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A B S T R A C T   

Indoor air quality plays a critical role in maintaining human health and well-being. In this study, a novel self- 
powered and high-efficiency negative air ion (NAI) generator in pipeline is proposed for air purification in the 
ventilation system. The self-power is achieved by utilizing a novel device of wind energy triboelectric nano-
generator (WE-TENG) to efficiently harvest wind energy in the pipeline. The present WE-TENG of investigation 
can reach a high rotation speed of 1300 rpm at 5.5 m/s in the pipe with a pressure drop of 175 Pa. After the 
power management circuit, the self-powered NAI generator is capable to drive 21 carbon-fiber electrodes to 
generate NAIs, with a generation rate of 23.14 μC/s. The self-powered NAI generator efficiently generates a high 
volume of NAIs in the pipeline, harnessing the air-purifying properties of NAIs, thereby making a significant 
impact on the practical application of self-powered indoor air purification systems based on TENG.   

1. Introduction 

The quality of air is paramount to human health [1,2], and its 
improvement could save numerous lives [3]. As individuals spend the 
majority of their time indoors, indoor air quality has become a matter of 
significant concern [4–7]. However, the complexity of power supply and 
maintenance requirements for conventional air purification equipment 
poses significant challenges [8–10]. Since the advent of TENG [11], 
many solutions have been devised to purify indoor air using the high 
voltage (HV) electricity generated by TENG with positive results 
[12–17]. Especially, the employment of a motion-stimulated triboelec-
tric negative air ion (NAI) generator has demonstrated the capability to 
produce up to 1 × 1013 NAIs and purify air efficiently [14]. Despite this, 
the limitations in the power generation capacity of TENG and the energy 
recovery strategy still hinder the practical implementation of 
TENG-based self-powered air purification systems. 

Until now, the performance of rotary TENG has been greatly 
improved through various optimizations, including self-healing design 
[18], reducing triboelectric charge decay [19], structural design [20, 
21], material selection [22], and charge pumping strategy [23]. Espe-
cially, a polyester fur-reinforced rotary triboelectric nanogenerator 
(PFR-TENG) exhibits the advantages of low friction and high output 

voltage, making it well-suited for wind energy harvesting [24]. Studies 
on the utilization of rotary TENGs for wind energy harvesting have been 
extensively conducted [21,24–31], resulting in the development of en-
ergy harvesting systems and self-powered sensing systems. In particular, 
the use of rotary TENG in ventilation systems offers the possibility of 
energy recycling and self-powered real-time monitoring [25]. In addi-
tion to powering the sensors, the energy collected from wind energy by 
TENGs has been applied in various fields such as oil-water separation 
[32], plant growth [24], and anti-fogging [33], which take full advan-
tage of the HV output characteristics of TENGs. Moreover, with the HV 
characteristics of TENG, the TENG has also enabled the use of an elec-
troaerodynamics thruster based on the ionic wind theory, demonstrating 
its ability to generate large amounts of NAIs [34]. With these capabil-
ities, using the rotary TENG to harvest wind power in pipe and generate 
NAIs to purify the air presents a promising solution. 

This paper reports an innovative lab-scale self-powered NAI gener-
ator in pipeline. The self-powered NAI generator leverages pipeline wind 
energy captured by a wind energy triboelectric nanogenerator (WE- 
TENG), which is comprised of two PFR-TENGs and blades. The HV 
electricity generated by the WE-TENG is regulated by a power man-
agement circuit (PMC) to an appropriate voltage and produces a large 
amount of NAIs. The WE-TENG exhibits a low start-up wind speed of 1.5 
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m/s, capable of rotating continuously at 50 rpm while achieving a high 
wind energy harvesting efficiency with the ability to reach up to 1300 
rpm at a wind speed of 5.5 m/s. By connecting both ends of the WE- 
TENG in parallel, the short-circuit current is doubled than one end of 
the WE-TENG. This results in a short-circuit current of up to 150 μA and 
an open-circuit voltage of 5 kV at 1300 rpm. The WE-TENG is further 
equipped with a voltage doubler and generates a maximum direct cur-
rent of 9 kV at 1300 rpm, which can drive 21 carbon-fiber electrodes to 
produce NAIs. When all of the above devices are placed in the pipeline, 
the self-powered NAI generator has a low pressure drop, with only 8 Pa 
at a wind speed of 1.5 m/s and rising to 175 Pa at 5.5 m/s. Through a 
series of experiments, the efficacy of the self-powered NAI generator in 

air purification is rigorously established. The performance of the self- 
powered NAI generator in the pipeline offers a robust foundation for 
the implementation of TENG-based air purification systems in practical 
applications. 

2. Results and discussion 

2.1. Working principle of the self-powered NAI generator 

Fig. 1a shows the application scenario of the self-powered NAI 
generator placed in a pipeline, using wind energy to generate large 
amounts of NAIs. By adsorbing the dust in the air, NAIs allow the dust to 

Fig. 1. Schematic illustrations of the self-powered NAI generator and the application scenario. (a) Application scenario diagram of the self-powered NAI generator in 
generating NAIs and purifying the air in a pipeline. (b) The system components of the self-powered NAI generator. (c) Schematic diagram of the grounding copper 
mesh to enhance the generation of NAIs. (d) The NAIs generation rate with 21 carbon fiber electrodes at different rotation speeds. 
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settle and thus purify the air. The self-powered NAI generator can be 
applied in the pipeline of the ventilation system, exhaust systems, etc. to 
achieve self-powered air purification. 

The composition of the self-powered NAI generator is presented in 
Fig. 1b, which incorporates three essential elements, including the WE- 
TENG, the PMC, and an electrode array. The self-powered NAI generator 
collects wind energy in the pipeline by WE-TENG and converts it into HV 
electrical energy through triboelectric effect and electrostatic induction. 
A PMC adjusts the output of the WE-TENG to the optimal voltage for 
generating NAIs. Eventually, at the tip of the electrode, a strong electric 
field ionizes the air and generates a large amount of negative NAIs. 

As shown in Fig. 1c, connecting the copper mesh to the ground can 
greatly enhance the electric field strength at the electrode tip, which is 
due to the increased potential gradient. The greater electric field 
strength enhances the generation rate of NAIs, which results in better 
performance of the self-powered NAI generator, compared to without 
grounded copper mesh. Since the copper mesh has large porosity, the 
majority of NAIs generated by the electrodes can pass through the mesh 
and disperse into the air. To measure the charge of the generated NAIs, a 
charge meter is connected in series between the PMC and the electrodes. 
When a charge meter is directly connected between an electrode and a 
copper mesh, the internal resistance of the meter is typically much 
smaller than the equivalent resistance of the air during NAIs generation. 
This can negatively impact the operation of the circuit. However, by 
connecting the charge meter between the PMC and the electrode, it can 
accurately record the amount of charge passing through the circuit while 
still allowing for the normal release of NAIs from the electrode. 

Fig. 1d shows the generation rate of NAIs using 21 carbon-fiber 
electrodes at different rotation speeds. The self-powered NAI gener-
ator can generate 1.1 μC of NAIs per second at the rotation speed of 
100 rpm. The generation rate of NAIs reaches the maximum of 23 μC/s 
at the rotation speed of 1300 rpm, corresponding to a wind speed of 
5.5 m/s. Therefore, the self-powered NAI generator can efficiently and 

self-powered generate NAIs and purify the air. 

2.2. Structure and performance of WE-TENG 

Fig. 2a & b show the cross-section and structure of the WE-TENG. 
The WE-TENG is composed of two blades, each with a cross-sectional 
geometry of two semicircles, featuring distinct radii of R = 59.5 mm 
and r = 8.5 mm. This design is found to allow for efficient collection of 
wind energy and minimization of pressure drop. 

Two PFR-TENGs are integrating at both ends of the WE-TENG, 
achieving high integration and enabling efficient wind power genera-
tion in the pipeline. The material of the PFR-TENG is shown in Fig. 2c. 
Alternating arrangements of PTFE and nylon and three pairs of elec-
trodes are incorporated to generate HV electricity, which is sufficient to 
meet the threshold voltage requirement (in general above 1 kV) for NAI 
generation [35–37]. As shown in Fig. 2d, the WE-TENG starts up and 
rotates continuously at 50 rpm at the wind speed of 1.5 m/s, reaching 
1300 rpm at the wind speed of 5.5 m/s. Fig. 1e depicts the low pressure 
drop before and after the WE-TENG keeps low at different wind speeds, 
ensuring minimal impact on the normal operation of the ventilation 
system. Fig. 2f compares the rotation speed of the present WE-TENG 
with those of previous TENG-based wind harvesting devices [21, 
26–31] fitted to the same wind speed of 5 m/s. This comparison clearly 
demonstrates that the WE-TENG can obtain a far higher rotational speed 
than other TENG-based wind turbines in the open area. The high speed 
and efficiency of the WE-TENG are dependent on its unique vertical axis 
blade design and the working environment in the pipeline. Based on the 
capacitive model of the TENG [38], the output current of the TENG can 
be expressed as: 

I = A
dδ
dt

(1)  

where A and δ represent effective contact area and surface charge den-

Fig. 2. Structure and working performance of the WE-TENG. (a) The cross-section, (b) the structural representation, and (c) the materials of the WE-TENG. (d) The 
rotation speed of WE-TENG versus the wind speed. (e) The pressure drop of self-powered NAI generator at different wind speeds. (f) Comparison between the present 
WE-TENG with previous TENG-based wind harvesting devices [21,26–31] on the rotation speeds fitted to a wind speed of 5 m/s. 
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sity respectively. When the triboelectric effect of TENG reaches satura-
tion, the output voltage and δ remain constant, which means the high 
rotation speed of the WE-TENG enables it to obtain higher output cur-
rent and better power generation performance. As shown in supporting 
video 1, the WE-TENG can easily light up a hundred 36 V-rated light 
emitting diodes (LEDs), which proves that the WE-TENG has enough 
power to generate NAIs. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108459. 

2.3. Electrical characteristics and power management of the WE-TENG 

The working mechanism of the WE-TENG is shown in Fig. 3a. The 
WE-TENG utilizes three dielectric materials with different charge af-
finities, which are nylon, polyester fur, and PTFE. In this study, the use 
of two pieces of polyester fur is adopted to ensure power generation 
performance and reduce friction. The polyester fur exhibits an inter-
mediate charge affinity between nylon and PTFE, acting as a charge 
pump and transmitting charge between alternating layers of nylon and 
PTFE. The fully charged nylon and PTFE induce a positive and negative 
electric field on electrodes, thereby amplifying the potential difference 
compared to the TENG which only uses two dielectric materials, 
resulting in a high voltage output. 

In Figs. 3b & c and S1, the open-circuit voltage (VOC), short-circuit 
current (ISC), and short-circuit transferred charge (QSC) of one end of 
the WE-TENG are systematically characterized as a function of rotation 
speed (n). The results show that VOC increases from 2 kV to the 
maximum of 6 kV as n increases from 50 rpm to 1100 rpm. After 
1100 rpm the voltage is slightly reduced to 5.5 kV due to the excessive 
speed that leads to poor friction. Meanwhile, QSC remains constant, and 
ISC increases with n, reaching ISC = 75 μA atn = 1300 rpm. 

In this study, a parallel connection is chosen to connect both ends of 
the WE-TENG. As illustrated in Figs. 3d and S2 & S3, ISC and QSC are 
doubled after parallel connection, while VOC remains the same. With the 
parallel connection, ISC increases to 150 μA at n = 1300 rpm, ensuring 
sufficient capacity for powering four PMCs. 

Fig. 4a shows the equivalent circuit diagrams of four PMCs. They are 
(PMC-I) the full wave rectifier circuits, (PMC-II) the Villard circuit using 
the internal capacitor of the TENG which is represented by CTENG, (PMC- 
III) the Villard circuit, and (PMC-IV) the voltage doubler. The equivalent 
circuit diagram for measuring their output voltages is shown in Fig. S4, 
and corresponds to the output of the PMCs at a load of 1 GΩ. 

Fig. 4b displays the stabilized output voltages of the four PMCs for n 
= 700 rpm. The PMC-I transforms the AC output of the WE-TENG into 
pulsed DC with equal amplitude. PMC-II and PMC-III increase the 
amplitude of the voltage while converting AC to pulsed DC. However, 
the small internal capacitor of the WE-TENG limits the ability of PMC-II 
to double the amplitude, while PMC-III is capable. The output voltage of 
PMC-IV is shown in Fig. S5, which reaches stability with a DC output of 
approximately 7 kV after charging 2 s. As shown in Fig. S6, the stable 
output of PMC-IV varies as n changes. As n increases, the output voltage 
of PMC-IV on the load of 1 GΩ increases from 1.5 kV to 9 kV. 

2.4. Performance of self-powered NAI generator in generating NAIs 

The NAIs generated by the self-powered NAI generator are produced 
on an electrode made of a unique material. Fig. 5a shows three different 
electrodes which are tungsten-alloy, needle, and carbon-fiber elec-
trodes. Each electrode generates NAIs by connecting it to the negative 
HV end of the PMC. When the electrodes are connected to their circuits, 
thereby producing a strong electric field on the electrode tip that ionizes 
the air and results in the generation of NAIs. 

In our experiment, the distance (L) between the electrode and the 
copper mesh needs to be greater than 2 cm to avoid a discharge arc. The 
electric field simulation has been performed using COMSOL to evaluate 
the effect of L on the electric field strength. Fig. S7 demonstrates that, as 
L increases from 2 cm to 5 cm, the electric field strength decreases 
significantly. In Fig. 5b, the results for the maximum electric field 
strength with various distances are obtained by COMSOL calculation, 
where the maximum electric field strength decreases from 7.65 × 106 

V/m to 5.4 × 106 V/m as L increases. In Fig. 5c, experimental results of 
the NAIs generation rate are shown when using the PMC-IV to power a 

Fig. 3. Electrical output characteristics of the WE-TENG. (a) The working mechanism of the WE-TENG. (b) Open-circuit voltage and (c) short-circuit current at one 
end of the WE-TENG with a speed range of 50–1300 rpm. (d)The short-circuit current of both ends of the WE-TENG connected in parallel versus that of one end of the 
WE-TENG. 
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single carbon-fiber electrode. The experimental results are consistent 
with the simulation results, as L decreases, the generation rate of NAIs 
increases with the enhancement of the electric field strength. 

According to Fig. 4b, the PMC-III has a pulsating DC output with the 
largest peak voltage while the output of the PMC-IV is more stable. 
Therefore, the experiments of these two PMCs driving the generation of 
NAIs with the three different electrodes are performed, and the results 
are shown in Fig. 5d & 5e. Obviously, the NAIs generation rate of the 
carbon-fiber electrode is higher than the other two electrodes, regardless 
of whether the PMC-III or the PMC-IV is used. Fig. 5f compares the 
generation rates of NAIs using the PMC-III and the PMC-IV at different n. 
As expected, the generation rate of NAIs is higher when using the latter 
because the root mean square (RMS) voltage of the former is not as high 
as that of the latter. In addition, the pulsating DC voltage cannot always 
be above the threshold voltage at which NAIs can be generated. 
Therefore, using the PMC-IV driving carbon-fiber electrodes to generate 
NAIs is an optimal choice. 

To investigate the relationship between the generation rate of NAIs 
and the air purification performance, we carry out a series of experi-
ments on air purification with the self-powered NAI generator. Each 
experiment is started after 60 s of releasing pollutants by lighting in-
cense in an acrylic cylinder of 15 cm diameter and 30 cm height. The 
PM2.5 index of the air within the acrylic cylinder surpasses the mea-
surement range of the instrument, with the maximum value being 
recorded at 999. 

Fig. 5g visually shows the effect of air purification using a single 
carbon-fiber driven by the PMC-IV versus that without using the self- 
powered NAI generator. As the self-powered NAI generator is oper-
ating, NAIs are released through the copper mesh and into the air with 
forced convection, see the principle in Fig. 1c. It is proved that air pu-
rification by the self-powered NAI generator is feasible and effective. 
This is also demonstrated by the supporting video 2, where three types 
of electrodes are used to investigate the ability of air purification under 
forced convection by a fan. The rates of air purification of the self- 
powered NAI generator with the three electrodes coincide with the 
generation rates of NAIs shown in Fig. 5e. In particular, the most effi-
cient air purification is achieved by using the carbon-fiber electrode, 
where the smoke has disappeared after operating for about 80 s. By 

comparison, using the needle and tungsten alloy electrodes needs more 
time to achieve the same level of air purification. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108459. 

To enhance the air-purifying ability of the self-powered NAI gener-
ator, multiple carbon-fiber electrodes are used to generate NAIs simul-
taneously. Fig. 6 shows the experimental results. As expected, the 
generation rate of NAIs generally rises with increasing the number (N) of 
carbon-fiber electrodes (Fig. 6a). In particular, the rising rate is rapid for 
N < 11 and becomes slow at N > 11. Fig. S8 shows the rate of NAIs 
generation using 11 carbon-fiber electrodes at different n. It is obvious 
that the use of 21 carbon-fiber electrodes does improve compared to N 
= 11 but the effect is limited. Therefore, when N > 11, it is not cost- 
effective to increase the performance of the self-powered NAI generator. 

To investigate the reasons for the variation in the NAIs generation 
rate, it is necessary to quantify the voltage and current at each electrode. 
Fig. S9 shows the equivalent circuit of the self-powered NAI generator 
when using multiple carbon-fiber electrodes. Here, the equivalent in-
ternal resistance of carbon-fiber electrodes generating NAIs is equivalent 
to a parallel connection. The theoretical output voltage of the PMC-IV 
(Voutput) is given below [39,40]: 

Voutput = 2Vinput − ΔV (2)  

ΔV = Ioutput
/

fC (3)  

where Vinput is the peak voltage of the TENG, ΔV is the voltage 
loss, Ioutput is the output current, f is the frequency of the TENG, and C 
is the capacity of the capacitor used in the PMC-IV. When the self- 
powered NAI generator uses multiple electrodes, changes in load 
affect the output of the PMC-IV, and Ioutput obviously increases. From 
Eqs. (2) & (3), it can be seen that Voutput decreases as Ioutput increases, 
implying that the voltage on each carbon-fiber electrode decreases when 
N is increased. Based on the results of Figure 6a and Eqs. (2) & (3), the 
theoretical Voutput should be: 

Voutput ≈ 1.1 × 104 − 2.86 × 106Ioutput (4) 

However, the CTENG is much smaller than the capacitance used in the 
PMC-IV, and the output waveform of the WE-TENG is not strictly 

Fig. 4. The power management of the WE-TENG. (a) The circuit diagrams of four PMCs, including (PMC-I) the full wave rectifier circuit, (PMC-II) the Villard circuit 
with CTENG, (PMC-III) the Villard circuit, and (PMC-IV) the voltage doubler. (b) The output voltage of four PMCs powered by the WE-TENG at a rotation speed 
of 700 rpm. 
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sinusoidal, so the actual Voutput should be smaller than the theoretical 
value. Therefore, the voltage on the electrodes cannot be calculated 
using Eq. (4). Thus, the current-voltage curve of the PMC-IV powered by 
WE-TENG needs to be obtained through experiment. 

The actual Voutput is obtained by measuring Ioutput of different resistive 
loads on PMC-IV and calculated by Ohm’s law. The results are shown in 
Fig. 6b. When the resistance of the load is between 0.1 GΩ and 3 GΩ, the 
PMC-IV reaches the maximum output voltage, see Fig. 6c, Ioutput and 
Voutput are related approximately linearly as follows： 

Voutput = 8.33 × 103 − 2.84×108Ioutput (5)  

which shows that CTENG greatly enhances the value of ΔV, but the overall 
trend is still consistent with Eqs. (2) & (3). 

By bringing Ioutput of different N into the Eq. (5), the voltages on each 
carbon-fiber electrode are shown in Fig. 6d. As N increases, the voltage 
and the current on each electrode decreases. Theoretically, the voltage 
and current will be reduced with N increases, until the voltage on the 
electrode is below the threshold voltage for the generation of NAIs. 

Last but not least, an experiment on air purification using the self- 
powered NAI generator with different numbers of carbon-fiber 

electrodes is carried on. As shown in Fig. 6e, the air purification per-
formance of the self-powered NAI generator with multiple carbon-fiber 
electrodes did improve significantly compared with a single carbon-fiber 
electrode. Further, there is a relatively small improvement in air puri-
fication capacity when using 21 or 11 carbon-fiber electrodes, which is 
consistent with Fig. 6a. In supporting video 3, the air purification 
performance of the self-powered NAI generator with different amounts 
of carbon-fiber electrodes is shown. The air in the acrylic without the 
self-powered NAI generator is also compared with using the self- 
powered NAI generator. The self-powered NAI generator exhibits 
excellent air purification capability, thus showing the potential that it 
can build a self-powered air purification system and implement practical 
applications. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.108459. 

3. Conclusion 

As well known, traditional in-pipe air purification equipment faces 
challenges due to its complex power supply and maintenance re-
quirements. The present study has proposed a novel TENG-based NAI 

Fig. 5. Effect of different parameters on the performance of self-powered NAI generator to generate NAIs. (a) Photos of (I) the tungsten-alloy, (II) needle, and (III) 
carbon-fiber electrodes. (b) Simulation results of the maximum electric field strength at different distances (L) between the electrodes and the copper mesh. (c) 
Experimental results on the effect of L in generating the NAIs. Using (d) the PMC-III and (e) the PMC-IV to power three different electrodes to generate NAIs at 
different speeds of WE-TENG. (f) Comparison of the generation rate of NAIs when using the PMC-III and the PMC-IV. (g) Air purification using a single carbon fiber 
electrode powered by the WE-TENG with the PMC-IV. 
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generator that addresses these challenges. Compared to previous TENG- 
based air purification solutions, our work can be better adapted to the 
application scenario inside the air pipeline. As a specific example, the 
WE-TENG can start at low wind speeds and attains a rotational speed of 
up to 1300 rpm within the pipeline. The WE-TENG has a pressure drop 
of only 175 Pa at 1300 rpm, which ensures minimal impact on the 
pipeline. WE-TENG efficiently converts wind energy into continuous 
rotation, enabling the NAI generator to continuously generate NAIs 
compared to TENGs that collect vibration or reciprocating motion. The 
continuous power supply of the WE-TENG makes it possible for the PMC 
to adjust the voltage of the WE-TENG to a continuous and stable HV-DC, 
which allows the NAI generator to keep the voltage which can release a 
large amount of NAIs. In one second, the self-powered NAI generator can 

generate NAIs of 23 μC. The electrical characteristics of different 
numbers of electrodes driven by the PMC have also been quantified, 
which provides a demonstration for other similar HV studies based on 
TENG. The NAIs released from self-powered NAI generators are verified 
to be effective in air purification, which provides a solid foundation for 
the practical application of TENG-based self-powered air purification 
systems. 

4. Experimental section 

4.1. Fabrication of the WE-TENG 

The WE-TENG consists of two PFR-TENGs and two blades for wind 

Fig. 6. Performances of the self-powered NAI generator operating with various numbers of carbon-fiber electrodes. (a) The generation rate of NAIs at 700 rpm. (b) 
The current and voltage at different loads on the PMC-IV. (c) The relationship between the output voltage and current of the PMC-IV. (d) The current and the voltage 
across each electrode when the PMC-IV drives different numbers of carbon-fiber electrodes. (e) Air purification performance of the self-powered NAI generator with 
different numbers of carbon-fiber electrodes. 
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energy harvesting. The WE-TENG is 20 cm in diameter and 20 cm in 
length. 3D printing technology is used for production and the PLA-LW 
(ePLA-LW, Shenzhen Esun Industrial Co., Ltd.) is selected as the mate-
rial for 3D printing. The cross-section of the air pipe where the WE-TENG 
is located is a square with a side length of 25 cm. The PFR-TENG is 
produced by 3D printing using PLA-LW material. Both the rotor and 
stator have a diameter of 20 cm and a thickness of 3 mm. Two rotors are 
joined to the blade and form the WE-TENG. The nylon and PTFE films 
are alternately adhered to the rotor using Kapton double-sided adhesive. 
The thicknesses of nylon and PTFE films are both 0.05 mm. Six pieces of 
copper foil are adhered to the stator, forming three pairs of electrodes. 
Two pieces of polyester fur with 5 mm wide and 9 cm long are fixed in 
the gap between the electrodes. All videos are shot by CANON EOS 5D 
Mark III. 

4.2. Electrical measurements of the self-powered NAI generator 

The short-circuit current of the WE-TENG is obtained by the Keithley 
6514 electrometer (version Keithley 6514, impedance>200 TΩ, The 
Keithley. Inc., USA). The open-circuit voltage is measured by the 
Keithley DMM 6500 electrometer (The Keithley. Inc., USA) with a high- 
voltage probe (version HVP-40, 1/1000, The Pintech. Inc., China). The 
amount of NAIs generated by the self-powered NAI generator is obtained 
through the charge measurement function of the Keithley 6514, which 
directly measures the amount of charge passing through the carbon-fiber 
electrode. 

4.3. Fabrication and measurements of circuit management 

The PMCs are made with T77 diodes (withstanding voltage 20 kV) 
and capacitors with a capacity of 10 nF (withstanding voltage 20 kV) on 
the PCB. The output voltage is measured by the Keithley DMM 6500 
system electrometer with a high-voltage probe (version HVP-40, 1/ 
1000, The Pintech. Inc., China), which is equivalent to the output 
voltage of the circuit at 1GΩ load. The output voltage of the PMC con-
necting to different loads is obtained by using Keithley 6514 to measure 
the current and calculated by Ohm’s Law. 
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