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application. In this review, we introduce several strategies that can amplify the
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1. Introduction

With the rapid development of industry, energy demand and consumption have increased, leading to a need for
renewable and clean energy sources that cause minimal environmental problems. In particular, the rapid advancement
of artificial intelligence (Al) has resulted in the use of a large number of Internet of Things (IoT) sensor networks for
various Al-driven applications, thereby increasing energy demand. Many researchers have focused on developing
self-powered energy sources for IoT sensors, such as triboelectric nanogenerators (TENGs) [1-7], piezoelectric
nanogenerators (PENGs) [8-10], and thermoelectric nanogenerators [11-13]. Among these technologies, TENGs
have recently attracted considerable attention owing to their ability to harvest various types of mechanical energy,
including human motion [14-18], wind energy [19-24], and hydro energy [25-31]. Moreover, TENGs offer
advantages such as broad material selection [32—34], lightweight structure [35-38], low cost [39—41], and high
output under low-frequency mechanical input [42—45]. Consequently, many researchers have studied the potential
application of TENGs in biosensors [46—49], power sources for portable devices [50-52], and environmental
monitoring devices [53-56].

According to the fundamental working mechanism, the coupling of triboelectrification and electrostatic
induction is responsible for electricity generation in TENGs [57]. In TENGs composed of two separated electrodes
with two different triboelectric materials attached to their surfaces, surface charge is transferred between the
triboelectric materials during contact and separation. When the two plates are separated, the oppositely charged
surfaces of the triboelectric materials induce opposite charges within the electrodes, driving the electrons to flow
between the electrodes through an external circuit and generating an electric current. When the two plates come
into contact again, the charges induced inside the electrodes are redistributed to reach an electrostatic equilibrium
between the triboelectric materials. Owing to this cyclic process, TENGs can generate alternating current outputs.

However, despite this fundamental working mechanism, many TENGs still exhibit intrinsically low current
outputs, typically in the nanoampere-to-microampere range, restricting their use as primary power sources. This
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limitation arises primarily owing to two fundamental factors. The first is the limited surface charge density imposed
by the air breakdown effect [58]. According to Paschen’s law, electrical breakdown in air occurs when the electric
field strength reaches several kilovolts per millimeter under dry air conditions. Consequently, even though the
surface charge density of the triboelectric layers can be increased during TENG operation, the charges are released
through air, which limits the electrical output. The second factor is the limited charge transfer by the electrostatic
induction-dominated working mechanism. In such cases, the amount of charge transferred through the external
circuit per cycle is constrained by the surface charge density of the triboelectric layers, resulting in an inherently
low current output. Therefore, effective current amplification in TENGs requires strategies that overcome the
limitations of surface charge density and charge transfer capacity.

In this review, we introduce recent advances in the current amplification of TENGs that overcome the
limitations of surface charge density and charge transfer capacity as shown in Figure 1. The review focuses on
new strategies to enhance current output by increasing surface charge density by regulating the surrounding
conditions, such as using lubricant oil or vacuum conditions to increase the surface charge density. In addition, we
introduce novel strategies that harness the electron avalanche effect during TENG operation, which can effectively
increase the charge transfer capacity. This review will first discuss about enhancing surface charge by regulating
the surrounding conditions of TENGs and introduce the high performance ESD based TENGs that can generate
high power output with electron avalanche effect. Finally, the remaining challenges and future perspectives for
further enhancing the current output of TENGs are discussed.

Regulating Surrounding Conditions Utilizing Electron Avalanche Effect
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Figure 1. Overview of the current amplification strategies of TENGs.

2. Suppressing Surface Charge of Triboelectric Layers by Regulating the Surrounding Conditions

Triboelectrification was first described in ancient times. However, the mechanism of charge transfer during
contact electrification remains controversial. Although many researchers have proposed different theories,
currently, no unified model that can explain triboelectrification exists [59-62]. Nevertheless, for the selection of
TENGs materials, accurate values of the surface charge density of each material are necessary to optimize the
TENG structure [63,64]. Many researchers have calculated the surface charge density using experimental results.

Even though the surface charge density can be calculated based on experimental results, the amount of surface
charge density could be limited by the surrounding conditions. According to Paschen’s law, the threshold voltage
for the gas breakdown can be described by the following equation:

V. = Bpd
) = - (1)
In(Apd) — In[In(1 + E)]

where V}, is the threshold breakdown voltage, p is the pressure, d is the gap distance between the electrodes. And
the constant y;. is the secondary electron emission coefficient, the constant A4 is the saturation ionization in the gas,
and the constant B is related to the excitation and ionization energies. If d is 0.01 m, ¥, can be calculated to be
36,142 V [65]. According to Zi et al., the surface charge density is limited to approximately 4050 pC/m? owing
to the gas breakdown effect arising from V. Therefore, it is unnecessary to reduce the air breakdown effect, which
limits the electrical output of TENGs.
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Several studies have reported the suppression of the air breakdown effect by controlling the surrounding
environment of TENG devices. Figure 2 shows TENGs that generate a higher current output using lubricant oil.
As shown in Figure 2a, Zhou et al. [66] demonstrated that the output performance of a freestanding sliding TENG
(FS-TENG) can be enhanced using a liquid lubricant. As shown in Figure 2b, both the transferred charge and
current output increased by more than 2.5-fold, from approximately 70 to 160 nC and from 0.2 to 0.36 pA,
respectively. This output enhancement of the FS-TENG with the liquid lubricant was caused by the absence of the
air breakdown effect, as shown in Figure 2¢. Furthermore, the finite element simulation results shown in Figure 2d
reveal that a lower electric field is generated under liquid lubricant conditions compared with air, indicating
effective suppression of the air breakdown effect.

In addition, Chung et al. [67] demonstrated a nonpolar liquid-lubricant-submerged TENG (LLS-TENG),
which enhances the current output via a liquid lubricant. The LLS-TENG was designed to completely fill the liquid
lubricant inside the device, and the electrical output was generated by the rotation of the polytetrafluoroethylene
(PTFE) cylinder and rolling electrodes. As shown in Figure 2f, the peak voltage and current outputs of the LLS-
TENG increased from 28 to 200 V and 5 to 85 mA, respectively, using a liquid lubricant. Researchers have
described that the current enhancement of the LLS-TENG with a liquid lubricant is caused by suppressing the field
emission effect, which is also similar to the air breakdown effect, as the charges from triboelectrification are also
released into the air, as shown in Figure 2g. Moreover, researchers have simulated the electric field strength
between electrodes with the same geometry, as shown in Figure 2h, and determined that the electric field strength
in the lubricant is weaker than that in air.
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Figure 2. Using liquid lubricants to suppress surface charge density in TENGs. (a) Schematic of a FS-TENG using
liquid lubricant [66], Copyright 2020, John Wiley and Sons. (b) Transferred charge and current output of FS-
TENG. (¢) Schematic of the role of liquid lubricant in FS-TENG. (d) Simulation results of electric field strength
with and without liquid Iubricant in FS-TENG. (e) Schematic of LLS-TENG [67], Copyright 2021, John Wiley and
Sons. (f) Voltage and current outputs of LLS-TENG with and without liquid lubricant. (g) Schematic showing the
role of the liquid lubricant in LLS-TENG. (h) Simulation results of electric field strength with and without liquid
lubricant in LLS-TENG.

Figure 3 shows the experimental results, which reveal that the liquid lubricant was capable of suppressing the
air breakdown effect and enhancing the electrical output of the TENGs. As shown in Figure 3a, Chung et al. [67]
reported that the factors for enhancing the electrical output of TENGs include not only suppressing the surface
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charge but also the large distance of the electrical double layer (EDL) of liquid lubricants. Thus, because polar
liquids have smaller EDLs than nonpolar liquids, nonpolar liquids can enhance the electrical output of TENGs. As
shown in Figure 3b,c, the voltage and current outputs of the LLS-TENG were measured when different liquids
such as mineral oil (MO), silicone oil, castor oil, water (H,O), and ethyl alcohol (EtOH) were used. The highest
output was generated with MO, and no measurable output was generated with water or EtOH. Because the Debye
lengths of H,O and EtOH are significantly smaller than those of nonpolar liquids, this result shows that the Debye
length of the liquid lubricant is one of the main factors for enhancing the electrical output of TENGs.

Wu et al. [68] reported that the relative permittivity of liquid lubricants is important for enhancing the
electrical output of TENGs. As shown in Figure 3d,e, several lubricants, such as squalane, paraffin oil, and PAO
10, can enhance the voltage and current outputs of the TENG compared with dry air conditions. In addition, as
shown in Figure 3f, the researchers described that one of the main factors affecting the electrical output
enhancement of TENGs with liquid lubricants is the relative permittivity of the lubricants, owing to their stronger
electron-donating capability and improved capacitance. Because liquid lubricants can be polarized and induce
more charges with high permittivity, liquid lubricants with high permittivity are necessary to enhance the electrical
output of TENGs. As shown in Figure 3f, the researchers investigated the permittivity of several lubricants and
measured the voltage outputs of TENG by using these lubricants. As a result, a nonlinear relationship between the
relative permittivity and voltage output was observed, as shown in Figure 3f.
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Figure 3. Detailed mechanism of liquid-lubricant-based TENGs and screening of various liquid lubricants. (a)
Schematic showing the detailed working mechanism of liquid lubricant in LLS-TENG [67], Copyright 2021, John
Wiley and Sons. (b) Voltage outputs of LLS-TENG with various liquid lubricants. (¢) Current outputs of LLS-
TENG with various liquid lubricants. (d) Voltage outputs with various liquid lubricants for sliding TENG [68]. (e)
Current outputs with various liquid lubricants for sliding TENG. (f) Relationship between voltage and the relative
permittivity of liquid lubricants.

In addition, the current output of TENGs can be enhanced by controlling the atmosphere, as shown in Figure 4.
If the air breakdown voltage is increased by controlling the atmosphere, the limitation of the surface charge density
of the triboelectric layers can be increased; thus, both the voltage and current outputs of TENGs can be increased.
According to Wang et al. [69], the electrical output is enhanced under vacuum conditions by removing the surface
charge released through air. Because there is no air under vacuum, charge release through air can be blocked. As
shown in Figure 4a, the gas breakdown voltage by high charge density of TENGs can be higher than the gas
breakdown voltage at short gap distance in 1 atm air condition, however, the gas breakdown voltage by high charge
density of TENGsS is higher than the gas breakdown voltage at large gap distance in 107 air atm condition. This
means that lower pressure air condition can reduce gas breakdown effect of triboelectric layers. In addition, for
the TENG device constructed as shown in Figure 4b, the charge density and current output were measured to be
120 uC/m? and 60 mA/m?, respectively, under air. However, under vacuum conditions, the charge density and
current output of the TENG device increased up to 660 uC/m? and 300 mA/m?, as shown in Figure 4c,d,
respectively. With this device, the TENG device under air and vacuum conditions generated about 0.8 and 16
W/m?, respectively, as shown in Figure 4e,f.
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Figure 4. Output enhancement by controlling the atmospheric conditions. (a) Air breakdown voltage at different
pressures and gap voltage with different charge densities [69]. (b) Typical TENG structure used for analysis under
vacuum conditions (¢) Charge density of TENG under air and vacuum. (d) Current output of TENG under air and
vacuum. (e) Current and power outputs of TENG with different resistances. (f) Current and power outputs of TENG
with different resistances under vacuum conditions.

3. Current Enhancement with Electron Avalanche Effect

As discussed in the previous paragraph, the air breakdown effect is one of the problems that interrupts the
TENG output performance because the surface charge can be released through air. However, under certain
conditions, this effect can also increase the current output of the TENGs owing to the electron avalanche effect.
The electron avalanche effect occurs during the dielectric breakdown within gases, which accelerates electrons by
a strong electric field and generates additional electrons by ionizing the gas molecules. In particular, if a strong
electric field is generated in air, additional electrons can be generated, as they are also accelerated by the strong
electric field. As more charges are transferred, the charge transfer capacity can be increased using the electron
avalanche effect; thus, the current output of the TENGs can be increased.

Figure 5 shows previously reported TENGs that can generate a high current output with an air breakdown
effect using two metal electrodes. As shown in Figure 5a,b, Chung et al. [70] demonstrated an ion-enhanced field-
emission (IEFE)-TENG that can generate a high current output based on electrostatic discharge. Owing to the
structure of the IEFE-TENG, electrostatic discharge (ESD) can be generated between the top electrode and the
metal-to-metal contact point owing to the charges induced by the dielectric layer. As shown in Figure 5c, ESD
was also observed during operation of the IEFE-TENG. Through the electron avalanche effect of this ESD-based
electrical output, IEFE-TENG generated a high peak current output of 100-250 mA. The average power of the
IEFE-TENG is 635% higher than that of a typical TENG device owing to the electron avalanche effect.

As shown in Figure 5f, Chung et al. [71] demonstrated an ion-gate-based static discharge generator (ISDG)
that can generate an ESD-based high-current output. In this study, the TENG device was connected to the ion gate,
which can induce ESD through two electrodes; therefore, the ESD-based electrical output was generated through
the ion gate. Consequently, the peak current output was increased to 2.5 A by connecting the ion gate to the TENG
device, as shown in Figure 5g. In addition, researchers measured the transferred charge of the TENG device with
and without an ion-gate and with and without an inductor. Consequently, the transferred charge significantly
increased with the ion gate and inductor. The researchers stated that the ESD-based electrical output had a short
peak current signal; therefore, it could not capture every signal owing to the low sample measurement rate of the
instrument. To solve this issue, they included an inductor to smooth the current waveform so that the measurement
instrument could capture each current signal. Because additional charge cannot be produced using only the
inductor, this result shows that the transferred charge of the TENG device can be increased by the ESD effect
owing to the electron avalanche effect.
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Figure 5. Metal-to-metal ESD-based TENGs. (a) Schematic of IEFE-TENG structure [70], Copyright 2019, John
Wiley and Sons. (b) Schematic of working mechanism of IEFE-TENG. (¢) Photograph of ESD on metal-to-metal
contact point of IEFE-TENG. (d) Current output of IEFE-TENG. (e) Average power of IEFE-TENG and typical
TENG. (f) Schematic of ISDG structure and working mechanism [71]. (g) Current output of ISDG. (h) Transferred
charge of ISDG with and without ion gate and inductor.

Figure 6 shows devices that generate current-output-based TENGs by performing ESD directly from the surface
charge of the dielectric film. Jianjun et al. [72] developed a direct-current TENG (DC-TENG) that can generate an
electrical output via ESD directly from the surface charge of the triboelectric layer, as shown in Figure 6a. As shown
in Figure 6b, when the upper substrate slides on the bottom substrate, a surface charge is generated by the contact
between the top electrode and the PTFE film and is transferred to the top electrode through the air gap with ESD.
Consequently, the device generated a high DC current output via the ESD effect, as shown in Figure 6c.

As shown in Figure 6d, Yoon et al. [73] demonstrated an ESD-based DC-TENG that generated an electrical
output by accumulating charges between the charge-conveying layer (CCL) and triboelectric layer. The CCL was
constructed using styrene—butadiene rubber (SBR), which is a neutral triboelectric layer. Cross-linked (CL)-PTFE
was used as the negative triboelectric layer, and butylated melamine formaldehyde was used as the positive
triboelectric layer. An air gap exists between the electrode and CCL to generate ESD through air, as shown in
Figure 6e. Consequently, the DC-TENG generated a high current output of ~3 mA (Figure 6f). In addition, the
current outputs were influenced by the gap distance between the CCL and electrode, as shown in Figure 6g.

Figure 7 shows ESD-based TENGs with complicated mechanical designs for better energy harvesting. As
shown in Figure 7a, Chung et al. [74] demonstrated a film-capacitor-based charge-carrier TENG (FCC-TENG)
that generated a high power output using a film capacitor structure and spark gap. Film capacitor—wrapped
cylinders were used in the FCC-TENG, and these cylinders roll on the triboelectric layer to accumulate charges
from triboelectrification. In addition, a spark gap was used to generate ESD based on the accumulated charges, as
shown in Figure 7b. Consequently, the FCC-TENG generated current and voltage outputs of up to 15 A and 6000 V,
as shown in Figure 7d,e, respectively.

Figure 7f shows a wind energy—harvesting TENG that can generate a high power output with the ESD effect.
Chung et al. demonstrated a wind-driven TENG-connected ambient air ionizing channel (AAIC) that can generate
an ESD-based electrical output with a wind input. The device consists of a dielectric film, electrodes, and
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poly(methyl methacrylate) substrate, as shown in Figure 7f, so when the wind blows to the device, the film at the
middle of the device vibrates between the top and bottom electrodes. Consequently, the dielectric film contacts and
separates the top and bottom electrodes; thus, it can induce charges inside the electrodes. As shown in Figure 7g, with
the optimized geometry, the film simultaneously contacted the top electrode and separated from the bottom
electrode. Consequently, opposite charges were induced inside the electrodes, generating a high-power output
through the AAIC. As shown in Figure 7h, the device generated a high current output of up to 4 A using the AAIC.
With a high power output, the device was able to charge the supercapacitor, as shown in Figure 7i, and use it as a
power source for the electrolysis system to produce hydrogen, as shown in Figures 7j,k. With this output, ~360 pL/h
of hydrogen was produced from the electrical output of the TENG device with AAIC while the general fluttering
TENG produced ~90 pL/h of hydrogen. These results show that the electron avalanche effect caused by
electrostatic discharge can effectively enhance the current output of TENG devices.
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Figure 6. Dielectric film to metal ESD-based TENGs. (a) Schematic of DC-TENG with dielectric film—based ESD [72],
Copyright 2019, The American Association for the Advancement of Science. (b) Working mechanism of DC-
TENG with dielectric film—based ESD. (¢) Current output of DC-TENG with dielectric film—based ESD. (d)
Schematic of DC-TENG with CCL [73], Copyright 2020, John Wiley and Sons. (e) Photograph of microdischarge
generated in DC-TENG with CCL. (f) Current output of DC-TENG with CCL. (g) Current outputs of DC-TENG
with CCL with varying gap distances.
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Figure 7. ESD-based TENGs with complicated mechanical designs. (a) Schematic of FCC-TENG [74], Copyright
2022, Elsevier. (b) Photograph of spark gap connected to FCC-TENG. (¢) Working mechanism of FCC-TENG.
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(d) Current output of FCC-TENG with and without spark gap. (e) Voltage output of FCC-TENG with and without
spark gap. (f) Schematics of wind-driven TENG with AAIC [75], Copyright 2023, John Wiley and Sons. (g)
Working mechanism of wind-driven TENG with AAIC. (h) Current output of wind-driven TENG with and without
AAIC. (i) Charging graph of supercapacitor with wind-driven TENG with AAIC. (j) Photographs of electrolysis
system operated by wind-driven TENG with and without AAIC. (k) Evolution rate of hydrogen and oxygen with
electrolysis system operated by wind-driven TENG with and without AAIC.

4. Summary and Perspectives

In this review, we discuss several current amplification strategies for TENGs. To improve the surface charge
density of the triboelectric layers of TENGs, the surrounding environment can be controlled by utilizing liquid
lubricants or regulating atmospheric conditions, such as vacuum or oxygen conditions. Using these strategies, the
air breakdown effect, which releases the surface charge of the triboelectric layers through the air, can be reduced.
In addition, to increase the charge transfer capacity of TENGs, strategies using ESD-based electrical output for
TENGsS have been introduced. Owing to the electron avalanche effect of the ESD-based electrical output, TENGs
can generate a current output not only from electrostatic induction but also from the air breakdown effect.
Consequently, milliampere-to-ampere-scale peak current outputs were generated using these strategies. Table 1
summarizes the maximum peak voltage, peak current, average power, and peak power of the TENGs described in
this review.

Table 1. Comparison of electrical outputs of tengs based on regulating surrounding conditions and utilizing electron
avalanche effect.

Ref. Peak Voltage (V)  Peak Current (A) Average Power (W) Peak Power (W)
Zhou et al. [66] 450 1.5x 107* - 0.0329
Regulating Surrounding Chung et al. [67] 200 0.085 0.00173 0.6
Conditions of TENGs Wu et al. [68] 470 1.7 x 107° - -
Wang et al. [69] 180 4.47 x 1075 - 0.00393
Chung et al. [70] 466 0.25 0.0039 0.5
Chung et al. [71] 1500 4 0.169 -
Utilizing Electron Liuetal. [72] 750 1.7 x 1075 0.01 -
Avalanche Effect Yoon et al. [73] 1300 1.03 x 107* 0.199 -
Chung et al. [74] 5000 10 0.720 -
Son et al. [75] 1400 4 4.25 -

Despite these advances, several challenges remain for the practical deployment of high-current TENG.
Additional quantitative studies are required, as follows:

(1) Further design optimization of liquid-lubricant-based and gas-controlled TENGs for practical applications

(2) Further quantitative analysis of the relationship between TENG performance and surrounding environmental
conditions, such as liquid properties (e.g., viscosity), gas composition, and ambient temperature

(3) Measurement and practical integration with energy storage for ultrashort and high-current discharge signals
of ESD-based electrical output

(4) Long-term effects of ESD-based TENGs on the mechanical lifespan owing to surface carbonization.

With these additional quantitative studies, we believe that the research scope can be further expanded by
combining multiple current-amplification strategies, for example, through the use of controlled gaseous
environments such as CO, or SFs. Moreover, these advances may broaden the application fields of TENGs,
particularly for space-related technologies, including spacecraft and Mars exploration, owing to their adaptability
to various atmospheric conditions.

We hope that researchers working on triboelectric nanogenerators will benefit from the strategies and
challenges summarized in this review. We believe that this study will serve as a useful guide for designing high-
current TENGs and promote further studies toward practical applications.
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