TENG

	Discussion
	Methods
	Fabrication of the soft carbon silica gel electrode
	Fabrication and integration of the TENG
	Fabrication of the evaporation coating electrodes
	Electric measurement and characterization

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




