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nanogenerators[3–8] and droplet-based 
electricity generator (DEG).[9] However, 
inherent flaws exist in current approaches. 
Reverse electrowetting energy harvesting 
devices always need external voltages.[1] 
Triboelectric nanogenerator (TENG),[10,11] 
which was first invented in 2012 by Wang 
and coworkers,[12,13] has provided a pas-
sive energy harvesting approach. But 
the performance of TENG is limited by 
the low density and poor stability of sur-
face charges on tribo-layers. High surface 
charge density could only be achieved 
in vacuum environment[14] or by uti-
lizing external pumping or excitation 
sources.[11,15] The droplet energy harvesting 
efficiency of the conventional TENG was 
only 0.01%.[5] Recently, Z. K. Wang and 
coworkers have reported a water drop-
based electric generator, DEG,[9] showing 
significantly enhanced energy harvesting 
efficiency to 2.2%. Nevertheless, the 
energy harvesting efficiency of DEG is 
still limited by the density and stability of 
charges generated by triboelectrification 

during drop impact. The maximum surface charge density of 
DEG displayed around 0.184 mC m−2 (49.8 nC for 2.7 cm2).[9] 
The surface charges in DEG were superior stability com-
pared to the conventional TENG, although the charge density 
still degraded in a harsh environment with 100% humidity. 
Moreover, the efficiency greatly dropped with increasing salt 

Strategies toward harvesting energy from water movements are proposed in 
recent years. Reverse electrowetting allows high efficiency energy generation, 
but requires external electric field. Triboelectric nanogenerators, as passive 
energy harvesting devices, are limited by the unstable and low density of 
tribo-charges. Here, a charge trapping-based electricity generator (CTEG) is 
proposed for passive energy harvesting from water droplets with high effi-
ciency. The hydrophobic fluoropolymer films utilized in CTEG are pre-charged 
by a homogeneous electrowetting-assisted charge injection (h-EWCI) method, 
allowing an ultrahigh negative charge density of 1.8 mC m−2. By utilizing a 
dedicated designed circuit to connect the bottom electrode and top electrode 
of a Pt wire, instantaneous currents beyond 2 mA, power density above 
160 W m−2, and energy harvesting efficiency over 11% are achieved from 
continuously falling water droplets. CTEG devices show excellent robustness 
for energy harvesting from water drops, without appreciable degradation for 
intermittent testing during 100 days. These results exceed previously reported 
values by far. The approach is not only applicable for energy harvesting 
from water droplets or wave-like oscillatory fluid motion, but also opens up 
avenues toward other applications requiring passive electric responses, such 
as diverse sensors and wearable devices.
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Due to the increasing threat of energy crisis and global warming, 
searching and utilizing new energy resources become urgent 
and challenging. Natural water motions are clean and renew-
able energy resources, existing ubiquitously on the earth. Strate-
gies have been proposed toward harvesting energy from water 
movements, such as reverse electrowetting,[1,2] triboelectric 
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concentration. The challenges are still remained in searching 
for an approach to achieve robust and high efficiency nanogen-
erators toward water-related applications.

Here, we report a strategy to achieve this goal, a Charge Trap-
ping based Electricity Generator (CTEG), which presents a high 
energy conversion efficiency over 11% and excellent robust-
ness during 100 days of intermittent testing without appreci-
able degradation. This CTEG relies on a dedicated substrate 
design and charging method[16] that is based on the recently 
discovered Electrowetting-assisted Charge Injection (EWCI) 
phenomenon.[17] The advantage of EWCI is that the trapped 
charges are highly stable and the density of negative charges 
does not degrade even in water vapor environment.[17] Thanks 
to our recently proposed electrical current design with a Pt 
wire in direct contact with the drop,[18] the electric current can 
be generated between the two electrodes. In a previous report, 
charge densities up to 0.46 mC m−2 have been achieved uti-
lizing the EWCI method. However, these charge densities were 
highly localized and could not be increased any further due 
to the finite dielectric strength of fluoropolymer (FP) coatings 
(20–200 V µm−1 depending on the preparation process[19–22]) in 
combination with diverging electric fields at the air-water-solid 
contact. In this work, we therefore develop a new homogeneous 
electrowetting-assisted charge injection (h-EWCI) method by 
introducing a SiO2 layer with much higher electric strength[23] 
than the polymer layer in combination with a mask to suppress 
the well-known divergence of the electric fields[17,24] and local 
dielectric breakdown near the contact line. As a result, a high 
electric field can be applied uniformly on a large area of dielec-
tric stacks. Thus, a homogeneous maximum charge density of 
1.8 mC m−2 has been achieved across a cm2 large area of the FP 
surface. Distinct from the TENGs and the DEGs, this proposed 
CTEG does not rely on contact electrification upon drop impact 
on the solid surface. Thereby it overcomes the disadvantages of 

instability and unpredictability of surface charges generated on 
the tribo-layers.
Figure 1a,b illustrate the proposed h-EWCI method for gen-

erating surface charges. A doped-Si wafer serves as the bottom 
electrode, and a thermally grown SiO2 layer serves as the die-
lectric layer. A fluoropolymer (FP) film is spin coated on top of 
the SiO2 surface in a cleanroom and a mask of polypropylene 
(PP) tapes is applied to define the surface area, typically a field 
of 1 cm2, that is to be charged. A big puddle of water (several 
milliliters) is placed on top of the FP surface covering the entire 
surface including the PP masks to suppress the formation of 
a free and mobile air-water-solid three phase contact line. Sub-
sequently, a charging voltage Uc up to −400  V (relative to the 
grounded bottom electrode) is applied across the dielectric 
layers via the water puddle for 15 min. After that, the voltage and 
the water are removed. Throughout the charging process, the 
current density does not exceed 0.2 µA cm−2, such that the total 
electrical energy input during charging is less than 0.02 J cm−2 
(Figure S1, Supporting Information). Note that this charging 
procedure is applied only once upon fabrication of the substrate 
and does not need to be renewed neither during continuous 
nor during intermittent operation. Like conventional EWCI,[17] 
the h-EWCI charging process does not affect the topography of 
the FP surface, see Figure 1c. In contrast to EWCI, however, the 
surface charge density in h-EWCI is now homogeneous across 
the entire charging area, which is essential for CTEG. Figure 1d 
shows the surface charge density detected by an electrowetting 
probe. When there is no charge on the surface, the EW curve 
is symmetrical with U  = 0  V. Once there are charges existing 
on the hydrophobic surfaces, the symmetry axis shifts from 
U = 0 V to U = UT, and the surface charge density σT could be 
calculated by σT = UTc, where c is the capacitance per area of the 
dielectric layer.[17,25] Given all the surface charges are negative in 
this work, we define σ as the absolute value of the σT. σ as high 

Figure 1. a) Schematic of the h-EWCI method. b) Picture of a sample being charged by using the h-EWCI method. The doped silica substrate served as 
the bottom electrode. The composite dielectric layer consisted of 300 nm thick SiO2 (bottom layer) and 1 µm Teflon AF1600 (top layer). c) AFM images 
showing the surface topographies of Teflon AF1600 before and after h-EWCI process. Scale bar: 200 nm. d) Surface charge density versus applied voltage 
measured by the electrowetting probe. The trapping voltages UT are −24 V for red, −12 V for blue and −5 V for black curves. The charging voltage Uc 
are −400 V for red, −300 V for blue and −200 V for blue curves. The charging time tc are 15 min for all three samples. Snapshots show water drops at 
0 V on the surfaces with σ of 0.35 mC m−2 for red, 0.18 mC m−2 for blue, and 0.07 mC m−2 for black curves.
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as 0.35 mC m−2 could be achieved on a substrate with 300 nm 
thick SiO2 layer and a 1 µm thick Teflon top layer (c = 14.8 µF).

After charging the surface, we mount a Pt wire on the top 
of the substrate as the top electrode, connect it to the bottom 
electrode via a load resistor RL, and let the water droplets fall 
onto the pre-charged surface. The schematic and the photo-
shoots during drop impact are shown in Figure 2a,b; see sup-
porting information for corresponding video sequences. The 
droplets first impact and then spread on the FP surface. When 
the drop reaches maximum spreading and touches Pt wire, a 
current peak is generated. Figure 2c shows such current peaks 
generated by multiple falling droplets with a load resistance 
RL  = 2.2 kΩ. The current peak value is proportional to the 
surface charge density.[26] Instantaneous current peaks higher 
than 2 mA can be generated by a droplet falling on a charged 
surface with σ = 0.35 mC m−2 (Figure 2c). This current value 
is substantially higher than previous reported values,[4,27–32] 
including the recent DEG approach[9] (Figure 2d; Table S1, Sup-
porting Information). The current response is based on elec-
trostatic induction and can be understood as follows: 1) before 
a droplet touches the wire, all countercharges induced by the 
trapped charges are located at the bottom electrode; 2) upon the 
spreading droplet touches the wire, the countercharges transfer 
from the bottom electrode to the top electrode, and an elec-
tric current signal is generated; 3) after the droplet bouncing 

off or sliding downhill, the countercharges are again accumu-
lated at the bottom electrode, ready for electricity generation 
from the next droplet. This process is illustrated in Figure S2 
in the Supporting Information. The current peak I0 generated 
by individual droplets decreases with increasing load resist-
ance (RL). Figure S3 in the Supporting Information shows the 
generated current peaks with a load resistance RL  = 6.5 MΩ, 
which are lower than those with RL = 2.2 kΩ. Upon increasing 
RL, the charge transfer in the circuit is increasingly hindered by 
RL. Consequently, the charge transfer process is slowed down 
at a high RL, and the generated current is thus lower than that 
with low RL, as shown in Figure  2e. Given the initial surface 
potential on the fluoropolymer coating is UT, the instantaneous  

current I0 can be calculated as I
U

R R c
T

L L

σ= − =0 . RL and c are  

known parameters, so the charge density can be calculated 
from the I0 as

I R cLσ = 0  (1)

We note that I0 is indeed inversely proportional to RL and 
the calculated σ based on this method, and is consistent with 
the σT measured by the EW probe (Figure S4, Supporting 
Information). Figure  2f shows the total transferred charges 
(Qtran) as obtained by integrating the current for variable RL. 
For a water droplet with a volume of 33  µL released from a 

Figure 2. a) Schematic and b) snapshot of energy harvesting process in CTEG. In (a), orange layer: fluoropolymer; red layer: SiO2; grey layer: bottom 
electrode (doped Si wafer). In (b), the pictures 1, 2, and 3 are the droplet falling on the surface, impacting and spreading on the surface, and sliding 
down on the surface, respectively. c) Generated current by multiple falling droplets with RL of 2.2 kΩ. d) Comparison of the instantaneous peak current 
value obtained in this work with other reports.[4,27–32] e) Generated current by single falling droplet with different RL. f) Total transferred charges varying 
with RL at different surface charge densities (0.35 mC m−2 for red, 0.18 mC m−2 for blue, and 0.07 mC m−2 for black symbols). Positive and negative 
represent the current directions from the bottom to top electrodes and from the top to bottom electrodes, respectively.
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height of 4.3  cm, the maximum spreading area is around  
0.7 cm2. The maximum transferred charge densities according 
to Figure  2f are 0.34, 0.19, and 0.07 mC m−2 for these three 
samples. These values are also consistent with the σT meas-
ured by the EW probe, demonstrating that the complete surface 
charge is indeed transferred through RL in the external energy 
harvesting circuit. Note that there is no appreciable difference 
for energy harvested from an individual drop as compared to a 
train of consecutively impacting drops, Figure S5 (Supporting 
Information).

For the sample with surface charge density of 0.35 mC m2, 
a maximum instantaneous power of 11.4 mW can be achieved 
by a single falling droplet, corresponding to a power density 
of 162 W m−2. This is much higher than the power density of 
the conventional TENG, and also more than 3 times as high as 
that of the recently reported DEG.[9] The total energy harvested 
from a single drop is 0.35 µJ (Figure S6, Supporting Informa-
tion). Taking into account the droplet’s mechanical energy 
Edrop  = mgh = 14.2 µJ (where m  = 33 mg is the mass of the 
droplet, g is the gravitational acceleration and h = 4.3 cm is the 
height of the droplet), the energy harvesting efficiency can be 
calculated as η  = E/Edrop. The maximum η around 2.5% has 
been achieved using such a substrate with σ = 0.35 mC m−2. 
Moreover, according to the excellent stability of the surface 
charge densities generated by EWCI method,[17] the CTEG with 
the sample charged by h-EWCI showed excellent stability. We 
tested a CTEG device at intermittent time intervals throughout 
100 days and did not detect any sign of degradation, Figure 3b. 
We tentatively attribute the enhanced stability to a field-
induced injection of negative charge carriers into trapping 

sides inside the FP material (Figure S7, Supporting Infor-
mation) rather than residing exclusively at the surface. Such 
trapped charge carriers are protected and do not get exposed to 
the impinging water drops during operation. Therefore, they 
are more stable than the other types of surface charges. Since 
the low stability of surface charges generated by tribo-electrifi-
cation is a congenital problem for the nanogenerators, such a 
long-term reliability is unique for any nanogenerator reported 
thus far.

To demonstrate the performance of the CTEG device, we 
tested it using droplets of DI water, rainwater (from Enschede 
in the Netherlands) and sea water (0.6 m NaCl solution), and 
the generated current are shown in Figure  3d. In contrast to 
other nanogenerators, including TENGs and DEGs, that display 
decreasing current signals with the increasing droplet conduc-
tivity, our CTEG device shows the opposite behavior, namely, 
the generated electricity increases with the droplet conductivity. 
This reversal of efficiency indicates that the mechanism of 
CTEG is different from other nanogenerators reported so far. It 
also implies that—unlike TENG and DEG—CTEG is also suit-
able for harvesting energy from drops of salty (sea) water. The 
physical reason for the decreased efficiency at low conductivity 
is CTEG is an increased resistance of the drop Rdrop in the cir-
cuit (Figure 3c). The lower the droplet conductivity, the higher 

Rdrop is. Consequently, I0 can be calculated by I
U

R R
T

L drop

= −
+0 ,  

which increases with increasing of droplet conductivity. The 
observed order of peak currents is consistent with the meas-
ured conductivities of DI water, rain water and sea water of 
0.038 µS cm−1, 33.0 µS cm−1, and 67.2 mS cm−1.

Figure 3. a) Peak current (I0) and power (P0) as a function of loading resistance. (charging conditions: UT = −400 V, t = 15 min; σ = 0.35 mC m−2 .  
b) Reliability test: the current generated from multiple falling droplets measured intermittently in 100 days (charging conditions: UT  =  −400 V,  
t = 5 min; RL = 6.5 MΩ, σ = 0.27 mC m−2 ). c) Circuit diagram of CTEG. (RL: load resistance; Rdrop: resistance from the water droplet; “-” sign stands 
for negative charges; “+” sign represents positive charges; S is a switch, which stands for two states: when the droplet touches the Pt wire, the switch 
is on; when the droplet detaches the wire, the switch is off). d) Generated current using CTEG with droplets of DI water, rainwater and sea water. The 
droplet volume is 33 µL and the trapped charge density was 0.35 mC m−2. All sample films prepared for measurements in this figure consisted of 
300 nm SiO2 as the bottom layer and 1 µm Teflon as the top layer.
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To further enhance the energy harvesting efficiency, we opti-
mized the charging conditions of the h-EWCI process and the 
SiO2-fluoropolymer dielectric stacks used in CTEG. As reported 
before, negative charges preferentially adsorbed at hydrophobic 
surfaces.[33–35] Previous observations indicated that fluoropol-
ymer materials even spontaneously and permanently adsorb 
negative charges upon extended contact with water.[25] The 
highest charge densities had been reported for elevated pH. 
Therefore, we assume that electrolyte solutions with high pH 
will also enhance the trapped charge density in our h-EWCI pro-
cess. By using a NaOH solution with pH = 11 during charging at 
our standard conditions (Uc = −400 V; charging time: 15 min), 
we indeed achieved a surface charge density of 0.54 mC m−2 on 
a composite dielectric layer with 400 nm thick SiO2 and 1.2 µm 
Cytop 809M (Cytop). Lower charge densities but the same pH 
dependence was found for Uc = −300 V (Figure S8, Supporting 
Information). (Interestingly, this enhancement of σ at elevated 
pH was only found for Cytop but not for Teflon AF 1600 from 
Chemours Company, Figure S9 (Supporting Information). This 
different response may point to a role of different oxygen-con-
taining polar co-monomers in the two FP materials for the trap-
ping of negative charges.)

Since the σ generated by the EWCI method increased when 
applying higher electric fields during charging,[17] we varied 

the thickness of the Cytop to achieve higher electric fields 
for charge injection[23] (Figure S10, Supporting Information). 
Three samples with the dielectric films composed of 400  nm 
thick SiO2 layers that enhance the dielectric stability of the 
overall structure coated with various thicknesses of Cytop were 
prepared, being of 1.2  µm for sample T1, 500  nm for sample 
T2, and 120  nm for sample T3. Figure 4b shows the electron 
microscopy cross-sectional view of these three samples.

Measuring the peak current I0 as a function of R0 (Figure S11, 
Supporting Information) we extracted effective surface charge 
density σ of 0.56  ±  0.05, 1.15  ±  0.15, and 1.80  ±  0.25 mC m−2 
for the samples T1, T2, and T3 (Figure 4c). The surface charge 
density value obtained by h-EWCI method has exceeded all 
the previous reports[11,15,36–40] except for the very recently pro-
posed CE-TENG[41] (charge-excitation triboelectric nanogen-
erators) approach, as shown in Figure  4d and Table S2 (Sup-
porting Information). Compared to the CE-TENG, h-EWCI 
has the advantage that the generated charge density is highly 
stable and does not need any further charge excitation pro-
cesses during the operation of the nanogenerators. The current 
generated from individual falling droplets on these three sam-
ples (RL = 1.45 MΩ) is shown in Figure 4c. The current peaks 
are very similar because the effect of increasing σ for thinner 
samples is largely compensated by the increasing capacitance 

Figure 4. a) Output current of CTEG using the samples charged by aqueous solution at different pH. The dielectric stacks of the samples contain 
400 nm thick SiO2 as the bottom layer and 1.2 µm Cytop coating as the top layer. b) SEM images of the cross sections of samples T1, T2, and T3. (scale 
bar: 500 nm) c) Charge density generated from samples charged using h-EWCI at Uc = − 400 V for 15 min. d) Comparison of the surface charge density 
obtained in this work with other reports.[11,15,36–42] e) Current generated from single falling droplet using CTEG with samples T1, T2, and T3. The loading 
resistance is 1.45 MΩ. f) Averaged harvested energy and energy conversion efficiency from 33 µL droplets falling from 5 cm height, as a function of 
loading resistance. The “pristine” means the original sample untreated by h-EWCI. The “pristine” means the original sample untreated by h-EWCI.
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c (see Equation  (1)). While the initial current values I0 and 
UT for these three samples were thus very similar, the width 
of the current curves with respect to time is increased with σ 
(Figure  4e). This indicates that the instantaneous current or 
voltage values were not the only parameters for characterizing 
and evaluating the electricity generation process of nanogenera-
tors. By applying these samples into CTEGs, micro-joule level 
energy could be harvested from a 33  µL water droplet falling 
from a height of 5 cm. The harvested energy is calculated using 

I R dtL= ∫E 2  from the current generated from single droplet. As 
shown in Figure 4f, for a pristine Cytop film without h-EWCI 
charging, the energy harvesting efficiency is much lower than 
from the films treated with h-EWCI. For the identical dielectric 
stacks of 400 nm thick SiO2 and 1.2 µm thick Cytop, the higher 
σ results in higher energy harvesting efficiency. According 
to the samples with different dielectric layers, the harvested 
energy is not only determined by σ. For instance, η is very sim-
ilar for samples T2 and T3 despite the fact that sample T3 dis-
plays a significantly higher surface charge density. We suppose 
that the thick dielectric layers help enhance the electric energy 
stored in the dielectric capacitors and thus more energy can be 
released when the droplet touches the top electrode. Using the 
sample treated by the optimized h-EWCI process, a maximum 
energy of 1.96 µJ can be harvested from single falling droplet 
(Figure  4f). Considering Edrop  = mgh  = 16.5 µJ (m = 33 mg,  
h = 5 cm), the energy harvesting efficiency reaches 11.8%, which 
is much higher than 0.01% achieved in TENG,[5] and 5.36 times 
of the most recently reported value of 2.2%.[9]

These results suggest that CTEG is indeed a viable energy 
harvesting method provided that a suitable intensive source 
of droplets is available. The reported harvested energy of 
≈ 2 µJ per drop implies that the electrical energy required for 
the initial charging process of 20 mJ cm−2 can be recovered 
after 10 000 drop impacts. Given a response time of <   20 ms 
per drop (Figure 2d), the device can harvest this energy within 
less than 1/2 h. The fabrication of the substrates is based on 
standard fabrication processes from the semiconductor and 
display industries.[43] It is therefore highly parallel provided 
that the Pt wire in our experiments is replaced by deposited  
or printed electrodes on the substrate. Further optimization 
of the dielectric stack may lead to even further increases in 
efficiency.

In summary, we developed a novel electricity generator, 
Charge Trapping-based Electricity Generator (CTEG), based on 
the stably trapped charges on hydrophobic fluoropolymer sur-
faces. By utilizing CTEG, we could overcome important bottle-
necks of conventional nanogenerators, namely the low power 
density, the low and unstable surface charges density along 
with poor long-term reliability. Instantaneous current higher 
than 2 mA and power density of 162 W m−2 have been achieved. 
Surface charge density as high as 1.8 mC m−2 allowed an ultra-
high energy harvesting efficiency of 11.8% from a falling water 
droplet. Moreover, the excellent reliability for 100 days’ testing, 
as well as its applicability with highly conductive liquid sug-
gest a promising future for industrialization of this invention. 
Therefore, our approach can also be considered for applications 
beyond drop-based energy harvesting, such as for energy har-
vesting from ocean waves, in wearable electricity generation 
devices, as well as various sensors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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