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goes on. Hence, a powerful and sustainable energy-harvesting
technique, which can transfer various forms of energy from
the surrounding environment into electricity, could be an
alternative to remedy the shortcomings of traditional battery
technology[3–5]. Accordingly, a series of distinct mature
technologies for energy conversion have been developed to
convert environmental energy into electricity, and includes
electromagnetic generators(EMGs), solar cells(SCs), ther-
moelectric generators, biofuel cells, and so on. For a long
time, ubiquitous mechanical energy has been neglected due to
its small energy density, low frequency, and perceived dif� -
culty, but it shows particular features that are worth attention
like its widespread existence and easy access. Since 2012, the
concept of the triboelectric nanogenerator(TENG) proposed
by Wanget al has been recognized as the most promising
technology for harvesting mechanical energy over a wide
frequency range[6–8]. In recent years, the study of the TENG
has been extended to different� elds and many unprecedented
advantages of the TENG, including low cost, lightweight,
easy fabrication, and high power density, have been fully
developed by researchers[6].

Environmental mechanical energy widely exists in the
natural activities of the ecological cycle, ranging from
blowing wind and raindrops to pounding waves, noise sig-
nals, and so on. These environmental energy sources can
enable TENG-based harvesters to achieve a clean and dis-
tributed energy network[9]. These rechargeable energy nodes
based on the TENG technique can enable the innovation of a
wireless sensory device, which appears to be a feasible option
for future information networks with extended lifetimes
[10–12]. Besides, the positions of distributed energy-har-
vesting nodes can be self-organized into groups or adapted to
unpredictable environments including areas not easily acces-
sible for traditional energy collectors[13, 14]. Hence, the
TENG as a high-power environmental energy-harvesting
device opens an avenue to solving the bottleneck of power
supply for versatile sensing platforms or monitoring devices
that need to work autonomously in remote areas, providing a
fundamental technology for a smart information network and
next-generation communication technology.

In this review, TENGs targeting different environmental
energy sources have been systematically summarized and
analyzed. The article� rstly reviews the development of the
TENG on the basis of its basic principle and working modes.
In the next section of the review, an in-depth introduction is
provided on a fundamental comprehension of the TENG and
its theoretical origins, material selection, and modi� cation
methods. Subsequently, a detailed review of recent important
progress in TENGs including the representative materials and
inventive structural designs is presented. Furthermore, we
discuss the hybrid nanogenerator(HNG), which combines the
TENG with other energy generation techniques like SCs,
EMGs, and piezoelectric nanogenerators. Finally, the chal-
lenges and future research trends in the collection of envir-
onmental energy are summarized at the end of the review.

2. Overview of TENGs

2.1. Environmental energy harvesting by TENGs

As one of the most widely recognized harvesting techniques,
the TENG has achieved remarkable progress in environ-
mental energy collection with many unique advantages.
Taking wind energy harvesting as an example, wind farms
have generally been constructed based on electromagnetism
and a turbine structure, which can create environmental noise
and cause potential harm to the local ecological environment.
Besides, due to the features of the equipment such as a large
volume and mass, and high installation cost, a wind farm has
to operate under high wind speed conditions[15, 16]. On the
contrary, the TENG can solve these problems by operating
well under a lightweight and weak vibration, which allows it
to be applied in densely populated cities. As for water wave
energy, the traditional EMG is heavy and needs to be sup-
ported by a platform while the low frequency, large area, and
randomness of water wave energy greatly restricts the ef� -
ciency of traditional hydropower generation. However, by
using a network of arrays of integrated TENGs to harvest
water wave energy on a large scale, it is possible to establish
an ef� cient and low-cost energy-harvesting method that can
fully utilize the low-frequency energy from water waves[17].
Then, as one of the most undervalued environmental energies
in our environment, raindrop energy is usually overlooked
because of its small size and utilization rate. Combined with
TENGs, it is possible to effectively harvest raindrop energy
for different construction and working sites such as rooftops,
rain gear, vehicles, and even plants. Also, as a common type
of energy in nature, sonic energy has been overlooked for a
long time due to its low power density and the lack of an
effective harvesting technology. TENGs can continuously
and steadily harvest weak and irregular low-frequency
vibrations generated by sonic energy in the environment and
convert this energy into electricity, which offers the oppor-
tunity to meet the energy requirements of sensor systems in
infrastructure monitoring, environmental monitoring, and
other applications[18]. Finally, the TENG also has many
advantages in the� eld of hybrid energy collection, such as the
combination of SCs or electromagnetism[19]. From indivi-
dual to integrated, in part or in entirely, typical examples and
application scenarios for TENG-based energy collection in
different environments are shown in� gure1, with the same
color horizontal lines representing the same energy.

2.2. Basic principle and working modes of TENGs

The theoretical basis of the TENG is Maxwell’s displacement
current which is introduced by the Maxwell equation:
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whereE is the electric� eld, D is the electric displacement
� eld, P is polarization� eld density, and the� 0 is the mate-
rial’s permittivity. The existence of displacement current not
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is not dependent on the compression and expansion of air but
rather is dependent on the mechanical vibration of the
membrane stack structure. A TENG can reach the maximum
power density of 121 mW mŠ2 with a sound pressure of
117 dB. The energy loss varies depending on the waveform.
For example, a plane wave usually loses less energy than an
unde� ned or spherical wave. Therefore, the adoption of a
tubular structure in the TENG design is bene� cial to improve
its output performance. Based on this theory, a TENG with a
sandwiched structure[31] has been designed by Chenet al
(see� gure11(b)), which can be used for self-powered active
sensors, speed inspection, and sound recording. In addition,
the micropores in the conductive fabric can effectively
improve the ef� ciency of sound conduction in the PVDF
triboelectric� lm, and the output voltage and instantaneous
power density can be generated to 400 V and 7 W mŠ2 driven
by sound. Therefore, the TENG can be used for both col-
lecting energy from shear and longitudinal waves generated
by sound waves.

The TENG’s output performance is not only related to
the type of sound wave, but also to the suitable materials and
structures that can promote the propagation of sound waves
and reduce the loss of sound energy during propagation.
Figure12(a) shows a TENG based on a porous mesh substrate
that can allow continuous air� ow and facilitates the propa-
gation and collection of sound waves[122]. Besides, this
TENG can be driven by sound waves in a wide range of
50–425 Hz, with a maximum output current density of
45 mA mŠ2 and a peak power density of 202 mW mŠ2. At the
same time, Cuiet al conducted the extended life test[122].
The output signal still showed no sign of attenuation despite a
continuous 7 day cycle of 100 million times. The integrated
sonic enhanced TENG with a three-dimensional structure is

shown in � gure 12(b), which can obtain a peak power of
232.7 mA mŠ2 and 5414.9 mW mŠ2 when driven by sound
[123]. Simultaneously, the TENG exhibits a new potential as
a direct power supply for Fe(OH)3 sol electrophoresis, which
is also a combination of a TENG and electrochemical
industry. Based on one-dimensional phononic crystals(PnC),
� gure12(c) shows a sonic enhanced TENG, which is used to
replace the intermediate scatter of PnC to achieve sound wave
enhancement[124]. This is a promising method in which each
of the steel scatters in the PnC can be substituted by the
triboelectric harvester and is fully compatible with the struc-
tural characteristics of a TENG .

In summary, the collection of sonic energy is still limited
by many factors, such as sources of instability and an overly
broad range of frequencies. However, the utilization, and
development of sound energy is a promising and signi� cant
� eld, and a better combination with a TENG remains to be
explored and studied.

Sound energy is a broad concept, including sound,
ultrasonic, and infrasound. Infrasound generally exists in the
occurrence of natural disasters such as volcanoes and earth-
quakes. Meanwhile, the infrasound may have a strong reso-
nance with a human body within a certain range, which is
potentially harmful to the human body. Ultrasound is a kind
of sound wave with a frequency higher than 20 000 Hz, which
can exist in the ocean and many other environments
[125, 126]. Although there are many problems to be solved in
underwater ultrasonic energy collection, including low output
power and low energy ef� ciency conversion, the emergence
of this technique offers a new idea for ultrasonic energy
collection. Xi et al designed a TENG to harvest acoustic
energy in water(see� gures13(a)–(c)), which can achieve
instantaneous output current by the contact-separation mode

Figure 11. Thin-� lm TENGs used to collect sound energy.(a) Schematic and photograph of an as-fabricated paper-based TENG.
(Reproduced with permission from[30]. Copyright 2015 American Chemical Society). (b) Structural design and working principle of the
SD-TENG.(Reproduced with permission from[31]. Copyright 2019 Elsevier Ltd).
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with spherical particles as a medium under ultrasonic stimu-
lation [127]. Under the input ultrasonic at the parameters of
80 kHz and 1.38 W cmŠ2, the TENG with PTFE pellets and
two copper electrode plates reaches an output voltage and
current of 170 V and 0.12 A, which can be used as a power
supply or integrated with supercapacitors to fabricate a power
supply system. Furthermore, based on the fully encapsulated
boxed structure of the TENG , the device can tolerate pressure
from both shallow water and deep water.

6. TENGs for ocean energy harvesting

6.1. Development of ocean energy

Ocean energy is the most abundant environmental energy,
and both waves and tides have a large amount of mechanical
energy that needs further development and utilization
[100, 128, 129]. In an actual ocean, the use of ocean energy is
challenging due to the variety of ions in the water that may
cause corrosion and damage to the electronic equipment, and
the water surface is unpredictable as a result of severe weather
and � erce wind [130]. Different from the traditional

generators, which are bulky, expensive, and complex to
manufacture, the TENG, which has the advantages of high
conversion ef� ciency, low cost, and lightweight, has been
increasingly applied to generate ocean energy power[131].
The TENG’s principles of ocean energy harvesting can be
roughly divided into two cases: direct contact between the
tribo-surface and water and an encapsulated device relying on
solid–solid contact[132, 133]. The direct contact between the
tribo-surface and water is similar to the case of raindrop
energy harvesting, while the device relying on solid–solid
contact is affected by the surface roughness and the contact/
triboelectric area.

Currently, research on TENG-based ocean energy har-
vesting covers many aspects, including the structural design,
system optimization, atmospheric regulation, external exci-
tation, and so on. Encapsulated TENG designs have better
corrosion resistance and structural designs, including air gap
structures to reduce dielectric shielding against water, nano-
particles for lubrication, multi-layer integrated structures, and
an improved space utilization rate. Besides, the large-scale
integration of a TENG network also relies on its design for
increased� exibility and autonomy, which can possibly form
self-powered wireless sensor networks[134, 135]. On the

Figure 12. Different structural designs of a SD-TENG.(a) Schematic and working principle of a fabricated SD-TENG.(Reproduced with
permission from[122]. Copyright 2015 Elsevier Ltd). (b) Schematic of a TENG and the application of an Fe(OH)3 sol electrophoresis
experiment.(Reproduced from[123] with permission from the Royal Society of Chemistry). (c) Schematic of a fabricated sonic TENG and
the test con� guration when the TENG is embedded in the designed PnC.(Reproduced with permission from[124]. Copyright 2018 Elsevier
B.V).
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