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            Abstract
Extensive efforts have been made to harvest energy from water in the form of raindrops1,2,3,4,5,6, river and ocean waves7,8, tides9 and others10,11,12,13,14,15,16,17. However, achieving a high density of electrical power generation is challenging. Traditional hydraulic power generation mainly uses electromagnetic generators that are heavy, bulky, and become inefficient with low water supply. An alternative, the water-droplet/solid-based triboelectric nanogenerator, has so far generated peak power densities of less than one watt per square metre, owing to the limitations imposed by interfacial effectsâ€”as seen in characterizations of the charge generation and transfer that occur at solidâ€“liquid1,2,3,4 or liquidâ€“liquid5,18 interfaces. Here we develop a device to harvest energy from impinging water droplets by using an architecture that comprises a polytetrafluoroethylene film on an indium tin oxide substrate plus an aluminium electrode. We show that spreading of an impinged water droplet on the device bridges the originally disconnected components into a closed-loop electrical system, transforming the conventional interfacial effect into a bulk effect, and so enhancing the instantaneous power density by several orders of magnitude over equivalent devices that are limited by interfacial effects.
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                    Fig. 1: Design of the DEG.


Fig. 2: Origin of boosted electricity generation.


Fig. 3: Circuit model.


Fig. 4: Stability and generality.
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Extended data figures and tables

Extended Data Fig. 1 Surface morphology and sliding behaviour of water droplets on the PTFE film and aluminium electrode.
a, SEM image of the PTFE film used in our DEG. Upon curing at 120â€‰Â°C and solvent evaporation, the PTFE precursor is transformed into a smooth and dense PTFE film. b, Photograph of the fabricated PTFE film together with the ITO glass on a logo, showing the high transparency of the film. c, A droplet of roughly 30.0Â Î¼l can easily slide on the surface of a PTFE film made from pure PTFE solution (placed on a substrate with a tilt angle of 15.0Â°). d, Contour graph image of an aluminium electrode shows that its surface is very flat and uniform. e, A droplet can slide off an aluminium electrode without leaving residual water. The aluminium electrode is placed on a substrate with a tilt angle of 25.0Â°. These is no residual water on the electrode surface.


Extended Data Fig. 2 Surface charging by continuous droplet impinging, and characterization of the output charge and power of the DEG.
a, Variation in the output voltage as a function of the number of individual impinging droplets. In this case, the surface was not precharged. The output results purely from charge generation and transfer during droplet impinging. b, The output charge measured from the DEG (in red; the frequency of impinging droplets is 4.2Â Hz and the total number of droplets is about 42) is roughly 49.8Â nC, which is around 640.1Â times higher than that of the control device (in black; the frequency of impinging droplets is 1.0Â Hz, and the total number of droplets is 9). c, When the load resistance increases from 1Â kÎ© to 100Â MÎ©, the output current decreases from 250.0Â Î¼A to 2.0Â Î¼A. When the load resistance is 332.0Â kÎ©, the peak output power density is 50.1Â WÂ mâˆ’2.


Extended Data Fig. 3 Control experiment based on a triboelectric nanogenerator.
a, Optical image showing the as-fabricated control device. The structure of this control device is similar to that of the DEG, but without an aluminium electrode. b, Diagram showing its detailed working mechanism. i, Before the droplet contacts the PTFE, the amount of (positive) charges on the ITO is the same as the (negative) charges on the PTFE, owing to electrostatic induction. Thus, there is no current flow from ITO to the ground. ii, When a water droplet contacts the PTFE surface, the droplet becomes positively charged while the PTFE becomes more negatively charged as a result of contact electrification. iii,Â When the positively charged droplet leaves, it causes the ITO electrode with positive charges to be unable to screen the more negatively charged PTFE. iv, Accordingly, a flow of current (I) between the ground and ITO electrode is induced by electrostatic induction. c, Variation in voltage output from the control device as a result of continuous droplet impinging. The inset shows the time-dependent variation in voltage from a single droplet. The frequency of impinging droplets is set at 1.0Â Hz, with a total of nine droplets. d, In each test of the control device, the amount of transferred charge (in green) is identical to the charge carried by the departing droplets (in blue), showing that electricity generation from the control device indeed originates from contact electrification. The frequency of impinging droplets is 1.0Â Hz, with a total of nine droplets.


Extended Data Fig. 4 Enhanced electrical output using the ion-injection method.
a, Comparison of the output voltage generated from a single droplet impinging on a DEG that was precharged by droplet impinging (in red) or by ion injection (in blue). b, Comparison of the amount of electrical energy (Eout) generated from a single droplet impinging on a DEG charged by droplet impinging (in red) or ion injection (in blue). The instantaneous peak density can be enhanced further by increasing the surface charge on the PTFE film through ion injection, using a commercial antistatic gun (Zerostat3, Milty) to inject various ions, including CO3âˆ’, NO3âˆ’, NO2âˆ’, O3âˆ’ and O2âˆ’, from a vertical distance of roughly 5.0Â cm. c, Variation in the measured maximum charge, Qmax, with droplet impinging on a PTFE surface that was precharged using ion injection. Qmax decays rapidly and finally reaches a stable value of roughly 49.8Â nC. The inset shows the Qmax for the first four droplets.


Extended Data Fig. 5 Effect of surface charge on the maximum spreading area, Amax, of a droplet.
Data are meansÂ Â±Â s.e.m. For each mean, the total number of measurements is ten.


Extended Data Fig. 6 Effect of the spatial location and width of the aluminium electrode on electricity generation.
a, The spatial location of the aluminium electrode was changed, keeping the impact location fixed. In this way, the spacing between the droplet centre and the electrode can be tailored. Insets marked with 1, 2, 3, 4 refer to the four different locations of the aluminium electrode on the PTFE surface. The results show that regardless of the electrode location, the output voltage is constant, suggesting that electricity generation is not sensitive to electrode location. Data are meansÂ Â±Â s.e.m. For each mean, the total number of measurements is ten. b, The output voltage does not depend on the size of the aluminium electrode. This makes sense because the source of electricity generation is the electrostatically induced charge on the ITO, rather than on the aluminium. Data are meansÂ Â±Â s.e.m. For each mean, the total number of measurements is ten.


Extended Data Fig. 7 Molecular-dynamics simulation.
a, In the molecular-dynamics simulation, negative (blue) and positive (yellow) charges are fixed on atomic layers of PTFE (grey) and ITO (red), respectively. b, Molecular-dynamics simulation showing the distribution of mobile charges (Na+ and Clâˆ’) inside the water and on the PTFE surface in switched-off mode (that is,Â without an aluminium electrode, although the negative and positive charges on PTFE and ITO are turned on). c, Molecular-dynamics simulation showing the distribution of charges inside the water and on the PTFE surface in switched-on mode. d, Comparison of the number of mobile charges transferred to the water/solid interface in switched-on and switched-off modes.


Extended Data Fig. 8 Control devices made of porous PTFE, PDMS and PP.
Comparison of the maximum stable surface charge, Qmax, on control devices made of porous PTFE, PDMS and polypropylene (PP) after continuous droplet impact under a relative humidity of 65.0%; all of these charges are much smaller than that of our DEG surface.


Extended Data Fig. 9 Thickness of PTFE film as a function of the volume of PTFE precursor.
The thickness of the PTFE film increases linearly from 6.7Â Î¼m to 16.9Â Î¼m as the volume of PTFE precursor increases from 100.0Â Î¼l to 250.0Â Î¼l.





Supplementary information
Video 1: 400 commercial LEDs instantaneously powered by continuous droplets impinging on four individual DEG devices.
400 commercial LEDs can be instantaneously powered to light up when four droplets of 100.0 Î¼l released from a height of 15.0 cm contact the device, demonstrating the dramatic boost in the peak power density generated from the DEG.


Video 2: Synchronization of the droplet spreading dynamics and time-dependent variation of charges Q.
Droplet is released from a pre-determined location to the surface of the as-fabricated DEG. When the spreading droplet contacts the Al electrode, there is a rapid increase in the measured charges, which flow from the ITO to the Al electrode. With the progression of droplet spreading, the charge transfer between PTFE/ITO and Al electrode continues until reaching the maximum spreading area Amax, which is associated with the maximum Qmax =49.8 nC. Then, with the retraction and sliding of the droplet, the charges flow back from the Al electrode to ITO. When the droplet fully detaches from the Al electrode at toffÂ =Â 16.0 ms, the measured charge drops to zero.


Video 3: Home-made platform for the on-demand water collection and automatic droplet dispensing.
The raindrops were collected on July 31, 2019 in Hong Kong, China. Droplet size and velocity can be tailored by adjusting the diameter of capillary tubing as well as the releasing height. Such a platform can also compartment continuous sea water flow into discontinuous droplet arrays, allowing for efficient and on-demand electricity generation of a wide range of water sources.
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