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Abstract 

Development of novel nitrogen fixation technology is realistically significant for fertilizer 

industry and agriculture. Traditional plasma-induced nitrogen fixation technology is severely 

limited in some occasions because this route generally requires a continuous power input with 

the features of complicated apparatus fabrication, high cost and non-portability, etc. Herein, 

we conceive a triboelectric nanogenerator (TENG)-driven microplasma discharge-based 

nitrogen fixation system by integrating a high voltage output TENG and a discharge reactor. 

The novel TENG has the capability to generate high voltage of about 1300 V without additional 

auxiliary. The generated voltage can induce microplasma discharge under atmospheric 

environment in the discharge reactor, where nitrogen gas is successfully converted into 

nitrogen dioxide and nitric acid, and the atmospheric nitrogen fixation is therefore realized. 

The TENG-driven microplasma discharge-based nitrogen fixation system can serve as a 

nitrogenous fertilizer supplier, and correspondingly, NaNO3 fertilizer is produced via driving 

the system by human walking stimuli for crop cultivation. This study offers a promising 

atmospheric nitrogen fixation strategy with energy-saving, environmental friendliness, flexible 

operation, and high safety. 

1. Introduction

The progress of life on earth requires continuously and large amount of nitrogen ingestion

because nitrogen is an essential and indispensable building block for life.[1-2] Even though there

is considerable nitrogen surplus in earth atmosphere, this molecular nitrogen cannot be

absorbed directly by most organisms because of the high activation energy.[3] Therefore, to

develop nitrogen fixation technology, the conversion of nitrogen in air to a biologically usable

nitrogenous compounds, is realistically significant for the development of fertilizer industry

and agriculture. Inspired from the natural lighting nitrogen fixation, plasma-induced nitrogen
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fixation can ionize air to produce the nitrogen oxide and other nitrogen compounds for further 

fertilizer synthetization, and possesses a series of advantages, such as abundant raw material 

source and zero greenhouse gas emission etc. Among them, the gliding arc plasma is 

considered as one of the most effective and promising plasma sources for nitrogen fixation or 

other gas conversion because of its excellent energy deliver efficiency and yield.[3-4] However, 

these nitrogen fixation routes have to require a continuous and huge power input for generating 

plasma,[5] which aggravates energy shortage in modern society. Additionally, some features in 

common plasma-induced nitrogen fixation, such as the complicated apparatus fabrication, high 

cost and non-portability etc., also pose a challenge to its further application. [6-7]  

Recently, triboelectric nanogenerator (TENG), a novel technology converting mechanical 

energy into electricity, is attracting a wide attention.[8-13] 7KH�GHYLFH¶V�RSHUDWLRQ�LV�PDLQO\�EDVHG�

on the triboelectricity and electrostatic effects.[14-17] Specifically, as the TENG is driven by 

mechanical stimuli, the contact of two dissimilar materials enables the contact electrification 

ascribed to the two contact surfaces because of their difference in tendencies to gain or lose 

electrons.[18-19] The subsequent separation of the two oppositely charged surfaces will generate 

an electric potential difference for TENG voltage output. Hence, the mechanical energy is 

harvested and converted into electricity. This unique working principle endows TENG with a 

series of advantages, such as simple device structure, ease of fabrication process, versatile 

material choice, the abundant availability of targeting mechanical energy and so on, to 

overcome obstacles in traditional energy supply source utilized in nitrogen fixation.[20-26]  

Meanwhile, the high efficiency in low contact frequency enables TENG to make full use of the 

natural, widely distributed, and long-term ignored ambient mechanical energy for electric 

generation,[12, 27-32] which makes TENG become an energy-saving, environmental-friendly and 

low-cost electricity supply source.[33-34] 0RUHRYHU��7(1*¶V� LQWULQVLF�IHDWXUH�RI�KLJK�YROWDJH�

and low current is also suitable for inducing microplasma discharge. In these regards, 

integrating TENG as a high voltage source into microplasma discharge-based nitrogen fixation 

is a feasible and ideal strategy, which deserves more attempt. Even though a few TENGs with 

high voltage output have been exploited as the power source for various occasions, such as 

mass spectrometer, electroluminescence device, optical gating, and electrospinning etc..[35-41], 

there is rarely report related to TENG directly driving atmospheric microplasma discharge and 

still less its application in nitrogen fixation field. Additionally, current TENGs generally 

require explicit operation conditions, such as high frequency of mechanical stimuli, unfeasible 

stress or a customized situation,[42-44] and complementary auxiliary, such as additional voltage 

sources for hybridization and voltage multiplier circuit, etc.,[35, 39, 45] for achieving a reliable 
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high voltage output. Thus, it is more necessary and significant to develop a high voltage TENG 

with simplified operation and structure for further application.  

In this study, we developed a TENG-driven microplasma discharge-based nitrogen 

fixation system (TENG-microplasma nitrogen fixation system) by integrating a TENG and an 

microplasma discharge reactor. The TENG with simple structure was designed based on our 

evaluation in contact electrification ability of materials and was prepared using polyurethane 

(PU) foam and ebonite sheet as contact materials. It could provide a high voltage output of 

DERXW������9�DQG�D� ORZ�FXUUHQW�RXWSXW�RI� DERXW����ȝ$�GULYHQ�E\�PHFKDQLFDO� VWLPXOL��7Ke 

generated voltage is directly applied on electrodes of the discharge reactor for atmospheric 

microplasma discharge, where the nitrogen gas in air is successfully converted into nitrogenous 

compound, including nitrogen dioxide and nitric acid solution. We further employ the TENG-

microplasma nitrogen fixation system as a nitrogenous fertilizer supplier. Consequently, 

fertilizer (NaNO3) is achieved via driving the system by human walking stimuli to benefit the 

plant cultivation. This work provides a feasibility to develop an energy-saving, environmental-

friendly, flexible, and safe nitrogen fixation route. 

 

2. Result and discussion 

The structural design of the TENG-microplasma nitrogen fixation system is shown in Figure 

1a and 1b. This system consists of two parts, namely a contact-separation mode TENG with 

high voltage output and a microplasma discharge reactor for nitrogen fixation. The TENG is 

illustrated in Figure 1c (i), including a PU foam and an ebonite sheet as top and bottom 

frictional layers, respectively. Two nickel (Ni) films were deposited on the surface of the two-

contact layer and performed as electrodes for electric output of the TENG, and polycarbonate 

was used as the substrate of the device. For the microplasma discharge reactor, it is considered 

as an air-filled miniature glass cylinder. Two stainless steel needles, acting as the discharge 

electrodes, are fixed at the interior of the glass cylinder as shown in Figure 1c (ii). The needle 

electrodes are directly connected to the TENG, and thus the voltage generated by TENG can 

be applied between two needle electrodes for microplasma discharge. Some DI water was 

placed at the bottom of glass cylinder to absorb generated nitrogen compounds during the 

process of microplasma discharge. 

The working mechanism of the TENG-microplasma nitrogen fixation system is shown in 

Figure 1d. For each operating cycle of TENG, PU foam and ebonite are brought into physical 

FRQWDFW��$FFRUGLQJ�WR�WKH�WULERHOHFWULF�VHULHV�RI�PDWHULDOV¶�WHQGHQF\�WR�JDLQ�RU�Oose electrons, 

electrons are transferred from the PU foam into ebonite at the interface, and these two surfaces 
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are charged with opposite polarities. When they are parted, a difference in electric potential is 

produced between the two Ni electrodes. Subsequently, when the two separated charged 

frictional layers are gradually brought together again, a voltage output with reversed polarity 

is generated. The output voltages are applied between the two needle electrodes in the 

microplasma discharge reactor. The voltage across the needle will thereby change with the 

gradual contact or separation of the frictional layers. Once this voltage exceeds the dielectric 

strength of air, ionization of air molecules and microplasma discharge will be occurred in the 

region between needle electrodes, enabling nitrogen to be transformed into nitrogen 

compounds. By means of this process, the ambient mechanical energy is harvested to generate 

electricity for microplasma discharge-based nitrogen fixation. 

The TENG plays an important role in the operation of the TENG-microplasma nitrogen 

fixation system. It harvests and converts ambient mechanical energy into electricity, and 

therefore serves as a power source to drive the system. In order to evaluate the performance of 

the prepared TENG, a device with the size of 25 cm2 was fabricated for the performance 

measurement. The results show that the TENG can provide a high voltage output. As shown in 

Figure 2a and 2b, triggered by an impulsive force of 70 N, the open-circuit voltage (Voc) and 

the short-circuit current (Isc) of TENG are capable of reaching up to about 1300 V and 60 µA, 

respectively. Meanwhile, the dependence of peak instantaneous output current and power on 

the external loads are also studied as shown in Figure 2c. It is found that the increased load 

resistance leads to the instantaneous current drops, and correspondingly, the peak instantaneous 

power of the TENG reaches a PD[LPXP�RI����P:�DW�D�ORDG�UHVLVWDQFH�RI�����0ȍ��7KLV�PHDQV�

that the maximum instantaneous power density is 0.432 W/m2. The high electric output is 

mainly attributed to the significant difference in electron affinity between the PU foam and 

ebonite, which increases the amount of separated charges during the TENG operation and 

results in a high voltage output. Additionally, compared with the flat structure, the porous 

structure of the utilized PU foam can lead to an enhanced effective contact area between 

frictional materials, which contributes to the high electric output of TENG as well. 

Figure 2d shows the effect of pore sizes of PU foam on the electric output of the device. 

PU foam is generally regarded as an excellent triboelectric charge donor. Previous studies 

suggest that its output performance as a TENG frictional layer can be further refined.[46-47] We 

expect that the pore size of the foam adapts a critical role of triboelectric charging in a vertical 

contact-separation mode. It is found that the Voc obviously increases when the pore size 

increases from 0.25 mm to 0.61 mm. As aforementioned, during the operation of TENG, PU 

foam layer will be periodically compressed and released with contact and separation of the two 
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frictional layers. The larger pore size may be beneficial for forming an improved effective 

contact area between frictional materials accompanying the compression of PU foam, leading 

WR�WKH�HQKDQFHPHQW�LQ�WKH�GHYLFH¶V�SHUIRUPDQFH��2Q�WKH�RWKHU�KDQG��WKH�KDUGQHVV�RI�38�IRDP�

will decrease with an increase in the pore size. This reduces the resistance for the GHYLFH¶V�

operation and may assist the contact area between frictional layers to become larger. Therefore, 

the Voc obviously increases with the enlargement of the pore size of PU foam, and the peak Voc 

of about 1300 V is obtained as the PU pore size is about 0.61 mm. Nonetheless, as further 

increase in the pore size to above 3 mm, the proportion of PU in whole foam will become too 

small as shown in Figure 2d, which causes significant decrement of the effective contact area 

and the electric output of device. Therefore, we employ the PU foam with pore size of 0.61 

mm as an optimized friction layer for further device fabrication. Figure 2e presents the 

relationship between the open-circuit voltage and the size of frictional layers in the prepared 

TENG. It can be observed that the Voc proportionally increases from 500 V to more than 2200 

V when the friction layer area varies from 9 to 100 cm2. Moreover, we also conducted a 

durability test of device as shown in Figure 2f. It is found that after a continuous operation of 

50000 cycles, no significant distortion or serious damage on the frictional layers is observed 

via comparing the morphologies of the two friction layers before and after operation. As a 

result, the electrical output of device remains stable during the process and the fluctuation of 

Voc is less than ±0.3% (with a fixed frequency of 7 Hz). The ultra-high electric output and great 

reliability of the prepared TENG enable it to be a good voltage supply source for TENG-

microplasma nitrogen fixation system. 

In TENG-microplasma nitrogen fixation system, the output voltage generated by TENG 

will be directly applied to the needle electrodes in discharge reactor for microplasma discharge. 

As shown in Figure 3a, the microplasma discharge has been successfully observed during 

TENG operation. The detailed discharge process can be further analyzed by studying the 

change of voltage (Vc) and current (Ic) between needle electrodes. Figure 3b illustrates the Vc 

and Ic during 4 operation cycles of TENGs, and the gap distance between needle electrodes is 

0.2 mm. Taking one cycle as an example, it can be observed that Vc initially increases up to a 

discharge voltage of ~1500 V and suddenly decreases to 0 V (Fig 3b (i)). Simultaneously, Ic 

JURZV�UDSLGO\�WR�D�GLVFKDUJH�FXUUHQW�RI�DERXW�����ȝ$��)LJ��E��LL)). This means that the applied 

electric field causes air between the needle electrodes to generate electrical breakdown and 

induce immediate charge transfer through the air gap. Subsequently, the Ic decreases back to 

50 nA within 0.002 s, and Vc starts to gradually increase due to the continuous electric supply 

from the TENG as well as the remaining charges in needle electrodes. When the Vc reaches up 
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to 1000 V, the second discharge occurs in the same half cycle. It is noticed that the discharge 

phenomenon happens only in the positive half cycles, and there is no microplasma discharge 

in the negative half cycle. That is because a plasma discharge generally requires a threshold 

YROWDJH��$FFRUGLQJ�WR�3DVFKHQ¶V�FXUYH�[48] when the separation of electrode gap is 0.2 mm and 

the operating pressure is 1 atm, the threshold voltage is about 1000 V. However, the maximum 

output voltage of TENG in negative cycle is around 500 V as shown in Figure 3b (i), which is 

thereby incompetent to generate another discharge. The released energy for each microplasma 

discharge is an important parameter characterizing the microplasma itself. It can be 

quantitatively analyzed by the voltage-charge-cyclogram, namely Lissajous figures. Figure 3c 

illustrates the Lissajous figures of the microplasma discharge process. The released energy for 

each microplasma discharge (EL) can be calculated as  

ܧ ൌ නܳ ή ܸ݀ ൌ ௦௦௨௦ܣ ሺͳሻ 

where Q is transferred charge during microplasma discharge, and V is the Vc during 

microplasma discharge, ALissajoous is the area of the enclosed curve.  

The results show that for each microplasma discharge with a gap distance of 0.2 mm, the 

EL is calculated as about 0.14 µJ. According to the statistical results in Figure 3b, about 1.75 

discharges are observed in per operation cycle of TENG. This means that the average released 

energy (Eave) during discharge per cycle is about 0.26 µJ. 

The gap distance between needle electrodes plays an important role in the microplasma 

discharge process. Figure 3d shows the changes in Vc and Ic during the discharge process with 

the gap distance of 0.6 mm. The results show that compared with the microplasma discharge 

with the gap distance of 0.2 mm, the amount of microplasma discharges statistically decreases 

to about 0.3 times per operation cycle. Meanwhile, during the microplasma discharge, the 

discharge voltage increases to about 2 kV, while the discharge current decreases to 287 ȝA. 

That is because such a wide gap distance (0.6 mm) would limit the formation of a conductive 

path between needle electrodes via ionization of air molecules, leading to a higher threshold 

voltage, a smaller discharge current, and reduced number of microplasma discharges for each 

operation cycle. In addition, the released energy for each microplasma discharge EL with the 

gap distance of 0.6 mm is measured based on the Lissajous figures as shown in Figure 3e. The 

results reveal that the EL from this discharge is about 0.19 µJ. Correspondingly, the average 

discharge energy per operation cycle (Eave) is 0.16 µJ, which is comparatively lower than that 

of the microplasma discharge with the gap distance of 0.2 mm. In order to optimize the TENG-

driven microplasma discharge process, the dependence of discharge voltage, discharge current, 
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EL and Eave on the gap distance is summarized in Figure 3f and Figure 3g, respectively. It can 

be observed that the discharge voltage and EL increase while the discharge current decreases 

with gap distance enhancement. Correspondingly, the average released energy Eave arrives at 

maximum of 0.28 µJ when the discharge gap distance is about 0.3 mm, whereas more ionized 

gas is generated to benefit the microplasma discharge and nitrogen fixation. 

Through the microplasma discharge driven by TENG, nitrogen in the air will be converted 

into nitrogen compound for accomplishing nitrogen fixation. The related reactions are 

summarized in Figure 4a. Particularly, during the microplasma discharge process, the high 

electric field strength between needle electrodes excites these nitrogen and oxygen atoms in 

the air between needle electrodes. This excitation generates high energy electrons and causes 

molecular N2 and O2 to be dissociated into nitrogen and oxygen free radicals, as shown in the 

following equations: [49-52] 

ܱଶሺሻ  ݁ି ՜ ʹܱሺ௩ሻ  ݁ି ሺʹሻ 

ଶܰሺሻ  ݁ି ՜ ʹ ሺܰ௩ሻ  ݁ି ሺ͵ሻ� 

These free radicals further lead to the generation of nitrogen oxides by different reaction routes. 

Among them, the essential reactions can be considered as: [3, 49-52]  

ሺܰ௩ሻ  ܱሺ௩ሻ ՜ ܱܰሺሻ ሺͶሻ 

ܱܰሺሻ  ܱሺ௩ሻ ՜ ܱܰଶሺሻ ሺͷሻ 

The synthesized nitrogen oxides are then collected via dissolving them into DI water placed in 

the discharge reactor, forming nitric acid and complete the nitrogen fixation, as shown below: 
[53] 

Ͷܱܰଶሺሻ  ଶܱሺሻܪʹ  ܱଶሺሻ ՜ Ͷܱܰܪଷሺሻ ሺሻ 

͵ܱܰଶሺሻ  ଶܱሺሻܪ ՜ ଷሺሻܱܰܪʹ  ܱܰሺሻ ሺሻ 

To provide more evidence concerning these reactions, we firstly analyze the emission 

spectrum of the discharge microplasma as shown in Figure. 4b. The characteristic emission 

peaks of the dinitrogen and nitrogen free radical are observed, indicating the dissociation of 

dinitrogen molecules. To verify the subsequent generation of nitrogen oxides from the 

recombination of free radicals, we further investigate the concentrations profile of nitrogen 

dioxide (NO2) at different sampling distance (Figure 4c). Herein, the sampling distance is 

defined as the length between the discharge and the probe of a gas sensor (EDKORS ADKS-

1) as shown in Figure 4d. The results demonstrate that the NO2 concentration increases with 

the decrement of sampling distance. This phenomenon confirms that NO2 is generated during 

the microplasma discharge. In addition, we also measured the effect of gap distance between 
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needle electrodes on the amount of produced NO2. As shown in Figure 4e, it is interesting to 

notice that the concentration of NO2 in microplasma discharge reactor reaches a maximum 

value when the gap distance is 0.3 mm. This is because the highest average discharge energy 

Eave is arrived in this case as shown in Figure 3g, which means that more ionized gas is 

generated during this discharge process to obtain the maximum amount of NO2. It should be 

pointed out that there is no nitric oxide (NO) detected in the reactor, which may be attributed 

to the rapid oxidation of generated NO into NO2. The generated NO2 is supposed to be 

dissolved into water to form the nitric acid solution, and its Raman spectrum after 12000 

operation cycles is exhibited in Figure 4f. Herein, the strong emission bands at 1046 cm-1and 

at 688 cm-1 are observed, which correspond to the symPHWULF�VWUHWFKLQJ�Ȟ1s NO3 vibration and 

the NO2 EHQGLQJ�į�2-N-O mode vibration, respectively. Moreover, a minor shoulder peak can 

be observed at 929 cm-1 and 1304 cm-1��ZKLFK�DUH�DWWULEXWHG�WR�Ȟ N-�2+��DQG�Ȟs NO2 vibration 

modes, respectively. Based on the previous reports,[54] it is reasonable to deduce that nitric acid 

has been successfully synthesized via TENG-driven microplasma discharge. It is noticed that 

the nitrate concentration in nitric acid increases with the extended operation time of the 

nitrogen fixation system as illustrated in Figure 4g. The peak nitrate concentration of about 250 

ppm is arrived when the operation time and gap distance are 400 min and 0.3 mm, respectively. 

Even though the energy efficiency of the TENG-microplasma based nitrogen dioxide synthesis 

is lower than that of Haber Bosch process and gliding arc-based nitrogen oxide synthesis (37.1 

MJ/mol),[3] this novel strategy still processes unique advantages whereas other methods lacked. 

Especially, the TENG-microplasma nitrogen fixation can harvest ambient and ignored 

mechanical energy to realize in-situ nitrogen fixation, which benefits relieving energy shortage.  

The generated nitric acid can be utilized in various fields, and its primary consumption is 

for the synthesis of nitrogenous fertilizer, including NaNO3, NH4NO3 and CaNO3, etc. These 

synthetic nitrogenous fertilizers are essential for agricultural development. Figure 5a and 5b 

demonstrate an application scenario of the TENG-microplasma nitrogen fixation system as the 

sustainable, environmental-friendly and safe in-situ nitrogenous fertilizer supplier. Specifically, 

in the system, a TENG with the area of 64 cm2 is covered with artificial turf and then buried 

inside a pot hole (highlighted with the blue blanket in Figure 5a and 5b). Once the TENG is 

triggered by the ambient mechanical stimuli, such as human walking, the mechanical energy 

will be harvested and converted into electricity, and the output Voc can reach up to above 1000 

V as shown in Figure 5c. This output voltage is applied between two needle electrodes inside 

the microplasma discharge reactor (highlighted with the yellow blanket in Figure 5b) for the 

microplasma discharge and the generation of NO2. With regarding to safe and direct in-situ 
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nitrogenous fertilizer fabrication, weak sodium bicarbonate solution was placed inside the 

discharge reactor to absorb and react with the generated NO2 for forming the sodium nitrate 

(NaNO3) solution as fertilizer. Figure 5d illustrates the Fourier-transform infrared spectroscopy 

(FTIR) analysis of the solution, and the transmittance characteristic peak of N-O stretching 

vibration group is found in the wave numbers of 1290 cm-1, 2431 cm-1and 875 cm-1,[55] which 

confirms the successful preparation of NaNO3. As a demonstration, these synthesized NaNO3 

are utilized as fertilizers to benefit the growth of green bean. We compared the green bean 

samples with and without the addition of NaNO3 fertilizers generated by TENG-microplasma 

nitrogen fixation system. The results reveal that after the growth for one week, the fresh weight 

of total biomass (leaves, stems, and roots) of the sample with NaNO3 addition is 1.4-fold 

heavier than that of the sample without NaNO3, as shown in Figure 5e. This indicates the 

feasibility and application potential of the self-powered TENG-microplasma nitrogen fixation 

system as the mechano-nitrogenous fertilizer supplier. Compared to the other nitrogen fixation 

technologies, such as traditional Haber Bosch process or plasma based process, the TENG-

microplasma nitrogen fixation system makes full use of the dissipated, ignored and wasted 

ambient mechanical energy for the synthesis of nitrogen compounds and therefore possesses 

the unique features of energy-saving and environmental-friendliness. Meanwhile, the TENG-

microplasma nitrogen fixation system also avoids the operation environment of high 

temperature and high pressure in Haber Bosch process, leading to the better safety of the system. 

Additionally, the low cost and simplicity of our system contributes to an improved portability 

and usability for practical application. Therefore, the self-powered TENG-microplasma 

nitrogen fixation can be considered as an attractive alternative to traditional nitrogen fixation 

technology. The detailed comparison between the TENG-microplasma nitrogen fixation and 

the other nitrogen fixation technologies is summarized in Table 1. It is hoped that the proposed 

nitrogen fixation system paves a way to prepare the nitrogen compound from air in an energy-

saving, environmental-friendly, flexible, and safe way. 

 

3. Conclusion 

In summary, a TENG-driven microplasma discharge-based nitrogen fixation system has been 

developed by integrating a high voltage output TENG with a microplasma-discharge reactor. 

Based on the maximized electron affinity difference between contact materials and the 

optimized pore sizes of PU foam, the TENG can output a steady high voltage of about 1300 V 

driven by mechanical stimuli without any auxiliary. The generated voltage is directly applied 

between needle electrodes of the discharge reactor for atmospheric microplasma discharge, and 
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the effect of gap distance on discharge process, including discharge voltage, discharge current 

and average discharge energy per TENG operation cycle have been systematically investigated. 

It is observed that the nitrogen gas in air can be successfully converted into nitrogen compound, 

including nitrogen dioxide and nitric acid solution, via the TENG-driven microplasma 

discharge process to finally realize the nitrogen fixation. The NO3
- concentration of 250 ppm 

can be arrived after continuously operating the TENG for 400 min. Furthermore, we employ 

the TENG-microplasma nitrogen fixation system as a mechano-nitrogenous fertilizer supplier. 

After driving the system by human walking stimuli, the NaNO3 fertilizer is produced to benefit 

the growth of green beams. This work provides a feasibility to develop an energy-saving, 

environmental-friendly, flexible, and safe nitrogen fixation route. 

 

 

4. Experimental 

Fabrication of the TENG-microplasma nitrogen fixation system: 

(1) Fabrication of the TENG: Polyurethane foams with the thickness of 2 mm were purchased 

from Jiangsu Xinkaisheng Enterprise Development Co., Ltd, China. Ebonite sheet (Thickness: 

����ȝP��ZHUH�SXUFKDVHG�IURP�1,..2�(%21,7(�PIJ��FR���OWG���-DSDQ��7KH\�ZHUH�HPSOR\HG�

as the friction layer of the TENG without further treatment. The contact-separation mode 

TENG was fabricated by confronting the two frictional layers (5 cm × 5 cm) against each other. 

Nickel fabric and polycarbonate were successively attached on the rear sides of the frictional 

layers as electrodes and supporting substrate, respectively. Four springs with length of 10 mm 

and diameter of 8 mm were fixed on the four corners of polycarbonate substrates via epoxy 

adhesive and shafts to hold a gap between friction layers. (2) Fabrication of the microplasma 

discharge reactor: The microplasma discharge reactor was a custom-made glass cylinder 

(Drummond Scientific, ĭ RXWHU��ௗFP��ĭ LQQHU����ௗFP��ZLWK�WZR�VWDLQOHVV�VWHHO�QHHGOHV�ORFDWHG�

in the opposite side of the cylinder. The gap distance between the needles could be adjustable. 

The top end of the reactor was capped with a helmet to avoid dust or dirt polluting the interior 

of the reactor. DI water or weak sodium bicarbonate solution was added into the reactor for 

absorbing generated nitrogen oxide. (3) Fabrication of the TENG-microplasma nitrogen 

fixation system: The TENG-microplasma nitrogen fixation system was achieved by connecting 

the electrodes of TENG with the needle electrodes of the microplasma discharge reactor.  

Measurements and Characterization: 

The TENG was driven by a linear motor. The output voltage and current of the TENG were 

measured by LeCroy WaveRunner Oscilloscope (44MXI) with the probe resistance value of 
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���0ȍ�DQG�ORZ�QRLVH�FXUUHQW�DPSOLILHU��6WDQIRUG�5HVHDUFK�6\VWHPV��65������UHVSHFWLYHO\��7KH�

emission spectrum of the microplasma discharge driven by the TENG is recorded by Ocean 

optics USB 4000 spectrometer. The concentration of nitrogen dioxide was measured by using 

a gas detector (EDKORS ADKS-1). The nitrate concentration in the range of 0-2000 ppm was 

detected by a spectrograph (HORIBA, LAQUAtwin-NO3-11).  

Green bean germination and growth:  

Green bean seeds were cultivated in Petri dishes at 28 °C in darkness for three days. Afterwards, 

uniform seedlings were transferred and placed in an incubator with DI water for growth with 

climate control. Continuous NaNO3 solution was supplied to five green bean samples, while 

only DI water was supplied to the reference samples. After the growth for one week, the fresh 

weight of total biomass was measured for evaluating the growth rate of samples. 
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Figure 1. Illustration of TENG-microplasma discharge system (a) Schematic and (b) 
photographs of TENG-microplasma discharge system. (c) Photograph of the (i) TENG and (ii) 
microplasma discharge reactor. (d) Schematic of the working mechanism of the TENG-
microplasma nitrogen fixation system.  
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Figure 2. Electric performance of the high voltage TENG (a) Open-circuit voltage and (b) 
short-circuit current generated by TENG. (c) Dependence of the peak instantaneous current 
and peak instantaneous power of TENG on the external load resistance. (d) Open-circuit 
voltage of TENG versus the pore size of utilized PU foam friction material. (Inserts are the 
optical images of the PU foams with different pore size). (e) Open-circuit voltage of TENG 
under different frictional layer sizes. (f) The open-circuit voltage of the TENG after continuous 
operation for 45000 cycles at 7 Hz. Inserts are the SEM images of the two frictional layers 
before and after the operating process. 
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Figure 3. TENG driven microplasma discharge characterization (a) Photograph of the TENG-
driven microplasma discharge between needle electrodes. (b) Change in voltage (i) and current 
(ii) between needle electrodes during four operation cycles of TENG. Gap distance between 
needle electrodes is 0.2 mm. (c) Lissajous figures of the microplasma discharge process with 
the gap distance of 0.2 mm. (d) Change in voltage (i) and current (ii) between needle electrodes 
during four operation cycle of TENG. Gap distance between needle electrodes is 0.6 mm. (e) 
Lissajous figures of the microplasma discharge process with the gap distance of 0.6 mm. (f) 
The discharge voltage and discharge current under different gap distance between needle 
electrodes. (g) The released energy for each microplasma discharge and the average discharge 
energy in each TENG operation cycle under different gap distance.  
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Figure 4. TENG driven nitrogen fixation characterization (a) Schematic of the conversion from 
nitrogen and oxygen molecules to nitrogen dioxide and nitric acid in TENG-microplasma 
nitrogen fixation system. (b) The emission spectrum of microplasma discharge. (c) The 
concentration of nitrogen dioxide detected under different sampling distance. (d) Schematic for 
nitrogen dioxide concentration measurement based on the EDKORS ADKS-1 gas detector. (e) 
The concentrations of nitrogen dioxide generated by microplasma discharge with different gap 
distance. (f) Raman spectrum of the prepared nitric acid solution in discharge reactor. (g) The 
nitrate concentration in nitric acid solution detected at the different operation time of TENG-
microplasma nitrogen fixation system. 
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Figure 5. Demonstration of TENG microplasma discharge-based nitrogen fixation towards 
self-powered mechano-nitrogenous fertilizer supplier (a) Schematic and (b) Photograph 
demonstrating the setup of TENG-microplasma nitrogen fixation system as nitrogenous 
fertilizer supplier. (c) Open-circuit voltage generated by the buried TENG driven by human 
walking. (d) FTIR spectrum of the prepared NaNO3 solution. (e) Comparison in growth rates 
between green bean samples with and without NaNO3 addition. 
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Table 1. Comparison between traditional nitrogen fixation methods with the TENG-
microplasma nitrogen fixation. [50, 56-59] 
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