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A B S T R A C T   

Water wave energy, also known as blue energy, is a promising clean and renewable energy to solve global energy 
crisis. Recently, triboelectric nanogenerator (TENG) is considered as one of the most efficient approaches for 
harvesting water wave energy. Here we introduced a thin film blue energy harvester based on liquid-solid 
contact triboelectric mechanism. With novel external �U electrode including a bar electrode (B electrode) and 
a U-shape electrode (U electrode), the shielding effect from water is hugely minimized, and outputs are effec-
tively improved. Moreover, a series of IoT applications aiming seashore area is studied and realized, such as 
functions of wave level warning, continuously powering and a wireless signals transmission.   

1. Introduction 

In order to cope with the aggravating problem of energy supply and 
demand, lots of efforts focus on seeking renewable and clean energy 
source, such as solar energy, wind energy, ocean energy and so on [1–3]. 
When compared with other mentioned energies, the ocean energy, also 
called blue energy, covering over 70% of the Earth’s surface, contains 
abundant energy and shows advantage of less dependence on weather, 
seasonality, and day-night rhythm [4,5]. The blue energy is mainly in 
forms of wave energy, tidal energy, thermal energy and osmotic energy. 
And the wave energy around the globally coastline has reach more than 
2 TW according to the estimation [6–9]. Current approaches of har-
vesting wave energy are based on bulky and costly electromagnetic 
generator. According to different practical application scenarios from 
shoreline to far offshore area, different kinds of devices have been 
equipped, such as limpet (Oscillating water column), Oyster (Oscillating 
wave surge converter), Wave dragon (Overtopping device), Ocean en-
ergy (Oscillating water column), WaveBob (Oscillating point absorber) 
and Pelamis (Line attenuator) [10,11]. However, due to their complex 
hydraulics and mechanical structures applied in the electromagnetic 
generator to transform wave motion into linear reciprocal motion or 

rotary motion, the electromagnetic generator suffers from disadvantages 
of big-size, heavy-weight and high-cost, limiting them to be applied in 
large-scale wave energy harvesting, especially at low frequency [12]. 

Recently, the emergence of triboelectric nanogenerator (TENG) has 
brought a new route for harvesting wave energy [13–18]. The tribo-
electric nanogenerator’s origin can be derived to Maxwell’s displace-
ment current, and its operating principle is based on the conjugation of 
triboelectric effect and electrostatic induction [19–22]. This new tech-
nology has been considered as one of the most promising ways to harvest 
ambient mechanical energy with unique merits of easy-fabrication, 
low-cost, lightweight, and environment-friendly. Former works have 
proved that the triboelectric nanogenerator can effectively convert 
mechanical energy with various forms into electric energy, such as 
human motions [23–31], mechanical vibration [32–36], natural wind 
[37–39], water drops [40–46] and water waves [47–73]. Among kinds 
of water wave energy harvesters, the fully enclosed rolling spherical 
structure is mostly studied since it can harvest the energy from all di-
rections. Wang et al. have applied a Nylon ball rolling on a Kapton film 
with two stationary back electrodes attached to the inner surface of the 
spherical shell [47]. Xu et al. have applied a soft silicone rubber rolling 
in the sphere so that the effective area for triboelectrification was 
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increased due to more intimate contact [48]. Compared with traditional 
electromagnetic generator, the triboelectric nanogenerator effectively 
adapts in transforming mechanical energy of random and low frequency 
into electric power, so that the triboelectric nanogenerator is appro-
priate for harvesting energy from low-frequency waves [74–76]. 

Various kinds of devices have been developed and applied in har-
vesting wave energy, and it can be divided into two types: liquid–solid 
contact mode device [49–57,59] and solid–solid contact mode device 
[60–72]. Wherein solid-solid contact mode device with encapsulated 
package outside attracted a large proportion of research attentions, 
because outputs of triboelectric nanogenerator are greatly influenced by 
environmental conditions especially humidity [77–80]. These devices 
with different encapsulated structures, such as spheres [61–63], boxes 
[64,65], cylinder structure [69–71], Pelamis snake structure [67] and 
oblate spheroidal structure [68], need float on water so that only suit for 
far offshore area. In general, these rigid encapsulated structures will 
make whole device large-size and weight-increase. Moreover, strict re-
quirements for waterproof level increase the difficulty of further in-
dustrial production, recovery and maintenance. In contrast, liquid-solid 
contact mode device could be smaller size even be thin-film type device, 
which can be readily integrated with most of the current infrastructures 
[50–54]. Zhu et al. have proposed a series of works about thin-film type 
devices applying array of electrodes underneath dielectric film to utilize 
dynamic changed electrical double layer to harvest wave energy 
[50–52]. These thin-film type devices can be applied as blue energy 
harvester in seashore area by being fixed on shoreline, and in far 
offshore area by being attached on floating workstation or boats. When 
water waves repeatedly submerge devices, these liquid-solid contact 
mode triboelectric nanogenerators can convert wave energy into electric 
power by utilizing surface triboelectric charges generated through the 
interaction with water waves and dielectric film. Other kinds of 
liquid-solid contact mode triboelectric nanogenerators like ball struc-
ture [49], buoy-like structure [55] and tube structure [56] are also 
applied to harvest wave energy and collect waves’ information, and 
these kinds of device can be applied in far offshore area. Therefore, the 
liquid-solid contact mode triboelectric nanogenerator shows a great 
potential to serve as a blue energy harvester in expansive sea area. 

However, the shielding effect limits outputs of the TENG device 
when it is operated with water waves [58]. This shielding effect attri-
butes to the electrical double layer (EDL) formed on interface of solid 
device and liquid water environment [81,82]. The EDL refers to two 
parallel layers of charges surrounding the interface. The first layer, also 
called as the stern layer, consists of anchored ions attracted onto the 
solid surface. The second layer, also called as diffuse layer, is composed 
of free ions which are loosely associated with the solid and can move 
with the liquid. This second layer will electrically screen the first layer 
due to loosely counter ions. To minimize the shielding effect from water, 
Zhang et al. report a extra airgap structure applied in solid-solid contact 
triboelectric nanogenerator device, which utilizes rolling polytetra-
fluroethylene balls and is based on freestanding triboelectric-layer mode 
[67]. Xu et al. report tube structure with airgap applied in liquid-solid 
contact triboelectric nanogenerator device, which utilizes an acrylic 
tube attached a PTFE film with electrode and is based on 
single-electrode mode [56]. Finally, the outputs of these devices are 
improved with the extra airgap structures. Thus, it can be seen the 
importance of dealing with the shielding effect. 

In addition, considering rapidly increased requirement to the 
Internet of Things (IoT), the triboelectric nanogenerator shows a great 
potential in this application as self-powered sensors for IoT system [83]. 
Although self-powered sensors based on triboelectric nanogenerator 
have been applied in Smart Home System [27,28,84–86], Wearable 
Technology [26,45,87] and Human-Computer Interaction Techniques 
[29–31], rare research works are discussed Seashore IoT Applications 
with triboelectric nanogenerator. On one hand, the thin film typed 
triboelectric nanogenerator suits for seashore area. On the other hand, 
triboelectric nanogenerator based on liquid-solid contact mode can 

obtain immediate signals due to its direct operation with water waves. 
Here we introduce a thin film blue energy harvester based on liquid- 

solid contact triboelectric nanogenerator. The structure of final device is 
flexible and bendable, suitable for substrate with various surfaces and 
situations. First, with novel external �U electrode including a bar elec-
trode (B electrode) and a U-shape electrode (U electrode), the shielding 
effect is significantly minimized, and outputs are effectively increased. 
Second, the liquid-solid contact triboelectric mechanism with external �U 
electrode is studies in details, and separated influence of B electrode and 
U electrode are experimental discussed. Third, in further applications in 
seashore IoT system, the U electrode can extract power from waves’ 
flood and ebb processes and the B electrode can work as a safety switch, 
then whole device can form a wave warning system and provide 
continuous power supply to the normal operation of a temperature 
sensor. Finally, a wireless transmitter is powered with the �U electrode 
and successfully sends out the environment information to a mobile 
phone. Therefore, this work provides a new kind of thin film blue energy 
harvester propitious to industrial production and expands its applica-
tions in IoT area. 

2. Results and discussion 

2.1. Structure and working principle of the �U electrode triboelectric 
nanogenerator 

A schematic diagram of the �U electrode triboelectric nanogenerator 
(�U-TENG) for harvesting water wave energy around coastline is shown 
in Fig. 1. And the structure design and fabrication process of �U-TENG is 
shown in Fig. 1a, which is also illuminated in experimental section. As 
can be seen from upper part of Fig. 1a, the structure is suitable for stack 
fabrication process and has potential of further scale-up industrial pro-
duction. The prepared device is displayed in Fig. 1b, and the bended part 
proves its flexibility and thin-film characteristics. By the abridged gen-
eral view and the prepared device’s photo, the Bar electrode (B elec-
trode), Dielectric electrode (D electrode) and U-shape electrode (U 
electrode) are obviously clarified. Moreover, flow chart diagram of IoT 
applications (Fig. 1c) proposes that the �U-TENG can be placed on 
seashore and applied as blue energy harvesters. Converted wave energy 
can be utilized to support IoT applications in seashore area, and details 
will be discussed in below section. 

The �U-TENG is developed from dielectric electrode triboelectric 
nanogenerator (D-TENG), and the D-TENG belongs to the single- 
electrode mode of four basic working modes [18,19]. Besides different 
structure shown in Fig. 2a, the D-TENG and the �U-TENG have distinct 
working principles and outputs. Details are shown in Fig. 2b and c, 
where their working principles are based on cross sectional view. The 
first thing should be clarified is the electrical double layer (EDL) formed 
on the interface between dielectric film and water waves. When water 
wave starts moving forward onto the dielectric film’s surface, the sur-
face groups may lead its surface to be negative charged, and the elec-
trical double layer will be formed to neutralize these surface charges 
[55–58]. The EDL part consists of a Stern layer and a diffuse layer, 
related schematic diagram is shown in Fig. S1. The Stern layer refers to 
ions adsorbed onto the dielectric surface. The diffuse layer contains 
mobile ions which are loosely associated with the solid and can move 
with water wave. More moveable ions are there in the diffuse layer, 
more heavily the charges on the dielectric surface are screened. And 
then outputs of liquid-solid contact mode triboelectric nanogenerator 
are influenced [55,57]. 

For the D-TENG shown in Fig. 2b, its working mechanism can be 
divided into following steps: (i) The new cycle starts with the dielectric 
film is pre-charged with negative charges due to preliminarily friction 
with water waves, and loosely positive and negative ions are distributed 
in water environment. (ii) When water wave starts contacting with the 
dielectric film, the EDL will be formed on the interface, wherein positive 
ions are attracted to form the first layer and several loosely negative ions 
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Fig. 1. (a) The structure design and fabrication process of the �U electrode triboelectric nanogenerator (�U-TENG). (b) Schematic diagram of the abridged general view 
(left) and prepared device’s photo (right). (c) Flow chart diagram of applications of �U-TENG as blue energy harvester. 

Fig. 2. (a) The structure of the D-TENG and the �U-TENG. (b) Work mechanism of the D-TENG. (c) Work mechanism of the �U-TENG. (d) Open-circuit voltage 
comparison of the D-TENG and the �U-TENG. (d) Transfer charge quantity comparison of the D-TENG and the �U-TENG. 
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moved with water wave form the second layer. Overall, equilibrium of 
electrical neutrality in the initial state is disturbed, and electrical signals 
are generated in external circuit and flow to the ground. (iii) Along with 
the disturbed equilibrium, the EDL is gradually submerge the dielectric 
film until it is complete covered. And new equilibrium of electrical 
neutrality is built with the EDL. (iv) When the water wave breaks down 
and start leave the dielectric film, influence of the EDL also recedes and 
electrical signals are generated in external circuit and flow to the 
dielectric electrode. At the end of the cycle, the water wave is completely 
away and back to the initial state of (i). This working mechanism shows 
that there will be less charges flow in the external circuit attributed to 
the shielding effect from water, resulted in low outputs of the D-TENG. 

Above all, the loosely negative ions in the second layer screen the 
charges on the dielectric surface and will limit outputs of the tribo-
electric nanogenerator. The �U-TENG utilize external �U electrode 
(include Bar electrode and U-shape electrode) to minimum this shielding 
effect from the second layer, and its working mechanism is explained in 
Fig. 2c, where can be divided into following steps: (i) The cycle starts 
with the dielectric film is pre-charged with negative charges due to 
preliminarily friction with water waves, and loosely positive and nega-
tive ions are distributed in water environment. (ii) When water wave 
once contacts with U electrode, loosely ions are influenced with electric 
potential difference between the D electrode and U electrode, and 
negative ions are inclined to retained in the water area away from D 
electrode. For the liquid-solid contact area, the EDL formed to reach new 
equilibrium of electrical neutrality. Overall, along with motion of water 
wave, initial equilibrium is constantly disturbed, then electrical signals 
are generated in external circuit and flow from D electrode to U elec-
trode. (iii) When the water wave completely covers the area of D elec-
trode and U electrode, a temporary equilibrium is achieved between the 
D electrode and U electrode. For the EDL formed on the interface of 
liquid-solid contact area, there may still exist loosely negative ions in the 
second layer. (iv) After the water wave across the D electrode and the U 
electrode, the water wave contacts with the B electrode, remained 
loosely negative in the second layer can further attracted to the B elec-
trode due to electric potential difference from D electrode, thus elec-
trical signals are generated in external circuit and flow from D electrode 
to B electrode. When water wave fully covers the device, new equilib-
rium of electrical neutrality is built with the EDL. (v) Then, after flood 
process, the water wave starts ebb away from the device. The loosely 
ions absorbed on B electrode will move away with the water wave. Thus, 
equilibrium of electrical neutrality is broken, and then electrical signals 
are generated in external circuit and flow from B electrode to D elec-
trode. (vi) Then the water wave starts ebb away from area of D electrode. 
The equilibrium is continuously broken, and electrical signals in 
external circuit flow from U electrode to D electrode until water wave 
completely away from the device. Then the cycle is back to the initial 
state of (i). 

Compared with the D-TENG, the �U-TENG is less affected with the 
shielding effect from the water. Because the U electrode and B electrode 
attracted these loosely ions and exclude their screen influence on 
charges in dielectric film. Related proofs are shown in Fig. 2d and e, and 
Fig. S2, where comparisons of outputs between the D-TENG and the 
�U-TENG are discussed. Open-circuit voltage increases from 73.1 V to 
283.1 V, transfer charge quantity increases from 28.4 nC to 2.8 μC and 
short-circuit current increases from 0.4 μA to 10.8 μA. Overall, the �U 
electrode including B electrode and U electrode plays a key role to 
minimize the shielding effect and enhance the outputs. Another 
advantage of the �U electrode should be noted about dynamic change of 
water film on liquid-solid interface in ebb process [88,89]. Shown in the 
Video S1, although water waves are directional, broken processes of 
water film are unpredictable due to complex and environment. The 
surface energy in the water film can be extracted by the �U electrode, 
whatever orientation the water film will break away. Therefore, the 
�U-TENG can be effectively applied as blue energy harvester and convert 
wave energy into electric power. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2019.104167. 

2.2. Functions and output performance of bar electrode and U-shape 
electrode 

As above mentioned, the �U electrode consists of Bar electrode (B 
electrode) and U-shape electrode (U electrode). When the �U-TENG 
operates with water waves, B electrode and U electrode play with syn-
ergistic mechanism. Next part will discuss functions and outputs of these 
two electrodes respectively, and triboelectric nanogenerator with U 
electrode or B electrode is defined as U-TENG or B-TENG. 

Up for the U-TENG, its schematic diagram of front view is shown in 
Fig. 3a, where U electrode and D electrode access external circuit. As 
shown in Fig. 3b, c and d, average open-circuit voltage reaches 256 V, 
average transfer charge quantity reaches 2.46 μC and average short- 
circuit current reaches 9.8 μA. Although these outputs of U-TENG are 
slightly lower than the �U-TENG, results show an equal order of magni-
tude and prove ability of blue energy harvester. As for practical appli-
cation, rectifier circuit is needed, and rectified current is shown in 
Fig. 3e. Average rectified current 15.2 μA, and this amount of increase is 
attributed to complexity of liquid-solid interaction. Next, capacitors of 
1 μF, 4.7 μF, 10 μF, 47 μF and 100 μF are applied to store converted 
electric power. After five cycles of flood and ebb process with 0.25 Hz, 
final voltage for capacitor can reach 19.72 V, 4.98 V, 2.31 V, 0.51 V and 
0.21 V respectively. 

Same tests are performed with the B-TENG, its schematic diagram of 
front view is shown in Fig. 4a, where B electrode and D electrode access 
external circuit. As shown in Fig. 4b and c, average open-circuit voltage 
reaches 211.2 V, average transfer charge quantity reaches 2.34 μC. 
However there exist a huge difference on the short-circuit current be-
tween flood process and ebb process. Average short-circuit current in 
flood process can reach 0.44 mA, but average short-circuit current in ebb 
process is only 1.25 μA. This difference is attribute to the water wave is 
instantaneously contact and non-contact with B electrode, and B elec-
trode plays as a conceptive switch in external circuit. Thus, B electrode 
can be applied as a safety switch in a wave warning system, which will 
be discussed in below part. Rectified current is tested and shown in 
Fig. 4e and mentioned difference in flood and ebb process is also shown. 
Next, capacitors of 1 μF, 4.7 μF, 10 μF, 47 μF and 100 μF are applied to 
store converted electric power. After five cycles of flood and ebb process, 
final voltage for capacitor can reach 18.86 V, 4.81 V, 2.27 V, 0.5 V and 
0.21 V respectively. Compared with the performance of U electrode, 
charged voltage is slightly lower, because that operation of B electrode is 
instantaneous. 

Moreover, output powers of U electrode and B electrode are dis-
cussed in Fig. 5. For U-TENG, dependence of voltage and current in the 
flood process and the ebb process are shown in Fig. 5a and b. Obviously, 
both in the flood process and the ebb process, average voltage rises 
exponentially with the external resistance load and then gradually sat-
urates. And the corresponding current drops with the external resistance 
load. The average output power of U-TENG with error bar is shown in 
Fig. 5c. The results show that the average power in the flood process 
reaches the maximum value of 358.93 μW at external resistance load of 
10 MΩ. The average power in the ebb process reaches the maximum 
value of 1.51 mW at external resistance load of 53 MΩ. These different 
values of output power in the flood and ebb process are attributed to the 
released surface energy which is collected with U electrode. For B-TENG, 
dependence of voltage and current in the flood process and the ebb 
process are shown in Fig. 5d and e. The overall trend of voltage is 
increasing with the external resistance load. And corresponding cur-
rent’s general trend is dropping with the external resistance load. The 
average output power of B-TENG with error bar is shown in Fig. 5f. The 
average power in the flood process reaches the maximum value of 
30  mW at external resistance load of 100 kΩ. And the average power in 
the ebb process reaches the maximum value of 463.51 μW at external 
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Fig. 3. (a) The schematic diagram of front view of U-TENG. (b) Open-circuit voltage of U-TENG. (c) Transfer charge quantity of U-TENG. (d) Short-circuit current of 
U-TENG. (e) Rectified current of U-TENG. (f) Capacitor charge with U-TENG. 

Fig. 4. (a) The schematic diagram of front view of B-TENG. (b) Open-circuit voltage of B-TENG. (c) Transfer charge quantity of B-TENG. (d) Short-circuit current of 
B-TENG. (e) Rectified current of B-TENG. (f) Capacitor charge with B-TENG. 
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resistance load of 14 MΩ. These different values of output power in the 
flood and ebb process are attributed to instantaneously contact or non- 
contact with B electrode. All the above discussions show that U electrode 
and B electrode have different functions to support the �U-TENG. 

For further application, there are two modes of rectifier circuit about 
the U electrode, D electrode and B electrode, shown in Fig. 5g. Wherein, 

the double-rectifier mode refers that each electrode works with one 
rectifier, and the single-rectifier mode refers that two electrodes 
together work with one rectifier. The rectified currents of two modes are 
shown in Fig. 5h. Average rectified current of the double-rectifier mode 
is 9.22 μA, while average rectified current of the single-rectifier mode is 
9.84 μA. Next in Fig. 5i, a capacitor of 10 μF is charged with these two 

Fig. 5. (a) Dependence of voltage and current of the U-TENG in flood process on external resistive loads. (b) Dependence of voltage and current of the U-TENG in ebb 
process on external resistive loads. (c) Dependence of output power of the U-TENG in the flood process and the ebb process on external resistive loads. (d) 
Dependence of voltage and current of the B-TENG in flood process on resistive loads. (e) Dependence of voltage and current of the B-TENG in ebb process on external 
resistive loads. (f) Dependence of output power of the B-TENG in the flood process and the ebb process on external resistive loads. Insert is enlarged diagram to see 
the ebb power. (g) Rectifier circuit of �U-TENG with Double-rectifier mode and Single-rectifier mode. (h) Rectified current of �U-TENG with Double-rectifier mode and 
Single-rectifier mode. (i) Capacitor charge of 10 μF with �U-TENG along Double-rectifier mode and Single-rectifier mode. (j) Capacitor charge of different capacity 
with �U-TENG along Single-rectifier mode. 
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modes, and results show that after five cycles it can reach 2.11 V with 
the double-rectifier mode and 2.51 V with the single-rectifier mode. This 
difference is attributed to energy consumption in rectifier circuit and the 
single-rectifier mode shows superiority. Moreover, capacitors of 1 μF, 
4.7 μF, 10 μF, 47 μF and 100 μF are charged in Fig. 5j with the single- 
rectifier mode, and final voltage can reach 21.35 V, 5.55 V, 2.51 V, 
0.57 V and 0.25 V respectively. Therefore, it shows that the �U-TENG can 
be effectively applied as blue energy harvester and convert wave energy 
into electric power. 

2.3. Seashore IoT applications with �U electrode triboelectric 
nanogenerator 

The seashore area is an important part of production, ecology, 
transportation and research. Thus, understanding and utilization of 
seashore is a critical issue to human life. In recent years, the internet-of- 
things (IoT) have been rapidly developed to build a giant network of 
connected things and people. Various IoT applications based on tribo-
electric nanogenerator have been demonstrated to support Smart Home 
System, Wearable Technology and Human-Computer Interaction Tech-
niques, but rare research works are discussed Seashore IoT Applications. 
Considering directly interaction with water waves, the �U-TENG device 
can be applied as a thin film blue energy harvester and expand IoT ap-
plications aiming at seashore area. 

First, a wave warning system is built and shown in Fig. 6a, where B 
electrode and D electrode access to current monitoring system. Based on 
orientation of water waves, once waves beyond the preset limit area and 
contact with B electrode, the wave warning system is triggered and an 
instantaneous strong current signal can be seen by the monitoring sys-
tem, as shown in Fig. 6b. Thus, the wave level can be recorded for 
further analyze of dynamics sea or applied to warn people around 
seashore area. 

Second, a continuously power system is introduced to support low 
power sensors. Shown in Fig. 6d, two mode of circuit connection 
methods are designed. When a low power temperature sensor is working 
with mode i, refer that the �U-TENG fully output to power the sensor, this 
sensor shown in Fig. S3 and Video S2 is in overload state and displaying 
abnormally. This sensor can only work normally after the wave pump 
stops, and display temperature until electrical power is running out. 
When this sensor works with mode ii, refer that B electrode grounded to 
consume extra electric power, the sensor can be continuously working 
and displaying normally, as shown in Fig. 6e and Video S3. Therefore, 
the �U-TENG device can sustain sensors working and collecting kinds of 

information. 
Supplementary data related to this article can be found at https 

://doi.org/10.1016/j.nanoen.2019.104167. 
Third, a wireless transmitter is applied to support a wireless trans-

mission system. Results shown in Fig. 6f prove that a capacitor of 47 μF 
can be charged to 7 V within 50s with the �U-TENG operated with wave 
pump. Based on the �U-TENG, a wireless transmitter successfully sends 
out temperature and humidity signals to a mobile phone, shown in 
Fig. 6f and Video S4. This wireless signal transmission system is 
important for further seashore IoT applications, inspectors can obtain 
information from distributed signal transmitting station when they take 
an inspection tour of seashore area. 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2019.104167. 

Moreover, the �U-TENG applied as raindrop energy harvester has 
been discussed, shown in Fig. 6g and h. A simulation experiment is 
operating with a volume of 500 ml water flowing onto the �U-TENG de-
vice. The rectified current in Fig. 6g shows that a significant current of 
70 μA is obtained when the water drops firstly contact with the device. 
Then a constantly changing current is detected in the process of water 
drops continuously falling, and the average value is about 2.4 μA. Ca-
pacitors of 1 μF, 4.7 μF and10 μF are charged under water drops of 
500 ml, the results shown in Fig. 6h indicates that final voltage can reach 
5.06 V,1.32 V and 0.68 V respectively. So, the �U-TENG device can also 
collect raindrop energy when a diverse climate occurs in seashore area. 

The stability of �U-TENG has been tested and shown in Fig. S4, the 
output voltage can retain 66.2% of initial output after 1000 cycles test 
and retain 50.2% of initial output after 5000 cycles test. And the output 
voltage can restore to 90.7% of initial output after gently wipe off re-
sidual water on the device. The performance of �U-TENG with different 
salinity water has been tested and shown in Fig. S5. The output voltage 
can retain 72.6% of initial output with salinity water of 10‰, and 42.6% 
of initial output with salinity water of 35‰. It is worth mentioning that 
seawater in the world’s oceans has a salinity of approximately 35‰, and 
the output performance can foresee the practical applications of the 
�U-TENG as a blue energy harvester in seashore area. 

3. Conclusion 

In summary, a thin film blue energy harvester based on liquid-solid 
contact triboelectric nanogenerator is prepared. Final device is flexible 
and bendable, suitable for substrate with various seashore situations. 
And the fabrication process is facile and suit for further industrial 

Fig. 6. (a) The schematic diagram of wave warning system operated with B electrode and D electrode. (b) Current variation of untriggered state and triggered state in 
the wave warning system. (c) Two different circuits for low power sensor. (d) A temperature sensor is powered and continuously working normal. (e) A capacitor of 
47 μF is charged with �U-TENG, U-TENG, B-TENG and D-TENG operated with wave pump. (f) A wireless transmitter is powered with �U-TENG and environment signals 
successfully send to a mobile phone. A simulation experiment of �U-TENG device applied as a raindrop energy harvester: (g) Rectified current under water drops, 
insert is an enlarge figure. (h) Different capacitor charging under water drops with volume of 500 ml. 
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production. With the structure of external �U electrode including B 
electrode and U electrode, the shielding effect is hugely minimized, and 
outputs are effectively improved. Thus, the �U-TENG can effectively 
extract power from waves’ flood and ebb processes. Moreover, a 
seashore IoT system is built, which contains a wave warning system 
based on B electrode play as a safety switch, a continuously power 
system based on designed connection of �U electrode, and a wireless 
transmission system based on a wireless transmitter. Therefore, this 
work provides a new kind of thin film blue energy harvester and expands 
IoT applications about seashore area. 

4. Experimental section 

4.1. Fabrication of the single electrode triboelectric nanogenerator 

Firstly, a square of 22 cm � 22 cm is cut from a FEP (Fluorinated 
ethylene propylene) sheet with 50 μm thickness. Then a square of 
20 cm � 20 cm is firstly cut from a roll of Aluminum foil with 10 μm 
thickness, and it is attached on backside of FEP film by electrostatic 
adsorption. Finally, this FEP with attached electrode is stacked on sub-
strate of PVC (polyvinyl chloride soft film, 0.1 mm thickness, Alfa 
Packaging), with sealing silicone (Kafuter sealant) on backside and 
sealing tape (Kapton tape) on frontside. 

4.2. Fabrication of the �U electrode triboelectric nanogenerator 

Based on prepared single electrode triboelectric nanogenerator, 
external �U electrode is added. Firstly, Aluminum tape of 15 mm width is 
chosen to cover edges of the single triboelectric nanogenerator. Then a 
piece of Aluminum tape with 23 cm length is attached on upper edge 
with approximate 1 mm gap from edge of back electrode, this piece of 
Aluminum tape is applied as Bar electrode. Similarly, pieces of 
Aluminum tape are combined into U-shape and attached around left, 
bottom and right edges with approximate 0.5 mm gap, these pieces of 
Aluminum tape are applied as U-shape electrode. 

4.3. Characterization and electrical measurement 

The outputs of triboelectric nanogenerator are measured by Model 
6514 Electrometer (Keithley), and experiments’ data is acquired and 
saved by Model DSOX3034T Oscilloscope (Keysight). Application ex-
periments are operated with wave pump (Laoyujiang) equipped on 
bottom of box (length of 70 cm, width of 52 cm, height of 43 cm). 
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