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ABSTRACT

Blue energy, which includes rainfall, tidal current, wave, and water-flow energy, is a promising renewable
resource, although its exploitation is limited by current technologies and thus remains low. This form of
energy is mainly harvested by electromagnetic generators (EMGs), which generate electricity via Lorenz
force-driven electron flows. Triboelectric nanogenerators (TENGs) and TENG networks exhibit superiority
over EMGs in low-frequency and high-entropy energy harvesting as a new approach for blue energy har-
vesting. A TENG produces electrical outputs by adopting the mechanism of Maxwell’s displacement cur-
rent. To date, a series of research efforts have been made to optimize the structure and performance of
TENGs for effective blue energy harvesting and marine environmental applications. Despite the great pro-
gress that has been achieved in the use of TENGs in this context so far, continuous exploration is required
in energy conversion, device durability, power management, and environmental applications. This review
reports on advances in TENGs for blue energy harvesting and marine environmental monitoring. It intro-
duces the theoretical foundations of TENGs and discusses advanced TENG prototypes for blue energy har-
vesting, including TENG structures that function in freestanding and contact-separation modes.
Performance enhancement strategies for TENGs intended for blue energy harvesting are also summa-
rized. Finally, marine environmental applications of TENGs based on blue energy harvesting are
discussed.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

requires a balance to be achieved between carbon emissions and
absorptions [1,12-16]. One of the most effective methods for

The ocean accounts for 70.8% of the earth’s total area. In addi-
tion to making shipping possible, the ocean provides humanity
with aquatic products, rich mineral deposits, and huge amounts
of blue energy [1-5]. The term “new ocean energy” refers to the
renewable energy that can be obtained from seawater, including
tidal, wave, ocean current, temperature-difference, and salinity-
gradient energy [3,6-11]. As it is renewable and less harmful to
the environment than traditional energy sources, ocean energy
has attracted extensive attention and has been estimated to have
the potential to provide 77.6 billion kilowatts. Carbon neutrality
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reaching carbon neutrality is to develop clean energy, such as the
enormous blue energy offered by the ocean [3,7,17-22]. The uti-
lization of blue energy on a large scale will reduce carbon dioxide
emissions, greatly alleviating the tension in the world’s energy
demands and changing the global energy structure [23-28]. The
energy from the vertical and horizontal movements of sea surface
waves and the pressure change of water in waves can be harvested
and converted into electricity, in what is one of the key directions
of ocean energy development. However, the technologies of wave
energy harvesting and conversion are not mature enough for
large-scale and commercial use, and an industrial chain has not
yet been formed [29-32]. At present, water wave energy harvest-
ing mainly uses electromagnetic generators (EMGs), which capture
the water wave energy as mechanical energy and generate electric-
ity via a transmission module [4,33-36]. However, EMG-based
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wave energy conversion devices have the drawbacks of high costs,
difficult installation, easy erosion, low efficiency, and poor stabil-
ity, which greatly hinder the large-scale development of blue
energy.

The triboelectric nanogenerator (TENG), which is based on Max-
well’s displacement current, was invented by Fan et al. [37] in
2012. The TENG is a novel technology that harvests mechanical
energy to generate electricity by coupling triboelectrification with
electrostatic induction [38-47]. Compared with the EMG, the TENG
possesses the merits of light weight, high power density, cost effec-
tiveness, easy fabrication, and versatile material choices [35,40,48-
51]. The TENG and its network bring a new strategy for blue energy
harvesting, as proposed by Wang et al. [38,40,44], Xu et al. [52],
Yang et al. [53], Ying et al. [54], Zhang et al. [55], Zheng et al.
[56], Zhou et al. [57], and Chen et al. [58] in 2014. Many units or
arrayed prototypes have been designed to enhance the output per-
formance of energy harvesting and conversion devices [59-64].
TENG devices can effectively harvest water energy and act as
self-powered systems; thus, these devices have the advantages of
being renewable and pollution-free, and can be applied to blue
energy—a new energy source with strategic significance that
urgently needs to be developed [27,35,65-72].

This article covers recent progress in blue energy harvesting
and marine environmental monitoring by means of TENGs. The
review mainly focuses on the theoretical foundations of TENGs
and advanced TENG prototypes for blue energy harvesting, includ-
ing the rolling-ball, cylindrical, swing, three-dimensional (3D)
electrode, spring-assisted, mass-spring, and pendulum-like struc-
tures. Next, performance enhancement strategies for TENGs in blue
energy harvesting are summarized. Finally, marine environmental
applications of TENGs based on blue energy harvesting are
discussed.

2. Theoretical foundations of TENGs
2.1. Fundamental physics mechanisms of TENGs

The TENG, which was first proposed by Wang in 2012, gener-
ates electricity through contact-separation between two different
materials, based on the coupling effect of contact electrification
(CE) and electrostatic induction. The theory of CE is based on the
overlapped electron-cloud (OEC) model (called the Wang transi-
tion). In the OEC model, a shallowly bounded electron can move
from one atom to another if the interatomic distance is shorter
than the normal bonding length between the two atoms, due to
the lowered potential barrier.

The output of the TENG originates from Maxwell’s displacement

current. To explain the contribution of electrostatic charges
induced by CE in Maxwell’s equations, Wang added an additional
term Ps in the electric displacement vector D in 2017 [36,43],
which is defined as follows:
D =¢E+P+Ps (1)
where E is the electric field, P is the polarization field due to the
existence of an external electric field, Ps is polarization contributed
by the presence of surface polarization changes induced from tribo-
electrification, and &g is the vacuum permittivity.

By substituting Eq. (1) into Maxwell’s equations and defining
D' = gE + P, the reformulated Maxwell’s equations [73] become:

V.D =p;—V-Ps (2)

V-B=0 3)
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where B is the magnetic induction, H is the magnetic field, J is the

/

. . D . .
free electric current density, v is the displacement current due

to the time-varying electric field and the electric field-induced med-
ium polarization, and p; is the free electric charge density. The sec-

ond term, oPs
ot

electric field and an external strain field.

The conventional Maxwell equations are suited for media
whose boundaries and volumes are fixed and stationary. However,
in some cases of moving media and time-dependent configura-
tions, these equations need to be expanded. Assuming the moving
medium to be a rigid translation object with acceleration, Wang
derived the expanded Maxwell equations from the integral forms
of the four physics laws. If the relativistic effect is ignored, Max-
well’s equations for a mechano-driven slow-moving media system
are given by the following [74,75]:

, represents the displacement current due to a non-

V.-D =p;— V. Ps (6)
V-B=0 (7)
V x (E+ v, xB) = _9p (8)
' ot
d d
VxH-vxD+Ps)] =]+ piv+— P5+atD 9)

where » is the moving velocity of the media as a whole in its chosen
reference frame, such as the system translation velocity, and »; is
the relative movement velocity of the medium points in reference
to this reference frame, such as the rotation. In the expanded
Maxwell equations, the moving velocity must be much less than
the speed of light in a vacuum, as the relativistic effect is ignored.
These equations are the most comprehensive governing equations
for TENGs, including the electromagnetic interaction, power gener-
ation, and their coupling; they are fundamental for dealing with the
coupling among multiple mechano-electric-magnetic fields and
their interaction.

2.2. Working modes of TENGs

Based on the coupling of CE and electrostatic induction, TENGs
harvest energy from human motion, vibration, mechanical trigger-
ing, wind, flowing water, and so on. As shown in Fig. 1, TENGs are
classified into four fundamental working modes: the vertical
contact-separation mode, lateral sliding mode, single-electrode
mode, and freestanding triboelectric-layer mode [38]. In the verti-
cal contact-separation mode, after coming into physical contact
with each other, the two triboelectric layers generate opposite
charges on their surfaces (Fig. 1(a)). When the surfaces of the
two triboelectric layers are separated, a potential drop is produced
between the two electrodes to drive the flow of electrons through
the connected load. As the gap vanishes, the potential disappears
due to the vanishing of static charges, and the induced free charges
flow back to achieve electrical equilibrium. This mode has advan-
tages in terms of the practical applications of TENGs, including a
high instantaneous power density and simple structure design.

As shown in Fig. 1(b), electricity is produced between the sur-
faces of the two triboelectric layers in the lateral sliding mode by
means of periodic contact and separation. First, the two dielectric
surfaces are oppositely charged after coming into physical contact,
due to triboelectrification. Along the sliding direction, lateral polari-
zation is generated, driving the flow of electrons between the top



Y. Jiang, X. Liang, T. Jiang et al.

Vertical contact-separation
mode

Single-electrode mode ]

e

+++++++++-1
R, (e

Engineering xxx (XXxX) XXx

Lateral sliding mode

A Freestanding triboelectric-
layer mode

(d)

Fig. 1. The four fundamental modes of TENGs: (a) Vertical contact-separation mode; (b) lateral sliding mode; (c) single-electrode mode; (d) freestanding triboelectric-layer

mode. Reproduced from Ref. [38] with permission.

and bottom electrodes to balance the electric field generated by
the triboelectric charges. From the periodic sliding and closing,
an alternating current (AC) output is generated. The lateral sliding
mode generates more effective triboelectric charges than pure
contact.

The vertical contact-separation and lateral sliding modes
require two electrodes to be attached to the moving triboelectric
layers. However, this is very inconvenient for practical applica-
tions, because connecting electrodes with mobile objects is diffi-
cult. In order to harvest energy in practical applications, the
single-electrode TENG was introduced. As shown in Fig. 1(c), the
single-electrode TENG has only one electrode, which is not con-
nected to mobile objects. Due to the TENG’s finite size, the
approaching and departing of the top object will change the elec-
trical field distribution, driving the electron flow between the bot-
tom electrode and the ground to maintain a balanced potential.
Because of the electrostatic screening effect, electrostatic-induced
electron transfer is not the most effective form of transfer, but
the charged object can move freely without any restriction. This
advantage makes the single-electrodemode TENG suitable for act-
ing as a self-powered active sensor to detect any electrically
charged objects.

For the case of harvesting energy from a free-moving object, the
freestanding triboelectric-layer mode has two symmetric station-
ary electrodes. The freestanding layer moves alternately to
approach either electrode and induces a periodically reversed
potential difference (Fig. 1(d)). Due to the lack of a screening effect,
the freestanding triboelectric layer mode can transfer the tribo-

electric charges from the electrode to the freestanding layer. There-
fore, the freestanding mode can harvest more effective energy than
the single-electrode mode. Moreover, the triboelectric layer can
achieve non-contact with the electrode layer during the sliding,
which provides the advantage of improving the energy conversion
efficiency and long-term stability by avoiding friction between the
two surfaces.

2.3. Original idea of harvesting large-scale blue energy via TENGs

Based on the four fundamental modes above, a TENG can suc-
cessfully harvest energy from the water surface, water waves,
and water impacts on the shore. In 2014, Wang [38] proposed
the idea of using 3D TENG networks to harvest large-scale ocean
blue energy, because the water energy has a low frequency and
is disordered (Fig. 2(a)). As shown in Fig. 2(b), a TENG network is
made of millions of spherical TENG units connected in the form
of a fishing net [40]. Given its low cost and simple structure, the
network can be used for large-scale blue energy harvesting, and
the total energy from gathering electric energy from all TENG units
will be huge. The proposal of the TENG network brings new hope
for utilizing and developing water energy and opens up a new
way for humanity to obtain energy safely, continuously, and on a
large scale.

The unmatched water frequency currently limits ocean wave
energy harvesting with EMGs, making TENGs necessary. Table 1
[44,76] compares the technology of the TENG and the EMG. The
EMG adopts the conduction current as its fundamental physical
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Fig. 2. (a) Schematic diagram of low-frequency and disordered blue energy; (b) the
proposed idea of harvesting large-scale blue energy through TENG networks with
millions of spherical TENG units. (a) Reproduced from Ref. [38] with permission,
(b) reproduced from Ref. [40] with permission.

mechanism, whereas the TENG adopts Maxwell’s displacement
current. The EMG generates current through resistive free-
electron conduction driven by the Lorentz force, while the TENG
uses CE and electrostatic induction based on time-dependent elec-
trostatic induction and a capacitive displacement current induced
by the slight motion of bound static charges. The EMG is heavy,
expensive, and easily corroded by seawater, but its durability is
relatively high. In contrast, the TENG is lightweight and low in cost
but presents the problems of high impedance and pulsed output. In
addition, the TENG has multiple working modes, diverse material
options, and numerous application fields.

A TENG used to collect wave energy does not use magnets and
coils; instead, it uses lightweight and extremely cheap polymer
materials to convert wave energy into electrical energy. The mate-
rials are all large-scale industrial raw materials, and the structure
is simple and easy to form; thus, the production cost of a TENG
is much lower than those of other power generation technologies,
providing favorable conditions for its wide application. A TENG
network does not occupy land area, and does not require dams
to be built; it generates power day and night regardless of the
weather and presents no potential strategic threat. TENG technol-
ogy allows the devices to not only float on the water surface to col-
lect wave energy but also capture the mechanical energy of the
water flow. A TENG can collect mechanical energy from strong
winds and waves and effectively manage small fluctuations.

Engineering xxx (XXXX) XXx
3. Advanced TENG prototypes for blue energy harvesting
3.1. Freestanding-mode TENGs for water energy harvesting

3.1.1. Rolling-ball TENG

The rolling ball structure, which is made of a rolling ball inside a
rocking spherical shell, is a typical structure for TENG-based water
energy harvesting. Due to the low rolling friction, the rolling ball is
simple and can scroll back and forth in the water, making it sensi-
tive to tiny waves. Moreover, the sizes of the ball and shell in a
rolling-ball TENG can be changed to achieve resonance with the
water wave motions. The rolling-ball TENG also has the advantage
of device durability, because there is no wire connected to the ball.

As shown in Fig. 3(a), Wang et al. [77] designed a rolling-
structured, freestanding, fully enclosed TENG (RF-TENG) enclosing
a rolling nylon ball with a Kapton film inside an enclosed rocking
spherical shell. Driven by the wave vibration, the freestanding
nylon ball can roll back and forth between the two electrodes to
generate ACs across the external load. Compared with other
rolling-structured TENGs in single-electrode and attached-
electrode modes, this freestanding design has good charge transfer
efficiency and high energy conversion efficiency, even under low-
amplitude vibration. After theoretical simulations and experimen-
tal tests, the RF-TENG was demonstrated to achieve a maximum
current of 1 pA and a peak power output of 10 mW under an exter-
nal load in real water wave conditions.

Inspired by a wave power harvesting device known as the
Edinburgh duck, a novel freestanding rolling mode TENG was
designed in conjunction with an oscillating Salter’s duck
(Fig. 3(b)) [78]. The duck structure can harvest more than 80% of
the mechanical energy in a wave under laboratory conditions,
due to its efficient hydrodynamic structure. Within a wave, the
front of the duck faces the wave and reflects only a small propor-
tion of the wave energy; moreover, the duck structure does not
transmit the waves downstream. The duck can rotate around an
axis parallel to the incident waves, demonstrating high efficiency
even under harsh conditions. A duck TENG system with three duck
units has an instantaneous output power density of up to
1.366 W-m 2,

As shown in Fig. 3(c), Liu et al. [79] presented a torus-structured
(TS)-TENG consisting of an inner ball and a torus shell. The inner
ball rotates in the torus shell under the water waves, converting
the water wave motion into electricity. The energy harvested by
the TS-TENG can be stored for persistently powering electronics
and charging a battery or capacitor. The TS-TENG achieves a max-
imum peak power density of 0.21 W-m~2 under a frequency of 2 Hz
and an oscillation angle of 5°.

3.1.2. A cylindrical TENG based on a rotating-disk structure

In order to improve the output, wear resistance, and durability
of TENGs, a super-durable and low-wear TENG has been designed
using animal fur (Fig. 3(d)) [80]. During the rotating period, the fur

Table 1
Detailed comparison of the EMG and TENG in terms of mechanisms, advantages, and disadvantages [44,76].
Mechanical energy  Harvesting Impedance  Pros Cons Fundamental Governing
harvesting principle type principles equations
EMG Electromagnetic Resistive High efficiency and easy to scale up Heavy magnet required and E, =n-S-w E=n .%
induction low output for small-scale
devices
TENG CE and Capacitive Large output power, high effective Pulsed output and high I=%2¢-Sw |=n ,§
electrostatic materials, and simple fabrication matched impedance
induction

E: the electric field, E,: the peak value of E, n: the number of turns of the coil, S: the coil area, w: the angular velocity, A¢: the amount of change in magnetic flux, I: induced

current, c: the electric charge density, Q: the charges, t: time.
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Fig. 3. Freestanding-mode TENGs for water energy harvesting. (a) Schematic configuration of the fully enclosed (RF)-TENG device operating in a water wave system;
(b) schematic diagram of a freestanding duck-shaped energy harvester; (c) structure of a freestanding torus-structured (TS)-TENG based on a rolling contact mode;
(d) illustrations of the material composition of the TENG, including an electrode disk and fur disk, and a waterwheel structure for water flow energy harvesting; (e) schematic
illustration of the structure of the tandem disk (TD)-TENG; (f) schematic illustrations and photographs of the 3D structure and cross-section of a swing-structured (SS)-TENG
device; (g) schematic diagram of a cylindrical TENG comprising an acrylic shell with Cu electrodes and a rotor adhered to fluorinated ethylene propylene (FEP) films;
(h) schematic structure of a TENG unit and internal 3D electrode ball. The peak power and average power of the TENG network under water wave agitation are also shown.
FR4: fiberglass cloth. (a) Reproduced from Ref. [77] with permission, (b) reproduced from Ref. [78] with permission, (c) reproduced from Ref. [79] with permission,
(d) reproduced from Ref. [80] with permission, (e) reproduced from Ref. [81] with permission, (f) reproduced from Ref. [82] with permission, (g) reproduced from Ref. [83]

with permission, (h) reproduced from Ref. [84] with permission.

makes tight contact and maintains low friction because of its
elasticity and softness. Due to the low friction with other triboelec-
tric materials, the fur-brush TENG achieves a high output perfor-
mance and low wear. Furthermore, the performance of the fur-
brush TENG is resistant to a humidity change from 40% to 90%.
To further improve the output, the relative rotation speed between
the rotor and stator was doubled by adding a pair of meshing gears.
The fur-brush TENG can harvest wind and water flow energy,
achieving a peak power density and average power density of
5.02 and 2.40 W-m2, respectively. Since there is little friction
and wear from the soft fur, the transferred charge of the fur-
brush TENG has only 5.6% attenuation after 300 000 cycles at
0.1 N-m. Moreover, the output current of the TENG can be
increased by 36.6% through the relative rotation of the fur disk
and electrode disk, as realized by the counter-rotating structure.
A radial grating disk structure has been demonstrated based on
an expandable tandem disk (TD)-TENG for self-powered water-
quality monitoring (Fig. 3(e)) [81]. In the structure, TENG units
are arranged in tandem with two hanging mass blocks on both
sides. The TD-TENG employs swinging mass blocks and surface
modifications to improve the average power, allowing low-
frequency water wave agitation to be converted into high-
frequency electrical output. The TD-TENG achieved a maximum
peak power of 45.0 mW and an average power density of

7.3 W-m~3 in real wave tank tests. In addition, after a facile power
management circuit, the TD-TENG achieved a short-circuit current
of 11 mA, which is a great advance over reported currents.

3.1.3. Swing-structured (SS)-TENG

To harvest ultra-low-frequency water wave energy, a robust
SS-TENG was designed by Jiang et al. [82] (Fig. 3(f)). Flexible dielec-
tric brushes and an air gap between the triboelectric layers and
electrodes contribute to the low frictional resistance. As the main
part of the SS-TENG, a bearing-based swing component is sup-
ported by two circular acrylic disks. The inner wall of the SS-
TENG is attached to six Cu electrodes of equal size and four groups
of thin polytetrafluoroethylene (PTFE) stripes. The PTFE stripes act
as a charge pump for the triboelectric charges to maintain the out-
put. Furthermore, using anti-friction bearings or adding lubricating
oils to the bearing connections significantly decreases the frictional
resistance. Under external regular triggering conditions, the SS-
TENG achieves a maximum peak power of 4.56 mW and an average
power of 0.48 mW under the motor parameters of 7.00 cm and
7.50 m-s—2. The SS-TENG has excellent durability. When triggered
by a single water wave, the SS-TENG achieves a maximum swing
time of 88 s. Due to its low friction resistance, the SS-TENG can
harvest ultra-low-frequency energy.
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As shown in Fig. 3(g), a TENG based on an internal swing struc-
ture with a bearing component has been developed [83]. The cylin-
drical TENG consists of two main parts: a bladed acrylic rotor
adhered with fluorinated ethylene propylene (FEP) film and a sta-
tor acrylic shell attached by 12 copper electrodes, each sized
25 mm x 40 mm x 30 pm. In order to improve the swing time
of the rotor under an external excitation, the rotor is fabricated
with a total of six hollow or solid blades, such that the barycenter
of the rotor deviates from the central axis of the bearing. Due to the
high utilization of the device space and the freedom of oscillation,
this cylindrical TENG achieves a more stable and denser output
than the pendulum-like TENG. Moreover, the cylindrical TENG
has almost zero frictional resistance, because the rotor attached
to FEP dielectric films can be suspended over the static metal elec-
trodes instead of coming into direct contact with them. The cylin-
drical TENG can swing for 85.00 s and generate 1.39 m]J of electric
energy under one excitation. It achieves a peak power density of
231.6 mW-m > and an average power density of 39.8 mW-m 3.

3.1.4. The 3D electrode TENG

Yang et al. [84] designed an encapsulated high-performance
TENG unit consisting of 3D electrodes and self-adaptive magnetic
(SAM) joints (Fig. 3(h)). In each 3D electrode, the electrode plates
are encapsulated in a spherical shell. The copper layers on the elec-
trode plates are connected to form a pair of 3D electrodes. FEP pel-
lets are placed in the internal channels of the 3D electrode ball. The
SAM joints positioned around the cell consist of a rotatable spher-
ical magnet and a limit block. The FEP pellets roll and run through
the internal channels between the two 3D electrodes under exter-
nal mechanical excitations. As the pellets roll, the surface of the
FEP pellets is negatively electrified, and the copper electrodes are
positively electrified. The back-and-forth motion of the electrified
FEP pellets converts the mechanical energy into electrical energy,
generating an AC. The 3D electrode structure greatly increases
the contact interface, improving the charge and power output.
The 3D electrode achieves a maximum peak power density of
3260 W-m> and a maximum average power density of
8.69 W-m~> with ideal agitation in the air. A network of 18 TENG
units achieves a high average power of 9.89 mW, making this an
excellent method for efficiently harvesting water wave energy.

3.2. The contact-separation mode TENG for water energy harvesting

3.2.1. Spring-assisted structure

Due to the low frequency of the waves, most of the TENGs
designed for harvesting water wave energy are designed to corre-
spond to a water wave frequency of 0.03-1.00 Hz, which generates
low output frequency and power. To improve the energy conver-
sion efficiency, a spring structure has been introduced that multi-
plies the output frequency. When triggered by a water wave, the
spring structure transforms a low-frequency motion into a higher
frequency oscillation by storing the elastic potential energy from
multiple cycles for later conversion into electricity afterward.

In 2017, Jiang et al. [85] presented a single-spring-assisted
TENG consisting of an acrylic box and a spring connected to two
Cu-PTFE-covered acrylic blocks. More specifically, two internal
walls of the box-like device are anchored to the two Cu electrodes.
A small circular iron is embedded into each acrylic block, increas-
ing the contact force and contact area. As shown in Fig. 4(a) [85], a
piece of an iron is sandwiched between an acrylic block bonded
with Cu-PTFE film and another pristine acrylic block. The motor
acceleration, spring rigidity, and spring length can greatly affect
the outputs of the TENG, and the spring rigidity or spring length
has been optimized to permit the spring-assisted TENG to achieve
the highest output [85]. With the spring structure, the accumu-
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lated charge of the TENG is improved by 113.0%, and the translated
electric energy or efficiency is increased by 150.3%.

A new spherical TENG that couples a spring-assisted structure
with a swing structure was designed and encapsulated in an outer
acrylic spherical shell that floats on the ocean surface (Fig. 4(b))
[86]. In the acrylic spherical shell, two bearings are fixed to the
inner wall, and an axis is integrated with a swing component. To
lower the center of gravity, a copper mass ball is embedded at
the bottom of the swing part. Adhered to the spherical shell, two
middle acrylic sheets and springs support four movable acrylic
sheets. Under water waves, the swing component swings left and
right. This TENG achieves an output current of 56.2 pA and an out-
put power of 4.1 mW under real water waves of 1 Hz and 10 cm.
The spring raises the frequency to enhance the output. The swing
part impacts the spring component, decreasing the swing period
and increasing the frequency. Moreover, the spring structure
increases the contact force between the triboelectric materials of
the TENG unit and enhances the reciprocation of the swing part.

These spring TENGs are designed to be in a vertical or axial
spring vibrational mode in order to harvest vibrating energy in that
direction. However, the springs are not used in the TENG to harvest
horizontally oriented vibration energy. A helical structure TENG
integrated with a spring was developed to integrate a TENG
with a spring for arbitrary-direction vibration energy harvesting
(Fig. 4(c)) [87]. This helical TENG is composed of two conductive
elastomeric layers and two nonconductive elastomeric layers.
Due to the assistance of soft silicone rubber and a wire spring, both
vertical and horizontal vibration excitations change the distance
between the helical structure’s adjacent coils. The TENG can also
be used as a self-powered active sensor to sense the acceleration
and frequency of vibration. It achieves a maximum average power
density of 45.0 mW-m 2 under a vertical resonance vibration of
16.0 Hz and a horizontal resonance vibration of 8.5 Hz.

3.2.2. Mass-spring structure

The mass-spring structure can be tuned to match the frequency
of the external agitations in order to achieve resonance, which can
generate electricity when triggered by water waves. A self-
powered intelligent buoy system (SIBS) with a multilayered mass
TENG was developed for harvesting water wave energy by Xi
et al. [88] in 2019. As shown in Fig. 4(d), the multilayered TENG
consists of six basic units, in which two round FEP films are
attached on both sides of the mass, and sponges serve as a buffer
[88]. On both sides of the mass, two springs with an elastic coeffi-
cient of 50 N-m~' and a length of 40 mm are fixed. Under water
waves, the mass vibrates from the top and bottom Cu films in
cycles, generating AC electricity. This multilayered TENG can pro-
duce an open-circuit voltage of 250 V and a short-circuit trans-
ferred charge of 3 pC. The output voltage of the multilayered
TENG can be converted and regulated as a steady direct current
(DC) voltage of 2.5 V by means of a power management module
(PMM). The multilayered TENG achieves an average output power
density of 13.2 mW-m2. This TENG was used in the first demon-
stration of a complete TENG-based micro-energy strategy for a
self-powered intelligent system, including energy harvesting, man-
agement, deployment, and utilization.

3.2.3. Multilayered structure

A multilayered structure can enlarge the contact area of a TENG,
which is an effective method for greatly improving the output. A
spherical TENG with a spring-assisted multilayered structure for
harvesting water wave energy was developed by Xiao et al. [89]
in 2018 (Fig. 4(e)). This TENG possesses the advantages of a spring
structure and an integrated multilayered structure. An aluminum
electrode and a polarized FEP film come into contact and separate
to generate electricity. Inside the shell, four steel shafts are fixed
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Fig. 4. A contact-separation-mode TENG structure for water energy harvesting. (a) Schematic structure of the spring-assisted TENG structure; (b) schematic diagram for the
enlarged structure inside the spring-assisted swing TENG; (c) schematic diagram of a helical TENG; (d) structural diagram of a designed multilayered TENG in a buoy;
(e) schematic illustration of a spherical TENG with a spring-assisted multilayered structure floating on water; (f) schematic structure of an as-fabricated minimum functional
unit; (g) schematic structure of a TENG composed of a cambered triboelectric layer and a pendulum-like component; (h) structure and materials design of the device;
(i) schematic diagram of a hybridized TENG. (a) Reproduced from Ref. [85] with permission, (b) reproduced from Ref. [86] with permission, (c) reproduced from Ref. [87] with
permission; (d) reproduced from Ref. [88] with permission, (e) reproduced from Ref. [89] with permission, (f) reproduced from Ref. [90] with permission, (g) reproduced from
Ref. [91] with permission, (h) reproduced from Ref. [92] with permission, (i) reproduced from Ref. [93] with permission.

between circular acrylic blocks adhered to the internal wall of the
sphere. To protect the mass block from a collision with the top
acrylic block, four rigid springs are attached to the top side of the
mass part. To ensure sufficient contact, two 4 mm thick acrylic
blocks are attached on the bottom side of the multilayered TENG.
A zigzag structure is fabricated using a 12.5 pm thick FEP film as
the dielectric layer and two pieces of aluminum foil as the elec-
trodes. The TENG array generates an output current of 225.00 pA
and a maximum output power of 15.97 mW under water waves.

A TENG network with arch-shaped top and bottom plates and a
multilayered core has been developed (Fig. 4(f)) [90]. After heat
treatment, polyethylene terephthalate is bent to form the top
and bottom plates. Due to the elasticity of the film, the TENG gen-
erates electricity. The material core of the upper and bottom layers
is PTFE film, upon which copper deposits to form back electrodes.
In order to improve the triboelectric charge density, the PTFE sur-
face is modified by PTFE nanowire arrays through reactive ion
etching. Thanks to its good strength, light weight, good machin-
ability, and low cost, acrylic was selected as the structural support-
ing material. The TENG is expected to generate an average power
output of 1.15 MW over a water area of 1.00 km?.

3.2.4. Pendulum-like structure

With swinging mass blocks, a TENG with a pendulum-like
structure can transform and store potential energy in order to out-
put electricity. Under mechanical excitation, the pendulum-like
structure converts the impact agitations into continuous swinging

for an extended period of time. An elastic-connection and soft-
contact TENG with a pendulum-like structure has been developed,
exhibiting simultaneously boosted durability and efficiency
(Fig. 4(g)) [91]. This pendulum-like TENG is sensitive to external
mechanical excitation with an air gap between the triboelectric
layers. The TENG works in a non-contact mode, which enhances
its robustness and durability. In addition, the pendulum’s spring
and flexible dielectric fluff achieve an elastic connection and soft
contact. The surface triboelectric charges of the TENG can be
replenished by mechanical excitation for high efficiency with mul-
tiplied frequency. The TENG achieves a maximum peak power of
28.0 uW, a high energy conversion efficiency of 29.7%, and excel-
lent durability after continuous operation for two million cycles.
Based on an optimized pendulum structure, a hybrid nanogen-
erator with a TENG and an EMG with four Cu coils was developed
by Ren et al. [92] in 2021 (Fig. 4(h)). This TENG can send high-
frequency warning information to a terminal on a boat, providing
valuable information for boat safety under severe sea conditions
such as unforeseen fog or rainstorms. The triboelectric part of the
nanogenerator consists of six pairs of contact-separation-mode,
which use polyimide film (Kapton) as the backbone. FEP and Cu
films are attached to the Kapton film. The EMG part consists of a
wobbly magnet block and four Cu coils, utilizing the space within
the device. The magnet block acts as a mass block to provide
motion inertia for the pendulum. Optimized springs are attached
on two sides of the pendulum rod to tighten the contact of the tri-
boelectric layers and to avoid an excessive swing amplitude of the
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pendulum. The single TENG achieves an output power of 1.72 mW
and a power density of 0.41 W-m—2.

A non-resonant hybridized electromagnetic-TENG was devel-
oped by Xie et al. [93] for obtaining all-dimensional vibration
energy (Fig. 4(i)). The nanogenerator has eight main parts: four
TENGs, a magnet support, a coil, a cylindrical NdFeB magnet, a
spring, an end cover, a hollow cylindrical shell, an adjusting stud,
and a locking screw. The oscillating part of the TENG is supported
on a fixed surface by a spring and is swung as a sphere around the
support. Because of its elasticity, the TENG can reduce the energy
loss caused by the collision between the magnet and the outer
wall. The TENG achieves a total power of 470.0 pW under a loading
resistance of 0.5 MQ, and the EMG provides 523.0 mW at most
under a loading resistance of 280.0 Q. The energy conversion
efficiency of the hybridized system is 48.48%.

4. Performance enhancement strategies for TENGs in blue
energy harvesting

Developing TENGs as a new type of power generation technol-
ogy to collect blue energy has become a major research topic in the
field of clean and renewable energy. However, there is still a long
way to go before commercialization can be realized. The main
problem is that it is difficult for the performance of TENGs under
water waves to meet commercial standards. In recent years,
researchers have explored a series of performance enhancement
strategies for TENGs designed for blue energy harvesting from dif-
ferent perspectives.

4.1. Materials and structural optimization

The efficiency of blue energy harvesting mainly depends on the
TENG output under water waves. Above all, material optimization
is the basis of TENG performance enhancement [63,88]. An effec-
tive solution is to select materials with a large difference in their
electronegativities, according to the triboelectric series
[64,89,94,95]. In 2021, Feng et al. [83] were the first to introduce
soft and dense rabbit fur into a SS-TENG device for harvesting blue
energy. Compared with most triboelectric materials, rabbit fur has
been found to be strongly electropositive. In the device, the rabbit
fur provides charge replenishment, improving the charge density
on the triboelectric surface and the output performance of the
TENG. The rabbit fur can also reduce the frictional resistance and
material wear. In subsequent works, rabbit fur has become a com-
mon material choice.

In addition to choosing reasonable materials, researchers have
modified the surfaces of materials used for TENG fabrication by
means of micromachining or chemical methods to construct
micro-nano structures. Chen et al. [90] created nanowire arrays
on a PTFE surface via a top-down method through reactive ion
etching, which largely enhances the charge density in CE. Surface
functionalization can affect the electrification properties of materi-
als, thereby improving the output performance of TENGs. Design-
ing a soft contact mode is another promising direction for
material optimization. Cheng et al. [35] fabricated a rolling flexible
liquid/silicone ball as the soft core to construct a soft-contact
spherical TENG (SS-TENG), which significantly increases the con-
tact area. The SS-TENG exhibits a 10-fold enhancement in maxi-
mum output charge compared with a conventional ball-shell
TENG based on the hard-contact mode. It is also feasible to start
with an electrode material to construct a TENG in soft-contact
mode. Xiao et al. [89] fabricated a TENG with a silicone rubber/car-
bon black composite electrode. The silicone-based electrode with
soft texture provides an improved contact effect when used with
dielectric film as the other surface.
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Moreover, a reasonable structural design can optimize the
interaction between a TENG device and water waves, enhancing
the working effect of the TENG. In Section 3, various TENG struc-
tures were systematically classified and summarized, including
the original ball-shell structures, 3D electrode structures, effective
spring structures, durable pendulum structures, and others.
Through the continuous optimization of these structures, the out-
put performance and the water wave energy conversion efficiency
of the TENG devices are gradually improved.

In summary, materials and structural optimization are the most
direct methods to enhance the performance of TENGs used for blue
energy harvesting and hold great significance for the commerciali-
zation of these TENGs.

4.2. Hybrid energy harvesting

Compared with traditional energy harvesting methods, TENGs
have some unique characteristics, including a high voltage, low
current, and high energy conversion efficiency. Integrating other
energy harvesting methods with TENGs to combine their respec-
tive advantages is considered to be an effective performance
enhancement strategy.

In recent years, many scholars have conducted systematic
research on hybrid nanogenerators with TENGs and EMGs. In
2019, Hou et al. [96] proposed a rotational pendulum
triboelectric-electromagnetic hybrid generator for water wave
energy harvesting. The structure of the device, as shown in
Fig. 5(a) [96], includes a pendulum rotor (magnets and a Cu ring),
coils, TENG blades, and a cylindrical frame. The magnets and coils
form an EMG module, while the blades and Cu ring form a contact-
separation TENG module. The researchers placed the device in a
laboratory-simulated water wave environment, verifying the
device’s feasibility for collecting water wave energy. A simple buoy
based on this device was also fabricated and applied in Taihu Lake.
In the same year, Chen et al. [97] reported a chaotic pendulum
triboelectric-electromagnetic nanogenerator for wave energy
scavenging; a structural diagram is shown in Fig. 5(b). This device
consists of TENG units in freestanding mode and EMG units. The
TENG units are fixed onto the sector of the central pendulum, while
the EMG units are set inside the sandwiched space of the central
pendulum. Unlike the two pendulum structures described above,
Wu et al. [34] designed a spherical hybrid nanogenerator by divid-
ing multilayered spaces, as shown in Fig. 5(c). The magnetic sphere
in the device not only serves as an element of the EMG but also
drives the TENG below. Similarly, the device shown in Fig. 5(d)
[98] is divided into multiple parts. In the device, each chamber is
equipped with a TENG unit, and the two outermost chambers are
equipped with EMG units.

Aside from EMGs, combining piezoelectric nanogenerators
(PENGs) with TENGs to fabricate hybrid energy collectors is an
effective direction for blue energy harvesting in some cases.
Fig. 5(e) shows a triboelectric-electromagnetic-piezoelectric
hybrid nanogenerator proposed by Tian et al. [99] in 2022. The
device is a semi-cylindrical structure that contains one TENG unit,
two EMG units, and two PENG units. The shell and slider together
form the TENG unit, while the coils and magnets on the cantilever
beam form the EMG unit and the PENG units are attached to the
root of the cantilever beam. Due to the repulsion between the mag-
nets, the cantilever beam can vibrate at a high frequency, driving
the PENG units to generate electric charge. The introduction of
PENGs further enriches the working modes of the hybrid generator
and improves the output performance.

Oceans contain multiple energy sources, of which ocean wave
energy is just one example. Developing hybrid generators that
can collect wave energy and other forms of energy at the same
time could improve the efficiency of ocean energy harvesting.
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Fig. 5. (a) Rotational pendulum triboelectric-electromagnetic hybrid generator; (b) chaotic pendulum triboelectric-electromagnetic nanogenerator for wave energy
scavenging; (c) spherical triboelectric-electromagnetic water wave energy harvester; (d) hybrid harvester designed based on a pivot hinge; (e) triboelectric-electromagnetic-
piezoelectric hybrid nanogenerator; (f) schematic diagram of a TENG device utilized to simultaneously harvest wind energy and water wave energy; (g) shadow-tribo-effect
nanogenerator with a hybrid tribo-effect and shadow-effect. PZT: lead zirconate titanate piezoelectric ceramics; PLA: polylactic acid. (a) Reproduced from Ref. [96] with
permission, (b) reproduced from Ref. [97] with permission, (c) reproduced from Ref. [34] with permission, (d) reproduced from Ref. [98] with permission, (e) reproduced from
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Fig. 5(f) exhibits a TENG device that simultaneously harvests wind
and wave energy, which was reported by Zhu et al. [100] in 2021.
The combination of solar energy with wave energy is another good
direction. Zhang et al. [101] proposed a shadow-tribo-effect nano-
generator that combines a tribo-effect and a shadow effect, as
shown in Fig. 5(g). This spherical device can float on the ocean sur-
face and be illuminated by the sun. Under dark conditions, the
working mechanism of the device is mainly based on the tribo-
effect, and the output power is in the form of AC pulses. Under light
illumination, the shadow effect is dominant, and the device pro-
duces DC output. In this work, the researchers utilized two energy
harvesting methods to realize efficient ocean energy harvesting.

4.3. Network designs

Compared with the vast ocean surface, the size of a single TENG
unit is tiny, so the scale of water wave energy harvesting is limited.
In 2014, Wang [38,102] proposed the idea of connecting multiple
TENG units into networks to harvest ocean wave energy, which
is an excellent way to increase the scale and output performance.

Recently, researchers have developed various proposals for TENG
networks.

The simplest way to integrate TENG units is by building one-
dimensional (1D) chain structures. In 2019, Xu et al. [103] con-
ceived a chain structure extending upwards from the ocean floor
(Fig. 6(a)) based on a tower-like TENG unit. This scheme utilizes
the energy in the deep sea, and avoids occupying the sea surface,
thereby reducing adverse impacts on human life. The 1D chain
structure can also be arranged along the direction of ocean waves.
Figs. 6(b) and (c) [81,104] provides two typical examples. The
device shown in Fig. 6(b) was derived from the Pelamis Snake
energy harvester [104]. As a wave passes through, the chain can
flex and bend easily to output electrical energy. The structure in
Fig. 6(c) is based on a TD-TENG unit [81], with a rope from the bot-
tom linking the units. Placing the units in reasonable connection
positions can optimize the movement of each TENG unit in the
chain structure, enhancing the output performance.

Another common integration method involves developing two-
dimensional (2D) planar structure networks for water wave energy
harvesting on the sea surface. Fig. 6(d) provides a schematic dia-
gram of a large-scale network designed by Chen et al. [90] in
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2015. This TENG network has a square shape, and a multi-level
structure is introduced in the scheme. The entire TENG network
consists of multiple modules, where each module is composed of
a certain number of TENG units. This is a very simple and efficient
integration scheme, and many later TENG network designs draw
on this work. For example, Fig. 6(e) exhibits a photograph of a
4 x 4 TENG network fabricated by Xu et al. [72] in 2018. Apart from
the square structure, researchers have tried to explore other inte-
gration methods to construct TENG networks in different shapes.
In 2019, Liang et al. [51] reported a hexagonal TENG network, as
shown in Fig. 6(f). This network consists of seven spherical
spring-assisted TENG units, which are respectively distributed at
the six vertices and center of the hexagon.

In addition to the shape of the TENG network, the connection
mode between units in the network affects the overall perfor-
mance in a water wave environment. In 2019, Yang et al. [84] pro-
posed a self-assembling TENG network whose unit is based on a 3D
electrode structure. By attaching rational SAM joints on the spheri-
cal shell of each TENG unit, the researchers successfully achieved
self-assembly, self-adaptation, and self-healing of the TENG net-
work, as shown in Fig. 6(g) [84]. This scheme improves the effi-
ciency of TENG networking and maintenance, making it of great
significance to blue energy commercialization. However, at pre-
sent, there is scant related research work and the scheme is still
in a preliminary stage, with further exploration required.

4.4. Power management

Driven by mechanical force, TENG devices directly generate
electrical energy in the form of AC pulses. It is difficult for back-
end functional circuits to effectively use this kind of electrical
energy, limiting the practical applications of TENGs. To solve this
problem, researchers have developed effective power management
schemes. A combination of power management schemes is obvi-
ously necessary for blue energy harvesting, because the output of
TENGs under water waves is irregular. Power management is
regarded as an important performance enhancement strategy for
blue energy exploitation.

The framework of a power management system for water wave
energy harvesting is illustrated in Fig. 7(a) [51]. First, the TENG
network harvests water wave energy and produces AC output.
Next, the PMM converts the signals into DC output. Finally, the
DC output is utilized to power general functional circuits, including
sensors, displays, and wireless transmitters.

At present, the most commonly used PMM is based on DC buck
conversion, which was first reported by Xi et al. [48] in 2017. In
2019, Liang et al. [51] applied this module to water wave energy
harvesting; a detailed circuit diagram is depicted in Fig. 7(b). The
module contains an autonomous switch, an inductor, a capacitor,
and some diodes. It can extract the maximum electrical energy
generated by the TENG network by means of the autonomous
switch. The inductor and capacitor act as a low-pass filter to con-
vert the irregular voltage into a stable DC voltage. The output per-
formance of the TENG network connected to the module is shown
in Fig. 7(c) [51]. It can be seen that the output voltage curves are
stable DC signals, regardless of the load resistance. The introduc-
tion of this module can significantly increase the charging speed
of a TENG network. Fig. 7(d) [51] reveals a comparison of the
charging speed of a TENG network with or without the module,
showing that the charging speed increased by 96 times for a
10 mF capacitor with the module. Based on this module, Xi et al.
[88] exploited a SIBS for water wave energy harvesting. A circuit
diagram of the system is shown in Fig. 7(e) [88]. A regulator and
stabilizer further improve the utility of the module. Fig. 7(f) shows
the output voltage curves of a power-managed TENG with different
load resistances [88]. The voltage curves are all stable at 2.5 V,
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while the duration periods are different according to the energy
consumption on the load. The researchers also measured the rela-
tionship of voltage U and transferred charge Q (U-Q curve) and
compared it with the theoretical maximum, as shown in Fig. 7(g)
[88]. The result indicates that 70.3% of the energy is autonomously
transferred to the module from the TENG, demonstrating the high
working efficiency of the module.

4.5. Charge excitation

In recent years, researchers have developed effective charging-
pump and charge-excitation schemes to improve the output per-
formance of general TENGs [105-108]. These methods are simpler
and more effective than material optimization and structural
design. It is clear that a combination of these methods is a promis-
ing way to realize TENG performance enhancement for blue energy
harvesting.

In 2020, Wang et al. [109] demonstrated a high-performance
TENG for water wave energy harvesting based on charge shuttling.
The structure and circuit connection of the TENG device are shown
in Fig. 8(a) [109]. The TENG device is divided into two parts: the
left phase and the right phase. The charges generated by the left-
pump TENG are accumulated in the main TENGs (M-TENGs) L1
and L2 through the rectifier bridges, and the right phase is similar.
Through charge accumulation, the output performance of the
entire TENG device is greatly enhanced. Fig. 8(b) [109] shows the
output power of the TENG, indicating that the maximum output
power reaches 126.67 mW and the power density is 30.24 W-m 3,
which is a huge improvement over ordinary TENGs.

Charging-pump and charge-excitation schemes have been
applied to TENG network development, in addition to adding them
to individual TENG units. Fig. 8(c) shows a schematic diagram of a
self-charge-supplement (CS)-TENG network, which was designed
by Jiang et al. [110]. This network contains one CS-TENG and
several M-TENGs. The CS-TENG is an ordinary TENG using the
contact-separation mode, while the M-TENGs are composed of
three layers. The CS-TENG serves as a charging pump, and the
charges generated are accumulated in the M-TENGs, which is an
effective solution to prevent charge dissipation. When the TENG
network operates in water waves, the potential difference between
the electrodes of the M-TENGs drives the current flow through the
external load, generating a periodic AC. The researchers explored
two different connection modes of the network, for which the con-
nection positions of the CS-TENG and M-TENGs are different. Figs. 8
(d) and (e) shows the transferred charge and output voltage of the
network with or without the charge-supplement scheme. Regard-
less of the connection mode, the output performance of the charge-
supplement network is significantly superior to the direct output
[110]. The research group also proposed a charge-excitation TENG
network in 2020 [111]. In this work, a charge excitation circuit
(CEC) based on series-parallel switching is specially designed for
a TENG intended for water wave energy harvesting. When inte-
grated with the CEC, the TENG’s output current improved, and
the AC output was converted to DC output. Therefore, charge exci-
tation TENG units can be directly connected to a network without
rectifier bridges. A circuit diagram is shown in Fig. 8(f) [111]. In
order to verify the working effect of the CEC, the researcher sys-
tematically measured the output performance of the TENG net-
work under different water wave conditions. Fig. 8(g) shows the
output current of the TENG network with CECs. The maximum
value reached 24.5 mA at a water frequency of 0.6 Hz, which is
much higher than that of ordinary TENG networks [111]. The out-
put power reached 24.60 mW, and the peak power density was cal-
culated as 6.71 W-m~3 (Fig. 8(h)) [111]. These results illustrate that
the combination of charge-pump and charge-excitation schemes
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Reconfiguration

Fig. 6. (a) TENG network with a chain structure extending upwards from the ocean floor; (b) sea snake composed of TENG units; (c) TENG network based on a TD-TENG
device; (d) configuration of a quadrilateral network with multilayered connection; (e) photograph of square 4 x 4 networks based on a ball-shell TENG unit. (f) Hexagonal
network containing seven TENG units. (g) Self-assembling TENG network with rational SAM joints. (a) Reproduced from Ref. [103] with permission, (b) reproduced from Ref.
[104] with permission, (c) reproduced from Ref. [81] with permission, (d) reproduced from Ref. [90] with permission, (e) reproduced from Ref. [72] with permission, (f)
reproduced from Ref. [51] with permission, (g) reproduced from Ref. [84] with permission.
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Fig. 7. (a) Framework for an integrated self-powered system driven by water wave motions; (b) schematic diagram of the power management mechanism for a TENG
network; (c) output voltage on a load resistor for the TENG network, with a PMM at various resistances under water waves; (d) comparison of the charging profiles of the
TENG network, between managed charging and direct charging for a 10 mF capacitor; (e) schematic circuit diagram of a SIBS; (f) output voltage of the TENG at different load
resistances; (g) the voltage U and transferred charge Q (U-Q) curve of a theoretical TENG and power-managed TENG. D1 and D2: diode; L: inductor; C1 and C2: capacitor; S1
and S2: switch; R: resistance; Uo: the output voltage; UTENG-QTENG: the U-Q curve of the TENG. (a-d) Reproduced from Ref. [107] with permission, (e-g) reproduced from
Ref. [88] with permission.
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Fig. 8. (a) Structure and circuit connection of a TENG device based on charge-shuttling; (b) peak power and average power of the integrated device with various loads in
water waves; (c) self-charge-supplement (CS)-TENG network; (d) transferred charge and (e) output voltage for the TENG before and after a charge supplement via two
methods; (f) parallel connection of the units in the TENG network through charge excitation circuits (CECs) without rectified bridges; (g) output current and (h) output
power-resistance profiles of the charge-excitation TENG network for various water waves. M-TENG: main TENG; PP: polypropylene. (a,b) Reproduced from Ref. [109] with
permission, (c-e) reproduced from Ref. [110] with permission, (f-h) reproduced from Ref. [111] with permission.

with TENGs for blue energy harvesting is an effective performance
enhancement strategy.

5. Marine environmental applications of TENGs based on blue
energy harvesting

It is well known that environmental pollution of the ocean and
natural disasters gradually negatively affect the utilization of ocean
energy. Thus, ocean monitoring and sensing play a key role in
developing smart oceans.

5.1. Power supply for distributed sensors and signal transmission
systems in the ocean

5.1.1. Water temperature, atmospheric pressure, and humidity
monitoring

Marine environment sensing technology is the basic technology
of marine environment monitoring, which can convert the per-
ceived characteristics of marine meteorology, hydrology, ecology,
and other elements into appropriate electrical signals. In marine
environment monitoring, various kinds of sensors are needed to
monitor different physical and chemical parameters, such as water
temperature, atmospheric pressure, wind speed, wind direction,
pH, conductivity, humidity, and so forth.
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Many TENGs have been designed to harvest water wave energy
and to power distributed sensors that can monitor water tempera-
ture, atmospheric pressure, and humidity. For example, a TS-TENG
consisting of an inner ball and a torus shell was developed by Liu
etal.[79] in 2019 (Fig. 9(a)). The TENG harvests water wave energy
and stores energy to power environmental sensors; its array
charges a capacitor of 47 pF and then powers a thermometer.
The thermometer is connected by a switch and functions to
measure water temperature.

An ocean wave energy harvesting system driven by atmo-
spheric pressure difference was developed by Cheng et al. [112]
in 2018 (Fig. 9(b)). This TENG utilizes intermittent and low-
frequency near-shore water wave movement to harvest and store
energy, transforming it into airflow and later triggering continuous
and high-frequency movement. Two specific TENG structures have
been demonstrated: a TENG triggered by a lower speed of airflow
and another TENG driven by a stronger airflow. The short-circuit
current increases from 4 to 8 nuA as the speed of the airflow
increases from 7 to 10 m-s!; it then decreases as the speed
increases further. The short-circuit current is 6 pA when the air-
flow speed reaches 14 m-s~ .

In addition, a floating buoy TENG comprising an acryl-packed
power generation unit, a height-adjustable support, and a floating
buoy was developed by Kim et al. [113] in 2018 (Fig. 9(c)). This
TENG powers a thermo-hygrometer with a 470 pF capacitor. As
the TENG charges the capacitor to 2.0 V, the thermo-hygrometer
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Fig. 9. (a) Photos and charge-discharge curve for a TENG array to power a thermometer; (b) schematic illustration of a TENG driven by atmospheric pressure difference;
(c¢) schematic illustration of a floating buoy-based TENG and the charge and discharge curves of capacitors powering the thermo-hygrometer; (d) schematic illustration of a
self-powered water-quality monitoring system, with the side and front views of the structure of the TD-TENG; (e) structural design of a TENG, with a photograph showing it
powering a wireless multifunctional pen for water-quality detection; (f) schematic diagrams of the functional components of a TENG and its powering of a wireless landslide
early warning system, with a photo of the system in the natural environment. Isc: short-circuit current; TDS: total dissolved solids; AS-TENG: arc-shaped TENG;
PE: polyethylene; QBe2: beryllium bronze alloy material. (a) Reproduced from Ref. [79] with permission, (b) reproduced from Ref. [112|with permission, (c) reproduced from
Ref. [113] with permission, (d) reproduced from Ref. [81] with permission, (e) reproduced from Ref. [114] with permission, (f) reproduced from Ref. [115] with permission.

is turned on and the voltage drops to 1.6 V. The TENG's self-
powered temperature and humidity system can provide useful
information on the weather, such as the temperature and humidity
at sea.

5.1.2. Water quality monitoring

Water pollution from sources including fertilizers, pesticides,
sewage, oils, heavy metals, trace elements, plastics, and eutrophi-
cation presents a severe environmental issue. In order to sustain-
ably and autonomously monitor water quality, it is necessary to
develop in situ self-powered water-quality monitoring systems
that can harvest local wave energy. Various TENG structures have
been developed for self-powered water-quality monitoring.

In 2019, Bai et al. [81] developed an expandable TD-TENG on a
radial grating disk structure for self-powered water-quality moni-
toring (Fig. 9(d)). With power management, the total dissolved
solids (TDSs) test pen is connected to the TENG, whose capacitor
is 14.7 mF. As the capacitor is charged to 3.5 V, the test pen is
turned on by closing the switch and measures the TDS of the water.
In testing, the normal operating voltage of the TDS test pen was
found to be 3 V, exhibiting a much larger energy consumption than
a thermometer or wireless transmitter; thus, it requires a higher
power TENG.

Another TENG for water-quality monitoring uses a cylindrical
wave-driven linkage mechanism, which converts the water wave
motion into circular movement of the rotor and transforms the
rotational energy into electricity (Fig. 9(e)) [114]. The TENG is fixed
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on the water’s surface, and the rotor twirls under the water waves.
The TENG charges a 10 mF capacitor to power a detection pen with
Bluetooth transmission capability. Various data, including the
water temperature, pH, TDS, and electric conductivity, are wire-
lessly transmitted by Bluetooth to a mobile phone.

A new recycling method that reuses waste milk cartons to fab-
ricate TENGs has been proposed [115]. This TENG generates an
open-circuit voltage of 600 V and a short-circuit current of
40 pA. Moreover, the TENG can power wireless sensor nodes for
pH monitoring. As shown in Fig. 9(f), this TENG has been put in a
river to power a wireless strain-gauge sensor on an acrylic board,
where the resistance changes according to the acrylic board defor-
mation [115]. When rocks tumble and hit the acrylic board, a sens-
ing signal is sent to a remote receiver and displayed on a computer,
generating a landslide monitoring alarm.

5.1.3. Wireless SOS alarm system

When a ship is in distress at sea, sending a distress signal to
nearby ships or shore stations through the equipment on board
helps ensure the safety of maritime traffic. However, there is cur-
rently a lack of suitable low-power sensors for information trans-
mission. A hybrid triboelectric-electromagnetic nanogenerator
based on a magnetic sphere was developed by Wu et al. [34] in
2019, which harvests the water wave energy from any orientation.
This hybrid generator can harvest energy to power wireless sensor
networks for environmental monitoring, including temperature,
pH, and oxygen level. As shown in Fig. 10(a) [34], the hybrid device
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harvests water wave energy to drive a wireless water temperature
alarm system with a temperature switch. In the system, a charging
voltage of over 2.75 V on the low-dropout regulator unit provides
sufficient energy to power the follow-up circuit when the tempera-
ture switch is closed. The work voltage of the microcontroller unit
and the wireless receiver is 3.3 V. The temperature alarm system is
shown in Fig. 10(a).

A super-durable and low-wear TENG has been developed to
power electrical devices in agricultural production (Fig. 10(b))
[80]. This TENG can harvest water flow and wind energy to power
many sensors to monitor the environment in real time and manage
fully automated agriculture. The TENG unit, which uses a free-
standing mode, consists of a fur disk and an electrode disk attached
to PTFE film. The TENG powers a soil moisture sensor with a 470 puF
capacitor, where the sensor continuously monitors the soil mois-
ture in real time. The TENG also harvests wind energy to power a
raindrop sensor for monitoring the weather and sends an alarm
when it rains.

A buoy-like liquid-solid-contact TENG, possessing four key
advantages, has been developed for harnessing blue energy from
the ocean (Fig. 10(c)) [116]. Inner TENGs are connected in parallel
to collect the mechanical energy of the inner liquid under shaking
or rotational movement from water waves. A 3D network of TENGs
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spaced at intervals of 10 cm over a square kilometer could easily
generate enough electricity for a town. As shown in Fig. 10(c)
[116], the TENG network generates electrical energy and stores it
in the capacitor to drive a wireless SOS system that includes a
bridge rectifier, a large capacitor, a wireless radio frequency (RF)
transmitter, and a receiver. When the voltage of the large capacitor
rapidly decreases to about 2.5 V, the RF sensor emits signals that
are set as “SOS_SOS_SOS_SOS_.”

5.1.4. Integrated marine information detection/signal transmission/
display system

Marine environment monitoring is used in a wide range of
applications, including water-quality monitoring, ocean sensing,
coral reef monitoring, and marine fish farm monitoring, many of
which require different wire/wireless sensor networks, system
architectures, communication technologies, and sensing technolo-
gies. An innovative prototype of a bionic-jellyfish TENG composed
of polydimethylsiloxane, polymeric nanocomposite thin film, and
metal electrodes has been proposed (Fig. 10(d)) [117]. With a
waterproof and adaptive shape, this TENG has an enhanced perfor-
mance of 143.0 V, 11.8 mA-m~2, and 22.1 1 C:m~2, allowing it to
directly power green light-emitting diodes (LEDs) or a temperature
sensor. The TENG is integrated with a signal-processing circuit,
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Fig. 10. (a) Schematic illustration of a buoy network for environmental monitoring, with a photo of the TENG structure, a graph showing the performance of the wave-driven
temperature alarm system, and a photo of the temperature alarm system in a lake; (b) schematic illustration of a waterwheel-structure TENG for water flow energy
harvesting that monitors the weather and gives an alarm when it rains; (c) schematic structure of a TENG-driven buoy with an illustration of its self-powered wireless SOS
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Ref. [118] with permission.



Y. Jiang, X. Liang, T. Jiang et al.

constructing a self-powered temperature sensor and wireless self-
powered fluctuation early warning system. When the voltage
reaches 3 V, the wireless self-powered fluctuation early-warning
system triggers a remote controller, which controls a wireless
transmitter that can remotely switch a siren between an emer-
gency and a normal state. This TENG can be used to forecast tidal
changes and the fluctuation of the sea. As shown in Fig. 10(d)
[117], the warning period changes according to the fluctuation fre-
quency of the water, with the warning time being shortened as the
fluctuation frequency of the water increases.

A new CEC for TENGs has been developed to harvest water wave
energy (Fig. 10(e)) [111]. In this technology, 19 TENG units make
up a multi-module TENG network for blue energy harvesting.
The charge-excitation TENG network drives a wireless transmitter,
which emits signals as the voltage reaches 3 V. The signal is emit-
ted every 20 s and is received and processed by a phone.

A networked integrated TENG has been developed as a highly
adaptive means of harvesting energy with various types of water
waves (Fig. 10(f)) [118]. The TENG array can adapt to diverse water
wave motions and generate a stable electric output. The TENG,
which has an area of 100 mm x 70 mm, produces stable electric
power of 1.03 mW at a wave height of 12.00 cm, regardless of
how random the water waves are. It harvests the dynamic energy
of random water waves and power wireless transmitters, thereby
showing potential to act as a real-time power supply for environ-
mental pollution detection and even for wireless sensor networks.

5.1.5. Marine positioning system

Marine positioning is the process of using instruments and
equipment to determine a ship’s position on the ocean and to guide
ship navigation, which is important for exploring the ocean. A self-
powered seesaw-triboelectric-electromagnetic hybrid nanogener-
ator has been developed, which harvests energy from water waves
with a wide frequency and different directions (Fig. 11(a)) [119].
When the voltage on the global position system (GPS) module
reaches 3.3 V, the module is triggered and receives its position

Engineering xxx (XXxX) XXx

from a satellite (Fig. 11(b)) [119]. Next, the GPS module sends
the location information to be displayed on a computer screen.

A fully packaged ship-shaped hybrid nanogenerator (SHNG)
was developed by Wang et al. [120] to harvest water wave energy
using a packaging strategy (Fig. 11(c)). A roller with magnets at
both ends continually drives six contact-separation-mode TENGs
arranged on the two sides of a ship. This hybrid TENG constitutes
a self-powered wireless positioning system to locate the position
of the water source. The GPS module can be continuously powered
to send wireless signals in a timely manner. These TENGs can be
integrated into networks to harvest water wave energy effectively,
offering the advantage of a multi-source location while facilitating
the provision of drinking water.

5.2. Self-powered ocean sensors

The development of TENG technology lays a foundation for the
construction of self-powered marine environmental application
systems, which have great significance for human production and
life.

5.2.1. Ocean-wave spectrum sensor

A performance-enhanced rolling TENG based on a movable part
and two stationary films was developed by Chen et al. [121] in
2021 (Fig. 12(a)). In the rolling TENG, the contact/separation of
the rolling ball and the triboelectric layer drives an electron flow
and produces electricity. The output voltage changes with the
amplitude and frequency of the waves. The output voltages of
the TENG are 4.8, 7.1, and 8.5 V at amplitudes of 10, 20, and
30 cm, respectively. When the typical water wave amplitude is
20 cm, the TENG's output voltage increases with the water wave
frequency.

5.2.2. Water/liquid level sensor
A magnetic flap-type difunctional sensor based on a TENG has
been developed to detect pneumatic flow and liquid levels [27].
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Fig. 11. Marine positioning system. (a) Schematic diagrams of the designed TENG and its application in sea surface wireless positioning. A flow chart shows the global
position system (GPS) module being driven through a transistor-controlled power management circuit. (b) Computer interface of the located position. (c) Schematic diagram
of the designed SHNG and its self-powered wireless positioning system, and an application demonstration of driving the GPS module. SSTE-HNG: structured spherical
triboelectric-electromagnetic hybrid nanogenerator; JNU: Jinan University. (a,b) Reproduced from Ref. [ 119] with permission, (c) reproduced from Ref. [ 120] with permission.
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Fig. 12. (a) Schematic structure of a TENG, with a photo of the designed wave pool, and a graph showing the output voltages under different wave amplitudes. (b) Schematic
diagrams of a magnetic flap-type difunctional sensor and liquid-level parameter detection. (c) Schematic diagrams of a TENG-based self-powered wireless liquid sensor
system. (d) Schematic of a magnetic-field-assisted non-contact TENG and its detection process as a water-level sensor. V,.: the open-circuit voltage; ks and ks the open-
circuit voltage; k5 and k6: constant coefficients; PC: personal computer. (a) Reproduced from Ref. [121] with permission. (b) Reproduced from Ref. [27] with permission.
(c) Reproduced from Ref. [122] with permission. (d) Reproduced from Ref. [123] with permission.

This TENG consists of an outer magnetic flap, a magnetic float, and
a conical cavity. As shown in Fig. 12(b) [27], the simulated water-
level test-cycle system consists of a pump and a series of water
pipes. The rise and fall of the water level are controlled by the four
switches. For example, when switches I and IV are on and switches
I and III are off, the water level in water tank I rises. Moreover, the
switch can control the rise and fall rates of the water level. An
alarm response is triggered if the liquid level is lower or higher
than a set value.

In 2022, Xu et al. [122] developed a cylindrical type of liquid
level sensor based on a TENG that uses a small ferric magnetic core
for the transmission coils (Fig. 12(c)). An impedance analyzer is
used to measure the capacitances of the sensor under 500 kHz
and 3 MHz. The sensor responds to the liquid level, which monitors
the liquid level in a timely manner. Along with the wireless liquid-
level sensor, the resonant frequency and signal amplitude change
with the liquid level.

A novel magnetic-field-assisted non-contact TENG has been
developed that drives the motion of a ferrofluid under an external
magnetic field without direct contact [123]. With a lubricant oil
layer, this TENG is immersed in the water in a glass pot with a
valve and vertically fixed over a stage. The width of the electrode,
the distance between electrodes, and the thickness of the magnet
ring are labeled, as shown in Fig. 12(d) [123]. The motion of the
magnet ring drives the motion of the ferrofluid along with the
water level, which causes electron transfer to occur on the elec-
trode. Water level information is then acquired via electric signal
change.
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5.3. Underwater wireless communication

With the vigorous development of marine exploration, the
improvement of underwater equipment and technology has
attracted increasing attention. Underwater wireless communica-
tion has always been critical for understanding and developing
the ocean. At present, underwater communication is realized
through various physical fields such as sound, light, and electro-
magnetic fields. Because sound waves are not easily absorbed by
water, unlike electromagnetic waves and light waves easily
absorbed by water, underwater acoustic communication has
become the most widely used underwater communication
method. However, underwater acoustic communication is accom-
panied by considerable transmission delay, and the transmission
is affected by temperature, pressure, and salinity. In contrast to
sound and light waves, electromagnetic waves are immune to
noise and turbulence. Underwater displacement current communi-
cation has the typical characteristics of a high transmission rate
and low delay. High-frequency electromagnetic waves are mainly
absorbed by water, while low-frequency electromagnetic waves
can be transmitted through antennas several kilometers long.

This paper applies TENG technology to underwater wireless
communication for the first time, innovatively realizing self-
powered underwater wireless signal transmission in complex
waters (Fig. 13(a)) [41]. The research team deeply analyzed the
transmission mechanism of underwater electric field signals from
the perspective of Maxwell’s displacement current, built an under-
water wireless communication experimental system, and con-
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Reproduced from Ref. [41] with permission.

ducted many experiments (Figs. 13(b) and (c)) [41]. The experi-
mental results show that the underwater electric field signal is
not disturbed by salinity, turbidity, and underwater obstacles,
and that its waveform will not be distorted even through a
100 m long spiral water pipe (Fig. 13(d)) [41]. This new underwater
electric field communication method based on a TENG technology
has the advantages of having a stable signal, being unaffected by
obstacles, and being self-supplied. Moreover, the TENG’s current
signals exhibit good anti-interference ability when encountering
underwater disturbances. The peak value of the current signal
decreased by 66% compared with the original signal and the wave-
form of the electrical signal was not distorted as the signal passed
through a 100 m long saltwater pipe (Fig. 13(e)) [41]. Text and
images can be successfully transmitted in the tank by utilizing
on/off keying. No error was found in the continuous transmission
of about 20 000 digital signals, and the underwater lighting system
has wireless voice control via the TENG.

5.4. Self-powered electrochemical system

The service lives of offshore facilities and equipment are short-
ened by metal corrosion, leading to great economic losses. A seg-
mented swing-structured fur-based TENG has been designed and
fabricated to provide a self-powered solution for impressed current
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cathodic protection (Fig. 14(a)) [124]. Polished Q235 carbon steel
as the cathode and graphite sheet as the anode are immersed in
a 3.5% NaCl solution. The results show that the corrosion of carbon
steel can be reduced and retarded with a metal corrosion-
protection system.

A self-powered electrochemical system based on a TENG was
designed by Feng et al. [125] for the conversion of water wave
energy to green energy in the form of hydrogen fuel (Fig. 14(b)).
The self-powered electrochemical system consists of a TENG
network, an energy storage module, an electrolyzer, feeding
equipment, and terminal gasometers and tanks. The self-powered
electrochemical system generates H, fuel at a rate of
814.8 pL-m2.d~! with a Faraday efficiency of 69.1% and a conver-
sion efficiency of 44.3%, under ideal conditions.

TENG-based durable superhydrophobic fluorinated silica
(F-SiO,)/epoxy resin (FE) coatings with good corrosion resistance
were developed by Liu et al. [126] to fabricate a synergistic
anti-corrosion system for self-powered cathodic protection
(Fig. 14(c)). In a 3.5 wt% NaCl solution, the corrosion potential
(Ecorr) Of an Al sheet protected by the synergistic anti-corrosion
system was found to dramatically decrease by 745 mV.

A marine self-charging power system based on a seawater
supercapacitor and a TENG module has been developed
(Fig. 14(d)) [127]. Due to its hollow design, the electrode exhibits
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permission.

improved stability and capacitance, achieving a high power density
of 4.32 kW-kg ! under an energy density of 5.12 W-h-kg~'. The
TENG module can harvest water wave energy to realize a self-
charging marine power system that can power electronics and sen-
sors, displaying competitive potential for the smart ocean and
Internet of Things.

6. Conclusions and prospects

This paper reviewed the advances of TENGs for blue energy har-
vesting and marine environmental monitoring. First, it introduced
the theoretical foundations of TENGs, including their fundamental
physics mechanisms and working modes, and the original idea of
using TENG networks to harvest large-scale blue energy. Next, it
elaborated on related progress in advanced TENG prototypes for
improving the efficiency, durability, and applications of TENGs in
blue energy harvesting, such as the rolling-ball, rotating-disk, 3D
electrode, spring-assisted, mass-spring, and pendulum-like struc-
tures. Moreover, it discussed performance enhancement strategies
for TENGs in blue energy harvesting. Material and structural opti-
mization has dramatically improved the output of TENGs in the lit-
erature, while power management and charge excitation are
promising ways to enhance TENG performance in the future.
Finally, this review summarized marine environmental applica-
tions of TENGs based on blue energy harvesting, including applica-
tions in powering distributed sensors and signal transmission
systems in the ocean, serving as self-powered sensors in the sea,
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and constructing self-powered electrochemical systems. Table 2
[77-93] summarizes a performance comparison of different TENG
prototypes for blue energy harvesting.

The use of millions of TENG units to construct 3D TENG net-
works holds the possibility of realizing the dream of large-scale
blue energy harvesting [40]. One TENG unit can generate a power
of about 10 mW, with a power density of up to 10 W-m 3 under a
water wave of two or three times per second. A TENG network cov-
ering an ocean area equal to the size of Georgia and having a depth
of 10 m can produce a power of 16 TW, which meets the world’s
annual total energy needs. Meanwhile, other energy harvesting
devices can be hybridized with the TENG networks to achieve
the synergistic energy harvesting of water waves, wind, and solar
energy. The electricity produced could be used locally on a floating
platform or transferred to power plants or the grid on land. The
development of ocean blue energy will provide a new paradigm
for carbon neutrality. If the dream of blue energy can be realized,
the ensuing social and economic effects will be immeasurable,
and an energy revolution may be induced, vigorously promoting
the development of social productivity and the progress of human
civilization.

Challenges remain to be addressed before large-scale TENG net-
works can be achieved and further progress can be made toward
the blue energy dream. For example, the TENG energy harvesting
efficiency, device durability, networking design, and application
expansion still require further research. We suggest the following
key areas as the focus of future investigations:
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Table 2
Performance comparison of different TENG prototypes for blue energy harvesting.
TENG type Structure Peak power (mW) Peak power density Test environment Ref.
(W-m™)
Rolling-structured, freestanding Rolling-ball 10 — No [77]
Duck-shaped TENG Rolling-ball structure 7.64 0.455 Water waves [78]
TS Rolling-ball structure 0.07 0.21 No [79]
Fur-brush TENG Rotating-disk structure 56.79 5.02 No [80]
TD Rotating-disk structure 294 73 W.m™ No [81]
Robust swing-structured Swing-structured 4.56 1.29 W-m™ No [82]
Cylindrical Swing-structured 0.11 0.23 W-m3 Water waves [83]
3D electrodes 3D electrode 8.75 32,6 Wm 3 Water waves [84]
Spring-assisted Spring-assisted structure  5.38 — No [85]
Spring-assisted swing Spring-assisted structure 4.1 — Water waves [86]
Helical TENG Spring-assisted structure =~ — 240 (under vertical resonance Resonance vibration of 23 m-s™ [87]
vibration, 16 Hz); 45 (horizontal
resonance vibration, 8.5 Hz)
Multilayered Mass-spring structure — — No [88]
Multilayered Multilayered structure 15.97 15.2 W-m™ No [89]
Spring-assisted multilayered Multilayered structure — 0.26 No [90]
Pendulum-like component Pendulum-like structure 0.028 — No [91]
Hybrid TENG Pendulum-like structure 1.72 0.41 No [92]
Hybrid TENG Pendulum-like structure 530 — No [93]

(1) Developing power management and storage technologies for
different types of TENGs to enhance performance;

(2) Designing other energy units to raise the harvesting capacity
of ocean energy;

(3) Improving the durability and reducing the corrosion of TENG
systems to ensure reliability and long lifetime;

(4) Developing a variety of ocean-related self-powered system
applications.

TENGs will soon achieve breakthroughs in ocean equipment
power supply, island power supply, marine navigation and posi-
tioning, and underwater or water surface monitoring, so the blue
energy dream is bound to come true.
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