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A B S T R A C T   

Droplet-based electricity generator (DEG) has been demonstrated as efficient method to harvest energy from the 
natural environment. However, the complex structure and low output power density are still two barriers to wide 
applications. To this end, by making full use of the self-capacitance effect of the upper electrode, a droplet-based 
electricity generator with a simple open structure (SCE-DEG) was proposed in this paper. The working principle 
of SCE-DEG and the effects of electrode geometry and droplet parameters (volume, conductivity, and dropping 
frequency) on its output voltage were analyzed. Compared with the DEG, the upper electrode of SCE-DEG does 
not need to connect to the lower electrode and the ultra-high instantaneous peak output power (765 W/m2) can 
still be achieved by self-capacitance effect of the upper electrode. This research provides a reference for the large- 
scale raindrop energy harvesting.   

1. Introduction 

Affected by the clouds and rainfalls, the power generation of solar 
panels in some humidity areas are is not efficiently. Because of the 
abundant renewable energy in the rains, collecting the energy from 
them is of great significance to realize "carbon zero" for the whole world 
[1–5]. The traditional method of harvesting the rain energy is collecting 
raindrops into the reservoirs and then generating electricity through a 
hydro electromagnetic generator. However, due to the many short-
comings, namely, high-cost of construction, difficulty to realize 
distributed energy collection and unsuitable for low-frequency energy 
collection, it is difficult to be popularized on a large scale [6–9]. 

As a new generation of energy harvesting technology, triboelectric 
nanogenerator(TENG) has attracted global researchers, because of its 

simple structure, low cost material fabrication, good low-frequency 
characteristics and easy energy harvesting from the distributed system 
[10–19]. The droplet-based TENG started in 2014 [20], Zhonglin Wang 
and his collaborators studied the principle of contact electrification and 
electrostatic induction between water droplets and insulating materials 
and realized the energy harvesting with TENG from rain, but the output 
power was just 0.02 W/m2 [21]. 

To improve the output power of droplet-based TENG, Wang and 
others proposed a droplet-based electricity generator (DEG) with a 
"Transistor-like" structure and improved the output of instantaneous 
power greatly to 50.1 W/m2 in 2020 [22,23]. Since then, DEG was 
developed and researchers realized the energy harvesting from ocean 
waves [24–27], rain [28–36] and so on [37–40]. 

DEG proposed in [22] has ultra-high instantaneous peak power 
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output and it is a huge advance in droplet-based electrical generators. 
However, it is difficult to continuously provide energy for the electrical 
equipment by a single or several DEGs. When harvesting large-scale 
raindrop energy in sloping buildings such as sheds, a simple method is 
to connect all DEGs in parallel to supply power to the load (like a bulb). 
With reference to the cell structure of a solar panel and by making full 
use of the self-capacitance effect of the upper electrode, this paper 
proposed a droplet-based electricity generator (SCE-DEG) with a simple 
open structure. 

SCE-DEG is mainly composed of the upper electrode, PTFE film, 
lower electrode and load (Fig. 1b). Compared with the DEG, the upper 
electrode does not need to connect to the lower electrode and the ultra- 
high instantaneous output power can be achieved by the self- 
capacitance effect of the upper electrode, which makes its structure 
much simple and more convenient for large-scale popularization. 

2. Results and discussions 

2.1. High-performance of the SCE-DEG 

The simple structure of self-capacitance of electrode droplet-based 
electricity generator can be easily installed on buildings with inclina-
tion such as sheds and houses and realize the collection of raindrop 
energy (Fig. 1a). Fig. 1bl and Supplementary Fig.S1aI show the structure 
of SCE-DEG. It is mainly composed of three components: upper elec-
trode, insulating layer (PTFE dielectric film) and lower electrode, but 
the upper electrode and the lower electrode do not need to be directly 
connected. For comparison, we also made control device (Fig. 1bII and 
Supplementary Fig. S1aII) and DEG (Supplementary Fig. S1aIII). 

When a 60 μL tap water droplet dripping from 20 cm height with 
10 Hz frequency, the measured output voltage (Oscilloscope probe 
impedance 100 MΩ) of SCE-DEG is 250 V, which is nearly 35 times 
higher than that of traditional TENG (Fig. 1c). Compared with DEG, its 
output voltage remains the same (Supplementary Fig. S1aIII), but no 
physical connection between the upper and lower electrodes, which is 
convenient for large-scale energy harvesting. When a 61 μL tap water 
droplet falls from 20 cm height with 2.85 cm2 maximum spreading area, 

the instantaneous peak output power of SCE-DEG (P = V 2/ R) with 
200 kΩ load impedance is 60 mW (Supplementary Fig. S2a). When a 
61 μL salt solution droplet falls from 20 cm height, the instantaneous 
peak output power of SCE-DEG with 10 kΩ load impedance is 212 mW 
(Supplementary Fig. S2b) and the instantaneous peak output power of 
SCE-DEG is 765 W/m2, which is much higher than the previous re-
searches [20–22,24,34,38,40], as shown in Fig. 1d. 

2.2. The working principle of the SCE-DEG 

To clarify the working principle of SCE-DEG, the power generation 
process of SCE-DEG are divided into four stages, as shown in Fig. 2a. In 
the first stage, the dripped water droplet collides with the PTFE film, 
making the droplet and PTFE surface positively and negatively charged 
respectively. Then, when the water droplet detaches from the PTFE film, 
the PTFE film and the lower electrode carry the same amount charges 
but with different polarity. Although the charge generated by each 
droplet is small after hundreds of droplets colliding, PTFE’s surface 
potential is high due to charge accumulation, and when the charges 
generated by the droplets and the charge dissipating on the PTFE film 
reach a balance, the charge on the PTFE dielectric film reaches a satu-
ration state. Once the PTFE surface is charged by droplets, when the next 
droplet collides with the PTFE film (Fig. 2aI), the water droplet is 
polarized and the positive charge in the water droplet approaches the 
PTFE surface, while the negative charge moves towards the interface 
between the water droplet and air (Fig. 2aII). 

Then, the water droplet contacts the upper electrode (Fig. 2aIII), the 
bound negative charges in the droplet and the bound positive charges in 
the upper electrode move and form an electric double layer. As under 
steady-state conditions, the surface potential of the upper electrode and 
the droplet should be equal, and the bound negative charge in the water 
and some positive charges induced by the upper electrode flow to both 
sides of the electric double layer, resulting in the weakening of the 
attraction of the positive charge of the lower electrode. As part of the 
positive charge of the lower electrode flows into the earth, and the 
current generates and flows through the load. Since the contact area 
between the water and the upper electrode increases first and then 

Fig. 1. Design and high performance of the SCE-DEG. (a)Application of SCE-DEG on the building’s roofs. (bI) SCE-DEG and (bII) the control device of traditional 
droplet-based TENG. (c) output voltage of SCE-DEG and the control device. (load resistance RL of 100 MΩ) (d) Comparison of the instantaneous power density 
obtained in this work with other reports. 
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decreases, and the electric double-layer capacitance between the water 
droplets and the upper electrode also change with the same trend, the 
open-circuit voltage is first positive and then negative, which forms an 
alternating voltage. 

During the charge transfer process, since water is a strong polar 
electrolyte, the charge density is proportional to exp(-σt/(ε0ε2) (Sup-
plementary Note.S1), and the time constant ε0ε2/σ is the polarization 
relaxation time. For a distilled water droplet with a conductivity of 0.5 
μS/cm, the polarization release time is 1.6 × 10− 5 s. Therefore, the 
change of the output voltage is mainly affected by the change rate of the 
double capacitance, which is determined by the contact area between 
the water droplet and the upper electrode. In this paper, the duration of 
positive voltage and negative voltage caused by each droplet is about 
7 ms and 20 ms, which is related to the contact time of the water droplet 
and the electrode in the experiment. 

On the other hand, the larger the geometric size of the upper elec-
trode is, when the surface potential of water droplets and upper elec-
trode reaches equilibrium, the more bound charges on the upper 
electrode’s surface, and the higher the output voltage with the same load 
impendence(Fig. 2c). Similarly, the more the accumulating charge on 
the PTFE surface is, the higher output voltage could be obtained. 

The equivalent circuit of the SCE-DEG is shown in Fig. 2b. When the 
water droplet is on the PTFE surface without contacting the upper 
electrode is shown in Fig. 2bI, where CP represents the equivalent 
capacitance between the PTFE film and the lower electrode, C1 repre-
sents the double layer capacitance between the water droplet and the 
PTFE film, RW is the equivalent resistance of the water droplet, and Cg 
represents the upper electrode’s self-capacitance, that is, the equivalent 
capacitance between the upper electrode and the ground (reference 
point for electric potential). When the water droplets expand on the 
PTFE surface and do not contact the upper electrode, the whole circuit is 
equivalent to an open circuit state. 

When the droplet contacts the upper electrode, the switch is closed 
and the new formed electric double layer (the water droplet and the 

upper electrode) can be equivalent to a new capacitance C2. The initial 
charges on the CP are redistributed on the capacitance CP, C1, C2 and Cg. 
It is obviously that Cg plays a important role in the whole closed circuit 
and with a higher value, the output voltage is higher with the same load 
impendence (Supplementary Note.S2). During charge transfer process, 
the current will flow though the load and produce an alternating 
voltage. 

Fig. 2d shows the change of output voltage and charge transfer 
during the power generation cycle of a single water droplet. The trans-
ferred charge, which could indicate the charge flowing through the load, 
was calculated be the measured output voltage with load resistor. When 
the water drop contacts the upper electrode ( at the time ton), the voltage 
increase instantaneously and the charge transfer starts. Then, with the 
expansion of water droplets on the PTFE surface, the open-circuit de-
creases gradually and after several microseconds, the charge begins to 
flow in the opposite direction, which makes the load voltage negative. 
Finally, when the water droplet completely separates from the upper 
electrode (at the time toff), the charge transfer end and the voltage 
become zero, which could be verified by the circuit simulation, as shown 
in green lines in Fig. 2d. 

2.3. Effects of electrode geometry 

The effects of the lengths, radius and connection mode of the upper 
electrode on the output power of SCE-DEG are shown in Fig. 3. With the 
increase of the upper electrode length, the output voltage of SCE-DEG 
increases gradually. Fig. 3a shows the output voltage of SCE-DEG with 
the upper electrode of 0.31 mm radius but different lengths. The output 
voltage with 40 cm upper electrode is 88 V, which is nearly twice 
voltage (45 V) with 20 cm length and nearly four times the voltage 
(23 V) with 10 cm length. However, with the further increase of the 
upper electrode length, the output voltage reaches saturated (when the 
length of the upper electrode is 10 m, the open-circuit voltage is 225 V). 

To analyze the effect of electrode size on output voltage, we also 

Fig. 2. Working principle of the SCE-DEG. (a) the working principle of the SCE-DEG. (b) equivalent circuit (I.) In the switched-off mode (II.) In the switched-on 
mode, (c) effect of upper electrode length. (d) Change of output voltage and charge by a single water droplet. 
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calculated the output voltage UL of SCE-DEG with different self- 
capacitance Cg by circuit simulation (Supplementary Note. S2), as well 
as the Cg value with different electrode lengths by the finite element 
calculation (Supplementary Note. S3). The results are collectively shown 
in Fig. 3b. With the increase of self-capacitance, the output voltage 
reaches saturation. 

Fig. 3c shown the output voltage of SCE-DEG with 0.56 mm elec-
trode radius and the voltage is nearly the same as that with 0.31 mm 
upper electrode radius. the radius have no obvious effect on the output 
voltage. Fig. 3d shows the SCE-DEG output voltage with different upper 
electrode arrangements. The output voltage of SCE-DEG with two 10 cm 
connected in mode 2 is nearly the same as that with a single 20 cm upper 

Fig. 3. Effects of Electrode geometry (h=20 cm, 61 μL, f=10 Hz, RL = 20 MΩ). (a) the output voltage with electrode different length(R=0.31 mm). (b) the rela-
tionship between output voltage, upper electrode capacitance and length. (c) the output voltage with electrode different length(R=0. 56 mm). (d) SCE-DEG output 
voltage with different upper electrode arrangements. Three arrangements and water droplet collision area are depicted in Supplementary Fig. S3. 

Fig. 4. Effect of water droplets parameters on the output voltage. (a) frequency (b) height (c) droplet volume (d) water conductivity.  

Z. Li et al.                                                                                                                                                                                                                                        



Nano Energy 100 (2022) 107443

5

electrode. It indicates that SCE-DEG is easy to expand and has applica-
tion prospects in large-scale energy harvesting. 

2.4. Effects of water droplet parameters 

Effects of water dropping frequency (2.5 Hz, 5 Hz and 10 Hz) and 
water conductivity on SCE-DEG’s performance were also studied. As the 
dissipation time of charge on the PTFE’s surface decreases with the 
dropping frequency, the instantaneous output voltage of SCE-DEG in-
creases slightly with the water dropping frequencies, as shown in Fig. 4a. 
It also should be noted that, as the superhydrophobic surface makes the 
water droplets easy to slide off without a continuous water film, when 
the water dropping frequency is higher than 100 Hz, the use of super-
hydrophobic materials can effectively maintain the generator’s output 
efficiency [33]. 

Fig. 4b and Fig. 4c shows the output voltage of water droplets at 
different initial heights and generated by the droplets of different sizes. 
When the height increases from 5 cm to 20 cm, the output voltage in-
creases less than 25%, which is related to the spreading area on PTFE 
when water droplets collide (Supplementary Note.S2). 

The effect of water conductivity on output voltage and output power 
was also studied, as shown in Fig. 4d and Supplementary Fig.S2, when 
the water conductivity is low, SCE-DEG’s output voltage is high, but the 
maximum output power is low. The open-circuit voltage of SCE-DEG 
generated by the deionized water (conductivity of 4 μS/cm) is the 
highest (325 V), but the instantaneous peak output power is only 22 mW 
with 2 MΩ load impedance, while the open-circuit voltage of SCE-DEG 
generated by the saturated salt solution (conductivity 4600 μS/cm) is 
117 V, but the instantaneous peak output power reaches 212 mW with 
10 kΩ load impedance. 

The effect of water conductivity on SCE-DEG’s output voltage is 
determined by multiple factors. On the one hand, the higher ion con-
centration in salt solution reduces the charge accumulated on the PTFE 
surface and lead to the lower output voltage of the SCE-DEG. On the 
other hand, the conductivity of water droplets affects the SCE-DEG’s 
equivalent impedance Rw. Due to the high resistivity Rw with the 

deionized water, the output power of the SCE-DEG is low, which could 
be verified by the load maximum instantaneous peak power equation as 
follows: 

Pmax =
V2

oc

4Rw
(1)  

Where, Pmax is the maximum instantaneous peak output power, Rw is the 
equivalent impedance of SCE-DEG. For the saturated salt solution, Its Rw 
is much less than that of tap water, but the Voc is half of it. Therefore, the 
SCE-DEG can get such high output power (765 W/m2). 

2.5. Application 

The applications of SCE-DEG on the charging of capacitors, calcu-
lators and LEDs were studied. Fig. 5a shows it takes about 100 s, 20 s 
and 4 s to charge the 4.7 μF, 1 μF and 0.47 μF capacitors to 2 V by the 
SCE-DEG with the tap water droplets ( h= 20 cm, f = 10 Hz, Vw = 61 μL). 
The capacitor voltage is linear to the charging time, which means the 
charge transferred by each droplet is almost unchanged. Fig. 5b shows 
the charging characteristics of the capacitors with different dripping 
frequencies (h= 20 cm, Cs = 0.47μF. Tap water). When the dripping 
frequency is high, the capacitor voltage increases almost linearly with 
time and when the 4.7 μF capacitor’s voltage was charged to 2 V by SCE- 
DEG, it could power on the electronic calculator (Fig. 5c); When SCE- 
DEG was connected to LEDs directly, it could light up more 100 com-
mercial LEDs (specifications in Supplementary Note.S4) with one water 
droplet (tap water, h=20 cm, f=10 Hz), which showed an ultra-high- 
output performance (Supplementary movie 1). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107443. 

3. Conclusion 

In summary, this paper proposed a droplet-based SCE-DEG with a 
simple structure. Based on the self-capacitance of the upper electrode, 
the SCE-DEG could effectively harvest raindrop energy. The test results 

Fig. 5. Applications of SCE-DEG on the capacitors, calculators and LEDs (a) the charging curve of different capacitors by SCE-DEG (b) with different water dripping 
frequencies (c) energizing the commercial calculator (d) light up 100 small commercial LED lights. 
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showed it could produce 212 mW output power by a 61 μL water droplet 
and can direct light up 100 commercial LEDs. As with a simple structure, 
high output power and good low-frequency energy harvesting charac-
teristics, SCE-DEG might provide a practical scheme for the large-scale 
popularization and application of droplet-based TENG. 

4. Experimental section 

4.1. The fabrication of the SCE-DEG 

As shown in Fig. 1b, after cleaning the 40 * 40 * 0.02 mm3 PTFE film 
with acetone and ethanol, the lower electrode (40 *40 *0.05 mm3 cop-
per tape) was pasted on its back. Then, fix the upper electrode (a copper 
rod with a specific length or radius) on the PTFE’s upper surface. Finally, 
paste the lower electrode on the supporting material (40 *40 *5 mm3 

acrylic board). All materials used are available in the market. 

4.2. Characterization and electrical measurement of the SCE-DEG 

In the experiment, the atmospheric temperature and relative hu-
midity was kept at 50 ± 5% and 20.0 ± 5 ℃ respectively. The water 
droplet was generated by the commercial infusion sets. The output 
voltage of the SCE-DEG was measured by a digital oscilloscope (RIGOL, 
DS1102) with a highly attenuated voltage probe (100 MΩ). 
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