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Abstract 

Harvesting water energy is promising to relieve the global energy crisis and reach the aim of 

carbon neutrality. However, few effective technologies can make use of water droplets as a 

power source efficiently. The droplet-based electricity generator (DEG) with a transistor-

inspired design has resulted in enhanced energy harvesting efficiency by orders of magnitude 

over traditional designs. Despite this, the current DEG generally features a single dielectric 

layer, limiting its integration with other common objects to achieve "unnoticed" energy 

harvesting. In this work, we report a novel design featuring multiple dielectric layers-based 

DEG (M-DEG) that leverages other materials, such as household glass or umbrellas, as the 

second dielectric layer under the surface triboelectric layer to harvest water droplet energy 

without interfering with the original function of both. We find that the second dielectric layer 

enhances the output of M-DEG because of higher equivalent capacitance and charge density. 

The open circuit voltage and short-circuit current are increased by 90.6% and 68.7%, 

respectively. The maximal short-circuit current reaches up to record-breaking 17.9 mA. 

Moreover, a capacitor model for M-DEG is established, which well reveals the influence of the 

properties of dielectric layers and droplets on the electric output, and accurately predicts the 

results.  

 

Keywords: energy harvest, droplet-based electricity generator, water energy, liquid-solid 

interface, electrical double layer 
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Introduction 

The development of technology has leads to the increasingly severe energy crisis that has 

seriously affected normal production and living standards[1-3]. One of most promising 

strategies to address this crisis is to harvest energy from clean and renewable water energy[4], 

which has inspired several new energy harvesting technologies[5-12], such as reverse 

electrowetting[13], liquid-solid-based triboelectric nanogenerators[14-17], hydrovoltaic 

technology[18, 19], and other related techniques[20-23]. Although diverse water-based 

electricity generators can harvest energy from various forms of water, the common fundamental 

mechanism lies in the dynamic interfacial liquid-solid interaction[24], which leads to the 

limited energy power density and energy conversion efficiency[15] in spite of a variety of 

optimization methods[16, 25-31]. 

Recently, a droplet-based electricity generator (DEG) with a transistor-inspired structure 

consisting of two electrodes and a single dielectric layer has been reported[32], where the 

transistor-like structure converts the interface effect into the bulk effect and greatly improves 

the energy conversion efficiency, which has triggered a research wave on the DEGs[33-36]. 

Besides, it has been shown that various treatment methods can improve the output performance 

of DEGs, including localized charge injection[37, 38], hydrophobic treating surface[39], 

interfacial laser-induced hydrophobic electrode[40], and dielectric layer/droplet 

optimization[41]. Furthermore, the falling height and hitting position of the droplet, and 

installation angle also influence the electric output of the DEGs[42]. 

Although several works have been made to improve the performance of DEG[43, 44], its 
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integration and application scalability are not well addressed. This is because the fact that DEG 

requires a hydrophobic surface with a high electron affinity such as polytetrafluoroethylene 

(PTFE) and fluorinated ethylene propylene (FEP) to achieve high surface density charge, which 

place a difficulty in the combination between the DEG and the daily materials. In this work, 

we propose a multiple dielectric layers-based DEG (M-DEG) featuring a middle layer that can 

be made of host material of daily goods. The introduction of a middle layer not only endows 

the DEG with the additional function, but greatly enhance its electrical performance. We 

demonstrate the electrical output of M-DEG could be mediated by the surface charge and 

relative permittivity of the dielectric layer 2, and the property of the droplet. The results is in 

good agreement with our capacitor model. Based on this, the M-DEG shows high flexibility 

and can be combined with daily objects (e.g. household glass and umbrellas), exhibiting the 

outstanding ability to harvest energy from precipitation.  

Results 

  Our proposed M-DEG consists of a PTFE layer (dielectric layer 1), a polyimide film (PI, 

dielectric layer 2), a top steel electrode, and a bottom ITO electrode under the polyimide film 

(Figure 1a). We chose the PTFE film owing to the following reasons. The PTFE film is smooth 

and hydrophobic with a low surface roughness of 50.7 nm and a contact angle of 102.8° (Figure 

S1a, b), which achieves the efficient contact and separation of water droplets from the surface. 

In addition, the PTFE has high surface charge density owing to its electron-accepting fluorine 

group, whose presence can be evidenced by X-ray photoelectron spectroscopy (XPS) showing 

the obvious F 1s peak observed at 687 eV (Figure S1c).  
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To confirm the superiority of the dielectric layer 2, we first measured the open circuit voltage 

(Voc) of the M-DEG containing a 30 μm PTFE layer (dielectric layer 1) and a 70 μm thick 

polyimide layer (dielectric layer 2). The result shows that the M-DEG generated a typical Voc 

of 192.0 V, which increased by 26.3% compared to the ordinary DEG containing a 100 μm 

thick PTFE layer (Figure 1b), indicating that the multilayer structure has certain advantages 

over a single dielectric layer in spite of the same total thickness of the dielectric layers. We then 

investigated the effects of the thickness of the dielectric layers 1 (d1) and 2 (d2) on the electrical 

output. When d2 is 25 μm, the Voc and Isc increased from 92.9 to 169.0 V and from 33.5 μA to 

44.0 μA with the increase of d1 from 30 to 100 μm, respectively (Figure S2a). In addition, when 

the dielectric layer 1 was 30 μm, the introduction of a 25 μm thick dielectric layer 2 could make 

Voc and Isc increase to 125.3 V (increased by 22.6%) and 33.2 μA (increased by 39.5%), as 

shown in Figure 1c. Then, Voc and Isc further increased to 194.8 V and 40.15 μA with the 

increase of d2 to 100 μm, which was about 90.6% and 68.7% higher than that without the 

dielectric layer 2, respectively. Furthermore, it was found that the surface charge density of the 

upper surface of the dielectric layer 2 (σ21) influenced the electrical output greatly. When the 

upper surface of the dielectric layer 2 was negatively charged (σ21＜0), the maximum Voc was 

150.0 V (Figure 1d). When σ21 was higher than 0, the Voc was the lowest, only about 53.7 V. 

When σ21 was equal to 0, the Voc was 133.3 V. These results showed that the property of the 

surface charge on the upper surface of the dielectric layer 2 significantly affected the Voc.  
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Figure 1. Electrical output of the M-DEG. (a) Structure of the M-DEG. (b) Typical voltage 

signals generated by the original DEG without the dielectric layer 2 and the M-DEG with the 

dielectric layer 2, respectively. The dielectric layer’s total thickness of DEG is equal to that of 

the M-DEG. (c) Dependence of the Voc and Isc on the thickness of the dielectric layer 2 (d2). 

The error bars are the SD values of 5 samples. (d) Relationship between the surface charge of 

the dielectric layer 2’s upper surface (σ21) and the Voc. The error bars are the SD values of 3 

samples. (e) Relationship between the Isc and the volume of the droplet. The error bars are the 

SD values of 7 samples. (f) Dependence of the Isc on the concentration of the NaCl. The error 

bars are the SD values of 7 samples. To our knowledge, this current value is much higher than 

the previously reported values generated by water-solid electricity generators[14, 32, 38, 41, 

45-47]. 

 

We then investigated the effect of the property of the droplet on the Isc. With the droplet 

volume increasing from 29.8 μL to 99.5 μL, the Isc increases from 20.2 μA to 35.6 μA (Figure 
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1e). Further, the Isc increases from 22.5 μA to 17.9 mA with the concentration of NaCl solution 

increasing from 10-7 M (DI water) to 1 M (Figure 1f). To our knowledge, this current value is 

much higher than the previously reported values generated by water-solid electricity generators 

(Figure S2b and Table S1).[14, 32, 38, 41, 45-47] Considering that the increase in NaCl 

concentration leads to the increase in droplet conductivity, the resistance of droplet may have 

a great influence on the Isc.  

 

Discussion 

   

Figure 2. Mechanism of electricity generation. Figure (i)-(vi) show the charge carrier behavior 

when the droplet is in different positions. The surface charges of dielectric layer 1 or 2 are set 

as negative, which can be achieve by ion injection. 

The transfer of charge between the droplets and the dielectric layer 1 is the basis for the 

electricity generation of M-DEG. We compared the amount of charge carried by the droplets 
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in two different cases (the schematic diagram of the experimental setup can be seen in Figure 

S3a, b): (i) the droplet falling directly into the Faraday cup directly, and (ii) the droplet falling 

into the Faraday cup after contacting the dielectric layer 1. The results showed that the total 

charge carried by 50 droplets without contacting the dielectric layer 1 was 0.02 nC, while that 

of 50 droplets after contacting the dielectric layer 1 was 38.49 nC (Figure S3c). After contacting 

the dielectric layer 1, the droplets carried much more charges, indicating that efficient charge 

transfer occurred between the droplets and the dielectric layer 1. The charge transfer between 

water and dielectric layer can be attributed to the mixed mechanism caused by the electron 

transfer and ion transfer, and the electron transfer dominates, which can be explain by the 

electron cloud model (Figure S3d)[48-50]. The electricity generation mechanism of the M-

DEG is illustrated by a typical current period in Figure S4 combined with the schematic 

diagram in Figure 2. Before the droplet contacts the surface of the dielectric layer 1, the charge 

of each part of the M-DEG is balanced. In this case, there is no current, corresponding to Figure 

2(i). When the droplet contacts the upper surface of the dielectric layer 1 and the top electrode 

and then spreads, the charges inside the droplet move directionally to form electrical double 

layers (EDLs) at the liquid-dielectric layer 1 interface and the liquid-top electrode interface 

(Figure 2(ii)-(iv)). In this process, the initial local charge balance is broken, and a current is 

generated to restore the charge balance. When the contact area between the droplet and surface 

decreases, the EDLs disappear, corresponding to a reverse current (Figure 2(v)). When the 

droplet is completely detached from the dielectric layer 1, the charge balance is re-established 

and the current disappears (Figure 2(vi)).  
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Figure 3. Theoretical potential difference and current of the M-DEG. (a) Schematic of the M-

DEG. The surface charges of dielectric layer 1 or 2 are negatively charged by ion injection. (b) 

Equivalent circuit of (a). (c) Dependence of the theoretical potential difference on the d2. The 

smaller relative permittivity of the dielectric layer 2 results in a faster increasing rate of the 

potential difference. (d) Theoretical potential difference modulated by both the surface charge 

density of upper surface of the dielectric layers 1 (σ11) and 2 (σ21). By regulating σ11 and σ21, 

the potential difference can be changed from positive to negative. (e) Dependence of the 

corrected theoretical current and experimental transferred charge on d2. The error bars are the 

SD values of 3 samples. (f) Relationship between the transfer charge and the volume of the 

droplet. The PTFE is used as the dielectric layer 1, and PI is used as the dielectric layer 2. The 

error bars are the SD values of 7 samples. The relative permittivity and surface charge densities 

of the dielectric layers were taken from the literature values[51-56].  

To understand the mechanism of the M-DEG, we build an equivalent circuit model and 

explore the effect of various factors on the electrical output. When the droplet contacts the M-
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DEG, the anions and cations in the droplet migrate to the surfaces of the top electrode and the 

dielectric layer 1, respectively (Figure 3a). The EDL will form at the droplet-dielectric layer 1 

interface and the droplet-top electrode interface. Thus, the capacitor model for the M-DEG is 

proposed, which can be further simplified in Figure 3b. The dielectric layers 1 and 2 are 

regarded as two capacitors C1 and C2, respectively. The EDL capacitors forms at the droplet-

top electrode interface and the droplet-dielectric layer 1 interface are C3 and C4, respectively. 

The internal resistance of M-DEG is R0. The theoretical potential difference between the top 

and bottom electrodes is given by Equation 1 (see Figure S5 and Note S1 in the supporting 

information for the detailed derivation), 

( ) 112 21 11 22 12 21 2

1 0 2 0

( )
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2 2
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where σ11, σ12, σ21, and σ22 are the upper and lower surface charge densities of the dielectric 

layers 1 and 2, respectively. σE is the induced charge density of the bottom electrode. d1 and d2 

are the thickness of the dielectric layers 1 and 2, respectively. One thing to note is that the 

surface charge density is not an absolute value in our work. ε0 is the vacuum dielectric 

permittivity. ε1 and ε2 are the relative permittivity of the dielectric layers 1 and 2, respectively. 

Since σE is generated by electrostatic induction and the thickness of two dielectric layers is 

small, regardless of the environmental impact, there should be the following relationship: σ11 

+ σ12 + σ21 + σ22 + σE =0. Equation 1 can be simplified as, 
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Equation 2 shows that the theoretical potential difference of M-DEG is related to the thickness, 



11 
 

relative permittivity, and surface charge densities of the dielectric layers 1 and 2.  

 

According to Equation 2, the theoretical potential difference between the top and bottom 

electrodes of the M-DEG is directly affected by d1. When d1 increases from 0 to 50 μm, the 

theoretical potential difference increases linearly from 0 to 321.5 V (Figure S6a). Since the 

theoretical potential difference between the top and bottom electrodes of the M-DEG is the 

driven force of the electrical output, the Voc also increases with the d1 (Figure S2a). However, 

further experiment showed that the Voc increased from 169.0 V to 196.9V with the increase of 

d1 from 100 to 300 μm. And then it started to decrease when d1 was larger than 300 μm (Figure 

S6b). Considering that the generation of electricity involves charge exchange and the flow of 

charge induced by electrostatic induction, a too large d1 may affect the electrostatic induction, 

leading to the decrease of the electrical output. The effect of the d2 on the theoretical potential 

difference shows that the theoretical potential difference increases from 26.2 to 179.3 V with 

d2 increasing from 0 μm to 100 μm, as shown in Figure 3c. This provides a reasonable 

explanation for the Voc increasing with the increase of the d2 (Figure 1c). Further, it is found 

that the higher relative permittivity of the dielectric layer 2 is not conducive to the increase of 

voltage. The σ11 and σ21 also influence the theoretical potential difference (Figure 3d). The 

theoretical potential difference decreases with the increase of σ21, which is consistent with the 

experiment results (Figure 1d). Further, the theoretical potential difference decreases sharply 

from 107.2 V to -114.3 V with σ11 increasing from -90 μC m-2 to 90 μC m-2 (σ21 remains at 90 

μC m-2). This result indicates that the surface charge on the upper surface of the dielectric layer 
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1 dominates the voltage output. Besides, the theoretical potential difference decreases with the 

increase of surface charge density on the σ12 (Figure S7). However, the σ22 has little effect on 

Voc according to Equation 2.  

 

  In order to apply the M-DEG in practical application, the equivalent circuit model of the M-

DEG should be further simplified as a series circuit, including a load resistance RL, an internal 

resistance R0, and an equivalent capacitance (CE). The CE is the equivalent capacitance for C1, 

C2 and C4 (Figure S8a, b). The theoretical current (I) is given by Equation 3 (see Figure S8 and 

Note S2 in the supporting information for the detailed derivation), 

1 2 2 1 1 2 2 1

1 2 0 1 2 0

( ) ( )
I

E

d d Q d dQ Q Q

RC AR AR

   

      

+ +
= = = =       (3) 

where Q is the total transferred charge, τ is the time constant, A is the spreading area of the 

droplet, and R is the total resistance (R=R0+RL). According to Equation 3, the theoretical 

current is affected by the amount of transferred charge, the thickness and relative permittivity 

of the dielectric layers 1 and 2, the spreading area of the droplet, and the resistance. The 

theoretical current increases from 17.2 μA to 45.1 μA with the increase of the d1 from 30 μm 

to 100 μm (Figure S9a). However, the experimental Isc slightly increases from 33.5 μA to 44.0 

μA with the increase of d1 from 30 μm to 100 μm (Figure S2a), indicating that the increase in 

experimental Isc is smaller than the theoretical prediction. This is because the transferred charge 

decreases with the increase in thickness (Figure S9b). Since the transferred charge is the 

integral of the current over time, a slower increase in current with d1 was observed 

experimentally. In addition, the increase in the d2 can also enhance the theoretical current. 
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However, it should be noted that as the d2 increased, the transferred charge gradually decreased 

(Figure 3e). Considering the coupling effect of the d2 and the transferred charge on the 

theoretical current, the theoretical current has been corrected by substituting the experimental 

value of the transferred charge into Equation 3. The result shows that when d2 increases from 

0 to 100 μm, the corrected theoretical current increases from 31.1 μA to 57.5 μA (Figure 3e), 

which well explains the experimental results in Figure 1c. At the same time, it also enlightened 

us that the amount of transferred charge is crucial to the experimental Isc. We, therefore, 

investigated the relationship between the amount of transferred charge and the droplet volume.  

The result showed that the transferred charge increased from 23.5 nC to 51.4 nC with the 

increase of droplet volume from 29.8 μL to 99.5 μL (Figure 3f). This was a good explanation 

for the increase of the experimental Isc with the increase of the droplet volume (Figure 1e).  

The optimization of output current also demands a delicate control of circuit resistance 

(Figure S10a). When the circuit resistance is in the range of 5×106~1.5×107 Ω, corresponding 

to the resistance of the DI water droplet, the theoretical current is tens of μA. When the circuit 

resistance decreases, the theoretical current will increase rapidly. It would increase to greater 

than 1 mA when the circuit resistance decreases to less than 3.3×105 Ω. In our experiments, 

when the NaCl solution droplet (concentration: 1 M, resistance: 105.9 ~ 119.3 kΩ) was used 

(Figure S10b-e), the experimental Isc was 17.9 mA (Figure 1f), which was in good agreement 

with the theoretical calculation. Moreover, compared with the deionized water, the ions in NaCl 

can generate the stronger periodic shielding of surface charges, which is conducive to larger 

currents. In addition, we compared the transferred charges of the original DEG and the M-DEG 
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by using a 1 M NaCl solution. The results showed that the introduction of the dielectric layer 

2 led to more transferred charges of the M-DEG, which may be related to the charge on the 

surface of the dielectric layer 2 (Figure S11a). It is also found that the introduction of the 

dielectric layer 2 will results in a larger equivalent capacitance (see Figure S11b-c and Note S3 

in the supporting information for the detailed derivation), which is also beneficial for more 

transfer charges, leading to the higher current.  

 

Figure 4. Validation of capacitor models. (a) Voc generated by using three different materials 

(PTFE, Nylon, and PI) as the dielectric layer 2. (b) Dependency of Isc on the ε2. (c) Relationship 

between the σ12 and Voc. (d) Relationship between the σ22 and Voc. The error bars in (b-d) are 

the SD values of 3 samples. (e) Evolution of Voc with droplet impact.  

 

According to Equation 2 and Equation 3, the Voc and Isc are both negatively correlated with 

ε2, indicating that they are closely related to the material of the dielectric layer 2. The PTFE (ε2 
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= 2.1), Nylon (ε2 = 3.6), and PI (ε2 = 4.0) were chosen as the dielectric layer 2 for comparison, 

respectively. The results of Voc showed that using the PTFE, Nylon, and PI film had the Voc of 

278.0 V, 187.0 V, and 151.7 V, respectively (Figure 4a). The results of Isc showed that Isc 

reached a maximum value of 38.2 μA when the PTFE was used as the dielectric layer 2 (Figure 

4b). PI film produced the lowest Isc of 28.4 μA. The Voc and Isc decrease with the increase of 

the relative permittivity of the dielectric layer 2. Furthermore, according to Equation 2, Voc 

decreases with the increase of the σ12, which is confirmed by the experimental results (Figure 

4c). When the lower surface of the dielectric layer 1 was negatively charged (σ12＜0), the 

maximum Voc was 156.4 V. The positively charged lower surface of dielectric layer 1 (σ12＞0) 

generated the lowest Voc of 106.1 V. When σ12 was equal to 0, the Voc was 141.8 V. Unlike 

other surfaces, the σ22 does not affect the potential difference according to Equation 2, 

indicating that σ22 does not affect the Voc (Figure 4d). Moreover, the reversal of the potential 

difference is more likely to occur by regulating both σ11 and σ21 according to Equation 2. We 

first removed the charges on the surfaces of the dielectric layers 1 (PTFE) and 2 (PI) and then 

used the antistatic gun to positively charge the upper surface of the dielectric layer 2. Under 

the impinging of the first droplet, the M-DEG produced a negative Voc of -83.9 V (Figure 4e). 

As the droplet continued to hit the surface of the dielectric layer 1, the charge transfer occurred 

between the droplet and the dielectric layer 1. Thus, the upper surface of the dielectric layer 1 

gradually became negatively charged, and the Voc became 0 V when the negative charges on 

the upper surface of the dielectric layer 1 and the positive charges on the upper surface of the 

dielectric layer 2 contributed equally. As the negative charge of the dielectric layer 1 continued 
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to increase, the Voc reversed to positive and then continued to increase over time until it 

stabilized. The above experimental results are accurately predicted by Equation 2 and Equation 

3, further validating our capacitor model. All of the analysis indicates that the introduction of 

the dielectric layer 2 could enhance the equivalent capacitance of the entire system and endow 

more surface charge involving in the electricity generation. The equation 2 and 3 derived by 

the capacitor model can also guide us the chosen of the parameters to achieve higher electric 

output. In addition, our capacitor model can further explain the electrical output of more 

complex DEG, such as the M-DEG with three dielectric layers (see Note S4 and Figure S12 in 

the supporting information for detailed information).  

 

Benefiting from the introduction of the dielectric layer 2, M-DEG can be combined with 

various daily objects to harvest the energy of droplets. To explore the application potential of 

the M-DEG, we next tested the electric output of M-DEG with glass as the dielectric layer 2. 

The results showed the Voc reached a maximum value of 268.0 V when the glass thickness was 

0.55 mm (Figure S13a). When the glass thickness reached 4 ~ 6 mm (the thickness of common 

household glass), the Voc of M-DEG was still as high as 106.4 ~ 121.2 V (powering 50 LEDs), 

which provided a potential for the design of smart household windows to harvest energy 

(Figure S13b). Thereafter, a piece of 200 mm × 200 mm × 4 mm household window was 

combined with an FEP film to prepare a window-based energy source (WES), as shown in 

Figure 5a. There were 9 pieces of 50 mm × 50 mm rectangular ITO layer at the bottom of WES 

as the bottom electrodes, and 3 extremely thin wires at the top as the top electrodes. Three M-
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DEGs in a row acted as an energy unit. Thanks to the transparent ITO and FEP, WES had good 

transparency (Figure S13c-d). We tested the electrical output of the WES by using 0.001 M 

NaCl. The results showed that an energy unit of WES generated a maximal Voc of 160.0 V and 

an Isc of 792.0 μA (Figure S13e) and two energy units could power two “SKLT” LED patterns 

with 85 LEDs (Figure S13d and Video S1). In addition, the output energy of the WES could 

also be stored in capacitors. Two energy units of the WES were connected with commercial 

capacitors and the voltage-time curves were measured. The result showed that the commercial 

capacitors of 1 μF, 3 μF, and 10 μF could be charged to 12.6 V, 7.0 V, and 3.0 V at 5.1 Hz after 

295 ± 2.5 s, respectively (Figure 5b). The charge amount charged by a single droplet was 5.3 

times higher than that in the previous work[39]. Furthermore, an umbrella made of polyester 

fiber was used as the dielectric layer 2 to fabricate an umbrella-based energy source (UES). 

The dielectric layer 1 was made of PTFE film, and the bottom and top electrodes are both made 

of copper tapes (Figure 5c). UES could not only block the wind and rain but also could power 

the LEDs on rainy nights. Eight LEDs were installed on the eight tips of the UES and an “SKLT” 

LED pattern was connected to nine energy units by wires. When a handheld shower was used 

to simulate rain, UES could power an “SKLT” LED pattern and the LEDs on the tips of the 

UES, which could be used for position warnings in the dark (Figure 5d and Video S2). A good 

combination of M-DEG with goods such as umbrellas and windows demonstrates its strong 

application potential for energy harvest in daily life. 
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Figure 5. Application of the M-DEG. (a) Schematic diagram of window-based energy source 

(WES). Three M-DEGs in a row act as an energy unit. (b) Charging curves of commercial 

capacitors of 1 μF, 3 μF, and 10 μF using two energy units of WES (droplet impinging 

frequency: 5.1 Hz). (c) Structure of the umbrella-based energy source (UES). (d) Photo of the 

UES, including position warning and powering the LED pattern.  

 

Conclusion 

In our work, a sandwich-structured multiple dielectric layers-based DEG (M-DEG) 

consisting of the top and bottom electrodes, and two dielectric layers has been fabricated. The 

introduction of a dielectric layer 2 enhanced the Voc and Isc by 90.6% and 68.7%, which reached 

194.8 V and 40.15 μA, respectively. The equivalent capacitor model for M-DEG has been built, 

which essentially reveals how the properties of the droplet and dielectric layers affect the 
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electrical output of the M-DEG. The increase of the dielectric layers’ thickness and solvent 

concentration of the droplet can greatly increase the voltage and current, respectively. 

Interestingly, the effect of the surface charge on the dielectric layers except that on the lower 

surface of the dielectric layer 2 on the voltage is quite obvious. In addition, the M-DEG can be 

combined with daily objects such as umbrellas and windows due to the electrical output of M-

DEG being not sensitive to thickness, which could make them harvest energy from the 

rainwater without interfering with their original function. This work provides profound 

guidance for the optimization of droplet-based electricity generators and greatly develops the 

application potential of DEG. 

 

Experiment section 

Materials and Preparation of the M-DEG.  

All materials are obtained from suppliers without any preprocessing. The M-DEG consisted 

of a PTFE film (30 mm long, 30 mm wide) as the dielectric layer 1 and a dielectric layer 2 (30 

mm long, 30 mm wide, using PI, PVC, and Nylon). The ITO glass and a 304 stainless steel 

needle were used as the bottom electrode and the top electrode, respectively. The relative 

permittivity of PTFE, PI, and Nylon are 2.1, 3.6, and 4.0, respectively. Specific steps are as 

follows: (1) Cut the required material to the correct size; (2) Ionizing air blowers (Ionizing air 

blowers, BaKon BK5600, Shenzhen BaKon Electronic Technology Co., LTD, China) was used 

to remove initial surface charge of the materials; (3) Positive charge (negative charge) was 

injected onto the upper surface of the dielectric layer 2 by using antistatic gun (Zerostat3, Milty), 
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corresponding to σ21 > 0 (σ21 < 0). If the antistatic gun was not used, σ21 should be considered 

approximately equal to 0. (4) Fabrication.  

Measurement of the electric output.  

The liquid is driven through the pipe by the syringe and drips from the outlet of the pipe with 

a height of 50 cm. At the moment the falling droplet hit the upper surface and the top electrode 

of the M-DEG, electricity is generated. The height of the M-DEG is 15 cm. The voltage output 

of the M-DEG was measured by an oscilloscope (RTE1024, Rohde and Schwarzrte, Germany) 

equipped with a high-impedance (10 MΩ) probe. The current was measured using the 

oscilloscope coupled with a low-noise current preamplifier (Model SR570, Stanford Research 

System, USA). The charge was measured by using the oscilloscope coupled with a 

nanocoulomb meter (MONROE 284, Monroe Electronics Inc., USA). All tests are performed 

at room temperature. 

 

Measurement of charge carried by the droplet.  

The charge carried by the droplet was measured by the Faraday cup (JBNFLD-20203001, 

Beijing Jinbeinuo Technology Co., Ltd., China) and nanocoulomb meter (MONROE 284, 

Monroe Electronics Inc., USA). The liquid is driven through the pipe by the syringe and drips 

from the outlet of the pipe. There is a wire at the outlet of the pipe connected to the ground, 

which can neutralize the electric charge of the droplet rubbing against the pipe. Subsequently, 

the droplet falls directly into the Faraday cup, and the nanocoulomb meter will record the 

charge carried by the droplet without contacting the M-DEG. In another condition, the falling 
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droplet will contact the M-DEG first and then falls into the Faraday cup. The charge carried by 

the droplet contacting the M-DEG will be recorded by the nanocoulomb meter. 

 

Characterization of the materials.  

The surface morphology and roughness were observed by the atomic force microscope 

(AFM, MFP-3D, Oxford Instruments, UK). The chemical elements of the materials were 

characterized by XPS (PHI Quantera II, Ulvac-Phi, Japan). Static contact angles of water on 

the PTFE were measured by using a Dataphysics OCA25 video-based optical angle measuring 

system at room temperature. 

 

Calculation of the potential difference, current, and simulation of potential distribution. 

 During the calculation of the potential difference and the current, the surface charge density 

and relative permittivity of the dielectric layer were quoted from literature values[51-58]. The 

relative permittivity of PTFE, PI, and Nylon are 2.1, 3.6, and 4.0, respectively. The surface 

charge density of the upper surface and lower surface of the dielectric layer 1 (PTFE) are -50 

μC m-2 and – 20 μC m-2, respectively. The surface charge density of the dielectric layer 2 (PI) 

is -15.47 μC m-2. Unless otherwise specified, the thickness of the dielectric layer 1 and 

dielectric layer 2 is 30 μm and 100 μm, respectively.  
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