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Recent Progress in Flow Energy Harvesting and Sensing
Based on Triboelectric Nanogenerators

Mengwei Wu, Chuanging Zhu, Jicang Si, Hao Wang,* Minyi Xu,* and Jianchun Mi*

Triboelectric nanogenerators (TENGs), as a novel energy harvesting
technology, have attracted increasing attention. This review paper focuses on
the application of TENGs in flow energy harvesting and self-powered flow
sensing systems, as well as the latest research progress in this field. First, the
working principle of TENG is introduced in detail, including the electrification
mechanism and four basic working modes. Subsequently, the common
applications of TENG-based flow energy harvesting are systematically
classified and summarized. In addition, the designs and principles for
harnessing wind energy, wave energy, water flow energy, and droplet energy
are illustrated individually. Furthermore, the common applications of TENG in
flow sensing are elucidated, involving flow velocity and direction, flow rate
measurement, respiration monitoring, water level, and wave motion
monitoring. Finally, the current challenges in this field, such as the stability of
TENG performance, scalability and integration, environmental impact and
durability, etc., are discussed and future research directions, such as
developing new TENG materials and designing more high-efficiency TENG
structure, are proposed. It is hoped that this review paper can actively
promote the research and application of TENGs and contribute to the

development of this field.

1. Introduction

In recent decades, the extensive adoption of microelectronic de-
vices has profoundly transformed human life and work, provid-
ing unparalleled convenience and a myriad of new functional-
ities. This revolution has been further accelerated by the rapid
advancement of the Internet of Things (IoT) technology, which
has led to an ever-growing demand for energy-efficient solutions,
sustainable energy sources, and advanced wireless communica-
tion technologies. As a result, research on pioneering energy
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harvesting techniques has gained
paramount importance as a response to
these emerging needs.'! Triboelectric
nanogenerators (TENGs) have risen to
prominence as a state-of-the-art energy
harvesting technology, attracting sig-
nificant attention from researchers and
industry professionals worldwide.[>"]
This interest arises from the exceptional
energy density and self-powered capa-
bilities of TENGs. In addition, their
environmentally friendly characteristics
align with the global push toward sustain-
ability and green energy solutions.[®10]
The development of TENGs has been
bolstered by several factors. These in-
clude the rising dependence on portable
electronic devices and the expansion of
IoT networks. Awareness of the envi-
ronmental impact of traditional energy
generation methods is also growing.
As microelectronics continue to per-
meate various aspects of modern life,
TENGs have the potential to become a
vital component in meeting the energy
demands of these devices, further fueling
innovation and promoting sustainable development. Over recent
years, TENGs have achieved substantial progress in a diverse
range of applications,!'*] including wearable devices,!''"1%] self-
powered sensor networks, 2% intelligent home systems,21-%°]
and more. This progress highlights the versatility and poten-
tial of TENG technology in catering to the energy needs of var-
ious emerging technologies. However, the majority of existing
TENG systems primarily focus on harvesting energy from sim-
ple or periodic mechanical motions, such as vibrations or human
movements.[26-301 Ag a result, the potential of TENGs in captur-
ing and sensing flow energy within fluid media remains largely
untapped and presents a significant challenge for researchers
and engineers.

Flow energy, which is generated by the movement of fluid me-
dia, represents a vast and underutilized energy source that can
be found in numerous natural and industrial processes.[>1-33]
In an effort to harness this continuous flow of energy, vari-
ous large-scale wind turbines and hydropower plants have been
constructed worldwide, providing indispensable energy support
for human productivity, daily life, and economic growth.[3*38]
These renewable energy sources have contributed significantly
to the global energy mix, helping reduce the dependence on fos-
sil fuels and promoting sustainable development. However, such

© 2023 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202300919&domain=pdf&date_stamp=2023-08-07

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

large-scale installations typically require higher flow field
strength and stability, which often leads to a more centralized and
location-dependent approach to energy generation.***!l This re-
liance on specific environmental conditions and infrastructure
can result in relatively inefficient installations for remote regions
or outdoor monitoring equipment. In such areas, the availabil-
ity and accessibility of consistent flow field strength and stabil-
ity may be limited. Moreover, the installation, maintenance, and
operation costs associated with these large-scale systems can be
prohibitive, particularly for smaller-scale applications or in ar-
eas with limited resources.***! Therefore, there is a growing
need for decentralized, flexible, and efficient energy harvesting
technologies that can adapt to various flow conditions and en-
vironments. With the ability to capture energy from various me-
chanical motions, distributed and low-cost, TENGs can play a key
role in addressing these challenges and harnessing the poten-
tial of flow energy for a more sustainable future. By tackling the
challenges related to capturing flow energy from fluid media, re-
searchers can enhance the efficiency, versatility, and potential of
TENGs. This, in turn, contributes to the advancement of innova-
tive and environmentally friendly energy harvesting technologies
for diverse industries and applications. In the face of the limita-
tions posed by current large-scale installations, these emerging
energy harvesting technologies have the potential to significantly
broaden the applications of streaming energy. They can enable
more widespread and efficient utilization in remote areas, out-
door monitoring devices, and other emerging technologies.[*6-]

In the context of the IoT era, the development and prolifera-
tion of microdevices and IoT technology are faced with consid-
erable challenges, particularly in terms of energy management
and sustainability. With the exponential growth in the number of
interconnected devices, there is a rising demand for energy so-
lutions that are efficient, reliable, and environmentally friendly.
These solutions need to power the devices and ensure their
optimal performance. Integrating TENG technology to harvest
the flow energy that is abundantly present in the environment
presents a promising opportunity to address these challenges
and create sustainable energy solutions for the ever-expanding
I0T landscape.’>8 By capturing and converting flow energy
into usable electrical power, TENGs can enable distributed de-
vices to operate autonomously and without reliance on traditional
power sources, such as batteries or grid connections. This self-
powered capability not only reduces the environmental impact
and maintenance requirements associated with battery-powered
devices but also enhances the flexibility and scalability of IoT sys-
tems, making them more adaptable to various applications and
environments.>-%3 Moreover, by leveraging the unique proper-
ties of TENGs, researchers and engineers can develop innova-
tive energy harvesting techniques that take advantage of the vast
untapped potential of flow energy. These advances could lead to
the creation of new, sustainable energy solutions that are bet-
ter suited to meet the demands of the IoT era. Ultimately, this
can promote greater energy efficiency, reducing greenhouse gas
emissions and fostering a more sustainable future for all.

The air we breathe and the water we drink are both fluids,
which play an exceedingly crucial role not only in sustaining
our life but also in various production activities and daily rou-
tines. Fluid dynamics are integral to numerous natural phenom-
ena and industrial processes, and understanding the character-
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istics of fluid flow is essential for optimizing efficiency, safety,
and sustainability in many applications. Moreover, the fluid flow
state often contains valuable information that, if captured and
monitored in real time, could yield tremendous economic and
safety benefits across various industries and sectors.[**7%] Real-
time monitoring of fluid flow characteristics, such as flow ve-
locity, flow rate, pressure, and turbulence, can enable informed
decision-making, enhance process control, and facilitate predic-
tive maintenance.!%! For instance, in hydropower, wind power,
and oil extraction industries, real-time monitoring of flow veloc-
ity and flow rate is of paramount importance for maximizing en-
ergy efficiency and optimizing operational parameters.l”278] Ac-
curate and timely measurements of fluid flow can help identify
bottlenecks, predict equipment failures, and improve overall sys-
tem performance. These improvements result in cost savings,
environmental sustainability, and enhanced safety.”*#1] By har-
nessing the power of data-driven insights and innovative tech-
nologies, such as TENGs and IoT devices, we can unlock the full
potential of fluid flow information and create more sustainable,
efficient, and resilient energy systems for the future. Despite the
availability of numerous commercial sensors for various applica-
tions, they often come with drawbacks. These include high man-
ufacturing costs and the need for external power sources to sus-
tain their operation.!®2#3] The reliance on external power supplies
not only leads to periodic replacements and costly maintenance
but also increases the environmental footprint. The disposal of
large quantities of batteries presents significant risks to the en-
vironment due to their hazardous components and associated
waste management challenges.

By leveraging the innovative TENG technology, self-powered
sensing can be realized, consequently reducing operating ex-
penses, minimizing maintenance requirements, and safeguard-
ing the environment.#"l Implementing TENG-based sensors
eliminates the need for traditional power sources, such as bat-
teries or grid connections, and allows devices to operate au-
tonomously by harvesting energy directly from their surround-
ings. This approach not only enhances the sustainability of sen-
sor networks but also increases their adaptability and scalabil-
ity, enabling their deployment in remote or hard-to-reach loca-
tions where conventional power sources are not feasible."-1 As
TENG technology continues to advance and mature, its expanded
implementation across various industries and applications could
unlock a new era of sustainable, efficient, and eco-friendly energy
solutions. By integrating TENGs into the next generation of sens-
ing devices, researchers and engineers can unlock the untapped
potential of environmental energy sources. This integration will
pave the way for innovative self-powered systems that are well-
equipped to meet the escalating demands of our interconnected
and resource-conscious world.

In light of the aforementioned background, the primary objec-
tive of this review article is to provide an overview of the classi-
fications and advancements of flow energy harvesting and sens-
ing technologies based on TENGs, the main content is shown in
Figure 1. We will discuss the principles and structural designs
behind TENGs, as well as their various applications in flow en-
ergy harvesting and self-powered flow sensing. This review is
structured into the following sections: Section 2 introduces the
working principles of TENGs, including the triboelectric effect
and electrostatic induction, along with the contact-separation and

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AI1Ie81D Bedldde au Aq peusenob aJe ssppie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUB-SWLRIW0D A3 1M ARe.d 1 [euljuo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/80/20] Uo ArligiTauluo A8|IM ‘YeeH AisieAlun Buppd Aq 6T600€202 IWPe/Z00T OT/I0p/W0D A8 |IM Aseiq iUl Uo//:Sd1y WOy papeojuMoq ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

Figure 1. Overview diagram of TENG-based flow energy harvesting and sensing.

charge transfer mechanisms. Section 3 presents the applications
of TENGs in flow energy harvesting, covering wind energy, wave
and water flow energy, and droplet energy harvesting. Section 4
delves into self-powered flow sensing applications using TENGs,
such as flow velocity sensors, flow rate sensor, water level and
wave motion monitoring, and respiration monitoring. Finally,
Section 5 provides a summary of the current challenges and fu-
ture research directions for TENG-based flow energy harvesting
and sensing technologies. These include enhancing output per-
formance and conversion efficiency, improving material durabil-
ity and device stability, miniaturization and system integration,
as well as developing self-powered flow sensing networks based
on TENGs.

2. Theoretical Background and Working Principles
of TENGs

To better understand the potential of TENGs in flow energy har-
vesting and sensing applications, it is essential to have a clear
understanding of their theoretical background and working prin-
ciples. In this section, we will discuss the fundamental concepts,
mechanisms, and basic modes of TENG.
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2.1. Fundamental Concepts and Mechanisms

TENGs are a type of energy harvesting device that converts me-
chanical energy into electrical energy based on the coupling of tri-
boelectric effect and electrostatic induction.**%% Triboelectrifica-
tion or contact electrification is an ancient physical phenomenon
that was discovered as early as 2600 years ago in ancient Greek
civilization. Despite being discovered long ago, the exact mecha-
nism behind triboelectrification is not completely clear.[””=°] Re-
cently, the electron cloud/potential model proposed by Wang pro-
vides a comprehensive understanding of the triboelectrification
effect.'%) As shown in Figure 2a, according to this model, before
two materials come into contact, the electron clouds of the two
materials remain separated without overlap, and the potential
well binds the electrons to prevent them from escaping. When
the two materials come into contact, the electron clouds overlap
to form ionic or covalent bonds due to the physical contact, re-
sulting in the initial single potential changing to an asymmetric
double-well potential (Figure 2b). As the strong electron clouds
overlap, the energy barrier between the two atoms is lowered, and
electrons can be transferred from one to the other, leading to tri-
boelectrification. Figure 2c shows a general representation of the
interactions between atoms. For two atoms that form a chemical
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Figure 2. The electron cloud and potential energy distribution maps (3D and 2D) of two atoms, respectively belonging to materials A and B, are shown
when they are: a) before contact and b) in contact, c) the interatomic potential between two atoms and the force acting between them when they are in an
equilibrium position. b1-b3) The detailed description of (b) indicates that the increased electron cloud overlaps result in a lower potential barrier between
the two atoms, leading to interatomic electron transitions and possible photon emission. Adapted with permission.['%] Copyright 2019, Elsevier.

bond, it means that there is some overlap of electron clouds or
wave functions, establishing an equilibrium distance known as
bond length or interatomic distance. When the two materials are
separated, the transferred electrons will remain on the surface
of the materials. The triboelectric charges produced by the con-
tact and separation of two different dielectric materials create a
potential difference due to their different electron affinity, result-
ing in the production of an alternating electrical current in the
external circuit through the coupling of triboelectrification and
electrostatic induction. This principle is the basis for the opera-
tion of TENGs, which can convert various mechanical energies,
such as vibration, bending, and rotation, into electrical energy.
In summary, triboelectrification/contact electrification is a
phenomenon that involves the transfer of electrons between
two materials in contact and their separation. The electron
cloud/potential model proposed by Wang provides a comprehen-
sive understanding of the triboelectrification effect, which in-
volves the overlap of electron clouds, the lowering of energy bar-
riers, and the transfer of electrons. TENGs operate based on the
coupling of triboelectrification and electrostatic induction, which
can convert various mechanical energies into electrical energy.

2.2. Basic Modes of TENG

TENGs can be classified into four primary modes of operation
based on the configuration and movement of the triboelectric ma-
terials and electrodes (as shown in Figure 3). Each mode offers
specific advantages and can be tailored to suit various flow energy
harvesting and sensing applications.!10-1%7]

Vertical contact-separation mode (Figure 3a): In this mode, the
triboelectric materials are in direct contact, and their separation
and subsequent re-contact generate the electric potential. The
electrodes are placed on the back sides of the triboelectric ma-
terials, and the electric current flows between them during the
contact-separation process. This mode is suitable for harvesting
energy from linear motion or oscillatory motion, such as cylinder-
based or flapping-based TENGs.[101:102]

Lateral sliding mode (Figure 3b): In the lateral sliding mode,
the triboelectric materials slide against each other, creating a
lateral displacement of the surface charges. The electrodes are
placed on the back sides of the triboelectric materials, and the
electric current flows between them during the sliding process.
This mode can be utilized for harvesting energy from sliding or
rotational motion.[103:104]

Freestanding triboelectric-layer mode (Figure 3c): In the free-
standing triboelectric-layer mode, a single layer of triboelectric
material is sandwiched between two electrodes. The electric po-
tential is generated by the deformation of the triboelectric layer
and the subsequent change in the capacitance between the elec-
trodes. This mode can be applied for harvesting energy from var-
ious types of motion, such as linear, oscillatory, or rotational mo-
tion, as well as for sensing applications.[1%:106]

Single-electrode mode (Figure 3d): In this mode, only one elec-
trode is used, and it is placed on one of the triboelectric materials.
The other material acts as the counter electrode. The electric po-
tential is generated by the contact and separation between the tri-
boelectric materials, and the electric current flows between the
electrode and the ground (or a reference electrode) during

Adv. Mater. Technol. 2023, 2300919 2300919 (4 of 24) © 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AI1Ie81D Bedldde au Aq peusenob aJe ssppie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUB-SWLRIW0D A3 1M ARe.d 1 [euljuo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/80/20] Uo ArligiTauluo A8|IM ‘YeeH AisieAlun Buppd Aq 6T600€202 IWPe/Z00T OT/I0p/W0D A8 |IM Aseiq iUl Uo//:Sd1y WOy papeojuMoq ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

(a) Vertical contact-separation

(c) Freestanding
—

| e
N —J

www.advmattechnol.de

(b) Contact-sliding

& (d) Single-electrode

H R

1

Figure 3. Basic modes of operation of triboelectric nanogenerators. a) The vertical contact-separation mode (V-CS). b) The contact-sliding mode (CS).

c) The freestanding mode (FT). d) The single-electrode mode (SE).

the process. This mode can be employed for harvesting energy
from various types of motion, such as linear, oscillatory, rotational
motion, or droplet sliding.[*?7:108]

In conclusion, the underlying working principles and diverse
modes of operation of TENGs offer a versatile platform for de-
signing and customizing devices to suit a myriad of flow energy
harvesting and sensing applications. By carefully selecting the
most suitable mode and meticulously optimizing the arrange-
ment of the triboelectric materials and electrodes, researchers
and engineers can create TENG-based devices that boast high
efficiency and sensitivity, catering to a broad spectrum of appli-
cations. This adaptability enables TENG technology to address
pressing energy and sensing needs across various industries and
environments, paving the way for a more sustainable and con-
nected future. As research continues to advance in this field, we
can anticipate further breakthroughs and innovations that will
expand the potential of TENGs, contributing to the development
of smarter, greener, and more efficient technologies.

Flow energy

Water flow

Figure 4. Schematic of flow energy harvesters and application.

Adv. Mater. Technol. 2023, 2300919

Harvesters

Triboelectric
Nanogenerator
(TENG)

2300919 (5 of 24)

3. Flow Energy Harvesting Applications

TENGs have exhibited exceptional potential in a diverse array of
flow energy harvesting applications, harnessing renewable en-
ergy sources to power small electronic devices and sensors. In
this section, we discuss some TENG-based flow energy harvest-
ing and applications (Figure 4). Flow energy includes wind en-
ergy, wave and current energy, and droplet energy. The essence of
these flowing energies is kinetic energy, which can be converted
into electrical energy by using TENG, and finally distributed
TENGs provide sustainable and environmentally friendly solu-
tions for remote sensors, small electronic devices, and Internet
of Things applications.

3.1. Wind Energy Harvesting

Wind energy is a form of renewable energy that harnesses the
power of wind to generate electricity. It is a clean, sustainable,
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Figure 5. Triboelectric wind energy harvesting device. a) Rotating turbine structure energy harvester. Adapted with permission.['%] Copyright 2021,
Elsevier. b) Vortex-induced vibration energy harvester. Adapted with permission.['*] Copyright 2022, Elsevier. Copyright 2016, American Chemical Society.
d) Cavity type flexible flag type. Adapted with permission.l’'8] Copyright 2022, Elsevier. ) Swing-type energy harvester. Adapted with permission.[123]
Copyright 2019, Elsevier. e) Flexible flag energy harvester. Adapted with permission.['"7] Copyright 2016, American Chemical Society. f) Energy harvester
cut-in wind speed comparison. Adapted with permission.l'?4] Copyright 2023, Wiley-VCH GmbH.

and abundant source of energy that has been utilized by humans
for centuries, dating back to the use of windmills for grinding
grains and pumping water. In modern times, wind energy is pri-
marily harnessed using wind turbines, which are large structures
consisting of a tower, rotor, and blades. As the wind blows, it
causes the blades to rotate, which in turn spins the rotor. This me-
chanical motion is then converted into electrical energy through
the use of a generator. Despite these advantages, wind energy
also faces some challenges, such as intermittency (wind is not
always blowing), visual and noise impacts, and potential harm to
wildlife. TENGs with the characteristics of small size, distributed,
and low noise have been extensively studied for wind energy
harvesting due to their ability to convert the kinetic energy of
wind into electrical energy. Various designs have been proposed
to maximize the efficiency and output of TENG-based wind en-
ergy harvesting systems, including rotating wind turbines,[1%-112]
vortex-induced vibration (VIV),[113116] and fluttering flags.[*1-122]
Each design has unique advantages and challenges, which are
briefly described below.
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3.1.1. Rotating Wind Turbines

A TENG-based rotating wind turbine utilize the principles of
the triboelectric effect to generate electricity from the rotation of
wind turbine blades.'®!'2] In such a design, the blades would
be coated with materials having different triboelectric properties.
As the wind causes the blades to rotate, these materials come
into contact and separate, creating a charge transfer between
them. This continuous charging and discharging process gen-
erates an electric current that can be harvested and used for var-
ious applications. As shown in Figure 5a, a breeze-driven tribo-
electric nanogenerator (BD-TENG) that can provide energy for
smart agricultural production systems is demonstrated.'®! It
consists of a wind scoop, coupler, rotor, stator, and casing. The
wind scoop collects natural wind, driving the FEP film to gen-
erate sliding friction with copper electrodes. Consequently, the
BD-TENG achieves the conversion of natural wind energy into
electrical energy. The four working states during the power gen-
eration process are also illustrated in the figure The FEP film is
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an electronegative material, and copper is an electropositive ma-
terial. When they come into contact, electrons on the copper-1
surface transfer to the FEP film surface according to the triboelec-
tric principle [as shown in Figure 5a(i)]. In Figure 5a(ii), the FEP
film gradually slides toward copper-2. During this process, elec-
trons transfer from the copper-2 surface to copper-1, generating a
current in the opposite direction in the external circuit. As shown
in Figure 5a(iii), the FEP film is entirely attached to copper-2, and
the electrons on the copper-2 surface are completely transferred.
As illustrated in Figure 5a(iv), when the FEP film gradually slides
toward copper-1, electrons on the copper-1 surface transfer to the
copper-2 surface, generating a current in the opposite direction in
the external circuit. When the FEP film separates from copper-2
again, one electron transfer cycle is completed. The idea of incor-
porating TENGs into wind turbines is promising because it has
the potential to improve energy harvesting efficiency and provide
an alternative means of electricity generation. The integration of
TENG technology with traditional wind turbines could also result
in hybrid systems that make use of both electromagnetic genera-
tors and triboelectric nanogenerators to optimize energy produc-
tion and reduce the impact of intermittency associated with wind
energy. However, TENG-based wind turbines are still in the early
stages of research and development. More studies and practical
demonstrations are needed to assess their feasibility, efficiency,
and long-term performance in real-world applications.

3.1.2. Vortex-Induced Vibration

Energy harvesting from cylindrical VIV using TENGs is an
emerging approach that holds great promise for harnessing
flow energy from fluid-induced vibrations.['13-11¢] Ag illustrated
in Figure 5b, a cylinder is connected to the TENG using a
stretched spring, and when the cylinder is subjected to lateral
wind flow, it acts as an oscillator, converting wind energy into
kinetic energy.'*l The TENG then takes responsibility for trans-
forming the kinetic energy into electrical energy through the pe-
riodic contact and separation behavior between the two electrode
plates. Based on this conceptual design, VIV-TENG can cap-
ture wind energy from the surrounding environment to power
a wireless sensor network (WSN) deployed in remote areas. This
method offers several advantages, including the ability to harvest
energy from various types of fluids (air, water, etc.) and a wide
range of flow velocities. Furthermore, the cylindrical VIV-based
TENGsS can be designed to be self-adaptive, as their output is nat-
urally modulated by the flow conditions. However, challenges re-
main in terms of optimizing the TENG materials, design, and
fabrication for improved efficiency, robustness, and durability
under various environmental conditions. Future research efforts
should focus on addressing these challenges to fully exploit the
potential of cylindrical VIV-based TENGs for flow energy harvest-
ing applications.

3.1.3. Fluttering Flags
In flag-based TENGs, two different friction materials are typically

used to create a friction layer, which can be formed into a flag by
weaving the two materials together (as shown in Figure 5¢),11'] or
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by directly bonding the edges of the two materials to form a flag.
Another form is the structure shown in Figure 5d, where a flexi-
ble flag is placed inside a cavity.''8] When the flag flutters in the
wind, the two friction layers repeatedly come into contact and sep-
arate, resulting in charge transfer between the layers due to the
triboelectric effect. The charges are then collected by electrodes
to generate a current that can be collected and utilized.['V7-122]
Flag-based TENGs can be deployed in various environments, in-
cluding urban areas, where space limitations and turbulent wind
patterns may reduce the efficiency or impracticality of traditional
wind turbines. In addition, compared to traditional wind tur-
bines, flag-based TENGs have fewer moving parts, which may
reduce maintenance requirements and costs. However, it should
be noted that this technology is still in the early stages of devel-
opment and its output performance is often influenced by wind
speed and direction. Therefore, further research on materials, de-
sign optimization, and practical applications is necessary to im-
prove the feasibility and efficiency of flag-based TENGs. If suc-
cessful, this technology could provide an innovative and com-
plementary approach to harvesting wind energy alongside tradi-
tional wind turbines.

3.1.4. Other Structures

In addition to the three mainstream methods for wind energy
harvesting mentioned above, there are many other structures
proposed.['27128] Figure 5e shows a swing-type TENG, in which
the oscillation of the ball under the action of wind drives the in-
ternal pendulum to contact and separate from the internal dif-
ferent electrodes.l'?] In order to collect wind energy more effi-
ciently, many studies have been conducted to enable energy col-
lection even under light winds. Li et al.l'"* proposed a leaf-like
triboelectric nanogenerator (LL-TENG), which utilizes the con-
tact electrification phenomenon caused by the damping forced
vibration of the topology-optimized structure. The structure con-
sists of a flexible blade, a vein-bearing plate, and a balance block
(the last device in Figure 5f). It solves the problem of reduced out-
put due to electrostatic adsorption between blade surfaces, and
reduces the cut-in (0.2 m s7!) and rated wind speed (2.5 m s71).
The starting wind speeds for common methods are summarized
in Figure 5£[109,113,118,124—129]

These devices can be implemented in large-scale wind farms,
urban environments, or even portable electronics for self-
powering applications. TENG-based wind energy harvesting sys-
tems offer advantages such as low-cost fabrication, high effi-
ciency, and the ability to work in low-wind-speed conditions, mak-
ing them a promising alternative or supplement to traditional
wind turbines. Moreover, TENGs can be integrated with other
renewable energy technologies, such as solar panels, to create
hybrid energy harvesting systems for more efficient and reliable
power generation.

3.2. Wave and Water Flow Energy Harvesting
Wave and water flow energy are two types of renewable energy

sources that harness the power of water to generate electricity.
Both forms of energy make use of the kinetic and potential energy
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Figure 6. Triboelectric wind energy harvesting device. a) Integrated design, no moving parts device. Adapted with permission.['3] Copyright 2014,
American Chemical Society. b) Water flow energy harvester imitating seaweed. Adapted with permission.['32] Copyright 2021, American Chemical Society.
c) A wavy TENG integrated into a floating dodecahedron. Adapted with permission.['3%] Copyright 2016, Elsevier. d) Buoy type wave energy harvester.
Adapted with permission.l'3¢] Copyright 2018, Wiley-VCH GmbH. e) Rolling Nylon ball type TENG. Adapted with permission.['3”] Copyright 2015, Wiley-
VCH GmbH. f) Small ball packaged wave energy harvester. Adapted with permission.['3] Copyright 2019, Elsevier. g) Parallel form of large-scale power
generation. Adapted with permission.l3°-11] Copyright 2019, American Chemical Society; Copyright 2017, Elsevier; Copyright 2018, Elsevier.

in water to produce clean, sustainable power. Waves are formed
by the wind blowing over the surface of the ocean, transferring
energy from the air to the water. Wave energy is the use of the
energy of ocean waves to generate electricity. Water flow energy
harnesses the kinetic energy present in the natural flow of rivers,
streams, and ocean currents. Traditional uses include oscillating
water column systems, point absorbers, floating attenuators, and
hydrodynamic turbines to capture the energy of waves and cur-
rents. These devices convert the motion of the waves into me-
chanical energy, which is then converted into electrical energy us-
ing generators. However, the maintenance cost of these devices
is huge, and the requirements for the strength and stability of the
flow are relatively high. In this context, TENG-based current and
wave energy harvesting systems with high efficiency, low mainte-
nance cost, and the ability to work under various flow conditions
have been rapidly developed. These systems typically use buoyant
or flexible structures that respond to water flow or wave motion,
generating an electric potential difference through the triboelec-
tric effect. Ultimately, they could be utilized for large-scale power
generation, powering underwater devices, or providing energy to
remote coastal communities. As research and development con-
tinue, water flow and wave energy technologies hold great poten-
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tial to contribute to the global transition toward clean, renewable
energy sources. According to the attributes and characteristics of
the device structure, it is mainly divided into three categories,
namely Integrated design with no movable parts,[13*131] flexible
structures, 132134 and buoyant structures,**>*!] which will be
introduced respectively below.

3.2.1. Integrated Design with No Movable Parts

First, there is a type of power generation device that does not have
any moving parts. These devices typically utilize an integrated
design that does not require any reciprocating separation.!130-131]
The entire process of contact and separation is accomplished by
water surface waves or droplets. This design can improve the
longevity and stability of the equipment. Figure 6a shows a solid-
liquid electrification generator based on a fluorinated ethylene
propylene (FEP) film, with a series of electrodes manufactured
underneath it.3% As water contacts the electrified film, the sur-
face of the film is charged. The nanowires created on the film
make it hydrophobic and increase its surface area. Subsequently,
the asymmetric screening of surface charges by water waves
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appearing and submerging on the surface allows free electrons
on the electrodes to flow through external loads, thereby gener-
ating electricity. This generator produces sufficient output power
to drive a small array of electronic devices by directly interact-
ing with water bodies, including water surface waves and falling
droplets. Surface modification of polymer nanowires increases
the contact area of the liquid—solid interface, resulting in an in-
crease in surface charge density, which achieves an energy output
efficiency of 7.7%. The planar structure generator adopts a fully
integrated design that does not require any separable or mov-
able components to capture and transmit mechanical energy. It
is very lightweight and compact, providing a portable, flexible,
and convenient power solution that can be applied to ocean/river
surfaces, coastal/offshore areas, and even rainy areas. Given the
demonstrated scalability, if the layered planar sheets are con-
nected into a network, it may also be used for large-scale energy
generation.

3.2.2. Flexible Structures

The second type is TENG based on flexible structures, de-
signed to bend and deform under the influence of water flow
or waves.[13"134] The water-induced deformation causes the tri-
boelectric layers to come into contact and separate, generat-
ing an electric potential difference. Figure 6b shows a flexible
seaweed-shaped triboelectric nanogenerator (S-TENG), which is
composed of a FEP film coated with conductive ink, a polyester
(PET) film coated with conductive ink, and two layers of polyte-
trafluoroethylene (PTFE) film.['*2] The friction layers of FEP and
PET films sealed within the PTFE layers are protected and do
not come into contact with water, which would cause the surface
charge of the electrically active materials to dissipate. When the S-
TENG undergoes periodic vibration induced by waves, as shown
in Figure 6D, the FEP film periodically contacts and separates
from the PET film. Upon contact with the conductive ink-coated
PET film, the FEP film becomes negatively charged. Based on the
nature of electrostatic induction, when the ink electrodes of PET
and FEP films are in sufficient contact, a significant amount of
positive charges will occupy the ink electrode on the PET film.
When the S-TENG bends, electrons flow from the electrode con-
nected to FEP to the electrode connected to PET (through an
external circuit), generating a transient current. Subsequently,
when the FEP and ink electrode separate, positive charges flow
back to the upper electrode. This design offers the potential for
high output performance and adaptability to various water flow
conditions but can be sensitive to environmental factors such as
flow speed, turbulence, and debris.

3.2.3. Buoyant Structures

Buoyant structure-based TENGs utilize floating devices that rise
and fall with water waves, causing contact and separation be-
tween the triboelectric layers.['3>'*1] Due to the natural buoy-
ancy of seawater and the pattern of surface undulation, buoyancy-
based structures are still the most widely studied for harvesting
wave energy. Buoyancy-based TENGs utilize a floating device that
rises and falls with water waves, causing the contact and separa-
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tion of friction layers, thereby converting wave energy into electri-
cal energy. Figure 6¢c—f shows several common structural designs.
In Figure 6c¢, the wave-shaped TENG is integrated into a dodeca-
hedron that floats on the water surface, with a rigid ball weighing
200 g placed in the center.['**) When the dodecahedron moves up
and down with the waves, the steel ball compresses the TENG
to achieve contact and separation. Figure 6d is a buoy-shaped
liquid—solid contact TENG that includes both internal and ex-
ternal TENGs, and contact and separation occur under both up-
and-down and swaying states.['*] In Figure 6e, a nylon ball is
encapsulated in a large ball with a Kapton film inside, and the
small ball rolls inside the film to output an electrical signal as
the waves move.!'>] Figure 6f also uses a large-ball-over-small-
ball structure, but energy density is increased through a mul-
tilayered structure.'®] Another advantage of using buoyancy-
based structures is the ease of networking, as shown in the form
of Figure 6gl-g3, where individual floating structures are con-
nected in parallel to achieve large-scale power generation.[13-141]
The strength of this design lies in its simplicity and ability to cap-
ture energy from a wide range of water wave amplitudes and fre-
quencies, and with the abundant distribution of oceans on Earth,
this form has enormous potential. However, its output perfor-
mance may be affected by the wave speed and direction, which
may be variable and unpredictable, so it also faces great chal-
lenges on the road of development.

3.3. Droplet Energy Harvesting

Droplet energy harvesting is an emerging field in energy research
that focuses on capturing the energy generated from the motion
or impact of liquid droplets, such as rain or condensation. The
energy generated from droplets can be used for low-power ap-
plications, such as powering sensors, wearable devices, or small
electronic devices. TENGs rely on the triboelectric effect, where
a charge is generated due to the contact and separation of two
different materials. In droplet-based TENGs, one of the materi-
als is a liquid droplet, while the other is a solid/liquid surface.
When droplets impact and separate from the solid/liquid sur-
face, an electric charge is generated, which can be harvested as
energy.142-146)

As shown in Figure 7a, a single-electrode TENG with solid—
liquid contact is composed of three layers: a PTFE film for con-
tact electrification, a copper film for electrostatic induction, and
a PMMA plate for support.'*?! Due to its high-power genera-
tion capacity and stability, PTFE is chosen to contact with lig-
uid droplets to generate charges. Its surface morphology (rough-
ness of ~20 nm) and water contact angle (115°) are favorable for
the efficient contact electrification. Due to its surface chemical
properties (rich in fluorine) and appropriate surface roughness,
PTFE is a hydrophobic material. Therefore, the water droplet can
easily slide off the tilted PTFE film. The figure also shows the
morphological changes of the water droplet after impacting the
polymer surface, which becomes conical at t = 2 ms, then be-
comes basin-shaped at 15 ms, rebounds at 34 ms, and starts to
slide on the surface in a standing and sitting manner until it sep-
arates from its tip. As shown in Figure 7b, a liquid-liquid tribo-
electric nanogenerator structure is demonstrated, displaying the
dynamic contact-separation process between a water droplet and
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Figure 7. a) Droplet energy harvesting device: solid-liquid contact droplet energy harvesting. Adapted with permission.["2] Copyright 2020, American
Chemical Society. b) Liquid-liquid contact. Reproduced under the term of CC-BY license.l'*4] Copyright 2019, The Authors, published by Springer Nature.
c) Energy harvesting using leaves. Adapted with permission.l’*3] Copyright 2020, American Chemical Society. d) Droplet signal acquisition in microfluidic
systems. Adapted with permission.l’#3] Copyright 2015, American Chemical Society. e) Droplet in medical treatment and bubble signal acquisition.

Adapted with permission.[146] Copyright 2016, American Chemical Society.

a liquid film.'** The surface tension of the liquid film is main-
tained by a circular frame, while the wire is integrated into the
groove of the circular frame, allowing direct contact with the lig-
uid film for charge extraction. The penetrability and self-healing
ability of the liquid film enable repeatable contact-separation mo-
tion between the two liquid objects, and the conductive property
of the liquid film enables direct connection to the external circuit.
By relying on the permeability of the liquid film, mechanical en-
ergy can be harvested without blocking or capturing the moving
droplets. Figure 7c shows the use of the cuticle layer of a leaf blade
and internal conductive tissues as the frictional material and elec-
trode, and the use of water droplets as the frictional material and
electrode.['*] By using the water droplet to connect the originally
disconnected components to a closed-loop electrical system, the
energy from water droplet impact on plant leaves is successfully
harvested. This research offers a strategy for utilizing the ubiqui-
tous static charges in a nature-friendly way. In addition to har-
vesting energy from natural droplets, there are also microflu-
idic energy harvesting systems based on TENGs, as shown in
Figure 7d, which use the contact electrification between droplets
in microchannels or microdevices and the TENG surface.['**] In
the medical field, for example during intravenous infusion, elec-
trical signals can be generated when droplets or bubbles pass
through TENG electrodes, as shown in Figure 7e.['*] These sys-
tems can be used for various applications, such as chip laboratory
equipment, wearable electronic devices, and energy harvesting in
enclosed spaces.

Droplet energy harvesting offers several advantages, including
the ability to generate power from ambient sources, such as rain
or condensation, and the potential for integration with other re-
newable energy systems, such as solar panels or wind turbines.
However, the energy output of droplet-based systems is gener-
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ally low, making them most suitable for low-power applications.
Further research and development are needed to improve the ef-
ficiency and scalability of droplet energy harvesting technologies
to enable more widespread adoption.

Through exploring TENG’s applications in harvesting wind
energy, water flow energy, wave energy, and droplet energy,
Table 1 additionally provides a summary of TENG’s performance
in collecting flow energy. TENG-based flow energy harvesting
technology has the potential to play a significant role in energy
harvesting and offer a sustainable and independent energy sup-
ply solution. However, additional research and development is
still required to enhance efficiency, stability, and scalability, and
to be applicable in a broader range of practical scenarios.

4. Flow Sensing Applications of TENG

TENGs can also be harnessed as self-powered flow sensors, ef-
fectively eliminating the reliance on external power sources or
batteries. The distinct properties of TENGs, such as their capac-
ity to produce electrical signals in response to mechanical stim-
uli, render them apt for an extensive range of flow sensing ap-
plications. In this section, we will explore some promising flow
sensing applications, encompassing flow velocity and direction
sensing, flow rate measurement, as well as water level and wave
motion sensing. Figure 8 shows the application concept diagram
of the TENG-based sensing system. The buoy of the flag-shaped
TENG can sense the wind speed and direction in real time, and
provide accurate and timely marine meteorological signals. The
seaweed-like TENG can sense changes in water currents, and
synchronize information such as underwater ocean currents and
fish migration to the information center. The offshore platform
relies on TENG’s perception of wave motion to compensate and
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Table 1. Summary of achievements in fluid-based triboelectric energy harvesting.

Mode Fluid Materials Structures Output power Start speed/Range Reference
FT Wind Copper Rotary 281 mW 33ms7! [109]
JFEP
FT Wind Copper Rotary 0.47 mW 27ms™! [1]
/FEP
FT Wind Copper Rotary 438.9 mW kg~! 35ms™! [112]
/Kapton
V-CS Wind PANI 96.79 mW m~2 1.85ms™! [113]
/PTFE
FT Wind Copper 62.2 W m~2 1.5ms™! [115]
/PTFE
FT Wind Copper N/A 3.1ms™! [116]
/PTFE
V-CS Wind Ni/Kapton Flutter 135 mW kg™! 3ms™! [117]
FT Wind Resin Flutter 3.64 W m™3 3ms™! [118]
/Nylon
FT Wind Carbon Flutter 0.0408 mW cm™3 3.6ms! [119]
/PTFE
FT Wind PVDF/Leaf Others N/A 2ms™! [123]
V-CS Wind Al/PTFE Others 4 mW 45ms™! [127]
V-CS Wind Al/FEP Others 1.6 Wm™2 25ms”! [128]
FT Water Water/FEP Integrated design 0.12 mW 0.5ms! [130]
FT Wave Conductive textile Integrated design 1.03 mW 12 cm (wave height) [137]
[Water
V-CS Water Conductive ink/FEP Flexible structures 10.56 pW 0.04-0.4 ms™! [132]
FT Water Conductive ink/PTFE Flexible structures 52.3 W 0.133ms™! [133]
(0461 ms™)
V-CS Wave Copper Buoyant structures 0.425 ) m™ Tms™! [134]
JFEP
V-CS Wave Water Buoyant structures 3.68 1) m—2 N/A [135]
/PTFE
FT Wave Nylon Buoyant structures 10 m\W 1.43 Hz [136]
/Kapton
FT Wave Copper Buoyant structures 8.69 W m~3 1.5 Hz [137]
JFEP
SE Droplet Droplet Cavity-confined 0.25 nW 10 mLH"! [144]
/Kapton
SE Droplet Droplet Liquid membrane 137.4 nW 40 uL [145]

/liquid membrane

control in real time to maintain stability. Real-time breathing sig-
nals of divers on the seabed are monitored to ensure their safety.

4.1. Flow Velocity and Direction Sensing

TENGs can be used to measure flow velocity and direction by
capturing the mechanical energy from fluid flows and convert-
ing it into electrical signals, providing real-time measurements
without the need for external power sources. Different TENG de-
signs, such as flapping-based, cylinder-based, and turbine-based
TENGs, can be employed for this purpose.[1*7-152]

Figure 9a1 demonstrates a multifunctional wind barrier inte-
grated with multiple TENG units. Figure 9a2,a3 shows the com-
position of each unit, the TENG units consist of two copper elec-
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trodes and a FEP film, with both ends fixed on a 3D-printed
channel.'””] Based on the optimized structure of each TENG
unit, the wind barrier is composed of 66 TENG units connected
in parallel. Each TENG unit of the wind barrier can serve as a
self-powered anemometer to monitor the condition of the bar-
rier. The study found that, at a wind speed of 10 m s~!, the wind
barrier can generate up to 440 uA and 26 mW of output cur-
rent and power, respectively. Equally important, the TENG-based
wind barrier can harvest slipstream energy caused by passing
vehicles. More significantly, the wind-blocking efficiency of the
TENG-based barrier is 35% higher than that of traditional porous
barriers, substantially enhancing the safety of transportation.
Another approach to measure flow velocity involves the
use of a rotating structure, as shown in Figure 9bl, which
demonstrates a hybrid generator consisting of three TENG-EMG
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Figure 9. Flow rate and direction sensing device. a) Measurable wind speed multifunction windshield. Adapted with permission.["*’] Copyright 2020,
Elsevier. b) Piston-type rotary speed measuring device. Adapted with permission.[8] Copyright 2021, Elsevier. c) Banner-type wind speed and direc-
tion speed measuring device. Adapted with permission.['"®l Copyright 2020, Elsevier. d) Schematic diagram of wind direction sensing. Adapted with
permission.!®l Copyright 2020, Elsevier. ) Wind chime wind speed and wind direction sensing device. Adapted with permission.l’?’] Copyright 2019,

Tsinghua University Press and Springer-Verlag GmbH Germany.
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modules for rotation sensing. Due to the significant influence of
environmental humidity on the output, the TENG requires an
enclosed structure for packaging; thus, an acrylic tube is used to
encase the spring and magnet slider (weight = 300 g) to create a
single module. Virtual scenarios for water flow and wind moni-
toring are illustrated in Figure 9b2.'8) The gear-based structure
can efficiently convert and collect the mechanical energy of wa-
ter at low flow velocities while expanding the sensing range for
wind velocity detection. The normal velocities of wind and water
flow can satisfy the energy requirements for wireless transmis-
sion while monitoring real-time wind and water flow velocities.
Therefore, the proposed TENG-EMG hybrid generator demon-
strates enormous potential in environmental monitoring at un-
manned weather stations, disaster early warning, and meteoro-
logical record-keeping.

As shown in Figure 9¢, the flag-type TENG demonstrates con-
stant output performance when the wind direction changes in
any direction, indicating that wind energy can be efficiently har-
vested from any direction.[''] As the wind direction changes, the
flag drives the flagpole to rotate, and through the design of the
structure and circuit, wind direction sensing can be achieved.
In Figure 9d, the flag-type TENG drives a switch connected to
the base of the flagpole, and when the wind moves the flag to a
certain direction, the corresponding LED can be illuminated.[']
Therefore, it can also be used to indicate real-time wind direc-
tion. As shown in Figure e, a fluttering effect-based triboelec-
tric nanogenerator has been designed for harvesting low wind
speed breeze energy from any direction.['?’] The wind-driven part
of the device is separated from the TENG unit. Due to the good
linear relationship between wind speed and electric output sig-
nal, a high-sensitivity, fast-response real-time wind speed mon-
itoring system based on LabVIEW software has been realized.
At the same time, this structure can also achieve wind direction
sensing like Figure 9d.

These self-powered flow sensors can be utilized in various ap-
plications, such as environmental monitoring, wind energy re-
source assessment, or fluid dynamics research. TENG-based flow
velocity and direction sensors offer advantages such as high sen-
sitivity, low-cost fabrication, and the ability to work in various flow
conditions.

4.2. Flow Rate Measurement

TENG-based flow rate sensors can be employed to measure
the flow rate of fluids in pipelines, channels, or other flu-
idic systems.!1>37162] Various TENG designs, including flapping-
based, cylinder-based, and turbine-based TENGs, can be used to
capture the mechanical energy from fluid flows and convert it
into electrical signals. The electrical output of the TENG can be
correlated with the flow rate, providing accurate and real-time
measurements.

Wang et al.l’*3 have developed a magnetic flip-type dual-
function sensor (MFTDS) for detecting pneumatic flow and lig-
uid level (Figure 10a). It consists of an outer magnetic flip, an
inner magnetic float, and a conical cavity, and its working mech-
anism and output characteristics have been studied. The MFTDS
can detect pneumatic flows ranging from 10 to 200 L min™
with a flow resolution of 2 L min~!. Compared with commercial
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flow switches, the results obtained from MFTDS are satisfactory.
Fan et al. have proposed and developed a self-powered and low-
pressure drop gas flow meter based on a membrane oscillation-
driven frictional TENG, named “TENG flow meter” (shown in
Figure 10b)."* The flow meter consists of a circular pipe with a
non-conductive thin film placed at the mid-plane of the pipe, and
two copper electrodes fixed at symmetrical positions. When the
gas flows through the pipe at a sufficiently high velocity, the thin
film will continuously oscillate between the two electrodes, gener-
ating a periodic voltage fluctuation that can be easily measured.
The experimental results show that the oscillation frequency is
linearly related to the mean flow velocity in the pipe, with higher
sensitivity and self-powering capability at lower pressure drops
for measuring flow rates.

Figure 10c,d shows the rotation of the blades caused
by the fluid passing through the pipe radially and axially,
respectively.>>1%¢] The rotation of the blades drives the move-
ment of the friction layer, and ultimately the flow is sensed based
on the measured electrical signal. As shown in Figure 10e, in or-
der to convert the flow velocity into vibratory oscillations, a square
obstacle-beam structure is designed, where the square obstacle
is a beam made of spring steel fixed on the base.l'>”] The TENG
consists of a moving FEP film and fixed interconnect electrodes
at the bottom of the obstacle. The vibratory oscillations of the ob-
stacles drive the FEP film across the interconnecting electrodes
based on triboelectrification, generating an electrical signal. The
pre-compression of the FEP film can be adjusted by installing the
position of the electrode plate. When the fluid flows through the
obstacle, similar to the principle in Figure 5b, the obstacle will
vibrate and drive the TENG to output electrical signals to realize
flow sensing.

TENG-based flow rate sensors can be applied in various indus-
trial and environmental applications, such as water distribution
systems, wastewater treatment plants, and irrigation systems.
These self-powered flow sensors offer benefits such as high ac-
curacy, low maintenance, and the ability to work in a wide range
of fluid flow conditions.

4.3. Respiratory Monitoring

Although breathing also involves the flow of fluid, it is often
neglected due to the relatively weak airflow. However, as a nat-
ural energy source carried by the human body at any time, it
should attract more attention. Respiratory airflow energy har-
vesting involves capturing energy from the airflow generated
during breathing. TENGs have been demonstrated to harvest
energy from respiratory airflow, which can be used to power
wearable or implantable medical devices, such as biosensors,
drug delivery systems, or pacemakers, without the need for
batteries.!'®-175] TENG-based respiratory airflow energy harvest-
ing systems can be designed using various TENG configurations,
such as flapping-based or cylinder-based TENGs, and can be in-
tegrated into masks, tracheal tubes, or other respiratory devices.
These systems offer advantages such as high energy conversion
efficiency, biocompatibility, and the ability to work in various
breathing conditions.

Figure 11a shows an air-driven TENG for real-time res-
piratory monitoring signal by converting mechanical energy

© 2023 Wiley-VCH GmbH
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Figure 10. Flow measurement TENG device. a) Magnetic flip-type dual-function sensor for detecting pneumatic flow and liquid level. Adapted with
permission.[1>3] Copyright 2020, American Chemical Society. b) Self-powered low pressure drops gas flowmeter driven by membrane oscillation. Repro-

duced under the term of CC-BY license.[1%4] Copyright 2020, The Authors,
with permission.l'3>] Copyright 2022, American Chemical Society. d) Shaftl

published by MDPI. c) Fluidic flow monitoring of a non-full pipe. Adapted
ess turbo intake flow sensor. Adapted with permission.l'>¢] Copyright 2023,

Elsevier. ) Square obstacle-beam flow sensor. Adapted with permission.['>7] Copyright 2023, Wiley-VCH GmbH.

from human respiration into electrical output for self-powered
operation.['’!] The TENG operates based on the fluttering of a
flexible nanostructure-driven film by the airflow. This TENG can
generate real-time electrical signals when exposed to airflow from
different respiratory behaviors. It was also found that the cumu-
lative transferred charge corresponds well to the total amount of
air exchanged during the respiratory process. Figure 11b,c has
the same principle as Figure 11a, but the film is placed verti-
cally to make it easier to flutter due to gravity.'*1%’] Figure 11d
drives the contact and separation of both sides of the TENG
through the periodic expansion pressure of an elastic balloon
caused by human respiration, outputting the respiratory process
as an electrical signal for real-time monitoring.'% Based on the
above TENG devices, an intelligent wireless respiratory monitor-
ing and alarm system was further developed. The system ana-
lyzes the TENG signal in real time, and directly triggers a wireless
alarm or phone call when the signal is abnormal, and responds

Adv. Mater. Technol. 2023, 2300919 2300919

quickly to changes in breathing behavior. These studies provide
a promising solution for developing self-powered real-time res-
piratory monitoring devices.

4.4. Water Level and Wave Motion Sensing

TENGs, which can convert mechanical energy into electrical sig-
nals with the advantages of small size, light weight, and high sen-
sitivity, have potential for water level and wave motion sensing. By
designing TENG-based devices that respond to changes in water
levels or wave motion, valuable information can be gathered for
various applications such as environmental monitoring, coastal
engineering, and marine navigation.['7*-1%¢] Here are some possi-
ble ways TENGs can be employed for water level and wave motion
sensing:

(14 of 24) © 2023 Wiley-VCH GmbH
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Figure 11. Respiratory monitoring TENG device. a) Flags placed along the direction of respiration to indicate respiration monitoring. Adapted with
permission.l"71l Copyright 2020, Wiley-VCH GmbH. b) One end is fixed and placed vertically to indicate the respiratory monitoring of the flag. Adapted
with permission.['®] Copyright 2021, Elsevier. c) Both ends are fixed and placed vertically to indicate the respiratory monitoring of the flag. Adapted with
permission.l'83] Copyright 2021, Elsevier. d) Bag-type respiratory monitoring. Adapted with permission.!'®*] Copyright 2019, Elsevier.

Wave motion sensing: TENG-based wave sensors can be de-
signed to capture the energy generated by ocean wave movement.
Using flexible or floating components that respond to wave mo-
tion, the mechanical energy from waves can be converted into
electrical signals by the TENG device. These signals can then
be utilized to determine wave characteristics like wave height,
frequency, and direction. Figure 12a illustrates a highly sensi-
tive wave sensor based on a liquid-solid interface triboelectric
nanogenerator. The sensor comprises copper electrodes and poly-
tetrafluoroethylene film. With wave movement, the output volt-
age has a linear relationship with wave height.['’®l The sensitivity
is 23.5 mV mm™!, and the wave height can be detected in the
millimeter range. Figure 12b showcases a practical biomimetic
jellyfish-inspired TENG using a polymer film as the frictional
material.['®3] The device features a shape-adaptive, sealable pack-
aging, and a unique elastic rebound structure resembling a jel-
lyfish’s behavior. The charge separation in the elastic recovery
of this biomimetic structure is based on the contact and sepa-
ration of friction layers caused by liquid pressure. This design
offers high sensitivity, portability, and continuous detection of
water level and wave motion. Moreover, as shown in Figure 12c,
Zhang et al.l'””] proposed a tubular TENG combined with a hol-
low sphere buoy, which adapts to wave measurements on the
ocean surface in any direction while eliminating the influence
of seawater on the sensor’s performance. Based on TENGs’ high
sensitivity advantage, ultrahigh sensitivity of 2530 mV mm™!
(100 times higher than previous work) and a minimum moni-
toring error of 0.1% were achieved for monitoring wave height
and wave period, respectively. The system can also monitor and
sense six basic wave parameters (wave height, wave period, wave
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frequency, wave velocity, wavelength, and wave slope), wave veloc-
ity spectra, and mechanical energy spectra. Figure 12d displays
a gradient energy harvesting triboelectric nanogenerator (GEH-
TENG) with a dual power generation unit, operating in different
transmission states to adapt to wave changes.['®2] In small wave
environments, the GEH-TENG is always in the primary trans-
mission state, where the initial torque is small, making activation
easy. In large wave environments, the two generators work to-
gether to improve output performance. Experiments have shown
that when the input frequency is 1.0 Hz and the amplitude is
120 mm, the GEH-TENG can generate 0.7 m] of energy in one
working cycle, which is 2.3 times higher than without the gradi-
ent structure.

Water level sensing: A TENG-based sensor can detect changes
in water levels by incorporating floating components or mate-
rials sensitive to water contact. As the water level changes, the
TENG device experiences varying degrees of contact or separa-
tion between its triboelectric materials, resulting in a change in
the generated electrical signal. This signal can be analyzed to de-
termine the water level. Figure 12e demonstrates a water level
sensor that can measure ship draft.!'’] The sensor consists of
multiple copper electrodes uniformly distributed along a PTFE
tube. When water flows into the PTFE tube, it causes alternating
electron flow between the main electrode and the bottom elec-
trodes distributed along the tube. The distinct peaks in the deriva-
tive of open-circuit voltage over time correspond to the electrode
distribution. Because the number of clear peaks in the deriva-
tive of open-circuit voltage is directly related to the water level,
it can be used as a robust and sensitive indicator for water level
detection.

© 2023 Wiley-VCH GmbH
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Figure 12. Water level and wave motion monitoring TENG device. a) A highly sensitive sensor for monitoring waves around marine equipment. Adapted
with permission.[176] Copyright 2018, Elsevier. b) A practical bionic jellyfish TENG. Adapted with permission.['83] Copyright 2017, Elsevier. c) The TENG
combined with a hollow spherical buoy. Adapted with permission.l'7”] Copyright 2020, American Chemical Society. d) Gradient energy harvesting and
sensing triboelectric nanogenerators with dual generator sets Adapted with permission.!'82] Copyright 2021, American Chemical Society. e) Tubular ship
water level sensor. Adapted with permission.l'78] Copyright 2019, Wiley-VCH GmbH.

Possible applications for TENG-based water level and wave
motion sensors include: 1) Flood monitoring and early warning
systems: TENG-based water level sensors can provide real-time
data on water levels in rivers, lakes, or coastal areas, enabling the
development of early warning systems for floods and other natu-
ral disasters. 2) Coastal engineering and infrastructure monitor-
ing: Wave motion sensors can help assess the impact of waves
on coastal structures, such as seawalls, piers, and breakwaters,
allowing for better design and maintenance of these structures.
3) Marine navigation and safety: TENG-based wave sensors can
provide valuable information on wave conditions, assisting in the
safe navigation of ships and other marine vessels. 4) Renewable
energy: Wave motion sensors can be used in the development
and optimization of wave energy conversion systems, helping to
improve the efficiency of these renewable energy technologies.
Despite their potential, TENG-based water level and wave mo-
tion sensors are still in the early stages of research and devel-
opment. Further advancements in materials, device design, and
signal processing are needed to enhance the sensitivity, reliabil-
ity, and durability of these sensors for practical applications.

In summary, TENGs have the potential to be employed in var-
ious flow sensing applications due to their ability to convert me-
chanical energy into electrical signals, their self-powered nature,
and their adaptability to different environments. Table 2 summa-
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rizes the characteristics of common sensors. However, further
research and development are needed to improve the sensitivity,
durability, and overall performance of TENG-based flow sensors
to enable widespread adoption in practical applications.

5. Challenges and Future Perspectives

TENG-based flow energy harvesting and sensing technologies
have shown great potential and attracted significant attention in
recent years. However, there are still several challenges that need
to be addressed and opportunities for further development. As
shown in Figure 13, next we discuss the main challenges in the
field of TENG-based flow energy harvesting and sensing and how
to address them in future work.

5.1. Efficiency and Output Stability

One of the main challenges in TENG-based flow energy harvest-
ing and sensing is improving the efficiency and output stability
of the devices. Efficiency and output stability are critical aspects
that must be considered in the development of TENG-based flow
energy harvesting and sensing technologies. One of the primary
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Table 2. Summary of achievements in fluid-based triboelectric sensing.
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Working mode Type Materials Structure Measuring range/Sensitivity Reference
FT Speed and direction Copper/FEP Rotary 2.7-8.0ms™! [
FT Speed and direction Carbon/PTFE Flutter 3.6-52ms™! [119]
FT Speed Copper/FEP Flutter 3-42ms”! [147]
V-CS Speed Nickel/Eco-flex Rotary 3-10ms™! [148]
V-CS Speed and direction Al/PTFE Flutter 1.5-10ms™! [157]
SE Flow rate Copper/PTFE Rotary 10-200 L min~! [153]
FT Flow rate Copper/PTFE Flutter 5-30m3 h™! [154]
FT Flow rate Copper/FEP Rotary 94-264 L min~! [155]
FT Flow rate Glass/POM Rotary 300-900 L min~! [156]
V-CS Respiratory monitoring PANI/PNMS Contact separation 2-6 L min~! [164]
V-CS Respiratory monitoring UHMWPE/ Cotton Contact separation N/A [170]
V-CS Respiratory monitoring Copper/FEP Flutter 5-18 ms™! [175]
FT Water level Water/PTFE Liquid—solid 10 mm [178]
FT Water level PA66/FEP Contact separation 4.63 kHz cm™! [185]
SE Wave monitoring Water/PTFE Liquid—solid 23.5mV mm™! [176]
(& Wave monitoring Copper/PTFE Slide 2530 mV mm-~! [177]

challenges in optimizing the efficiency and stability of TENG
devices is material selection. The materials used in TENGs can
significantly influence their performance, including their output
power, output stability, and sensitivity. Researchers are actively
exploring various materials to improve the performance of TENG
devices, such as carbon-based materials, metal oxides, and poly-
mers. Another factor that can influence the efficiency and output
stability of TENGs is surface modification. The surface properties
of the TENGs, such as their roughness, surface energy, and hy-
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Figure 13. Challenges and future perspectives.
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drophobicity, can affect their interaction with the flow and their
ability to generate electrical power. Researchers are exploring dif-
ferent surface modification techniques, such as surface pattern-
ing, surface coating, and surface functionalization, to optimize
the performance of TENGs. Device design is another critical as-
pect that influences the efficiency and output stability of TENGs.
The design of TENG devices should consider various factors,
such as the flow profile, the size and shape of the device, and
the electrode configuration. Researchers are exploring different
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device designs, such as triboelectric nanogenerators, electret-
based nanogenerators, and hybrid nanogenerators, to optimize
the performance of TENG devices. External factors such as flow
conditions can also significantly influence the performance of
TENGs. Flow conditions, such as flow velocity, flow direction,
and flow turbulence, can affect the interaction between the flow
and the TENG device, resulting in variations in the output power
and output stability of the TENGs. Researchers are exploring var-
ious strategies, such as optimizing the flow path, incorporating
flow guides, and controlling the flow rate, to improve the sta-
bility and efficiency of TENGs under different flow conditions.
In conclusion, improving the efficiency and output stability of
TENGs is a critical challenge that must be addressed to enable
their widespread adoption in energy harvesting and sensing ap-
plications. Future research should focus on optimizing the ma-
terials, surface modification, device design, and external factors
to enhance the efficiency and stability of TENG devices. By ad-
dressing these challenges, TENG-based flow energy harvesting
and sensing devices can become a more competitive and viable
option for self-powered sensing applications and renewable en-
ergy generation.

5.2. Scalability and Integration

To achieve widespread adoption, it is essential that TENG-based
flow energy harvesting and sensing technologies be scalable and
integrable with existing infrastructure and systems. Scalability
refers to the ability of a technology to be mass-produced in a
cost-effective manner, which is important for its commercializa-
tion. One way to achieve scalability is by developing fabrication
methods that can produce large quantities of TENG devices in
a reliable and efficient way. This will not only lower the produc-
tion costs but also ensure the consistency and quality of the de-
vices. Integration is another crucial aspect that needs to be con-
sidered. TENG devices can be integrated with existing infrastruc-
ture and systems to harness the flow energy and convert it into
electrical energy, which can be used for various applications. For
example, TENGs can be integrated with water distribution net-
works to generate electricity from the flowing water. Similarly,
wind turbines can be equipped with TENGs to harvest the en-
ergy from the wind flow. This integration can lead to the devel-
opment of self-powered systems that do not require an external
power source. Moreover, the integration of TENGs with other en-
ergy harvesting technologies, such as solar panels or piezoelec-
tric devices, can create hybrid energy harvesting systems with
improved performance and reliability. The combination of dif-
ferent energy harvesting technologies can ensure a continuous
power supply, even in fluctuating flow conditions. Hybrid en-
ergy harvesting systems can also offer greater energy efficiency,
reduce system downtime, and provide a more reliable and sta-
ble power output. In summary, the scalability and integration
of TENG-based flow energy harvesting and sensing technologies
are critical for their commercialization and widespread adoption.
Developing scalable fabrication methods and integrating TENG
devices with existing infrastructure and systems, as well as ex-
ploring the integration of TENGs with other energy harvesting
technologies, will accelerate their development and contribute to
the advancement of sustainable energy generation.
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5.3. Environmental Impact and Durability

When deploying TENG-based flow energy harvesting and sens-
ing devices on a large scale, attention should also be paid to pos-
sible environmental impacts. Therefore, it is crucial to develop
environmentally friendly materials and fabrication processes for
TENGs to minimize their impact on the environment. For in-
stance, using natural or biodegradable materials for the construc-
tion of TENG devices can significantly reduce their environmen-
tal footprint. Researchers can also explore using recycled mate-
rials in the production of TENGs to minimize waste and reduce
the carbon footprint of the devices. Another important consider-
ation is the durability of TENG-based flow energy harvesting and
sensing devices. The devices are often exposed to harsh environ-
mental conditions, including extreme temperatures, humidity,
and corrosive environments, which can affect their performance
and lifespan. Therefore, it is necessary to develop materials and
fabrication processes that can withstand these conditions and en-
sure the long-term durability of TENG devices. One approach
to improving the durability of TENGs is to improve their corro-
sion resistance. Corrosion can significantly reduce the lifespan of
TENG devices, especially when they are exposed to saltwater envi-
ronments. Researchers can explore various surface modification
techniques to enhance the corrosion resistance of TENGs, such
as using anti-corrosion coatings or depositing a layer of protective
material on the surface of the device. Wear resistance is also an
important factor in the durability of TENGs, especially for devices
that are exposed to high flow rates or are subject to frequent use.
Wear can result in the degradation of device performance, lead-
ing to a reduction in energy output or sensing accuracy. There-
fore, researchers can explore various approaches to improving
the wear resistance of TENG devices, such as incorporating wear-
resistant materials or using surface treatments that can enhance
the device’s resistance to wear. Finally, fatigue life is another criti-
cal factor in the durability of TENG-based flow energy harvesting
and sensing devices. The devices may experience repeated stress
cycles during operation, which can result in mechanical failure
or a reduction in device performance. Researchers can explore
various techniques to improve the fatigue life of TENGs, such as
designing the device with materials that have a high fatigue limit
or incorporating damping materials that can absorb mechani-
cal shock and reduce the risk of fatigue failure. In conclusion,
addressing the environmental impact and durability of TENG-
based flow energy harvesting and sensing devices is essential for
their successful deployment in large-scale renewable energy gen-
eration and self-powered sensing applications. Researchers can
focus on developing environmentally friendly materials and fab-
rication processes, improving the corrosion resistance, wear re-
sistance, and fatigue life of TENG devices, to ensure their long-
term performance and reduce their environmental footprint.

5.4. Sensitivity and Multifunctionality

Improving the sensitivity and multifunctionality of TENG-based
flow sensors is another important aspect for their future devel-
opment. Improving the sensitivity of TENG-based flow sensors
requires optimizing the device design, material selection, and
fabrication techniques. For example, increasing the number of
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TENG layers or modifying the surface properties of the device
can enhance the sensitivity of the TENG sensor. In addition, uti-
lizing advanced signal processing techniques, such as machine
learning algorithms, can further improve the accuracy and relia-
bility of TENG-based flow sensing. Enhancing the sensitivity of
TENG sensors can enable more accurate and reliable measure-
ments in various flow sensing applications, such as flow veloc-
ity, direction, rate, and pressure sensing. Moreover, developing
multifunctional TENG sensors that can simultaneously measure
multiple flow parameters can provide more comprehensive in-
formation for monitoring and controlling fluid systems in in-
dustrial, environmental, and biomedical applications. In conclu-
sion, TENG-based flow energy harvesting and sensing technolo-
gies have shown great promise in various applications, but there
are still challenges that need to be addressed and opportunities
for further development. By overcoming these challenges and ex-
ploring new opportunities, TENG-based flow energy harvesting
and sensing devices can make a substantial contribution to the
advancement of sustainable energy generation and self-powered
sensing technologies. This contribution helps meet the escalat-
ing global demand for clean and reliable energy sources, as well
as efficient monitoring and control of fluid systems.

6. Conclusion

TENG-based flow energy harvesting and sensing technologies
have shown great potential in a wide range of applications, from
renewable energy generation to environmental monitoring and
wearable electronics. This comprehensive review has highlighted
the fundamental concepts, working principles, and various ap-
plications of TENG-based systems in the context of flow energy
harvesting and sensing. In addition, the challenges and future
perspectives for TENG research have been discussed, providing
insights into the ongoing efforts to improve efficiency, stability,
scalability, integration, environmental impact, durability, sensi-
tivity, and multifunctionality. As TENG technology continues to
advance, it is expected that its adoption will expand across vari-
ous industries and applications, contributing to the global shift
toward sustainable and green energy sources. Further research
and development in materials, design optimization, fabrication
techniques, and integration strategies will be crucial in unlocking
the full potential of TENG-based systems, ultimately leading to
more efficient, versatile, and robust energy harvesting and sens-
ing solutions. It is noteworthy that while the article categorizes
energy harvesting and sensing into two parts for review, the rela-
tionship between TENG energy harvesting and sensing is closely
related. Advances in TENG energy harvesting technology directly
contribute to the enhancement of TENG sensor performance. For
instance, enhancements in TENG design and material selection
can increase energy generation, enabling TENG sensors to be ap-
plied to sensing tasks with higher power consumption or extend-
ing the operating time of sensing systems. Conversely, the devel-
opment of TENG sensors can positively impact energy harvesting
applications. Through the integration of sensing capabilities into
TENG devices, the overall efficiency and practicality of TENG-
based energy harvesting systems can be improved. Moreover, it
is worth discussing future directions and research opportunities
to explore the synergistic relationship between TENG energy har-
vesting and sensing. This can include exploring new materials,
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designs, or integration strategies that optimize both energy gen-
eration and sensing performance simultaneously.

Acknowledgements

The financial support of the National Nature Science Foundation of
China (Grant Nos. 11972048 and 52101382), the National Key R&D
Project from Minister of Science and Technology (2021YFA1201604),
Project of Dalian Outstanding Young Scientific and Technological Person-
nel (2021R)11), the China Postdoctoral Science Foundation (Fellowship
No. 2022M710570), and the Fundamental Research Funds for the Central
Universities of China (Grant No. 3132023222) is gratefully acknowledged.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

flow energy harvesting, flow sensing, triboelectric nanogenerators

Received: June 6, 2023
Revised: July 18, 2023
Published online:

[1] Y.Yang, X. Guo, M. Zhu, Z. Sun, Z. Zhang, T. He, C. Lee, Adv. Energy
Mater. 2022, 13, 2203040.

[2] Y. Wang, D. Liu, Z. Hu, T. Chen, Z. Zhang, H. Wang, T. Du, S.
L. Zhang, Z. Zhao, T. Zhou, M. Xu, Adv. Mater. Technol. 2021, 6,
2001270.

[3] Y. Wang, Z. Hu, J. Wang, X. Liu, Q. Shi, Y. Wang, L. Qiao, Y. Li, H.
Yang, J. Liu, L. Zhou, Z. Yang, C. Lee, M. Xu, ACS Appl. Mater. Inter-
faces 2022, 14, 24832.

[4] X.Wang, Y. Yin, F. Yi, K. Dai, S. Niu, Y. Han, Y. Zhang, Z. You, Nano
Energy 2017, 39, 429.

[5] C.Fan, ). Huang, A. Mensah, Z. Long, . Sun, Q. Wei, Cell Rep. Phys.
Sci. 2022, 3, 101012.

[6] H. Chen, Y. Song, X. Cheng, H. Zhang, Nano Energy 2019, 56, 252.

[71 S. S. Kwak, H.-). Yoon, S.-W. Kim, Adv. Funct. Mater. 2019, 29,

1804533.

C. Zhang, ). Chen, W. Xuan, S. Huang, B. You, W. Li, L. Sun, H. Jin,

X. Wang, S. Dong, J. Luo, A. ). Flewitt, Z. L. Wang, Nat. Commun.

2020, 717, 58.

[9] B. Dong, Z. Zhang, Q. Shi, ). Wei, Y. Ma, Z. Xiao, C. Lee, Sci. Adv.

2022, 8, eabl9874

[10] Z.Zhang, F. Wen, Z. Sun, X. Guo, T. He, C. Lee, Adv. Intell. Syst. 2022,
4,202100228.

[11] H.Zhao, R. Su, L. Teng, Q. Tian, F. Han, H. Li, Z. Cao, R. Xie, G. Li,
X. Liu, Z. Liu, Nanoscale 2022, 14, 1653.

[12] Y. Kim, D. Lee, J. Seong, B. Bak, U. H. Choi, J. Kim, Nano Energy
2021, 84, 105925..

[13] ). Wang, S. Li, F. Yi, Y. Zi, ]. Lin, X. Wang, Y. Xu, Z. L. Wang, Nat.
Commun. 2016, 7, 12744.

[14] N. Zheng, J. Xue, Y. Jie, X. Cao, Z. L. Wang, Nano Res. 2022, 15, 6213.

[15] Y. Wu, Y. Luo, ). Qu, W. A. Daoud, T. Qi, Nano Energy 2019, 64,
103948.

[16] F.Wen, H. Wang, T. He, Q. Shi, Z. Sun, M. Zhu, Z. Zhang, Z. Cao, Y.
Dai, T. Zhang, C. Lee, Nano Energy 2020, 67, 104266.

[17] H. Wu, J. Wang, Z. Wu, S. Kang, X. Wei, H. Wang, H. Luo, L. Yang,
R. Liao, Z. L. Wang, Adv. Energy Mater. 2022, 12, 2103654.

8

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AI1Ie81D Bedldde au Aq peusenob aJe ssppie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUB-SWLRIW0D A3 1M ARe.d 1 [euljuo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/80/20] Uo ArligiTauluo A8|IM ‘YeeH AisieAlun Buppd Aq 6T600€202 IWPe/Z00T OT/I0p/W0D A8 |IM Aseiq iUl Uo//:Sd1y WOy papeojuMoq ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(18]
(19]
(20]
(21]
(22]
(23]
(24]
(25]
(26]
(27]
(28]
(29]
(3]
(31]

(32]
(33]

(34]
(33]
(36]
(37]
(38]
(39]
(40]
(41]

(42]

(43]
(44]
(45]
46]
(47)

(48]

(49]

Adv. Mater. Technol. 2023, 2300919

ADVANCED
MATERIALS
TECHNOILOGIES

Z. Zhou, X. Li, Y. Wu, H. Zhang, Z. Lin, K. Meng, Z. Lin, Q. He, C.
Sun, . Yang, Z. L. Wang, Nano Energy 2018, 53, 501.

W. Li, Y. Liu, S. Wang, W. Li, G. Liu, ). Zhao, X. Zhang, C. Zhang, IEEE
ASME Trans. Mechatron 2020, 25, 2188.

J. W. Lee, S. Jung, T. W. Lee, J. Jo, H. Y. Chae, K. Choi, J. J. Kim, J. H.
Lee, C. Yang, |. M. Baik, Adv. Energy Mater. 2019, 9, 1901987.

S.A. Graham, S. C. Chandrarathna, H. Patnam, P. Manchi, ).-W. Lee,
). S. Yu, Nano Energy 2021, 80, 105547.

S. Hao, J. Jiao, Y. Chen, Z. L. Wang, X. Cao, Nano Energy 2020, 75,
104957.

Z.Zheng, ). Xia, B. Wang, Y. Guo, Nano Energy 2022, 95, 107047.
S. M. S. Rana, M. T. Rahman, M. Salauddin, S. Sharma, P. Maharjan,
T. Bhatta, H. Cho, C. Park, ). Y. Park, ACS Appl. Mater. Interfaces 2021,
13, 4955.

L. Gao, D. Hu, M. Qi, J. Gong, H. Zhou, X. Chen, ). Chen, J. Cai, L.
Wu, N. Hu, Y. Yang, X. Mu, Nanoscale 2018, 10, 19781.

D. Tan, J. Zhou, K. Wang, C. Zhang, Z. Li, D. Xu, Nano Energy 2023,
109, 108315.

J. Chen, Z. L. Wang, Joule 2017, 1, 480.

W. Tang, C. B. Han, C. Zhang, Z. L. Wang, Nano Energy 2014, 9, 121.
M. Ma, Z. Kang, Q. Liao, Q. Zhang, F. Gao, X. Zhao, Z. Zhang, Y.
Zhang, Nano Res. 2018, 17, 2951.

J. Chen, G. Zhu, W. Yang, Q. Jing, P. Bai, Y. Yang, T. C. Hou, Z. L.
Wang, Adv. Mater. 2013, 25, 6094.

M. ). Khan, G. Bhuyan, M. T. Igbal, J. E. Quaicoe, Appl. Energy 2009,
86, 1823.

A. Ucar, F. Balo, Renewable Sustainable Energy Rev. 2010, 14, 1901.
H.-W. Liu, S. Ma, W. Li, H.-G. Gu, Y.-G. Lin, X.-J. Sun, Renewable
Sustainable Energy Rev. 2011, 15, 1141.

F. Porte-Agel, M. Bastankhah, S. Shamsoddin, Boundary Layer Me-
teorol. 2020, 174, 1.

Z. Chen, ). M. Guerrero, F. Blaabjerg, IEEE Trans. Power Electron
2009, 24, 1859.

Y. Guo, H. Wang, |. Lian, Energy Convers. Manage. 2022, 255,
115319.

J. Lépez-Queija, E. Robles, J. Jugo, S. Alonso-Quesada, Renewable
Sustainable Energy Rev. 2022, 167, 112787.

C. Ai, L. Zhang, W. Gao, G. Yang, D. Wu, L. Chen, W. Chen, A.
Plummer, Energy Convers. Manage. 2022, 264, 115584.

X.-Z. Li, Z.-). Chen, X.-C. Fan, Z.-). Cheng, Renewable Sustainable En-
ergy Rev. 2018, 82, 232.

S. Tang, J. Chen, P. Sun, Y. Li, P. Yu, E. Chen, Energy Policy 2019, 129,
239.

J. Wang, X. Chen, Z. Liu, V. F. Frans, Z. Xu, X. Qiu, F. Xu, Y. Li, Sci.
Total Environ. 2019, 676, 595.

O. Rubanenko, O. Miroshnyk, S. Shevchenko, V. Yanovych, D.
Danylchenko, O. Rubanenko, IEEE KhPI Week Adv. Technol |EEE,
Kharkiv, Ukraine 2020, pp. 472-477.

C. F. Ratto, M. Antonelli, M. Burlando, F. Cassola, J. Appl. Meteorol.
Climatol. 2008, 47, 3099.

K. Grimsrud, C. Hagem, A. Lind, H. Lindhjem, Energy Econ. 2021,
102, 105487.

B. Sliz-Szkliniarz, J. Eberbach, B. Hoffmann, M. Fortin, Renewable
Sustainable Energy Rev. 2019, 109, 514.

A. Chang, C. Uy, X. Xiao, X. Xiao, . Chen, Nano Energy 2022, 98,
107282.

J. Zhang, Y. Sun, ). Yang, T. Jiang, W. Tang, B. Chen, Z. L. Wang, ACS
Appl. Mater. Interfaces 2021, 13, 55136.

J. Ahn, J. S. Kim, Y. Jeong, S. Hwang, H. Yoo, Y. Jeong, ). Gu, M.
Mabhato, J. Ko, S. Jeon, J. H. Ha, H. S. Seo, . Choi, M. Kang, C. Han,
Y. Cho, C. H. Lee, ). H. Jeong, I. K. Oh, I. Park, Adv. Energy Mater.
2022, 12, 2201341.

L. Niu, X. Peng, L. Chen, Q. Liu, T. Wang, K. Dong, H. Pan, H. Cong,
GC. Liu, G. Jiang, C. Chen, P. Ma, Nano Energy 2022, 97, 107168.

(5]
(51]

[52]
(53]

[54]
[55]
[56]
[57]

(58]
[59]

(60]
(61]
(62]
(63]

(64]

(65]
(66]
(67]
(68]

(6]

(7]

(71
[72]

73]
4]
75]
76l
(7]
78]
9]
[80]

(81]

(82]

2300919 (20 of 24)

www.advmattechnol.de

J. Han, Y. Liu, Y. Feng, T. Jiang, Z. L. Wang, Adv. Energy Mater. 2022,
13,2203219.

Z. Lin, Q. He, Y. Xiao, T. Zhu, J. Yang, C. Sun, Z. Zhou, H. Zhang, Z.
Shen, |. Yang, Z. L. Wang, Adv. Mater. Technol. 2018, 3, 1800144.

Q. Shi, Z. Sun, Z. Zhang, C. Lee, Research 2021, 20217, 6849171.

Y. Qin, X. Fu, Y. Lin, Z. Wang, ). Cao, C. Zhang, Nano Res. 2023, 16,
12274.

P.Sun, S. Jiang, Y. Huang, Nano Energy 2021, 81, 105646.

V. N. Thakur, ). I. Han, J. Ind. Eng. Chem. 2023, 124, 89.

X. Gao, F. Xing, F. Guo, Y. Yang, Y. Hao, ). Chen, B. Chen, Z. L. Wang,
Mater. Today Energy 2021, 22, 100867.

X.Wang, C. Zhu, M. Wu, J. Zhang, P. Chen, H. Chen, C. Jia, X. Liang,
M. Xu, Sens. Actuators, A 2022, 344, 113727.

Z. L. Wang, Faraday Discuss. 2014, 176, 447.

W. Li, L. Lu, X. Fu, C. Zhang, K. Loos, Y. Pei, ACS Appl. Mater. Inter-
faces 2022, 14,51018.

Z. L. Wang, ). Chen, L. Lin, Energy Environ. Sci. 2015, 8, 2250.

X. Wang, S. Wang, Y. Yang, L. Z. Wang, ACS Nano 2015, 9, 4553.

W. Zhong, L. Xu, F. Zhan, H. Wang, F. Wang, Z. L. Wang, ACS Nano
2020, 74, 10510.

K. Munirathinam, D.-S. Kim, A. Shanmugasundaram, ). Park, Y.-].
Jeong, D.-W. Lee, Nano Energy 2022, 102, 107675.

A. Jamaluddin, D. Harjunowibowo, D. T. Rahardjo, E. Adhitama,
S. Hadi, in 2016 2nd Int. Conf. Industrial, Mechanical, Electrical,
Chemical Engineering (ICIMECE), IEEE, Yogyakarta, Indonesia 2016,
pp. 243-247.

D. Rubio, C. Lépez-Galindo, . F. Casanueva, E. Nebot, Appl. Therm.
Eng. 2014, 67, 378.

E. Garel, S. Nunes, . M. Neto, R. Fernandes, R. Neves, . C.
Marques, O. Ferreira, Geo-Mar. Lett. 2009, 29, 331.

F. Lin, W.-Y. Chang, L.-C. Lee, H.-T. Hsiao, W.-F. Tsai, J.-S. Lai, in 2013
IEEE Int. Symp. Multimedia, |EEE, Anaheim, USA 2013, pp. 259-262.
J. F. Devlin, G. Tsoflias, M. McGlashan, P. Schillig, Groundwater
Monit. Rem. 2009, 29, 73.

T. Wang, S. Hao, X. Ma, in 2021 |EEE 4th Advanced Information Man-
agement, Communicates, Electronic and Automation Control Conf.
(IMCEC), IEEE, Chongging, China 2021, pp. 1232-1236.

M. Rinaldi, N. Casagli, S. Dapporto, A. Gargini, Earth Surf. Processes
Landforms 2004, 29, 237.

M. Zeidouni, M. Pooladi-Darvish, J. Petroleum Sci. Eng. 2012, 98, 95.
Y. Ma, C. Li, Y. Pan, Y. Hao, S. Huang, Y. Cui, W. Han, Flow Meas.
Instrum. 2021, 80, 101965.

K. Kumar, R. P. Saini, Sustainable Energy Technol. Assess. 2022, 49,
101704.

D. Jiyun, Y. Hongxing, S. Zhicheng, G. Xiaodong, Renewable Energy
2018, 127, 386.

T S. Durrani, W. Wang, S. M. Forbes, Geological Disaster Monitoring
Based on Sensor Networks, Springer, Singapore 2018, p. 214.

M. F. Howland, S. K. Lele, J. O. Dabiri, Proc. Natl. Acad. Sci. USA
2019, 116, 14495.

M. Song, K. Chen, X. Zhang, |. Wang, Renewable Energy 2016, 85,
57.

P. Matgen, G. Schumann, ). B. Henry, L. Hoffmann, L. Pfister, Int. J.
Appl. Earth Observ. Geoinform. 2007, 9, 247.

C. Zhang, G. Hu, D. Yurchenko, P. Lin, S. Gu, D. Song, H. Peng, .
Wang, Mech. Syst. Signal Process. 2021, 160, 107876.

T. Song, L. Ding, L. Yang, . Ran, L. Zhang, Ocean Eng. 2023, 280,
114630.

M. Hafizh, A. G. A. Muthalif, ). Renno, M. R. Paurobally, I. Bahadur,
H. Ouakad, M. Sultan Mohamed Ali, Energy Convers. Manage. 2023,
276, 116559.

F. Ejeian, S. Azadi, A. Razmjou, Y. Orooji, A. Kottapalli,
M. E. Warkiani, M. Asadnia, Sens. Actuators, A 2019, 295,
483.

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AI1Ie81D Bedldde au Aq peusenob aJe ssppie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUB-SWLRIW0D A3 1M ARe.d 1 [euljuo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/80/20] Uo ArligiTauluo A8|IM ‘YeeH AisieAlun Buppd Aq 6T600€202 IWPe/Z00T OT/I0p/W0D A8 |IM Aseiq iUl Uo//:Sd1y WOy papeojuMoq ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(83]
(84]

(85]
(86]

87]
(88]
(89]
[50]
(51
[92]

93]
[94]
[95]
[96]
[97]
(98]

[99]
[100]

[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
117]

[118]

Adv. Mater. Technol. 2023, 2300919

ADVANCED
MATERIALS
TECHNOLOGIES

Y.-H. Wang, C.-P. Chen, C.-M. Chang, C.-P. Lin, C.-H. Lin, L.-M. Fu,
C.-Y. Lee, Microfluid. Nanofluid. 2009, 6, 333.

A. Babu, |. Aazem, R. Walden, S. Bairagi, D. M. Mulvihill, S. C. Pillai,
Chem. Eng. J. 2023, 452, 139060.

X. Pu, C. Zhang, Z. L. Wang, Natl. Sci. Rev. 2023, 10, nwac170.

F. Sun, Y. Zhu, C. Jia, T. Zhao, L. Chu, Y. Mao, J. Energy Chem. 2023,
79, 477.

I1zhar, M. Igbal, F. Khan, Energy Convers. Manage. 2023, 277, 116635.
G. Khandelwal, R. Dahiya, Adv. Mater. 2022, 34, 2200724.

J. Qin, X. Yang, C. Shen, Y. Chang, Y. Deng, Z. Zhang, H. Liu, C. Lv,
Y. Li, C. Zhang, L. Dong, C. Shan, Nano Energy 2022, 101, 107549.
X. Tang, W. Hou, Q. Zheng, L. Fang, R. Zhu, L. Zheng, Nano Energy
2022, 99, 107412.

Y. Pang, S. Chen, J. An, K. Wang, Y. Deng, A. Benard, N. Lajnef, C.
Cao, Adv. Funct. Mater. 2020, 30, 202003598.

R. Xia, R. Zhang, Y. Jie, W. Zhao, X. Cao, Z. Wang, Nano Energy 2022,
92, 106685.

J. Tian, X. Chen, Z. L. Wang, Nanotechnology 2020, 31, 242001.

Z. Wang, Y. Wang, Q. Gao, G. Bao, T. Cheng, Z. L. Wang, Adv. Mater.
Technol. 2022, 8, 202201029.

S. Wang, L. Lin, Z. L. Wang, Nano Energy 2015, 11, 436.

Z. L. Wang, ACS Nano 2013, 7, 9533.

C.-Y. Liu, A. . Bard, Chem. Phys. Lett. 2009, 480, 145.

A. A.F. Diaz, A. D. Wollmann, A. D. B. Dreblow, Chem. Mater. 1991,
3,997.

J. Lowell, J. Phys. D: Appl. Phys. 1977, 10, L233.

C. Xu, Y. Zi, A. C. Wang, H. Zou, Y. Dai, X. He, P. Wang, Y. C. Wang,
P. Feng, D. Li, Z. L. Wang, Adv. Mater. 2018, 30, 1706790.

S. Niu, S. Wang, L. Lin, Y. Liu, Y. S. Zhou, Y. Hu, Z. L. Wang, Energy
Environ. Sci. 2013, 6, 3576.

W. Yang, X. Wang, P. Chen, Y. Hu, L. Li, Z. Sun, Nano Energy 2021,
85, 106037.

S. Niu, Y. Liu, S. Wang, L. Lin, Y. S. Zhou, Y. Hu, Z. L. Wang, Adv.
Mater. 2013, 25, 6184.

W. Zhang, D. Diao, K. Sun, X. Fan, P. Wang, Nano Energy 2018, 48,
456.

S. Wang, S. Niu, J. Yang, L. Lin, Z. L. Wang, ACS Nano 2014, 8,
12004.

W. Sun, Z. Jiang, X. Xu, Q. Han, F. Chu, Int. J. Mech. Sci. 2021, 207,
106668.

A. R. Mule, B. Dudem, H. Patnam, S. A. Graham, . S. Yu, ACS Sus-
tainable Chem. Eng. 2019, 7, 16450.

S. Niu, Y. Liu, S. Wang, L. Lin, Y. S. Zhou, Y. Hu, Z. L. Wang, Adv.
Funct. Mater. 2014, 24, 3332.

X. Li, Y. Cao, X. Yu, Y. Xu, Y. Yang, S. Liu, T. Cheng, Z. L. Wang, Appl.
Energy 2022, 306, 117977.

P. Chen, J. An, S. Shu, R. Cheng, |. Nie, T. Jiang, Z. L. Wang, Adv.
Energy Mater. 2021, 11, 2003066.

). Wang, W. Ding, L. Pan, C. Wu, H. Yu, L. Yang, R. Liao, Z. L. Wang,
ACS Nano 2018, 12, 3954.

P.Wang, L. Pan, |. Wang, M. Xu, G. Dai, H. Zou, K. Dong, Z. L. Wang,
ACS Nano 2018, 12, 9433.

L. Zhang, B. Meng, Y. Tian, X. Meng, X. Lin, Y. He, C. Xing, H. Dai,
L. Wang, Nano Energy 2022, 95, 107029.

Y. Tian, X. Meng, X. Lin, L. Zhang, C. Xing, H. Dai, L. Wang, Z. Peng,
B. Meng, Appl. Phys. Lett. 2022, 121, 093902.

Y. Wang, T. Chen, S. Sun, X. Liu, Z. Hu, Z. Lian, L. Liu, Q. Shi, H.
Wang, ). Mi, T. Zhou, C. Lee, M. Xu, Nano Res. 2021, 15, 3246.

G. Shen, ). Ma, Y. Hu, . Li, T. Cheng, J. Wen, Sensors 2022, 22,
22134832.

Z.Zhao, X. Pu, C. Dy, L. Li, C. Jiang, W. Hu, Z. L. Wang, ACS Nano
2016, 70, 1780.

1.-W. Tcho, W.-G. Kim, J.-K. Kim, D.-W. Kim, S.-Y. Yun, J.-H. Son, Y.-K.
Choi, Nano Energy 2022, 98, 107197.

[119]

[120]
[121]

[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]

[131]
[132]

[133]
[134]
[135]
[136]
[137]
[138]
[139]

[140]
[147]

[142]
[143]
[144]
[145]
[146]
[147]
[148]
[149]
[150]

[151]
[152]

2300919 (21 of 24)

www.advmattechnol.de

Y. Wang, E. Yang, T. Chen, J. Wang, Z. Hu, J. Mi, X. Pan, M. Xu, Nano
Energy 2020, 78, 105279.

X. Liu, K. Zhao, Y. Yang, Nano Energy 2018, 53, 622.

Y. Feng, L. Zhang, Y. Zheng, D. Wang, F. Zhou, W. Liu, Nano Energy
2019, 55, 260.

H. Lin, M. He, Q. Jing, W. Yang, S. Wang, Y. Liu, Y. Zhang, . Li, N.
Li, Y. Ma, L. Wang, Y. Xie, Nano Energy 2019, 56, 269.

Z. Lin, B. Zhang, H. Guo, Z. Wu, H. Zou, ). Yang, Z. L. Wang, Nano
Energy 2019, 64, 103908.

H. Li, J. Wen, Z. Ou, E. Su, F. Xing, Y. Yang, Y. Sun, Z. L. Wang, B.
Chen, Adv. Funct. Mater. 2023, 33, 2212207.

X. Fu, S. Xu, Y. Gao, X. Zhang, G. Liu, H. Zhou, Y. Lv, C. Zhang, Z. L.
Wang, ACS Energy Lett. 2021, 6, 2343.

X.Zhang, J. Hu, Q. Yang, H. Yang, H. Yang, Q. Li, X. Li, C. Hu, Y. Xi,
Z. L. Wang, Adv. Funct. Mater. 2021, 31, 202306527.

J. Hu, X. Pu, H. Yang, Q. Zeng, Q. Tang, D. Zhang, C. Hu, Y. Xi, Nano
Res. 2019, 12, 3018.

P. Lu, H. Pang, J. Ren, Y. Feng, J. An, X. Liang, T. Jiang, Z. L. Wang,
Adv. Mater. Technol. 2021, 6, 2100496.

S. Yuan, Q. Zeng, D. Tan, Y. Luo, X. Zhang, H. Guo, X. Wang, Z. L.
Wang, Nano Energy 2022, 100, 107465.

Y. Wang, X. Liu, Y. Wang, H. Wang, He Wang, S L. Zhang, T. Zhao,
M. Xu, Z. L. Wang, ACS Nano 2021, 15, 15700.

X.).Zhao, S. Y. Kuang, Z. L. Wang, G. Zhu, ACS Nano 2018, 12, 4280.
Y. Wang, X. Liu, Y. Wang, H. Wang, H. Wang, S. L. Zhang, T. Zhao,
M. Xu, Z. L. Wang, ACS Nano 2021, 15, 15700.

Y. Wang, X. Liu, T. Chen, H. Wang, C. Zhu, H. Yu, L. Song, X. Pan, J.
Mi, C. Lee, M. Xu, Nano Energy 2021, 90, 106503.

Z.Deng, L. Xu, H. Qin, X. Li, ). Duan, B. Hou, Z. L. Wang, Adv. Mater.
2022, 34, 2205064.

L. M. Zhang, C. B. Han, T. Jiang, T. Zhou, X. H. Li, C. Zhang, Z. L.
Wang, Nano Energy 2016, 22, 87.

X. Li, ). Tao, X. Wang, J. Zhu, C. Pan, Z. L. Wang, Adv. Energy Mater.
2018, 8, 1800705.

X. Wang, S. Niu, Y. Yin, F. Yi, Z. You, Z. L. Wang, Adv. Energy Mater.
2015, 5, 1501467.

X. Yang, L. Xu, P. Lin, W. Zhong, Y. Bai, J. Luo, J. Chen, Z. L. Wang,
Nano Energy 2019, 60, 404.

M. Xu, T. Zhao, C. Wang, S. L. Zhang, Z. Li, X. Pan, Z. L. Wang, ACS
Nano 2019, 13, 1932.

Q. Shi, H. Wang, H. Wu, C. Lee, Nano Energy 2017, 40, 203.

S. L. Zhang, M. Xu, C. Zhang, Y.-C. Wang, H. Zou, X. He, Z. Wang,
Z. L. Wang, Nano Energy 2018, 48, 421.

F. Zhan, A. C. Wang, L. Xu, S. Lin, J. Shao, X. Chen, Z. L. Wang, ACS
Nano 2020, 74, 17565.

X. Li, M.-H. Yeh, Z.-H. Lin, H. Guo, P.-K. Yang, J. Wang, S. Wang, R.
Yu, T. Zhang, Z. L. Wang, ACS Nano 2015, 9, 11056.

J. Nie, Z. Wang, Z. Ren, S. Li, X. Chen, Z. Lin Wang, Nat. Commun.
2019, 10, 2264.

H. Wu, Z. Chen, G. Xu, J. Xu, Z. Wang, Y. Zi, ACS Appl. Mater. Inter-
faces 2020, 12, 56060.

J. Chen, H. Guo, . Zheng, Y. Huang, G. Liu, C. Hu, Z. L. Wang, ACS
Nano 2016, 10, 8104.

Y. Wang, J. Wang, X. Xiao, S. Wang, P. T. Kien, J. Dong, |. Mi, X. Pan,
H. Wang, M. Xu, Nano Energy 2020, 73, 104736.

Q. Zhang, L. Li, T. Wang, Y. Jiang, Y. Tian, T. Jin, T. Yue, C. Lee, Nano
Energy 2021, 90, 106501.

M. Xu, Y.-C. Wang, S. L. Zhang, W. Ding, . Cheng, X. He, P. Zhang,
Z.Wang, X. Pan, Z. L. Wang, Extreme Mech. Lett. 2017, 15, 122.

C. Zhao, Y. Wu, X. Dai, J. Han, B. Dong, L.-B. Huang, Mater. Des.
2022, 2217, 111005.

H.-J. Ko, D.-S. Kwon, S. Pyo, ). Kim, Nano Energy 2022, 102, 107717.
P. Ma, H. Zhu, H. Lu, Y. Zeng, N. Zheng, Z. L. Wang, X. Cao, Nano
Energy 2021, 86, 106032.

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AI1Ie81D Bedldde au Aq peusenob aJe ssppie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUB-SWLRIW0D A3 1M ARe.d 1 [euljuo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/80/20] Uo ArligiTauluo A8|IM ‘YeeH AisieAlun Buppd Aq 6T600€202 IWPe/Z00T OT/I0p/W0D A8 |IM Aseiq iUl Uo//:Sd1y WOy papeojuMoq ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[153]
[154]
[155]
[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]
[167]
[168]

[169]

o b

Adv. Mater. Technol. 2023, 2300919

ADVANCED
MATERIALS
TECHNOILOGIES

Z. Wang, Y. Yu, Y. Wang, X. Lu, T. Cheng, G. Bao, Z. L. Wang, ACS
Nano 2020, 74, 5981.

T. K. Phan, S. Wang, Y. Wang, H. Wang, X. Xiao, X. Pan, M. Xu, J. Mi,
Sensors 2020, 20, 729.

S. He, Z. Wang, X. Zhang, Z. Yuan, Y. Sun, T. Cheng, Z. L. Wang, ACS
Appl. Mater. Interfaces 2022, 14, 2825.

D. Zhu, X. Guo, H. Li, Z. Yuan, X. Zhang, T. Cheng, Nano Energy
2023, 7108, 108233.

C. Ge, ). Ma, Y. Hu, J. Li, Y. Zhang, X. He, T. Cheng, J. Wen, Adv.
Mater. Technol. 2022, 8, 202201296.

W. Zhang, P. Wang, K. Sun, C. Wang, D. Diao, Nano Energy 2019, 56,
277.

Y. Zhong, H. Zhao, Y. Guo, P. Rui, S. Shi, W. Zhang, Y. Liao, P. Wang,
Z. L. Wang, Adv. Mater. Technol. 2019, 4, 201900741.

T. Du, F. Dong, M. Zhu, Z. Xi, F. Li, Y. Zou, P. Sun, M. Xu, J. Mar. Sci.
Eng. 2022, 10, 1416.

Ya Yang, G. Zhu, H. Zhang, ]. Chen, X. Zhong, Z.-H. Lin, Y. Su, P.
Bai, X. Wen, Z. L. Wang, ACS Nano 2013, 7, 9461.

Y. Su, G. Xie, T. Xie, H. Zhang, Z. Ye, Q. Jing, H. Tai, X. Du, Y. Jiang,
J. Phys. D: Appl. Phys. 2016, 49, 215601.

H. He, ). Guo, B. lllés, A. Géczy, B. Istok, V. Hliva, D. Térok, J. G.
Kovécs, I. Harmati, K. Molndr, Nano Energy 2021, 89, 106418.

S. Wang, H. Tai, B. Liu, Z. Duan, Z. Yuan, H. Pan, Y. Su, G. Xie, X.
Du, Y. Jiang, Nano Energy 2019, 58, 312.

B. Zhang, Y. Tang, R. Dai, H. Wang, X. Sun, C. Qin, Z. Pan, E. Liang,
Y. Mao, Nano Energy 2019, 64, 103953.

H. Li, Y. Sun, Y. Su, R. Li, H. Jiang, Y. Xie, X. Ding, X. Wu, Y. Tang,
Nano Energy 2021, 89, 106423.

Q. Lu, H. Chen, Y. Zeng, J. Xue, X. Cao, N. Wang, Z. Wang, Nano
Energy 2022, 91, 106612.

D. Wang, D. Zhang, X. Chen, H. Zhang, M. Tang, ). Wang, Nano
Energy 2022, 102, 107711.

S. Shen, X. Xiao, X. Xiao, ). Chen, ACS Appl. Energy Mater. 2021, 5,
3952.

[170]
171
[172]
[173]
[174]
[175]
[176]
1177]

[178]

[179]

[180]

[181]
[182]
[183]
[184]
[185]

[186]

2300919 (22 of 24)

www.advmattechnol.de

A.Vazquez-Lopez, |. S. Del Rio Saez, ). de la Vega, X. Ao, D. Y. Wang,
ACS Sens. 2023, 8, 1684.

J. Li, Y. Long, F. Yang, X. Wang, EcoMat 2020, 2, e12045.

J. Yun, J. Park, S. Jeong, D. Hong, D. Kim, Polymers 2022, 14, 3549.
Y. Su, G. Chen, C. Chen, Q. Gong, G. Xie, M. Yao, H. Tai, Y. Jiang, J.
Chen, Adv. Mater. 2021, 33, 2101262.

M. Wang, ). Zhang, Y. Tang, ). Li, B. Zhang, E. Liang, Y. Mao, X. Wang,
ACS Nano 2018, 12, 6156.

H. Zheng, Y. Zi, X. He, H. Guo, Y. C. Lai, J. Wang, S. L. Zhang, C. Wu,
G. Cheng, Z. L. Wang, ACS Appl. Mater. Interfaces 2018, 10, 14708.

M. Xu, S. Wang, S. L. Zhang, W. Ding, P. T. Kien, C. Wang, Z. Li, X.
Pan, Z. L. Wang, Nano Energy 2019, 57, 574.

C. Zhang, L. Liu, L. Zhou, X. Yin, X. Wei, Y. Hu, Y. Liu, S. Chen, .
Wang, Z. L. Wang, ACS Nano 2020, 14, 7092.

X.Zhang, M. Yu, Z. Ma, H. Ouyang, Y. Zou, S. L. Zhang, H. Niu, X.
Pan, M. Xu, Z. Li, Z. L. Wang, Adv. Funct. Mater. 2019, 29, 201900327.
T. Bhatta, P. Maharjan, K. Shrestha, S. Lee, M. Salauddin, M. T.
Rahman, S. M. S. Rana, S. Sharma, C. Park, S. H. Yoon, |. Y. Park,
Adv. Energy Mater. 2021, 12, 202102460.

X. Wang, P. Xu, ). Liu, T. Wang, S. Wang, T. Guan, X. Liu, T. Chen,
J. Zheng, ). Tao, M. Xu, in 2021 China Automation Congress (CAC),
IEEE, XiaMen, China 2021, 908-912.

X. Liang, S. Liu, Z. Ren, T. Jiang, Z. L. Wang, Adv. Funct. Mater. 2022,
32,202205313.

Y. Xu, W. Yang, X. Lu, Y. Yang, |. Li, ). Wen, T. Cheng, Z. L. Wang, ACS
Nano 2021, 15, 16368.

B. D. Chen, W. Tang, C. He, C. R. Deng, L. . Yang, L. P. Zhu, J. Chen,
J.J. Shao, L. Liu, Z. L. Wang, Mater. Today 2018, 21, 88.

X. Cui, H. Zhang, S. Cao, Z. Yuan, ). Ding, S. Sang, Nano Energy
2018, 52, 71.

L. Xu, Y. Tang, C. Zhang, F. Liu, ). Chen, W. Xuan, H. Jin, Z. Ye, Z.
Cao, Y. Li, X. Wang, S. Dong, J. Luo, Nano Res. 2022, 15, 5425.

P. Wang, S. Zhang, L. Zhang, L. Wang, H. Xue, Z. L. Wang, Nano
Energy 2020, 72, 104703.

Mengwei Wu received his B.S. degree from Dalian Maritime University in Dalian, China, in 2019. He is
working toward his Ph.D. degree in Peking University in Beijing, China. His current research interests
include turbulence, experimental fluid mechanics, and triboelectric nanogenerators.

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AI1Ie81D Bedldde au Aq peusenob aJe ssppie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUB-SWLRIW0D A3 1M ARe.d 1 [euljuo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/80/20] Uo ArligiTauluo A8|IM ‘YeeH AisieAlun Buppd Aq 6T600€202 IWPe/Z00T OT/I0p/W0D A8 |IM Aseiq iUl Uo//:Sd1y WOy papeojuMoq ‘0 ‘X60.S9E2



ADVANCED ADVANCED
SCIENCE NEWS eARGRAR

www.advancedsciencenews.com www.advmattechnol.de

Chuangqing Zhu is currently pursuing his doctorate degree in Dalian Maritime University, China. His
current research interests include blue energy, marine sensing, flow control, and triboelectric nano-
generators.

Jicang Si received his Ph.D. degrees from Peking University in 2023. He joined Dalian Maritime Uni-
versity in 2023, and now he is a full lecturer in the Marine Engineering College. His research interests
include combustion and renewable energy.

Hao Wang received his Ph.D. degree in ocean engineering from Texas A&M University in 2020. Cur-
rently, heis an assistant professor in the Marine Engineering College of Dalian Maritime University.
His research focuses on the wave energy conversion, particularly through applications of triboelectric
nanogenerators.

Minyi Xu received his Ph.D. degree from Peking University in 2012. During 2016-2017, he joined Prof.
Zhong Lin Wang's group at Georgia Institute of Technology. Now he is a Professor in the Marine En-
gineering College, Dalian Maritime University. His current research is mainly focused on the areas of
blue energy, self-powered systems, triboelectric nanogenerators and its practical applications in smart
ship and ocean.

Adv. Mater. Technol. 2023, 2300919 2300919 (23 of 24) © 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD 8AI1Ie81D Bedldde au Aq peusenob aJe ssppie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUB-SWLRIW0D A3 1M ARe.d 1 [euljuo//Sdny) SUORIpUOD pue swie | 8 88s *[£202/80/20] Uo ArligiTauluo A8|IM ‘YeeH AisieAlun Buppd Aq 6T600€202 IWPe/Z00T OT/I0p/W0D A8 |IM Aseiq iUl Uo//:Sd1y WOy papeojuMoq ‘0 ‘X60.S9E2



ADVANCED ADVANCED
SCIENCE NEWS eNCOGE
www.advancedsciencenews.com www.advmattechnol.de

Adv. Mater. Technol. 2023, 2300919

Jianchun Mi received his Ph.D. degree from Newcastle University in 1995. He was a national re-
searcher and director researcher of Adelaide University in Australia from 1995 to 2006. He joined
Peking University in 2006, and now he is a full professor in the College of Engineering. His research
interests include turbulence, combustion, and renewable energy.

2300919 (24 of 24) © 2023 Wiley-VCH GmbH

5UB0117 SUOLLLIOD 8A 11810 3|edt dlce aU A PoULBACB 916 ORI YO 98N J0 SB[ oy AXRJdl1 BUIIUO /3|1 UO (SUONIPUIOD-PUE-SWLBI 0" A W ARG pUIIUO//STY) SUONIPUOD PUE SULB | aU 895 *[£202/80/20] Uo AreiiTau1luo A 1M ‘UifeeH AisiAn Bubpd Ad 6T600EZ0Z WIPe/Z00T OT/10p/wioo" 3| v Akeiqjpujuo//Sdny Wo1} pOpeOIUMOQ ‘0 ‘X60LS9EZ



