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Nanogenerators for blue energy
Zhong Lin Wang,* Tao Jiang,*   Tianwei Ma, and Rusen Yang

Ocean energy, with its abundant reserves, has garnered significant attention as a renewable 
energy source, due to its potential to address global energy challenge and mitigate 
environmental deterioration effectively. However, this immense potential has remained 
largely untapped due to the limitations of traditional energy technologies. The emerging 
triboelectric nanogenerator (TENG) technology, with demonstrated advantages over existing 
power-generation schemes, appears to be a potential game changer for harnessing low-
frequency ocean wave energy. Here, we provide a comprehensive review of recent progress 
in harvesting blue energy with TENGs, starting from the overall development venation of the 
TENG technology in blue energy applications. We thoroughly discuss the current research 
status and associated key issues, ranging from the structural design and performance 
optimization of TENGs to the system integration for water wave energy harvesting. Finally, 
we identify the challenges and opportunities of nanogenerator-based blue energy harvesting 
and applications. As technologies continue to evolve at an accelerated pace, we anticipate 
significant performance advancement for the TENGs in future. We are confident that the 
TENGs will play a transformative role in ocean energy harvesting, creating substantial industrial 
values and societal benefits as humanity continues to unlock the vast potential of oceans.
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Introduction
Oceans occupying more than 70% of the earth′s surface area 
contain abundant and clean renewable energy, and the total 
average power generated by oceans globally is estimated to 
be 76.6 TW.1 Ocean energy, with its renewable and environ-
mentally friendly nature, has attracted considerable interest, 
particularly in light of the growing global concern over carbon 
emissions and the urgent need for sustainable, carbon-neutral 
energy solutions. Among the five forms of ocean energy, the 
ocean wave energy is the key direction of ocean energy devel-
opment. The total wave power worldwide breaking around the 
coastlines can reach 3 TW, of which roughly 1 TW is techni-
cally exploitable. For open ocean areas, the wave power can 
reach 20–30 TW.2 Despite years of R&D, the wave energy 
harvesting and conversion are still in the early stage of con-
ceptual design and prototype validation, lacking substantial 
breakthroughs to overcome technical barriers for practical 
applications. Current wave energy conversion is mainly real-
ized with the traditional electromagnetic generators (EMGs),3 
where the wave energy is first captured as the mechanical 
energy of device, and then transferred to the EMGs through 

a transmission module. Such technical path is complex, with 
low overall efficiency and high maintenance and operation 
costs, and the device reliability cannot be ensured,4,5 which 
greatly limit the large-scale development and utilization of 
wave energy.

Compared to the EMG, the emerging triboelectric nanogen-
erator (TENG) invented by Wang et al. based on the coupling 
of triboelectrification and electrostatic induction,6 exhibit obvi-
ous advantages of high power density, high efficiency, light-
weight, and low fabrication costs, etc.7,8 The TENG technology 
offers a new approach for the conversion of wave energy to 
electricity, potentially advantageous in large-scale wave energy 
harvesting. Since the invention of the TENG, many efforts have 
been made to design effective device structures and optimize 
the output performance of TENGs for water wave energy har-
vesting.9–12 A TENG driven by the Maxwell′s displacement 
current13 has significant advantages in collecting disordered, 
low-frequency, and high-entropy ocean energy,14,15 providing a 
subversive technical path for efficient development and utiliza-
tion of ocean energy. In 2014, Wang proposed the idea of using 
three-dimensional (3D) TENG networks to harvest large-scale 
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ocean blue energy.16 The TENG network composed of millions 
of enclosed TENG units linked as fishing nets, can harvest the 
ocean energy from the water surface or underwater to generate 
electricity. In theory, a substantial amount of electricity can 
be generated when individual TENGs work constructively to 
enhance the network outputs. However, significant scientific 
and engineering challenges must still be addressed to enable 
large-scale, practical implementation of this concept.17

This article highlights a comprehensive review of recent 
advancements in blue energy harvesting using TENGs, cover-
ing critical aspects such as structural design and performance 
optimization of TENGs for blue energy harvesting, construc-
tion of TENG networks and system integration, and future 
perspectives. In the first segment of the review, the overall 
development venation of the TENG technology for blue 
energy harvesting is introduced. In the subsequent section, 
the latest progress of typical TENG structural designs and 
performance optimization approaches for water wave energy 
harvesting is elaborated. Next, the related works regarding the 
networking of TENG units and power management on TENG 
units and networks for blue energy are summarized. Finally, 
crucial perspectives and challenges are discussed for future 
research on TENG-based blue energy harvesting.

Development venation of TENG technology 
in blue energy harvesting
Since the concept of TENG-based blue energy harvesting 
was proposed in 2014, the TENG technology has made great 
strides in water wave energy harvesting in the past 10 years, 
as summarized in Figure 1. The first work considered several 

TENG boxes with arched basic units,10 in which the perfor-
mance test results of a small TENG network and the theoreti-
cal predictions indicated the network could generate a high 
power of up to 1 MW per km2 of sea area. Subsequent work 
involved multiple TENG structures for blue energy harvesting, 
designed and fabricated, which showed gradual improvements. 
The maximum output power density of the TENG for harvest-
ing the water wave energy reached 13.2 W m−3 in 2017.18 
The output charge density of TENG devices achieved a sig-
nificant breakthrough, reaching 1.02 mC m−2 in 2018.19 Dur-
ing the same year, we developed a spherical TENG network 
driven by water wave energy and demonstrated its efficacy in a 
wave-generating tank of 120 m2. Power management for water 
wave energy generation networks has also been improved 
remarkably, increasing the charging speed to capacitors by 
100 times.20 In 2020, a swing-structured TENG and its net-
work were developed, which achieved an energy-conversion 
efficiency of 28.2%,21 and an as-fabricated charge shuttling 
TENG could generate an effective output charge density of 
1.85 mC m−2, leading to a power density of 30.2 W m−3.22 
In 2021, the power density increased further to 34.7 W m−3 
using a bifilar-pendulum structure,23 and the energy-conver-
sion efficiency increased to 29.7% with the elastic connection 
and soft contact.24 Currently, the anaconda-shaped TENG with 
high space utilization rate can reach the highest power density 
of 80.6 W m−3 under a low-amplitude water wave excitation.25 
It is worth noting that in 2023, we conducted field studies of 
TENG prototypes in real ocean environments to power off-
shore Internet of Things (IoT) nodes. As discussed, the TENG 
technology for blue energy has emerged from basic scientific 

Figure 1.   Development process of the triboelectric nanogenerator (TENG)-based blue energy harvesting in the last 10 years. 
Reprinted with permissions from Reference 16, © 2014 Royal Society of Chemistry; Reference 10, © 2015 American Chemical 
Society; Reference 18, © 2017 Elsevier; Reference 19, © 2018 Elsevier; Reference 20, © 2019 Wiley; Reference 21, © 2020 
Wiley; Reference 22, © 2020 Springer Nature; Reference 23, © 2021 Wiley; Reference 24, © 2021 Wiley; Reference 25, © 2022 
Elsevier.
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principle studies to engineering prototypes. This technology is 
poised to advance from laboratory testing to sea trials.

Structural design and performance 
optimization of TENGs for blue energy
The TENGs have the advantage of converting low-level 
ambient mechanical energy into electricity, due to the poten-
tial difference between two surfaces induced by the repeated 
contact or friction between them. When the potential differ-
ence is applied to an external electrical circuit, an electric cur-
rent flowing through the circuit is generated. Many TENG 
structures have been designed to demonstrate the working 
principle of using TENGs for water wave energy harvesting. 
The electric outputs have been optimized through various 
strategies toward real-world applications. Compared to gen-
eral TENGs, the TENGs for harvesting water wave energy 
need to be specifically designed for enhancing the output 
performance, efficiency, and device durability. The struc-
tures should suit for the low-frequency character of water 
waves, and in terms of materials, moisture-resistant materials 
are more suitable for preparing the TENGs for water wave 

energy harvesting. In this section, the recent research progress 
is discussed, from the viewpoints of TENG structural designs, 
output performance optimization, and device efficiency and 
durability enhancement, and the hybrid energy technologies.

TENG structures for blue energy harvesting
To date, various TENG structures for harvesting the water 
wave energy have been designed and developed, which are 
mainly divided into two categories: enclosed-waterproof struc-
tures and liquid–solid interface electrification structures. The 
primary design principles of the enclosed-waterproof struc-
tures are to facilitate the motion of internal movable compo-
nent relative to the stator when the device shell is excited by 
the water waves. The influences of the humidity and water 
spills can be largely reduced by the waterproof sealing. The 
enclosed-waterproof structures include the shell-ball struc-
ture,9 wavy-electrode structure,26,27 3D electrode spherical 
structure,28 air-driven membrane structure,18 bifilar-pendulum 
structure,23 anaconda-shaped structure,25 buoy structure,29,30 
and the single-pendulum/tumbler coupling structure,31 
etc., as shown in Figure 2a. The bifilar-pendulum structure 

a

b

Figure 2.   Two categories of triboelectric nanogenerator (TENG) structures designed for water wave energy harvesting. (a) 
Enclosed-waterproof TENG structures. (i) Shell-ball structure. Reprinted with permission from Reference 9. © 2015 Wiley. 
(ii) Wavy-electrode structure. Reprinted with permission from Reference 26. © 2014 American Chemical Society. (iii) Three-
dimensional electrode spherical structure. Reprinted with permission from Reference 28. © 2019 Elsevier. (iv) Air-driven 
membrane structure. Reprinted with permission from Reference 18. © 2017 Elsevier. (v) Bifilar-pendulum structure. Reprinted 
with permission from Reference 23. © 2021 Wiley. (vi) Anaconda-shaped structure. Reprinted with permission from Reference 
25. © 2022 Elsevier. (vii) Buoy structure. Reprinted with permission from Reference 30. © 2018 Elsevier. (viii) Single-pendulum/
tumbler coupling structure. Reprinted with permission from Reference 31. © 2021 Elsevier. (b) Liquid–solid interface electrifica-
tion TENG structures. (i) TENG based on the asymmetric screening of electrostatic charges at liquid–solid interface. Reprinted 
with permission from Reference 32. © 2014 American Chemical Society. (ii) Three-dimensional spherical water-based TENG. 
Reprinted with permission from Reference 34. © 2017 Elsevier. (iii) Field-effect transistor-like droplet TENG. Reprinted with 
permission from Reference 35. © 2020 Springer Nature. (iv) Bulk effect liquid–solid TENG. Reprinted with permission from 
Reference 36. © 2021 Elsevier.
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adopts a soft-contact working mode, ultrathin and micro-/
nanostructured dielectric materials, and reasonable space uti-
lization of multilayered structures, which delivers an ultrahigh 
output power density of 200 W m−3.23 It can also exhibit out-
standing performance in low-frequency water waves. Then 
the anaconda-shaped TENG raising the space utilization rate 
to 93.75% has generated the highest power density under the 
water wave triggering, up to now.25 Moreover, the single-
pendulum/tumbler coupled structure can achieve the effective 
harvesting of omnidirectional and full frequency band wave 
energy.31 Ventura et al. prepared a buoy-type TENG based on 
a rolling spherical structure, and obtained the optimal device 
structure according to the hydrodynamic characteristics of the 
floating body,29 opening up a new perspective for the marine 
applications of nanogenerators. Another buoy-based TENG 
was designed by Jung for collecting vibration energy from 
random water waves in barren seas,30 which can generate sta-
ble outputs through harvesting water wave energy of various 
mixed amplitudes and frequencies from various directions.

In terms of water wave energy harvesting by liquid–solid 
interface electrification, dripping water droplets or fluctuating 
water bodies are usually utilized to interact with hydropho-
bic dielectric surfaces, inducing the triboelectrification, and 
generating electricity through electrostatic induction during 
the water motion process. Several representative structures 
for the liquid–solid TENGs are shown in Figure 2b. Asymmet-
ric screening effect of electrostatic charges at the liquid–solid 
interface was adopted to fabricate a TENG that can directly 
interact with water waves by Zhu et al.32 A water tank TENG 
and a 3D spherical water-based TENG were, respectively, 
fabricated to collect water motion energy.33,34 Wang et al. 
invented a field-effect transistor-like TENG that can harvest 
energy from impacting water droplets, enabling rapid transfer 
of a large amount of generated charges.35 With just a 100-
μL water droplet hitting the device surface from a height of 
15 cm, it can generate a voltage of 140 V and a current of 200 
μA. Subsequently, a liquid–solid interface TENG based on the 
volume effect was designed,36 which broke the limitations of 
surface effect through the design of external 3D electrodes and 
achieved a current output of 4 mA.

Output performance optimization of TENGs
Despite various TENG structures capable of harvesting water 
wave energy, the output performance of the TENGs need to be 
further optimized for meeting the needs of practical applica-
tions. Currently, multiple approaches have been developed to 
optimize the output performance of TENG devices, focusing 
on the enhancement of the output charge density and power 
density. The representative examples in the related research 
are shown in Figure 3a. The first approach is the frequency 
amplification by designing structures for storing the poten-
tial energy, such as the spring or pendulum structure. The 
spring can convert low-frequency water wave motions into 

high-frequency vibrations, and increase the electric energy by 
1.5 times.37 The spring structure was further integrated into a 
spherical shell, delivering an output power of 7.96 mW for a 
single sphere.38 Another frequency-amplifying structure, the 
pendulum structure, exhibits similar characteristics of increas-
ing the output frequency and output energy through the sus-
tained electrical energy generation after the triggering.21,39 It 
was further narrated that using a vacuum environment and 
ferroelectric materials can increase the output charge density 
by one order of magnitude and raise the maximum output 
power density by two orders of magnitude.40 Moreover, charge 
pumping and charge shuttling strategies were adopted to real-
ize an ultrahigh effective output charge density for the TENG 
under normal environmental conditions.19,22 In addition, a 
soft-contact spherical structure was applied to increasing the 
contact area, thereby enhancing the TENG output performance 
greatly, which can improve the maximum transferred charges 
by 10 times relative to the hard-contact structure.41

Device efficiency and durability enhancement
Besides the output performance optimization, attempts have 
been made to enhance the energy-conversion efficiency and 
device durability. Typical strategies for raising the efficiency and 
durability are shown in Figure 3b. First, the previously men-
tioned frequency-multiplied structures such as the spring- or 
pendulum structure, can not only increase the electric outputs, 
but also enhance the energy-conversion efficiency. A spring and 
flexible dielectric fluffs were incorporated into a pendulum to 
create a swing-structured TENG by Lin et al.,24 achieving a 
high vibration energy-to-electric energy-conversion efficiency 
of 29.7%, due to the charge replenishment of the dielectric fluffs 
during the swing process. Furthermore, the output voltage of the 
TENG almost keeps unchanged after 2,000,000 cycles, and the 
strong device durability is ascribed to the noncontact/soft-contact 
combined working mode. Second, a kind of fur-brush TENG 
using animal furs such as rabbit furs was fabricated to harvest 
the water wave or flow energy.42–45 When utilizing two low-
friction charge brushes, including the rabbit fur-brush and fluori-
nated ethylene propylene (FEP) roller brush, a double charge 
supplement TENG was obtained,46 in which the output perfor-
mance and device durability are both enhanced. The normalized 
output current presents an attenuation of only 5% after 110 h 
(3,960,000 cycles). Third, using the polymer rollers to construct 
a stacked-disc rolling TENG and a lateral-rolling swing-struc-
tured TENG.47,48 The rolling friction can significantly decrease 
the material wear and lead to the enhanced device durability. 
For the lateral-rolling TENG, the attenuation of output current 
is below 1.6% after 1,260,000 cycles. Finally, Lin et al. inte-
grated a transmission mechanism with a radial-arrayed TENG 
to maximize the sustainable operation with less material wear 
and damage.49 The listed durability improving strategies are all 
mainly focused on the decrease of the friction resistance during 
the operation process of TENGs.
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Hybrid energy‑harvesting technologies
In order to maximize the comprehensive utilization of various 
energy forms or energy technologies, and enhance the energy-
conversion efficiency, hybrid generators combining TENGs and 
other energy-harvesting technologies have been designed. For 
example, coupling the TENGs with solar cells and wind turbines 
to collect hybrid energy can take full advantages of various tech-
nologies for complex application scenarios; the TENGs can be 
hybridized with the EMGs to jointly harvest ocean blue energy. 
Wang’s group developed a composite system based on the 
TENG and EMG, which can collect the kinetic energy of ocean 
waves and currents.50 Subsequently, a concentric cylindrical 

device structure was designed for harvesting broad frequency 
band wave energy.51 Zhao et al. reported a multilayered soft-
brush triboelectric-electromagnetic hybrid generator for point 
absorber-based wave energy conversion,52 in which the soft-
brush structure greatly improves the device output performance 
and durability. The unidirectional transmission mechanism is 
easy to achieve continuous and high outputs, and fully enclosed 
magnetic-coupling is convenient for hybrid power generation. 
Additionally, a soft-contact triboelectric-electromagnetic hybrid 
generator was constructed using the rabbit fur brushes and swing 
structure,53 which can output at least 60 current pulses under one 
triggering of water waves.

a

b

Figure 3.   (a) Approaches for enhancing the output performance of triboelectric nanogenerators (TENGs). (i) Introducing a 
spring or pendulum structure. Reprinted with permission from Reference 37, © 2017 Elsevier; Reference 38, © 2018 Wiley; Ref-
erence 39, © 2019 Elsevier; Reference 21, © 2020 Wiley. (ii) Using vacuum environment and ferroelectric materials. Reprinted 
with permission from Reference 40. © 2017 Springer Nature. (iii) Charge pumping. Reprinted with permission from Reference 
19. © 2018 Elsevier. (iv) Charge shuttling. Reprinted with permission from Reference 22, © 2020 Springer Nature. (v) Designing 
soft-contact structure. Reprinted with permission from Reference 41. © 2019 Elsevier. (b) Strategies for improving the device 
efficiency and durability. (i) Designing a spherical swing-structured TENG in an elastic-connection and soft-contact mode. 
Reprinted with permission from Reference 24. © 2021 Wiley. (ii) Using animal furs to construct double charge supplement 
(DCS) fur-brush TENG. Reprinted with permission from Reference 46. © 2022 Wiley. (iii) Introducing polymer rollers to fabricate 
a stacked-disc rolling or lateral-rolling swing-structured TENG. Reprinted with permission from Reference 47, © 2024 Wiley; 
Reference 48, © 2024 Wiley. (iv) Integrating a transmission mechanism with a radial-arrayed TENG. Reprinted with permission 
from Reference 49. © 2020 Elsevier.
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Construction of TENG networks and system 
integration
Networking of TENG units for large‑scale blue energy
Based on the array integration of TENG units, TENG networks 
with different structures have been constructed to harvest 
ocean blue energy over a larger scale, and the optimization of 
their output performance has been carried out. The progress 
of related research work is shown in Figure 4. Since the first 
TENG network for water wave energy harvesting based on 
the box-like units with internal arched structures,10 the net-
work design of shell-ball structure units has made significant 
progress.12 A TENG network composed of 16 spherical units 
can produce a peak power of 5.93 mW and an average power 
of 2.04 mW at 3 Hz. The functions and roles of the network 
connection manner in the water wave energy collection were 
elucidated, where flexible string and elastic strip connections 
can have better effects than the rigid connection, providing a 

preliminary solution for large-scale wave energy harvesting. 
Moreover, TENG networks with internal spring,20 pendulum 
structures,24 and torus structures54 were fabricated to convert 
water wave energy into electrical energy, successfully power-
ing small portable electronic devices. Next, based on a 3D 
electrode spherical structure unit with a diameter of 8 cm, 
Yang et al. constructed a demonstration network of 18 units, 
delivering an average power density of 2.05 W m−3 in the 
water waves,28 for self-powered sensing and wireless signal 
transmission. The ocean environment tests of such ball-based 
network were carried out in the Guangxi Beibu Gulf, verify-
ing the power-generation capacity of the TENG network in 
real sea conditions. In addition, inspired by metamaterial’s 
structure, Li et al. reported a 3D chiral TENG network adopt-
ing a distributed architecture with chiral connections between 
unbalanced units, which can be configured to different scales 
and depths to harvest water wave energy in all directions.55

a b

c d e

f

Figure 4.   Construction and performance testing of triboelectric nanogenerator (TENG) networks. (a) Network of shell-ball 
structure units. Reprinted with permission from Reference 12. © 2018 American Chemical Society. (b) Spherical spring-
assisted TENG network. Reprinted with permission from Reference 20. © 2019 Wiley. (c) Pendulum-like spherical TENG 
network. Reprinted with permission from Reference 24. © 2021 Wiley. (d) Torus structured TENG network. Reprinted with 
permission from Reference 54. © 2019 Elsevier. (e) Macroscopic self-assembly network based on 3D electrode spherical 
units. Reprinted with permission from Reference 28.© 2019 Elsevier. (f) Three-dimensional chiral TENG network. PMC, power 
management circuit; WHTM, wireless hygro-thermometer. Reprinted with permission from Reference 55. © 2023 Royal Society 
of Chemistry.
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Power management of the TENGs and networks 
for blue energy
Due to the large impedance and unbalanced load matching, 
the water wave-driven TENGs and their networks have dif-
ficulties in directly powering electronics or charging storage 
units.56–58 Therefore, effective power management on the 
TENG or network outputs is essential to break through such 
bottleneck and successfully power electronics. A universal 
power management strategy for TENGs was proposed by 
Zhang et al.,56 and a power-management module was devel-
oped. Based on this module, 85% of the energy from the 
TENGs can be autonomously released, and stable and con-
tinuous voltage output can be obtained on the load resistor 
after voltage reduction. By utilizing this power-management 
module, effective managements of the output energy of an 
integrated spherical TENG for multidirectional wave energy 
harvesting and a spherical spring-assisted multilayered 
TENG network were achieved,20,59 resulting in a nearly 100-
fold increase in stored energy when charging a capacitor 
or supercapacitor. And a kind of charge excitation module 
using the switch of serial and parallel connections between 
capacitors for TENGs was designed.60,61 After integration, 
the output current of a single spherical unit was increased 
by 208 times under the water wave excitations, reaching 
25.1 mA, and the power arrived at 25.8 mW.60 Through 
the power management on the TENG network consisting 
of seven charge excitation spherical TENG units, wireless 
communication between the network and mobile phone can 
be realized. At the same time, a systematic study was con-
ducted on the integrated power pack of TENG-power man-
agement–energy storage.

Summary and perspectives
In this article, the overall development venation of TENG 
technology for blue energy harvesting in the past 10 years 
was first introduced. Next, the current research progress in 
blue energy harvesting using the TENGs was summarized, 
focusing on structural designs of various enclosed-water-
proof structures and liquid–solid interface electrification 
structures for water wave energy collection, and the optimi-
zation of output performance and device efficiency/durabil-
ity. Among them, the anaconda-shaped TENG generates the 
highest power density of 80.6 W m−3 under low-amplitude 
water wave excitation currently, and the pendulum and flexi-
ble brush structure improve the energy-conversion efficiency 
of the TENG to 29.7 percent. Multiple TENG networks were 
constructed and the research works on optimizing their out-
put performance under water wave triggering and managing 
the outputs were reviewed. The TENG network based on 3D 
electrode spherical units delivers an average power density 
of 2.05 W m−3. The networking of multiple TENG units and 
the system integration of power generation–power manage-
ment–energy storage provide a promising solution for future 
large-scale blue energy harvesting.

If stimulated 2–3 times per second by water waves, each 
unit can generate a power of 10 mW or a power density 
of 10 W m−3, the TENG networks covering 10 m of water 
depth at a sea area equal to the size of the state of Georgia 
can produce enough electricity for powering the world. In 
addition, above the TENG network, solar panels and wind 
turbines can be arranged to achieve collaborative collec-
tion of water wave energy, wind energy, and solar energy, 
enhancing the output power. The collected electrical 

Figure 5.   Proposed roadmap for the development of using triboelectric nanogenerators (TENGs) to harvest ocean blue energy 
from 2020 to 2028 toward future practical commercial applications.
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energy can be used for floating platforms at sea or transmitted 
to land for integration into the power grids. If the blue energy 
dream can be realized, the social and economic effects are 
incalculable, which could induce an energy revolution and 
effectively promote the development of social productivity and 
the progress of human civilization. Toward the blue energy 
dream, there are still some core scientific and key techni-
cal issues that urgently need to be solved in the blue energy 
research based on the TENGs. Continuous and in-depth explo-
rations are needed in terms of triboelectrification mechanism, 
ocean dynamics theory, model experiments, TENG network 
design and performance optimization, power management, 
etc., and practical experience needs to be accumulated. And 
the location and size of the power-generation grids require to 
be considered for minimizing the impacts on shipping, marine 
life, and ecology.

A roadmap for the development of using TENGs to har-
vest ocean blue energy from 2020 to 2028 toward future 
practical commercial applications is proposed, as shown 
in Figure 5. As we continue to conduct innovative basic 
research on triboelectric nanomaterials and optimiza-
tion of power-generation performance, efforts have been 
expanded to applied technology research on nanogenera-
tor arraying, power management and storage, and we will 
promote the industrialization of on-site applications of 
ocean energy such as continuous and stable power supply 
to the marine IoT. The ultimate objective is to realize the 
achievement transfer/transformation and industrialization 
of blue energy development from the basic and applied 
research. In summary, the most critical research topics 
in this field are as follows: (1) exploring new materials, 
structures, and power-generation mechanisms suitable for 
the marine environment, in order to improve the utilization 
efficiency of ocean blue energy; (2) elucidating the interac-
tion mechanism between the power-generation device and 
the water fluids to construct a liquid–solid coupled mul-
tiphysics field theoretical system; (3) discussing the energy-
management and storage solutions applicable to different 
types of power-generation devices, optimizing manage-
ment and storage efficiency, and achieving the coupling 
of power generation–power management–energy storage; 
(4) utilizing complementarily multiple energy-conversion 
mechanisms to enhance the ocean energy collection capac-
ity; (5) studying the durability and corrosion resistance of 
devices to improve their reliability and life, so as to pro-
vide systematic solutions for different ocean application 
requirements. In situ power solutions can be first provided 
for small offshore equipment and navigation positioning 
systems, and to further meet different application needs, 
building a mobile self-powered system and a new type of 
marine IoT will exhibit broad application prospects in fields 
of ocean equipment power supply, on-site ocean develop-
ment, island power supply, offshore navigation positioning, 
and underwater or water surface monitoring.

Acknowledgments 
Research was supported by the National Natural Science 
Foundation of China (Grant Nos. 52361145848, 52192613), 
the Ministry of Science and Technology of China (Grant No. 
2022YFE0100800), the Ministry of Science and Technology 
of Israel (Grant No. 3-18130), and the Beijing Nova Program 
(20220484036). We thank our group members and collabora-
tors for their contributions to the work reviewed here, espe-
cially: L. Xu, Z. Hong, J. Wang, C. Zhang, X. Liang, Y. Feng, 
P. Chen, and G. Liu.

Author contributions 
Z.L.W. contributed overall conception and framework of this 
review and guided the writing. T.J. contributed to the sections 
about the TENG development venation and structural designs. 
T.M. contributed to the section about the performance opti-
mization of TENGs. R.Y. contributed to the section about the 
TENG network construction and system integration. All con-
tributed to the Introduction and Summary sections.

Conflict of interest 
On behalf of all authors, the corresponding authors state that 
there is no conflict of interest.

References
1.  O. Ellabban, H. Abu-Rub, F. Blaabjerg, Renew. Sustain. Energ. Rev. 39, 748 (2014)
2.  J. Falnes, Mar. Struct. 20, 185 (2014)
3.  Z.L. Wang, T. Jiang, L. Xu, Nano Energy 39, 9 (2017)
4.  A.V. Jouanne, Mech. Eng. Mag. 128, 24 (2006)
5.  R. Henderson, Renew. Energy 31, 271 (2006)
6.  F.R. Fan, Z.Q. Tian, Z.L. Wang, Nano Energy 1, 328 (2012)
7.  Y. Yang, H. Zhang, J. Chen, Q. Jing, Y.S. Zhou, X. Wen, Z.L. Wang, ACS Nano 7, 
7342 (2013)
8.  T. Jiang, X. Chen, C.B. Han, W. Tang, Z.L. Wang, Adv. Funct. Mater. 25, 2928 (2015)
9.  X. Wang, S. Niu, Y. Yin, F. Yi, Z. You, Z.L. Wang, Adv. Energy Mater. 5, 1501467 (2015)
10.  J. Chen, J. Yang, Z. Li, X. Fan, Y.L. Zi, Q.S. Jing, H.Y. Guo, Z. Wen, K.C. Pradel, S.M. 
Niu, Z.L. Wang, ACS Nano 9, 3324 (2015)
11.  Y. Xi, H. Guo, Y. Zi, X. Li, J. Wang, J. Deng, S. Li, C.G. Hu, X. Cao, Z.L. Wang, Adv. 
Energy Mater. 7, 1602397 (2017)
12.  L. Xu, T. Jiang, P. Lin, J.J. Shao, C. He, W. Zhong, X.Y. Chen, Z.L. Wang, ACS Nano 
12, 1849 (2018)
13.  Z.L. Wang, Mater. Today 20, 74 (2017)
14.  Y. Zi, H. Guo, Z. Wen, M.-H. Yeh, C. Hu, Z.L. Wang, ACS Nano 10, 4797 (2016)
15.  Z.L. Wang, Nano Energy 58, 669 (2019)
16.  Z.L. Wang, Faraday Discuss. 176, 447 (2014)
17.  Z.L. Wang, Nature 542, 159 (2017)
18.  L. Xu, Y.K. Pang, C. Zhang, T. Jiang, X.Y. Chen, J.J. Luo, W. Tang, X. Cao, Z.L. Wang, 
Nano Energy 31, 351 (2017)
19.  L. Xu, T.Z. Bu, X.D. Yang, C. Zhang, Z.L. Wang, Nano Energy 49, 625 (2018)
20.  X. Liang, T. Jiang, G.X. Liu, T.X. Xiao, L. Xu, W. Li, F.B. Xi, C. Zhang, Z.L. Wang, Adv. 
Funct. Mater. 29, 1807241 (2019)
21.  T. Jiang, H. Pang, J. An, P.J. Lu, Y.W. Feng, X. Liang, W. Zhong, Z.L. Wang, Adv. 
Energy Mater. 10, 2000046 (2020)
22.  H.M. Wang, L. Xu, Y. Bai, Z.L. Wang, Nat. Commun. 11, 4203 (2020)
23.  C. Zhang, L. Zhou, P. Cheng, D. Liu, C. Zhang, X. Li, S. Li, J. Wang, Z.L. Wang, Adv. 
Energy Mater. 11, 2003616 (2021)
24.  Z. Lin, B. Zhang, Y. Xie, Z. Wu, J. Yang, Z.L. Wang, Adv. Funct. Mater. 31(40), 
2105237 (2021)
25.  W. Yuan, B. Zhang, C. Zhang, O. Yang, Y. Liu, L. He, L. Zhou, Z. Zhao, J. Wang, Z.L. 
Wang, One Earth 5, 1055 (2022)
26.  X.N. Wen, W.Q. Yang, Q.S. Jing, Z.L. Wang, ACS Nano 8, 7405 (2014)
27.  T. Jiang, L.M. Zhang, X.Y. Chen, C.B. Han, W. Tang, C. Zhang, L. Xu, Z.L. Wang, 
ACS Nano 9, 12562 (2015)
28.  X. Yang, L. Xu, P. Lin, W. Zhong, Y. Bai, J.J. Luo, J. Chen, Z.L. Wang, Nano Energy 
60, 404 (2019)



Nanogenerators for blue energy

MRS BULLETIN  •  VOLUME 50 •  APRIL 2025  •  mrs.org/bulletin               9

29.  C. Rodrigues, M. Ramos, R. Esteves, J. Correia, D. Clemente, F. Gonçalves, N. 
Mathias, M. Gomes, J. Silva, C. Duarte, T. Morais, P. Rosa-Santos, F. Taveira-Pinto, A. 
Pereira, J. Ventura, Nano Energy 84, 105890 (2021)
30.  D.Y. Kim, H.S. Kim, D.S. Kong, M. Choi, H.B. Kim, J.H. Lee, G. Murillo, M. Lee, S.S. 
Kim, J.H. Jung, Nano Energy 45, 247 (2018)
31.  C. Zhang, L. He, L. Zhou, O. Yang, W. Yuan, X. Wei, Y. Liu, L. Lu, J. Wang, Z.L. Wang, 
Joule 5, 1613 (2021)
32.  G. Zhu, Y.J. Su, P. Bai, J. Chen, Q.S. Jing, W.Q. Yang, Z.L. Wang, ACS Nano 8, 
6031 (2014)
33.  X. Yang, S. Chan, L. Wang, W.A. Daoud, Nano Energy 44, 388 (2018)
34.  Q. Shi, H. Wang, H. Wu, C. Lee, Nano Energy 40, 203 (2017)
35.  W.H. Xu, H.X. Zheng, Y. Liu, X.F. Zhou, C. Zhang, Y.X. Song, X. Deng, M. Leung, Z.B. 
Yang, R.X. Xu, Z.L. Wang, X.C. Zeng, Z.K. Wang, Nature 578, 392 (2020)
36.  H. Gu, N. Zhang, Z. Zhou, S. Ye, W. Wang, W. Xu, H. Zheng, Y. Song, Z. Wang, X. 
Zhou, Nano Energy 84, 106218 (2021)
37.  T. Jiang, Y. Yao, L. Xu, L. Zhang, T. Xiao, Z.L. Wang, Nano Energy 31, 560 (2017)
38.  T.X. Xiao, X. Liang, T. Jiang, L. Xu, J.J. Shao, J.H. Nie, Y. Bai, W. Zhong, Z.L. Wang, 
Adv. Funct. Mater. 28, 1802634 (2018)
39.  Z.M. Lin, B.B. Zhang, H.Y. Guo, Z.Y. Wu, H.Y. Zou, J. Yang, Z.L. Wang, Nano Energy 
64, 103908 (2019)
40.  J. Wang, C. Wu, Y. Dai, Z. Zhao, A. Wang, T. Zhang, Z.L. Wang, Nat. Commun. 8, 
88 (2017)
41.  P. Cheng, H. Guo, Z. Wen, C. Zhang, X. Yin, X. Li, D. Liu, W. Song, X. Sun, J. Wang, 
Z.L. Wang, Nano Energy 64, 432 (2019)
42.  P. Chen, J. An, S. Shu, R. Cheng, J. Nie, T. Jiang, Z.L. Wang, Adv. Energy Mater. 
11, 2003066 (2021)
43.  J. Han, Y. Liu, Y. Feng, T. Jiang, Z.L. Wang, Adv. Energy Mater. 13, 2203219 (2023)
44.  X. Wang, C. Ye, P. Chen, H. Pang, C. Wei, Y. Duan, T. Jiang, Z.L. Wang, Adv. Funct. 
Mater. 34, 2311196 (2024)
45.  Y. Feng, J. Han, M. Xu, X. Liang, T. Jiang, H. Li, Z.L. Wang, Adv. Energy Mater. 12, 
2103143 (2022)
46.  P. Chen, Y. Luo, R. Cheng, S. Shu, J. An, A. Berbille, T. Jiang, Z.L. Wang, Adv. Energy 
Mater. 12(33), 2201813 (2022)
47.  X. Wang, L. Chen, Z. Xu, P. Chen, C. Ye, B. Chen, T. Jiang, Z. Hong, Z.L. Wang, 
Small 20, 2310809 (2024)
48.  Z. Xu, L. Chen, Z. Zhang, J. Han, P. Chen, Z. Hong, T. Jiang, Z.L. Wang, Small 20, 
2307288 (2024)
49.  Z. Lin, B. Zhang, H. Zou, Z. Wu, H.Y. Guo, Y. Zhang, J. Yang, Z.L. Wang, Nano Energy 
68, 104378 (2020)
50.  H.Y. Guo, Z. Wen, Y.L. Zi, M.H. Yeh, J. Wang, L.P. Zhu, C.G. Hu, Z.L. Wang, Adv. 
Energy Mater. 6, 1501593 (2016)
51.  Z. Wen, H.Y. Guo, Y.L. Zi, M.H. Yeh, X. Wang, J.A. Deng, J. Wang, S.M. Li, C.G. Hu, 
L.P. Zhu, Z.L. Wang, ACS Nano 10, 6526 (2016)
52.  B. Zhao, Z. Li, X. Liao, L. Qiao, Y. Li, S. Dong, Z. Zhang, B. Zhang, Nano Energy 
89, 106381 (2021)
53.  Y. Feng, X. Liang, J. An, T. Jiang, Z.L. Wang, Nano Energy 81, 105625 (2021)
54.  W. Liu, L. Xu, T. Bu, H. Yang, G. Liu, W. Li, Y. Pang, C. Hu, C. Zhang, T. Cheng, Nano 
Energy 58, 499 (2019)
55.  X. Li, L. Xu, P. Lin, X. Yang, H. Wang, H. Qin, Z.L. Wang, Energy Environ. Sci. 16(7), 
3040 (2023)
56.  F.B. Xi, Y.K. Pang, W. Li, T. Jiang, L.M. Zhang, T. Guo, G.X. Liu, X. Cao, Z.L. Wang, 
Nano Energy 37, 168 (2017)
57.  S.M. Niu, X.F. Wang, F. Yi, Y.S. Zhou, Z.L. Wang, Nat. Commun. 6, 8975 (2015)
58.  H. Hou, Q. Xu, Y. Pang, L. Li, J. Wang, C. Zhang, C. Sun, Adv. Sci. 4, 1700072 (2017)
59.  X. Liang, T. Jiang, G. Liu, Y. Feng, C. Zhang, Z.L. Wang, Energy Environ. Sci. 13, 
277 (2020)
60.  X. Liang, T. Jiang, Y. Feng, P. Lu, J. An, Z.L. Wang, Adv. Energy Mater. 10, 2002123 
(2020)
61.  X. Liang, S. Liu, Z. Ren, T. Jiang, Z.L. Wang, Adv. Funct. Mater. 32, 2205313 (2022)
� ⃞

Publisher′s note 
Springer Nature remains neutral with regard to jurisdictional claims in published 
maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights 
to this article under a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article is solely 
governed by the terms of such publishing agreement and applicable law.

Zhong Lin Wang  is the director of the Beijing 
Institute of Nanoenergy and Nanosystems, 
China, and Regents’ Professor at the Georgia Insti-
tute of Technology. He pioneered nanogenerators 
from fundamental science to technological appli-
cations. His research on self-powered nanosys-
tems has inspired the worldwide efforts in aca-
demia and industry for studying energy for 
micro-nanosystems. He coined and pioneered the 
fields of piezotronics and piezo-phototronics for 
third-generation semiconductors. He is ranked 
second among 100,000 scientists across all fields 
worldwide. His Google scholar citation is more 
than 460,000 with an h-index of 325. He has 
received the Global Energy Prize (2023); Albert 

Einstein World Award of Science (2019); Diels-Planck-Lecture Award (2019); and the Eni 
Award in Energy Frontiers (2018). Wang can be reached by email at zlwang@gatech.edu.

Tao Jiang  is a professor at the Beijing Institute 
of Nanoenergy and Nanosystems, Chinese 
Academy of Sciences, China. He received his BS 
and PhD degrees in the School of Materials Sci-
ence and Engineering from East China University 
of Science and Technology, China, in 2008 and 
2014, respectively. After graduation, he joined 
Beijing Institute of Nanoenergy and Nanosys-
tems as a postdoctoral fellow. His research 
interests include the theoretical studies of tribo-
electric nanogenerators, and applications of 
TENGs in blue energy harvesting. Jiang can be 
reached by email at jiangtao@binn.cas.cn.

Tianwei Ma  is a professor and the inaugural 
dean of the College of Engineering and Com-
puter Science at the Texas A&M University-
Corpus Christi  (TAMU-CC). He holds a PhD 
degree in mechanical egineering, double MS 
degrees in electrical and computer engineering, 
and mechanical engineering, and a BS degree 
in naval architecture. Before joining TAMU-CC, 
he was a faculty member in civil engineering at 
the University of Hawaii, where he later served 
as the associate dean for the College of Engi-
neering. His research interests span a wide 
spectrum of engineering disciplines, including 
structural control, smart sensing and bridge 
monitoring, renewable energy, and smart trans-

portation systems. He is also the founding chair of the Board of Directors of the Hawaii 
Autonomous Vehicle Institute, and an academic advisor for the Center for Emerging 
Energies. Ma can be reached by email at david.ma@tamucc.edu.

Rusen Yang  is a professor and vice dean of 
the School of Advanced Materials and Nano-
technology at Xidian University, China. He 
received his PhD degree from the Georgia Insti-
tute of Technology, and later he worked at the 
University of Minnesota, where he was elected 
as a McKnight Land-Grant Professor in 2013. 
His work on bioinspired functional materials and 
energy-harvesting technology has been recog-
nized with  a National Science Foundation 
CAREER Award, 3M Non-Tenured Faculty Award, 
and the  Nano Energy Award. Yang can be 
reached by email at rsyang@xidian.edu.cn. 


	Nanogenerators for blue energy
	Anchor 2
	Introduction
	Development venation of TENG technology in blue energy harvesting
	Structural design and performance optimization of TENGs for blue energy
	TENG structures for blue energy harvesting
	Output performance optimization of TENGs
	Device efficiency and durability enhancement
	Hybrid energy-harvesting technologies

	Construction of TENG networks and system integration
	Networking of TENG units for large-scale blue energy
	Power management of the TENGs and networks for blue energy

	Summary and perspectives
	Acknowledgments 
	References


