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goes on. Hence, a powerful and sustainable energy-harvestin@verview of TENGs

technique, which can transfer various forms of energy from

the surrounding environment into electricity, could be anl. Environmental energy harvesting by TENGs
alternative to remedy the shortcomings of traditional batt
technology[3-5]. Accordingly, a series of distinct matur
technologies for energy conversion have been develope

e'&g one of the most widely recognized harvesting techniques,
jh[% TENG has achieved remarkable progress in environ-
. ; . ) mental energy collection with many unique advantages.
convert enwro_nmental energy into electricity, and includ king wind energy harvesting as an example, wind farms
electromggnetm generatq@EMGs), solar cells(SCs, ther- have generally been constructed based on electromagnetism
moelectrlc 'generators, t,)'Ofuel cells, and so on. For a Ioggd a turbine structure, which can create environmental noise
time, ubiquitous mechanical energy has been neglected dug g c4use potential harm to the local ecological environment.
its small energy density, low frequency, and perceived difgegides, due to the features of the equipment such as a large
culty, but it shows particular features that are worth attentiggiyme and mass, and high installation cost, a wind farm has
like its widespread existence and easy access. Since 2012td|%ﬁ)erate under high wind speed conditifits 16]. On the
concept of the triboelectric nanogenerd@ENG) proposed contrary, the TENG can solve these problems by operating
by Wanget al has been recognized as the most promisiggell under a lightweight and weak vibration, which allows it
technology for harvesting mechanical energy over a wiggbe applied in densely populated cities. As for water wave
frequency rangps—8]. In recent years, the study of the TENGnergy, the traditional EMG is heavy and needs to be sup-
has been extended to differemids and many unprecedentegborted by a platform while the low frequency, large area, and
advantages of the TENG, including low cost, lightweightandomness of water wave energy greatly restricts the ef
easy fabrication, and high power density, have been futliency of traditional hydropower generation. However, by
developed by researchd@. using a network of arrays of integrated TENGs to harvest
Environmental mechanical energy widely exists in theater wave energy on a large scale, it is possible to establish
natural activities of the ecological cycle, ranging froran ef cient and low-cost energy-harvesting method that can
blowing wind and raindrops to pounding waves, noise sifly utilize the low-frequency energy from water wayeg.
nals, and so on. These environmental energy sources -Eb_ﬁn, as one of the most undervalued environmental energies
enable TENG-based harvesters to achieve a clean and igigdur environment, raindrop energy is usually overlooked
tributed energy networl@]. These rechargeable energy noddecause _of its smgll size and qt|llzat|on rate. Qombmed with
based on the TENG technique can enable the innovation Jf=lNGS, it is possible to effectively harvest raindrop energy
wireless sensory device, which appears to be a feasible opffrfiifferent construction and working sites such as rooftops,

for future information networks with extended lifetime5'" 9€ar, yehlcles, and even plants. Also, as a common type
91‘ energy in nature, sonic energy has been overlooked for a

10-12). Besides, the positions of distributed energy-h . . .
[ ] P 9y j? time due to its low power density and the lack of an

vesting nodes can be self-organized into groups or adapte ) . .
) ) . : . effective harvesting technology. TENGs can continuously
unpredictable environments including areas not easily acces-

sible for traditional energy collectof43, 14]. Hence, the and steadily harvest weak and irregular low-frequency

TENG high-nower environmental enerav-hary ti\r/librations generated by sonic energy in the environment and
as a high-power environmental energy-narvestiqg, o this energy into electricity, which offers the oppor-

device opens an. avenug to solving the bottlgnegk of pgvi’&ﬁity to meet the energy requirements of sensor systems in
supply for versatile sensing platforms or monitoring devicgg gt cture monitoring, environmental monitoring, and
that need to work autonomously in remote areas, providinga ., applicationg1§]. Finally, the TENG also has many
fundamental technology for a smart information network aggyantages in theeld of hybrid energy collection, such as the
next-generation communication technology. _ combination of SCs or electromagneti§h9]. From indivi-

In this review, TENGs targeting different environmentg), | 1o integrated, in part or in entirely, typical examples and
energy sources have been systematically summarized ghflication scenarios for TENG-based energy collection in
analyzed. The articlerstly reviews the development of thegifferent environments are shown igure 1, with the same
TENG on the basis of its basic principle and working modesglor horizontal lines representing the same energy.

In the next section of the review, an in-depth introduction is

provided on a fundamental comprehension of the TENG apd. Basic principle and working modes of TENGs

its theoretical origins, material selection, and modiion ) ) ) ]

methods. Subsequently, a detailed review of recent importafi theoretical basis of the TENG is Maxweliiisplacement
progress in TENGs including the representative materials &€t which is introduced by the Maxwell equation:
inventive structural designs is presented. Furthermore, we D £ P

discuss the hybrid nanogeneradNG), which combines the Jo = 5? =
TENG with other energy generation techniques like SCs,

EMGs, and piezoelectric nanogenerators. Finally, the chahereE is the electric eld, D is the electric displacement
lenges and future research trends in the collection of envield, P is polarization eld density, and the, is the mate-
onmental energy are summarized at the end of the reviewial's permittivity. The existence of displacement current not
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Figure 11. Thin- Im TENGSs used to collect sound ener¢g). Schematic and photograph of an as-fabricated paper-based TENG.
(Reproduced with permission frof0]. Copyright 2015 American Chemical Societfp) Structural design and working principle of the
SD-TENG.(Reproduced with permission frofl]. Copyright 2019 Elsevier L}d

is not dependent on the compression and expansion of airdhawn in gure 12(b), which can obtain a peak power of
rather is dependent on the mechanical vibration of tB82.7 mAnT? and 5414.9 mW i when driven by sound
membrane stack structure. A TENG can reach the maxim{#23. Simultaneously, the TENG exhibits a new potential as
power density of 121 mW it with a sound pressure ofa direct power supply for F@®H); sol electrophoresis, which
117 dB. The energy loss varies depending on the wavefoim.also a combination of a TENG and electrochemical
For example, a plane wave usually loses less energy thannalustry. Based on one-dimensional phononic cry$gais),
unde ned or spherical wave. Therefore, the adoption of gurel2(c) shows a sonic enhanced TENG, which is used to
tubular structure in the TENG design is betial to improve replace the intermediate scatter of PnC to achieve sound wave
its output performance. Based on this theory, a TENG witreahancemerjl24]. This is a promising method in which each
sandwiched structur81] has been designed by Chehal of the steel scatters in the PnC can be substituted by the
(see gurell(b)), which can be used for self-powered activiiboelectric harvester and is fully compatible with the struc-
sensors, speed inspection, and sound recording. In addittamal characteristics of a TENG .
the micropores in the conductive fabric can effectively In summary, the collection of sonic energy is still limited
improve the efciency of sound conduction in the PVDFoy many factors, such as sources of instability and an overly
triboelectric Im, and the output voltage and instantaneoisoad range of frequencies. However, the utilization, and
power density can be generated to 400 V and 7¥¥ dniven development of sound energy is a promising and sagmit
by sound. Therefore, the TENG can be used for both cokld, and a better combination with a TENG remains to be
lecting energy from shear and longitudinal waves generategblored and studied.
by sound waves. Sound energy is a broad concept, including sound,
The TENGs output performance is not only related taltrasonic, and infrasound. Infrasound generally exists in the
the type of sound wave, but also to the suitable materials adurrence of natural disasters such as volcanoes and earth-
structures that can promote the propagation of sound wagaakes. Meanwhile, the infrasound may have a strong reso-
and reduce the loss of sound energy during propagatioance with a human body within a certain range, which is
Figurel2(a) shows a TENG based on a porous mesh substrptgentially harmful to the human body. Ultrasound is a kind
that can allow continuous aibw and facilitates the propa-of sound wave with a frequency higher than 20 000 Hz, which
gation and collection of sound wav§s2Z. Besides, this can exist in the ocean and many other environments
TENG can be driven by sound waves in a wide range [@25 12¢. Although there are many problems to be solved in
50425Hz, with a maximum output current density ofinderwater ultrasonic energy collection, including low output
45mAnt2and a peak power density of 202 m\W At the power and low energy efiency conversion, the emergence
same time, Cuet al conducted the extended life t§427. of this technique offers a new idea for ultrasonic energy
The output signal still showed no sign of attenuation despite@lection. Xi et al designed a TENG to harvest acoustic
continuous 7 day cycle of 100 million times. The integrateshergy in watersee gures13(a—c)), which can achieve
sonic enhanced TENG with a three-dimensional structuraristantaneous output current by the contact-separation mode
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Figure 12. Different structural designs of a SD-TEN@) Schematic and working principle of a fabricated SD-TERR&produced with
permission fronf1227. Copyright 2015 Elsevier L}d(b) Schematic of a TENG and the application of an(®#&l); sol electrophoresis
experiment(Reproduced froni123 with permission from the Royal Society of Chemist(g) Schematic of a fabricated sonic TENG and
the test conguration when the TENG is embedded in the designed fe¥produced with permission frdih24]. Copyright 2018 Elsevier
B.V).

with spherical particles as a medium under ultrasonic stingenerators, which are bulky, expensive, and complex to
lation [127]. Under the input ultrasonic at the parameters ofanufacture, the TENG, which has the advantages of high
80 kHz and 1.38 W cfitf, the TENG with PTFE pellets andconversion efciency, low cost, and lightweight, has been
two copper electrode plates reaches an output voltage amwleasingly applied to generate ocean energy po©B].
current of 170V and 0.12 A, which can be used as a powktie TENGs principles of ocean energy harvesting can be
supply or integrated with supercapacitors to fabricate a powsughly divided into two cases: direct contact between the
supply system. Furthermore, based on the fully encapsulatigisb-surface and water and an encapsulated device relying on
boxed structure of the TENG , the device can tolerate pressssikid-solid contacf132 133. The direct contact between the
from both shallow water and deep water. tribo-surface and water is similar to the case of raindrop
energy harvesting, while the device relying on selalid
contact is affected by the surface roughness and the dontact
triboelectric area.

Currently, research on TENG-based ocean energy har-
vesting covers many aspects, including the structural design,
system optimization, atmospheric regulation, external exci-
Ocean energy is the most abundant environmental eneitg$ion, and so on. Encapsulated TENG designs have better
and both waves and tides have a large amount of mechangesitosion resistance and structural designs, including air gap
energy that needs further development and utilizatistructures to reduce dielectric shielding against water, nano-
[100 128 129. In an actual ocean, the use of ocean energypiarticles for lubrication, multi-layer integrated structures, and
challenging due to the variety of ions in the water that may improved space utilization rate. Besides, the large-scale
cause corrosion and damage to the electronic equipment, iategration of a TENG network also relies on its design for
the water surface is unpredictable as a result of severe weatimeased exibility and autonomy, which can possibly form
and erce wind [13(. Different from the traditional self-powered wireless sensor netwofl84, 135. On the

6. TENGs for ocean energy harvesting

6.1. Development of ocean energy
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