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Nanogenerators, based on Maxwell’s displacement current as the driving force, have
inspired a new and developing field since their invention in 2006. In less than 20 years,
nanogenerators have rapidly developed into a research hotspot in the field of energy
harvesting and self-powered sensing. Based on new technologies and nanomaterials,
nanogenerators can efficiently harvest and store energy from the environment for the
sustainable operation of micro systems. This lays the foundation for the popularization of
their broad applications in energy science, environmental protection, wearable electronics,
self-powered sensors, medical science, robotics, and artificial intelligence. The Special Issue
‘Advanced Materials and Technologies in Nanogenerators” selected 12 articles, including
9 original research articles and 3 reviews, to show the current applications and future
evolution of nanogenerators.

Marcos Duque and Gonzalo Murillo [1] reported a triboelectric nanogenerator (TENG)
that can harvest mechanical energy by manual tapping. In order to create a high-performance
TENG, the authors improved the charge density by correctly selecting materials, designing
new spacers, and charging high-voltage corona for charge injection. This kind of TENG
can provide a sustainable power supply for miniature electronic sensors.

Yuan et al. [2] proposed a high-performance coniform Helmholtz resonator-based
TENG for efficiently harvesting acoustic energy. The novel design in the CHR-TENG can
improve its output performance and broaden its response band over harvesting acoustic
energy. With the optimized design, the maximum acoustic sensitivity per unit area of the
CHR-TENG can reach 1.68 V/Pa-m?, while the power density per unit of sound pressure
is 2.88 W/Pa-m?, obtaining a 58.2% improvement over previously reported results. In
addition, the CHR-TENG was demonstrated to charge a 1000 pF capacitor up to 3 V in
165 s, power a sensor for continuous temperature and humidity monitoring, and light up
as many as 464 commercial LED bulbs for acoustic energy harvesting.

Shi et al. [3] described a system that activates O, via the direct modulation of its spin
state by mechanical energy-induced triboelectric corona plasma, enabling a CO oxidation
reaction under normal temperature and pressure. Under optimized reaction conditions,
the activity was 7.2 umol h™!, and the energy consumption per mole CO was 4.2 MJ.
The results of kinetic isotope effect, colorimetry, and density functional theory calculation
studies demonstrated that electrons generated in the triboelectric plasma were directly
injected into the antibonding orbital of O, to form highly reactive negative O, ~ ions, which
effectively promoted the rate-limiting step of O, dissociation. The barrier of the reaction of
O, ions and molecular CO was 3.4 eV lower than that of O, and molecular CO. This work
provides an effective strategy for using renewable and green mechanical energy to realize
spin-forbidden reactions of small molecules.

Wan et al. [4] constructed a self-powered magnetic sensor based on a subtle triboelectric
nanogenerator that consists of a magnetorheological elastomer (MRE). This magnetic sensor
relies on triboelectrification and electrostatic induction to produce electrical signals in
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response to the MRE’s deformation induced by the variational magnetic field without using
any external power sources. The fabricated magnetic sensor showed a fast response of
80 ms and a desirable sensitivity of 31.6 mV/mT in a magnetic field range of 35-60 mT as
well as preliminary vectorability enabled by the multichannel layout. Their work provides
a new route for monitoring dynamic magnetic fields and paves the way for self-powered
electric-magnetic coupled applications.

Zhang et al. [5] proposed a triboelectric technology-based all-in-one self-powered HMI
(Human-Machine Interaction) system. The hydrogel-based triboelectric nanogenerator
harvests mechanical energy from the human body and provides power for the whole
system. Gesture sensing signals are wirelessly transmitted to the intelligent car for remote
telemetry and control. This technology expands the application potential of wearable
devices integrated in self-powered HMI systems.

Ding et al. [6] reported a new triboelectric nanogenerator based on sodium chloride
powder (S-TENG) to obtain mechanical energy. The polytetrafluoroethylene (PTFE) film
and sodium chloride powder layer serve as the triboelectric pair. After testing and calcula-
tion, the internal resistance of S-TENG was 30 M(), and the output power of S-TENG could
arrive at about 403.3 uW. Furthermore, the S-TENG can achieve an open-circuit voltage
(Voc) of 198 V and a short-circuit current (Isc) of 6.66 pA, respectively. Moreover, owing
to the moisture absorption of sodium chloride powder, the S-TENG device also has the
function of a humidity sensor. This work proposed a functional TENG device, and it can
promote the advancement of self-powered sensors based on the TENG devices.

Wang et al. [7] introduced a highly conductive organogel ion conductor that acts as
a self-powered sensor. The addition of small-molecular-weight lithium salt resulted in a
conductivity of up to 9.1 x 10~* S-cm~! and the organogel exhibited excellent temperature
stability in the temperature range of —70 to 100 °C. This gel-based piezoelectric sensor pro-
vides a stable energy output under pressure and can withstand long-term durability tests.

Liu et al. [8] reported a framework for monitoring the evolutionary path of nanogen-
erator technology based on the Sentence-BERT and phrase-mining methods. The method
combines both scientific and technological dimensions to analyze technological evolution
in the field of nanogenerators through an improved theme-evolution modeling approach
(SKT) with multi-source text vectorization.

Liu et al. [9] proposed a novel framework to monitor the evolutionary pathways of
nanogenerator technology based on multi-source data and a knowledge graph. In the
framework, the knowledge graph makes full use of text information, and the multi-source
data fully considers the evolutionary pathways from different data perspectives. While
analyzing the evolution pathways of some developed nanogenerator technologies, this
research finds several emerging research directions for nanogenerators, such as novel
energy sources and fiber structure of nanogenerators.

Li et al. [10] reviewed the recent research progress of rare earth metal-modified metal
halide perovskite materials and their corresponding optoelectronic devices. First of all,
Ln3* ions made up the deficiency of utilization for solar spectrum by perovskite materials.
In addition, Ln®* ions were used as dopants to improve device performance. Finally, Ln®*
ions were also used in the fields of photodetectors and solar luminescent concentrators.
It indicates the huge potential of rare-earth metals in improving the performances of the
perovskite optoelectronic devices.

The review authored by Cao et al. [11] discussed the latest technical issues and
prospects of TENG in fluid dynamics sensing. The authors introduced the advantages
and key problems of TENG applied in fluid dynamics sensing, which has attracted more
scholars” attention. This review analyzed the principles of the TENG and illustrated the
feasibility and advantages of using the TENG as a fluid dynamics sensor for local fluid
phenomena and environments. The authors summarized the recent works of the TENG
as a fluid dynamics sensor and help guide the future direction of the TENG in fluid
dynamics sensing.
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Si et al. [12] summarized the working mode and basic theory of TENGs. Then, the
authors reviewed the applications of TENGs in AR, VR, and other wearable electronic
devices. In addition, this paper also summarized the design methods of TENGs as self-
powered sensor modules in these devices. Finally, the authors analyzed and proposed
future application areas.

In summary, this Special Issue discusses the wide applications, new materials, and
evolution in the field of nanogenerators. I hope these articles will be beneficial for readers
in future research and more new creations will be submitted to this journal.
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Abstract: In this article, triboelectric effect has been used to harvest mechanical energy from human
motion and convert it into electrical energy. To do so, different ways of optimizing the energy
generated have been studied through the correct selection of materials, the design of new spacers to
improve the contact surface area, and charge injection by high-voltage corona charging to increase
the charge density of dielectric materials. Finally, a triboelectric nanogenerator (TENG) has been
manufactured, which is capable of collecting the mechanical energy of the force applied by hand
tapping and using it to power miniaturized electronic sensors in a self-sufficient and sustainable way.
This work shows the theoretical concept and simulations of the proposed TENG device, as well as
the experimental work carried out.

Keywords: energy harvesting; triboelectricity; triboelectric nanogenerator; TENG; contact-separation
mode; corona charging; IoT

1. Introduction

The triboelectric effect, also called contact electrification, has been known for thou-
sands of years and implies that when two different materials come into contact, charges
will be transferred from one material to the other, depending on their respective electron
affinity [1]. Due to its inherent characteristics, the triboelectric effect can cause extremely
high voltages. Traditionally, it has been considered a negative effect, especially in the
electronics industry, due to the damage that it can cause to integrated circuits. In 2012,
triboelectric nanogenerators (TENGs) were invented to take advantage of this previously
negative effect and use it for energy harvesting [2,3].

Due to the great advancement of technology and telecommunications, the interest in
the Internet of things (IoT) is increasing rapidly [4]. This concept allows the interconnection
of thousands of wireless sensors to capture environmental information and make decisions
without human interaction. Nevertheless, these sensors must be powered, and this is a
major drawback due to their dependence on batteries. An alternative to avoid the use of
batteries is to harvest ambient energy and convert it into electricity.

A lot of attention has been dedicated to the use of TENGs for energy harvesting, as
they have been shown to be an easy and low-cost way of converting mechanical energy
into electricity. This mechanical energy is produced by many sources such as ambient
vibrations [5-7], magnetic fields [8,9], human motion [10-17], wind [18-20], water [21],
waves [22,23], vibration by moving vehicles [24,25] and time-limited and random vibra-
tions [26-28]. This widely distributed and collected ambient mechanical energy can be
used to supply low-power electronic sensors in a self-sufficient way and can be used for
common loT applications for predictive maintenance, system sensing, or the measurement
of environmental parameters.
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As shown in Figure 1, there are four basic working modes to operate a TENG [29].
Contact-separation mode uses polarization in the vertical direction, so the system energy is
increased when the electrodes separate, which corresponds to the decrease in the capac-
itance in a parallel-plate capacitor. Lateral-sliding mode uses polarization in the lateral
direction because of the relative slip between the two materials. The material friction creates
the charge separation, as well as a capacitance change. Single-electrode mode harvests
energy from a freely moving surface without opposite electrode. Free-standing mode is
designed for power generation by electrostatic induction between a pair of electrodes,
due to the presence of a sliding charge structure. In many cases, two or more modes can
work together.

[ DIELECTRIC MATERIAL 1

R R R e S ha— [ DIELECTRIC MATERIAL 2
_________ ] ELECTRODE
o o o R o s %
++t+E e+

I O R R TR e FHrrt 4+
AMAM
Wy

(©

Figure 1. Four basic modes of work of a TENG: (a) vertical contact-separation mode; (b) lateral-sliding
mode; (c) single-electrode mode; (d) free-standing mode.

Contact-separation mode is the one used in our work. This mode requires an external
force for the triboelectric material and the electrode to come into contact, to later separate
the contact surfaces. This subsequent separation is usually carried out by means of springs,
a spacer, or the deformation of the material itself. The use of additional spacers, by means
of gaskets [30,31], sponges [32,33], and springs [34,35] or the general deformation of the
substrate such as an arched shape [36,37] or triangle prisms [38], increases the cost of
the TENG due to greater manufacturing complexity. In addition, many spacers require a
greater expansion of the deformation area.

Previous works have proposed a TENG with an etched pattern spacer [39]. This design
etches different patterns into the substrate and folds them into small spacers that are evenly
distributed on the contact surface. This system presents problems in the generation of
energy, due to the fact that there is always a contact between the top electrode and the
triboelectric material and, thus, a deficiency in the work area contact. Here, in this work, a
system using an engraving pattern in the outer zone of the contact surface of the materials
is presented.

Voltage and current outputs of TENGs are proportional to the triboelectric charge
density on the contact surfaces. Therefore, a key approach to improve the TENG output
performance is to increase the triboelectric charge density through the correct choice of
utilized materials, e.g., [40-42]. That is, by choosing materials with a higher electron
transfer capacity after contact electrification, a higher energy generation will be achieved.
Surface modification enlarges the surface area, such as: nanoparticles self-assembly [35],
pyramid patterns from photolithographic patterning [36], and surface dry-etched polymer
nanowires [43,44]. Structure optimization maximizes the contact area, such as: cylindrical
rotating TENG with multiple-layer integration [45] or an advanced PCB composite disk-
structure TENG with narrow gratings [46] and the use of a specific power management
circuit named Bennet’s doubler to maximize energy efficiency [47]. However, further
improvements in performance are needed to be able to supply low-power electronic sensors
in a self-sufficient and sustainable way.
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Due to the intrinsic properties of dielectric materials to almost permanently retain
large amounts of charge (known as electret), the surface charge density of dielectric films
can be increased several times by charge injection. Charge injection methods include
ionized-air injection, plasma polarization, high-voltage corona charging, and electron beam
bombardment [48,49]. High voltage corona charging is the simplest, cheapest, and most
widely used process in industrial manufacturing.

In this work, research on the triboelectric materials with the highest intrinsic surface
charge density and lowest cost is carried out. Furthermore, a study on the increase in charge
injection of different triboelectric materials, by means of high-voltage corona charging, is
performed. In addition, an adaptation of a triboelectric generator with engraved pattern
spacers is proposed for the improvement of the contact area and its subsequent fabrication.
In order to validate the measurements obtained after the injection of charge, a finite element
modeling (FEM) has been carried out using COMSOL Multiphysics. Finally, an example of
an application is shown, where the mechanical energy from hand tapping is collected and
used to power a group of 30 light emitting diodes (LEDs).

2. Experimental Section
2.1. Study of Triboelectric Materials

The selection process of the materials to be studied is based on numerous works
reporting triboelectric series [41,42]. For this case, materials with the highest intrinsic
surface charge density have been chosen, also taking into account the material cost. These
selected materials are polytetrafluoroethylene (PTFE), polyamide (Kapton), polyether ether
ketone (PEEK), and biaxially oriented polyethylene terephthalate (BoPET, Mylar).

The open-circuit voltage V. of a TENG can be expressed as [50]:

o x(t)

Voc(TENG) = P 1)

where ¢ is the surface triboelectric charge density between the electrification materials, &g
is the vacuum permittivity and is the separation distance.

For the characterization of these materials, we integrated different triboelectric ma-
terials in a test platform (10 cm x 10 cm) made of PMMA with four metal guides and
four springs to retract both surfaces after touching. The triboelectric material and the
copper layers are disposed of in between the PMMA structure faces. Different samples
of the triboelectric material, 5 cm x 5 cm in size and 50 um thick, have been used. As
shown in Figure 2a, two copper electrodes and a single dielectric material are used (contact
separation mode). Periodically, the top electrode separates after getting in contact with the
dielectric surface to effect charge transfer. In order to carry out the electrical measurements,
a characterization setup has been assembled (Figure 2b,c) consisting of a stepper motor
(Zaber LSQ075B-T3-MC03 and X-MCB1-KX13B), a dynamometer (Mark M5i and MR03-20
sensor for a maximum force of 100 N), a sourcemeter (Keithley 2470), and a LabVIEW
program that controls the entire electrical characterization setup.

For the characterization of the materials, the linear motor produces a vertical motion
to make physical contact between the material and the top electrode. A force of 50 N,
which is approximately the force generated by a human footstep, is applied. Figure 3
shows the different triboelectric materials and the average generated voltages. As observed,
voltages ranging from —35 V to —57 V can be achieved with a single piece of material. All
the measurements were performed with three samples of each type (n = 3). For all the
tests, the measured ambient temperature and relative humidity were around 30 °C and
20%, respectively.
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Figure 2. (a) Schematic of material and electrode used for the characterization of the materials;

(b,c) ad hoc setup for electromechanical characterization of triboelectric devices.
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Figure 3. Comparison of voltages generated for the different material samples.

2.2. Surface Charging Process

To increase the surface charge density of dielectric films, as already mentioned above,
charge injection is performed by high-voltage corona charging. To do so, as shown in
Figure 4a, a PCB with multiple metal tips was designed and manufactured. Using a high-
voltage source (Frederiksen 3670.60), a high voltage is applied to the multi-tip electrode.
The current flows from the high-potential multi-tip electrode to the ground plane, through
the air, by ionizing and creating a region of plasma around the needles. The ions eventually
pass the charge to lower potential areas of the dielectric material. In order to clarify this
process, Figure 4b shows the schematic of the injection process discussed above.

Firstly, to study the optimum voltage and time to be applied to the corona, PTFE has
been chosen as the material, since it is the material that generates the highest output voltage
for an applied force. A voltage sweep is performed from 1000 V to 6000 V, with a gradual
increase of 1000 V. Figure 5a shows the open-circuit voltage that the material can generate
with an electrode separation of 5 mm. The greater the voltage applied to the corona, the
greater the increase in charge density of the material.
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Figure 4. (a) Charge injection setup using high voltage corona charging; (b) schematic of the process
of charge injection by corona.
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Figure 5. (a) Graph of the generated open-circuit voltage as a function of the voltage applied to the
corona discharge; (b) graph of the open-circuit voltage that can be generated by the material as a
function of the injection time with a constant corona discharge voltage of 6000 V.

For a constant voltage of 6000 V applied to the corona discharge, we performed a
study on how long it takes to achieve the maximum surface charge. As can be seen in
Figure 5b, after 15 min of application time, the maximum voltage generated stabilizes, and,
therefore, the maximum surface charge density that the material can support is reached.

Although the humidity and temperature were monitored during the charging process,
it can be very sensitive to tiny changes in these parameters, air pressure, or surface cleanness.
All the parameters and samples were identical; however, a variability can be observed from
one to another. The best future solution to increase reproducibility is to have a specific
chamber with a specific gas at controlled pressure and temperature.

Finally, the charge injection is carried out by applying a constant voltage of 6000 V
and a period of 15 min. In the Figure 6a, it can be seen how the materials with the lowest
intrinsic charge density, such as PEEK and Mylar, are now the ones with the highest surface
charge density and, therefore, the ones that generate the highest maximum voltage.

Concerning the permanent effect of this polarization, the surface charge density is
limited by the breakdown of the electric field in the air. This ion-injection method is an
effective way to increase the output power by up to 25 times. This has been proven to be
stable over 5 months and 400,000 continuous operation cycles [51]. In our case, as shown
in Figure 6b, after 1500 cycles, the voltage drops 6%, and, after 2500 cycles, it drops 12%.
Finally, after 2500 cycles, the voltage remains stable.
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Figure 6. (a) Comparison of voltages generated with the different samples of polarized materials for
15 min and a voltage of 6000 V; (b) measurements of eight contact cycles for each material to validate
the permanent effect of polarization.

2.3. Finite Element Modeling

TENG devices have been simulated with COMSOL Multiphysics to compare the
results of the electrical characterization with a theoretical model. The used module for this
simulation is AC/DC Module (Electrostatics). The 2D model built in COMSOL consists of a
box air (20 cm x 20 cm), the triboelectric material, and the copper electrodes, one is defined
as ground and the other as floating potential. A specific surface charge density calculated
by using Equation (1) has been assigned to the surface of the triboelectric material.

The model is created using a fine triangular mesh. The mesh contains more than
50,000 elements. Figure 7a shows the electric potential generated by the Mylar sample,
with distance of 5 mm between the electrodes. Figure 7b,c show the output open-circuit
voltage for different triboelectric materials without and with corona charging respectively.
As seen, the simulated results are in agreement with the electrical measurements.
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Figure 7. (a) Electric potential (in volts) generated by the Mylar sample with an electrode separation
of 5 mm. (b,c) Open-circuit voltage for different triboelectric materials without and with corona
charging, respectively.

2.4. Fabrication of the Prototype

Figure 8a,b show the schematic and operating scheme of the TENG device based on
contact separation mode. The specific working process in divided into three steps. In the
first step, the spacers are flattered by the impact force so that the copper electrode fully
contacts the dielectric film. Here, copper is used as the tribometallic material and top
electrode. Due to the significant difference in the electronic affinity of the two materials, net

10



Nanomaterials 2022, 12, 3271

positive charges are generated on the surface of the copper layer, and equal net negative
charges are left on the surface of the dielectric film. Second, the spacers return to their
original folded state due to their inherent elastic force, until the maximum vertical distance
is reached. This conducts free electrons from the bottom copper electrode of the dielectric
film to the top copper electrode through an external circuit to compensate for the potential
difference between the two electrodes. Finally, the spacers are pressed again under another
external mechanical impact, the top electrode and dielectric film are fully in contact again,
and free electrons will flow from the top electrode through the external charge back to the
bottom electrode. The previous three steps of the TENG formed a complete and repeatable
cycle of electrical power generation.

O (] PET [EICU [IDIELECTRIC MATERIAL

(b)

@

Figure 8. (a) Scheme of the TENG device; (b) scheme of operation of the TENG device; (c,d) image of
the manufactured TENG device before and after assembling, respectively.

For the manufacturing of the TENG device, a 70 mm x 70 mm x 0.5 mm PET (polyethy-
lene terephthalate) substrate has been used for the bottom part. On the PET substrate, a
piece of adhesive copper of 45 mm x 45 mm X 0.05 mm is adhered. This electrode will be
smaller than the dielectric material to avoid possible shortcuts between electrodes. Finally,
a Mylar layer is adhered to the bottom copper electrode, 50 mm x 50 mm x 0.05 mm.
For the top electrode, we use a PET sample of the same dimensions as the bottom one,
but with the different spacers engraved by laser cutting at the ends of the structure. A
45 mm x 45 mm X 0.05 mm piece of adhesive copper is also attached as the top electrode.

To improve the energy generated by the TENG device, two of them have been manu-
factured in a stack (Figure 8c,d) and have been measured individually, connected in series
and in parallel. For this stack manufacturing, the process is identical, but, in this case,
the top PET substrate of the first TENG and the bottom one of the second are shared to
minimize cost and volume.
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2.5. Electrical Characterization

For the electrical characterization of this TENG device, as shown in Figure 8, two
different measurements have been carried out. First, we measured the maximum voltage
generated by contacting the device directly to the sourcemeter. Second, we connected
the device to a diode bridge and a capacitor of 10 puF to rectify the signal and store the
energy. Then, by means of a switch, the stored energy is connected to 30 LEDs. For these
measurements, in order to show a real application, instead of applying 50 N of force with a
stepper motor, the force was applied with the palm of the hand, obtaining an average of
8 N of force.

For the first measurement, each of the dielectrics was measured separately. As shown
in Figure 9a, the maximum voltages are very similar, reaching a value of 170 V. By con-
necting the two materials in series, the voltage increases to 250 V. Ideally, the voltage
should be doubled, but manually applying the force and not contacting each dielectric with
its top electrode in phase do not reach this maximum voltage. An improvement of 50%
improvement over a single individually connected device is obtained.
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Figure 9. (a) Voltage generated by each device individually and connected in series; (b) circuit
diagram and photograph of the TENG device powering the 30 LEDs; (c) process of charging and
discharging the capacitor for a capacity of 10 uF; (d) TENG device used to light 30 LEDs up.

In the second characterization, as previously mentioned and shown in the schematic
of Figure 9b, the device output is connected to a diode bridge, together with a capacitor
of 10 uF and is charged up to 5 V. Once the 5 V is reached, which corresponds to a stored
capacitor energy of 125 pJ, there are a few seconds without charging, and then the LEDs are
connected through the switch to illuminate them for 150 ms (Figure 9d). Figure 9c shows
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the comparative graph of charge and discharge of the 10 pF capacitor when powering the
30 LEDs and applying force with the palm of the hand at an approximate frequency of
6 Hz. It can be observed that when using a single device, the charging process takes 35 s,
while when connecting two devices in series, this time is reduced to 23 s. Decreasing the
charging time of the capacitor by 35%. In the same way, if the two devices are connected in
parallel, the charging time is reduced to 12 s. This decreases the time by 65%, compared to
the single device. From these results, we can infer that a power of 10 uW can be generated
by two devices connected in parallel.

3. Discussion and Conclusions

In this article, the fabrication of a TENG device has been carried out, which can collect
the mechanical energy of the force applied by tapping with the palm of the hand. This
energy could be used to power low-power electronic sensors in a self-sufficient way.

In order to manufacture the TENG devices, the most suitable materials (i.e., those with
the highest surface charge transfer and most cost-effective) have been studied. In addition,
the design of the spacers has been optimized to improve the contact surface and reduce the
final costs of the device.

To increase the surface charge density, charge injection was carried out by means of
high-voltage corona charging. The voltages to be applied and the optimal time for this
charge injection were examined.

To validate the correct operation of the TENG device, electrical characterizations with
different mounting configurations were carried out. By using a stack of only two devices
connected in parallel, 30 LEDs were illuminated every 12 s, thanks to a power generation
of 10 uW produced by hand tapping.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nan012193271/s1. Video S1: Device lighting 30 LEDs.
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Abstract: Harvesting acoustic energy in the environment and converting it into electricity can
provide essential ideas for self-powering the widely distributed sensor devices in the age of the
Internet of Things. In this study, we propose a low-cost, easily fabricated and high-performance
coniform Helmholtz resonator-based Triboelectric Nanogenerator (CHR-TENG) with the purpose
of acoustic energy harvesting. Output performances of the CHR-TENG with varied geometrical
sizes were systematically investigated under different acoustic energy conditions. Remarkably, the
CHR-TENG could achieve a 58.2% higher power density per unit of sound pressure of acoustic energy
harvesting compared with the ever-reported best result. In addition, the reported CHR-TENG was
demonstrated by charging a 1000 uF capacitor up to 3 V in 165 s, powering a sensor for continuous
temperature and humidity monitoring and lighting up as many as five 0.5 W commercial LED bulbs
for acoustic energy harvesting. With a collection features of high output performance, lightweight,
wide frequency response band and environmental friendliness, the cleverly designed CHR-TENG
represents a practicable acoustic energy harvesting approach for powering sensor devices in the age
of the Internet of Things.

Keywords: coniform Helmholtz resonator; triboelectric nanogenerator; acoustic energy harvesting

1. Introduction

In the era of the Internet of Things (IoT), it is highly desired for the development of
sensor devices that are environmentally friendly, independent and operation maintenance-
free [1,2]. Since various forms of energy exist in the working environment of sensor
facilities, such as solar energy, vibration energy, wind energy, sound energy, etc., energy
harvesting from the environment provides a practical solution for the sustainable power
supply for sensor equipment [3-7]. Among different energy forms in environment, as a
green, abundant and sustainable energy source, acoustic energy is gaining the intrigue
of energy harvesting researchers [8-11]. However, acoustic energy is mainly wasted due
to its low energy density of sound waves and the lack of practical energy harvesting
technologies [12]. If such a widely distributed energy were collected, converted into
electricity and utilized in a managed manner, it would provide an essential solution for
the self-powering of the IoT sensor nodes. Nevertheless, most previous studies focused on
piezoelectricity or electromagnetic induction have inevitable disadvantages, such as low
electrical output performance or complex structure design [13-17]. Hence, it is imperative
to develop acoustic energy harvesting devices with high electrical output performance and
reasonable practicability.
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In 2012, Professor Wang Zhonglin reported a new approach to transforming environ-
ment low-frequency energy into electrical energy by utilizing a Triboelectric Nanogenerator
(TENG) [18]. With its features of low cost, light weight, easy manufacture and high power
density, TENG demonstrates great competitiveness in low-frequency energy collection
and has been deemed to be the most prospective approach to achieve distributed en-
ergy harvesting (vibration energy [19-22], wind energy [23-26], wave energy [27-30], and
acoustic energy [31-34]) and self-powered sensing [35-38]. Among the studies on acoustic
energy harvesting by utilizing TENG, Yang et al. [39] first explored the TENG acoustic
energy harvester based on organic film, amazingly, by utilizing a Helmholtz resonator,
the device achieves a maximum output voltage of 60.5 V, a maximum output current
of 15.1 pA and a maximum power density of 60.2 mW/m? output performance at the
acoustic frequency of 240 Hz. Regarding innovation structure of the TENG acoustic energy
harvester, Cui et al. [40] investigated a novel mesh TENG acoustic energy harvester that
could operate in a wide frequency range (50~425 Hz). The mesh structure design enhances
the electrical output performance of the apparatus, which can generate a current density of
45 mA/m? with a maximum open-circuit voltage of 90 V. More recently, Wang et al. [41]
reported a new sound-driven TENG with an integrated embroidery hoop, which could
generate 500 V, 124 pA electricity output. Although the device is simple in design and
fabrication, it cannot achieve the convergence and reinforcement of acoustic energy. In
terms of structural innovation for enhanced acoustic energy collection, the Helmholtz
resonator is of great help to strengthen the energy harvesting effect. Particularly, our group
has designed an improved Helmholtz resonator-based TENG for efficient acoustic energy
harvesting [33] in which dual tubes were installed on the outside of the resonator. Through
optimized design, the sound pressure sensitivity of TENG per area reaches 1.23 V/Pa-cm?,
and the power density per unit acoustic pressure reaches 1.82 W /Pa-cm?, which achieves
the best sound energy collection and power generation effect in the field. However, there is
very little research on the internal structure optimization of Helmholtz resonator-based
TENG for high-performance acoustic energy collection. It is still essential and necessary to
further improve the performance of acoustic energy harvesting and widen the frequency
range of collected sound for developing self-powered devices based on acoustic energy.

Herein, we developed a novel coniform Helmholtz resonator Triboelectric Nano-
generator (CHR-TENG) for efficient collection of acoustic energy in environment. The
CHR-TENG is composed of a coniform Helmholtz resonance cavity, an aluminum film
with uniformly distributed acoustic holes and a fluorinated ethylene propylene (FEP) film
with conductive ink printed electrodes. To identify the characteristics of acoustic energy
harvesting effect, output performances of the CHR-TENG with different geometrical sizes
under different acoustic conditions were systematically investigated. Compared with
the conventional acoustoelectric conversion devices, the CHR-TENG demonstrates better
output performance due to its capture and reinforcement effects on sound energy.

2. Results and Discussion
2.1. Structure Design of the CHR-TENG

Figure 1 depicts the structure design of the CHR-TENG, which can be used in vari-
ous acoustic generation sources for energy harvesting for self-powering wireless sensor
nodes, such as transportation scenarios of vehicles, airplanes or ships, where there have
frequent activities and monitoring are needed. Generally speaking, acoustic levels in the
transportation scenarios are mainly in the form of low frequency and high sound pressure
level. Detailed acoustic levels can be seen Table S1 in Supplementary Materials. Figure 1b
displays the schematic of the acoustic energy harvesting system: specifically, the acoustic
source produces acoustic wave energy in the vibration form; the acoustic energy collection
device focuses the energy and then utilizes the acoustic—electric conversion technology to
convert acoustic waves from vibration energy to electrical energy; the electricity output is
rectified by the energy management module with optimal impedance matching, which is
ultimately used to power sensors, electrical energy storage or small power supplies. The
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detailed structure design of the CHR-TENG is illustrated in Figure 1c. The CHR-TENG
consists of a front-end acoustic gathering structure (3D plastic printed, hereafter named
as “reflector” for the sake of simplification), a coniform Helmholtz resonance cavity (3D
plastic printed) and an electricity generation unit. The electricity generation unit com-
prises an aluminum membrane with uniformly distributed acoustic holes etched by laser
(Figure 1c-i) and an FEP membrane with conductive ink-printed electrodes. A spacer cavity
is designed and inserted between the FEP membrane and the aluminum membrane to
realize a better contact separation effect. The conical Helmholtz resonance cavity is a kind
of acoustic resonance system that amplifies the acoustic energy through the resonance
cavity and enhances the output performance of the TENG by resonance effect. FEP film
and aluminum are common materials for TENG energy harvesting devices. FEP material
is highly electronegative in nature, resulting in a large amount of charge transfer when it
separates from the aluminum electrode in contact. Surface treatment of FEP contributes
to reinforce output performance of the TENG [42]. In this work, to improve the output
performance of the CHR-TENG, FEP film was polished to increase its surface roughness
with surface features scanned by electron microscopy (Figure 1c-ii). Figure 1d displays the
physical images of the CHR-TENG.
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Figure 1. The structure design of the CHR-TENG. (a) Schematic diagram of various applications of the CHR-TENG in acous-
tic energy harvesting. (b) Schematic diagram of the acoustic energy harvesting and management system. (c) A schematic
illustration of the CHR-TENG. (d) Physical images of the CHR-TENG.

2.2. Working Principle of the CHR-TENG

Figure 2 depicts the working principle of the CHR-TENG. Figure 2a illustrates the
schematic diagram of the acoustic energy harvesting experimental process. The signal
generator provides a stable and frequency adjustable sine wave electrical signal, and
the power amplifier amplifies power of the electrical signal to drive the loudspeaker to
generate acoustic waves. The acoustic frequency of the system can be adjusted by the
signal generator, and the sound pressure level is controlled by the power amplifier. The
FEP film in the CHR-TENG is driven by acoustic force to periodically separate from
the aluminum electrode, generating a corresponding change in the electrical signal. The
electrical output signals could be detected by an electrostatic high-resistance meter, received
by a data acquisition card, and then plotted into a real-time change curve by LABVIEW
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software on the computer. The sound level meter is placed next to the FEP membrane,
with measurement accuracy and resolution of 1.5 dB and 0.1 dB, respectively. To ensure
accuracy and consistency of the experiments, the same TENG unit was used in all electricity
generation performance and comparison experiments conducted in this study to exclude
the systematic bias of the experiments. Since the resonator geometric dimension of the CHR-
TENG is far less than that of the incident acoustic wavelength, the coniform Helmholtz
resonator could be simplified as a 1D lumped system [43]. As schematically illustrated
in Figure 2b, the coniform Helmholtz resonator is simplified to a mass—spring—damper
model. Once driven by outside acoustic waves, the air inside the coniform Helmholtz
cavity will operate as an air spring, while the air in the neck area will oscillate like a mass,
forcing the air spring to expand and contract back and forth. Viscous losses generated due
to damping mainly come from the friction of oscillating air at the neck region and radiation
losses at the neck end. Formulation of the resonance frequency of the coniform cavity can
be expressed as:

C 3An

Fr=on 4V .H,

M

where c is the speed of sound in air, A, is the neck area, V. represents the volume
of the resonant cavity and H, is the neck length. Figure 2c shows the distribution
of sound pressure levels of the coniform Helmholtz resonator at the first resonant
frequency. It can be seen from the simulation that the acoustic pressure is the highest
at the bottom of the resonator cavity. A higher sound pressure in the cavity will
result in a better resonance effect and, thus, a higher electrical output of the CHR-
TENG. Therefore, the TENG electrical powering unit is placed at the bottom of the
resonator cavity to ensure the best electrical output performance. Figure 2d presents
a schematic depiction of the working mechanism of the CHR-TENG. The acoustic
wave propagation causes the pressure between the FEP membrane and aluminum
electrode to change periodically, generating repetitive vibrations of the FEP up and
down. When the FEP membrane contacts the aluminum electrode, electron transfer
is caused by electronegativity difference between the two materials, thus resulting
in a negatively charged FEP surface and a positively charged aluminum electrode
(Figure 2d-i). As the FEP film separates from the aluminum electrode caused by
the acoustic pressure change, to equalize the local electric field, free electrons will
flow from the conductive ink electrode to the aluminum electrode through external
circuit, thus generating positive charges (Figure 2d-ii). Electron flow continues to the
maximum distance between the two contact surfaces (Figure 2d-iii). After that the
acoustic waves push the FEP film toward the aluminum electrode. During this stage,
the voltage difference diminishes, and free electrons inside the aluminum electrode
pass through an external circuit back to the conductive ink electrode (Figure 2d-iv).
Ultimately, surfaces of the FEP film and the aluminum electrode come into contact
again, and the charge distribution returns to the initial condition (Figure 2d-i). Hereto,
the whole electricity generation cycle of the CHR-TENG completes, and the output
of alternating current pulses under the action of acoustic waves is generated. To
further investigate the acoustic field distribution of the conical Helmholtz resonator
and the potential distribution change between electrodes of the CHR-TENG, COMSOL
was employed to carry out finite element analysis, the simulation results of which
are shown in Figure 2e,f, respectively. Simulation conditions are provided in the
Supplementary Materials. The acoustic field distribution of the coniform resonator
is illustrated in Figure 2e. The sound pressure level gradually increases from the
opening to the end in the reflector structure, indicating a good sound convergence
effect. To ensure the optimum output performance of the CHR-TENG, the TENG
power generation unit is placed at the bottom of the coniform resonator, where the
acoustic pressure level reaches the maximum. Figure 2f depicts the electrical potential
distribution change between the FEP and the aluminum electrode.
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Figure 2. Working principle of the CHR-TENG. (a) Schematic diagram of acoustic energy collection experimental process.
(b) The coniform Helmholtz resonator simplified by the mass—spring—damper system. (c) Distribution of sound pressure
levels of the coniform Helmholtz resonator at the 1st resonant frequency. (d) The working mechanism of the CHR-TENG.
(e) Periodic potential distribution change of the two electrodes simulated by COMSOL.

2.3. Performance of the CHR-TENG

The electrical output performance of the CHR-TENG is influenced by the acoustic
characteristics. This work systematically investigated the effects of acoustic pressure levels
as well as distances to acoustic sources on the output performance of the CHR-TENG.
Figure 3a depicts a schematic diagram of acoustic wave propagation and capture. The
influence of the distance between the CHR-TENG and the sound source on the output
performance was first investigated. Figure 3b shows output curves of the peak open-circuit
voltage of the CHR-TENG at different distances in specific acoustic frequency (acoustic
frequency range 40 to 200 Hz), with acoustic pressure levels ranging from 64 to 96.4 dB.
Experimental results show that the output performance of the CHR-TENG gradually
decreases with the increase of distance from the acoustic source. When the distance from
the acoustic source was 20 mm, the CHR-TENG generated the peak open-circuit voltage
115 V at 140 Hz. When the distance increased from 20 mm to 110 mm, the CHR-TENG
produced the peak open-circuit voltage of 18 V at 59 Hz. The output performance trend of
short-circuit current and transferred charge is also consistent with that of the open-circuit
voltage, which is due to the fact that output performance of the CHR-TENG is influenced
by the coupling of acoustic propagation and electricity generation. In practical applications,
we can choose the solution of getting as close to the acoustic source as possible or designing
the array harvesters to enhance the energy harvesting and improve the output performance.
The CHR-TENG operates in the pattern of contact and separation, whose control equation
can be specified as:

o-x(t)
€0

Voc = (2)
where V. is open-circuit voltage, o is charge density, x(t) is film displacement and ¢ is
dielectric constant. It can be seen from the formula that the electric output performance
of the CHR-TENG is proportional to the film displacement when the material is selected
constant. The effect of the sound pressure level and the distance from the acoustic source
on the output performance of the CHR-TENG were investigated as the two elements that
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will influence the film displacement. In addition, the electricity output of the CHR-TENG
was measured with acoustic pressure levels ranging from 50 dB to 100 dB. As shown in
Figure 3¢, the output voltage increases as the acoustic pressure increases. This is mainly
attributed to the fact that the increase in acoustic pressure results in increased radial
displacement of the FEP film. As the acoustic pressure levels increased from 50 dB to
100 dB, the open-circuit voltage increased from 4 V to 270 V, the short-circuit current rose
from 0.1 to 85 pA (Figure 3d) and the transfer charge increased from 3 to 84 nC (Figure 3e).
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Figure 3. Electrical output performance of the CHR-TENG under different sound energy conditions. (a) Schematic diagram
of acoustic wave propagation and capture. (b) Open-circuit voltage output of the CHR-TENG under the excitation of
acoustic waves with different frequencies in distances ranging from 20 to 110 mm. (c) Open-circuit voltage, (d) short-circuit
current and (e) transferred charge output of the CHR-TENG under acoustic excitation with pressure levels varying from 50
to 100 dB.

Among all the parameters in the resonance frequency formulation, V. is one of the
main influencing parameters on the resonance frequency of the resonator. The variation of
the V. will change the resonance frequency of the resonator and, thus, further influence
the output performance of the CHR-TENG under the combined action of the electricity
generation module. In order to explore the influence of V. on the output performance
of the CHR-TENG, we prefer to change the resonator thickness to change the resonator
volume. To investigate the influence of the resonator’s thickness on electrical output
performance of the CHR-TENG, we studied the output of the CHR-TENG with resonator
thicknesses of 30 mm, 40 mm and 50 mm, respectively. As shown in Figure 4a, generally, the
maximum peak open-circuit voltage outputs of the three CHR-TENGs have little difference:
the maximum peak open-circuit voltage of the CHR-TENG with the thickness of 30 mm
is 112 V, and the difference between 40 mm and 50 mm is not much, within only 5 V.
Furthermore, a comparison is conducted to explore the open-circuit voltage outputs of the
CHR-TENGs with different thicknesses at the same acoustic conditions (acoustic frequency
40-250 Hz, sound pressure level 60.3-92 dB).
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Figure 4. Electric output characterization of the CHR-TENG with varied geometrical sizes. (a) The maximum peak
open-circuit voltage output of the CHR-TENG with different resonator thicknesses. (b) Open-circuit voltage output of
the CHR-TENG with different resonator thicknesses. (c¢) Open-circuit voltage output of the CHR-TENG with different
cross-sectional areas. (d) Open-circuit voltage output of the CHR-TENG with different coniform angles. (e) Open-circuit
voltage output of the CHR-TENG with varied FEP film sizes. (f) Open-circuit voltage output of the CHR-TENG with

different reflector sizes.

As illustrated in Figure 4b, the acoustic frequency of generating the peak open-circuit
voltage (optimal response frequency) decreased from 140 Hz to 130 Hz when the resonator’s
thickness changed from 30 mm to 50 mm. This is due to the fact that the increase of the
resonator thickness adds the resonator’s volume V., and the resonator frequency will be
lower with a bigger V.. However, it can be seen in the present experimental conditions
that the enhancement of the acoustic wave by the resonator cavity does not improve as
V. changes. To investigate the influence of the cross-sectional area of the connecting tube
on the electric output performance, three CHR-TENGs with different cross-sectional areas
were employed to measure the output power under the acoustic condition of frequency
range 30 to 200 Hz and sound pressure level range 60.2 to 83.5 dB, as the results are shown
in Figure 4c. As the cross-sectional area increases, the power output varies in different
frequency ranges. The optimal response frequency increases with the cross-sectional
area; meanwhile, the acoustic response band is also broadened. However, the output
performance of the CHR-TENG does not get better with increased area. This result is
because the acoustic energy entering the resonator cavity is less when the cross-sectional
area is small. However, when the cross-sectional area is too large, a good mass-spring
damping system cannot be formed, resulting in poor acoustic pressure level implication.
Therefore, the cross-sectional area of the CHR-TENG can be designed and selected based
on the acoustic frequency band of the actual application scenarios. As the coniform angle is
an important parameter of the coniform cavity structure, a comparison was conducted by
varying coniform angles of the resonator cavity of the CHR-TENG, in which the experiment
was carried out under the acoustic environment of frequency 20-200 Hz and sound pressure
level 61-90.4 dB. The peak open-circuit voltages of the CHR-TENG were measured with
coniform angles of 44.25, 51.34 and 55.68, respectively. It was found that the open-circuit
voltage of the CHR-TENG would be an increasing and then decreasing trend for each one
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of the conical angles, as shown in Figure 4d. When the coniform angle was 44.25, the output
voltage increased from 30 V to 108 V (the optimal output) as the frequency changed from
20 to 90 Hz, and then the output voltage gradually decreased to 15 V with the increasing
sound frequency. The peak output voltage was 113.3 V for the CHR-TENG with a conical
angle of 51.34, while the peak output voltage was 106.5 V for the CHR-TENG with a conical
angle of 55.68. Obviously, the optimal response frequency of the CHR-TENG increases
gradually with the increase of cone angle, but the increase is not large. The circular FEP film
with fixed edges is driven by the air pressure difference generated by the acoustic source
and vibrates reciprocally. The vibration of the circular FEP film is influenced by its size. We
have investigated the influence of film size on the power output of the CHR-TENG.

As displayed in Figure 4e, the optimal response acoustic frequency changed from
270 Hz (FEP film diameter 25 mm) to 60 Hz (FEP film diameter 55 mm) with the increase
of the FEP film size, while the optimal peak voltage for the optimal response acoustic
frequency increased from 31.8 V to 96 V. More interestingly, the response bandwidth of
the CHR-TENG with high output performance becomes narrower as the optimal response
frequency decreases. The higher output results from the larger FEP film deformation,
which can provide basic guidance for modulating the acoustic frequency response of the
CHR-TENG. To enhance the acoustic energy collection, the front-end sound converging
structure is installed on the CHR-TENG,; hereafter, it is named as the reflector for the sake
of simplification. The reflector on the CHR-TENG could effectively gather acoustic energy
into the resonance cavity, thus contributing to improve its efficiency of acoustic—electric
conversion. To systematically investigate the power output of the CHR-TENG for sufficient
collecting acoustic energy into the resonance cavity, reflectors with diameters from 60 to
150 mm were employed to measure the output performance under the acoustic conditions
of frequency from 40 to 200 Hz and sound pressure levels from 62.5 to 98.5 dB, as the
results are shown in Figure 4f. Obviously, with the increase of reflector’s diameter (Dy),
the output peak open-circuit voltage of the CHR-TENG increases gradually. This is mainly
ascribed to the fact that the increase in Dy results in a larger acoustic energy act on the
CHR-TENG, thus, a better output performance. Meanwhile, the increase of the reflector’s
diameter is equivalent to the increase of S in Equation (1). The optimal response frequency
of the CHR-TENG increases with the reflector diameter, which shows that experimental
results are consistent with the theoretical results. Therefore, to enhance the efficiency of
acoustic—electric conversion, a sufficiently large reflector should be installed as far as the
environmental space allows.

2.4. Demonstration of the CHR-TENG

To the best of our knowledge, the maximum power density per unit area structure in
the published articles is the dual-tube Helmholtz resonated TENG (HR-TENG) proposed
by our group [33]. Figure 5a shows the peak open-circuit voltage of the two acoustic
energy harvesting TENGs under the excitation of the same acoustic waves. The open-
circuit voltage of the CHR-TENG can achieve approximately 110 V at the optimal electrical
performance output frequency of 140 Hz, which is 83.3% higher than the maximum open-
circuit voltage of the dual-tube HR-TENG. In terms of the electrical output performance at
various acoustic frequencies, electric output of the dual-tube HR-TENG under a frequency
of 30 Hz to 50 Hz raised relatively slowly (from 12 V to 14 V); the output voltage increased
from 14 V to 60 V when the frequency changed from 50 Hz to 100 Hz. After that, with the
increase of the sound frequency, the peak voltage of the HR-TENG declined rapidly. When
the frequency rose to 150 Hz, the open-circuit voltage output dropped to about 14 V; then,
with the increase in frequency, the output voltage remained unchanged, which indicates
that the response frequency of the dual-tube HR-TENG is between 50 and 150 Hz. As for the
output performance of the CHR-TENG, the peak open-circuit voltage increased from 20 V
to 110 V under the sound frequency of 30 Hz to 140 Hz, and then the output performance
gradually decreased with the acoustic frequency increase. When the frequency increased to
240 Hz, the peak open-circuit voltage dropped to about 24 V and then remained unchanged
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with the increase of frequency, showing that the response frequency of the CHR-TENG is
between 30 and 240 Hz. Throughout the 30 to 250 Hz sound frequency, the output voltage
of the CHR-TENG is persistently above that of the dual-tube HR-TENG, indicating that the
CHR-TENG has a better output performance and a wider response frequency.
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Figure 5. Demonstrations of the CHR-TENG for acoustic energy harvesting as a sustainable power source. (a) Comparison
of the open-circuit voltage of the CHR-TENG and the dual-tube HR-TENG under excitation of the same acoustic conditions.
(b) External resistance effect on the output performance of the CHR-TENG. (c) Charging of different capacitors by the
CHR-TENG electrical output. (d) Power density comparison with previously acoustic energy harvesters. (e) Demonstration
of the CHR-TENG for powering the sensor. (f) Demonstration of the CHR-TENG for powering LEDs.

To investigate the maximum output power of the CHR-TENG, the study was
carried out by matching an external load to the acoustic energy harvesting device.
Figure 5b depicts the effect of external resistance on the CHR-TENG output perfor-
mance for the acoustic conditions of 140 Hz and 90 dB. As the external load resis-
tance increases from 1MQ) to 10M(), the peak open-circuit current of the CHR-TENG
gradually decreases, and the output power of the CHR-TENG for the same acoustic
conditions first increases and then decreases (shown in Figure S7 in Supplementary Ma-
terials), showing a maximum power output when the load resistance is 5 M(). To make
an equivalent comparison of output performance of various kinds of acoustic energy
harvesters, the power density per unit of sound pressure is calculated. Particularly,
the maximum power density of the CHR-TENG is 2.88 W /Pa-m?. Experimental results
show that the output performance of the CHR-TENG improved considerably (a 58.2%
higher power density) compared to the previously published work by utilizing the
coniform Helmholtz resonator to enhance the acoustic energy harvesting. A more de-
tailed comparison of power density with previous acoustic energy harvesters is shown
in Table 52 in the Supplementary Materials. The coniform Helmholtz resonator can
enhance the acoustic energy harvesting, and, thus, more acoustic energy is transformed
to electricity through TENG. Both the resonator cavity volume and the coniform angles
would affect the output performance under different acoustic conditions. Therefore,
a high-performance CHR-TENG could be designed and selected through structure
optimization and applied in a specific acoustic scenario.

Figure 5c presents a demonstration experiment of the CHR-TENG charging capac-
itors with various capacities. Alternating current output of the CHR-TENG is supplied
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to the capacitor ends through the rectifier bridge, and the electricity is then stored into
the capacitor. Under the supply of the CHR-TENG, it took only about 6 s to charge a
47 uF capacitor to 3 V and about 165 s to charge a 1000 uF capacitor to 3 V, showing
that the CHR-TENG has favorable charging performance for the capacitor. The power
density of the CHR-TENG was calculated and compared with previously reported
acoustic energy harvesters [9,13,32,33,44-48], as depicted in Figure 5d. Comparison
of power density with previously acoustic energy harvesters is shown in Table S2 in
Supplemental Materials. It can be seen from the figure that the optimal result in the
literature has the power density per unit sound pressure 1.82 W/Pa-m?, while ours
has that of 2.88 W /Pa-m?, showing a large improvement compared to the previous
studies. In addition, as plotted in Figure 5e, the temperature and humidity sensor
can be successfully switched on after charging the 1000 uF capacitor to 1.5 V. The
sensor can function continuously while being powered by the CHR-TENG. Figure 5f
shows the CHR-TENG can successfully light up as many as five 0.5 W commercial LED
bulbs for acoustic energy harvesting by transforming acoustic energy to electricity. To
examine the output performance of the acoustic energy harvester in real scenarios, the
experimental results of the CHR-TENG testing in a ship’s engine room and the stability
of the device was performed. The power output performance of the CHR-TENG in a
ship’s engine room and stability test are shown in detail in Figures S6 and S8. Results
show that the output capability of the harvester becomes weak due to the energy
spreading in a wide space. In our future work, we will carry out further research by
setting arrayed CHR-TENGs to eliminate the noise interference and adapting to the
wideband acoustic frequency in a real application scenario. As for the stability test,
experimental results indicate that there is hardly any change in the output performance
after three days of tests, showing a good output stability characteristic.

3. Experimental Section
3.1. Fabrication of the CHR-TENG

The CHR-TENG consists of a coniform Helmholtz resonant cavity, an aluminum
electrode with uniformly distributed acoustic holes and an FEP membrane with an ink-
printed electrode. The front sound converging structure (or reflector) is fixed on the
resonant cavity, and a coniform structure is designed to enhance the acoustic energy inside
the resonator. Detailed dimensions of the CHR-TENG's resonant cavity are D; 60 mm,
Dy 15 mm, Hy 10 mm, H; 20 mm and D, 45 mm, respectively. An aluminum electrode
with uniformly distributed sound holes (diameter 0.2 mm) is utilized as an electropositive
friction layer, whose radius and thickness are 22.5 mm and 0.1 mm, respectively. The
flexible FEP film is used as the electronegative frictional electric material with the thickness
of 30 um, and the radius of the working area is 22.5 mm. As the FEP film is insulative, this
work is designed to transfer electrons by attaching conductive ink electrodes with micron
thickness on the backside of the FEP film. Resonator housings of various shapes and sizes
are produced by a 3D printer utilizing PLA materials with high levels of device precision.
The high filling density housing has flat surface and excellent airtightness, which benefits
sound waves reflection and the formation of the resonance effect.

3.2. Characterization and Electrical Output Measurement of the CHR-TENG

When measuring the power output performance, the CHR-TENG is mounted on an
optical board with a loudspeaker (JBL) producing sound, which is driven and adjusted by
a function generator (YE1311) with sine waves. The sound is transmitted through a power
amplifier (SA-5016) with an accuracy and resolution of 1.5 db and 0.1 db respectively. The
output signals include open-circuit voltage, short-circuit current and transferred charge,
which can be measured with a Keithley 6514 electrostatic meter.
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3.3. Numerical Simulation

COMSOL Multiphysics was used for simulating the sound pressure distribution of
the coniform Helmholtz resonator cavity. A classic acoustics model of a resonating circuit
with a known theoretical solution is applied. The membrane is simplified to be a rigid
one. The environment outside the cavity is regarded as the standard atmospheric pressure.
The inlet sound pressure is set to be the value of pressure measured in front of the cavity.
Based on the above assumptions, a pressure acoustics—frequency domain physics is set up
in a two-dimensional axisymmetric model with the parameters and geometry of the CHR-
TENG. After the integration is set, the models are solved by the Asymptotic Waveform
Evaluation solver and the frequency domain—-modal solver.

4. Conclusions

In summary, we proposed a low-cost, easily fabricated and high-performance coniform
Helmholtz resonator-based TENG for efficient acoustic energy harvesting. In the CHR-
TENG, the coniform Helmholtz resonator plays a role in enhancing the collection of
acoustic energy. Driven by the harvested acoustic energy, the FEP membrane in the CHR-
TENG alternately contacts and separates from the aluminum electrode, thus generating
continuous electricity output. The novel design in the CHR-TENG could improve its output
performance and broaden its response band over harvesting acoustic energy. Compared
with the conventional acoustic energy harvesting TENG devices, the CHR-TENG has
improved output performance. Output performances of the CHR-TENG with varied
geometrical sizes were systematically investigated under different sound energy conditions,
and results showed that, with the optimized design, the maximum acoustic sensitivity per
unit area of the CHR-TENG could reach 1.68 V/Pa-m?, while the power density per unit
of sound pressure was 2.88 W/Pa-m?. In addition, the CHR-TENG was demonstrated to
charge a 1000 uF capacitor up to 3 V in 165 s, power a sensor for continuous temperature
and humidity monitoring and light up as many as 464 commercial LED bulbs for acoustic
energy harvesting. The newly designed CHR-TENG not only provides an effective guide
for efficient conversion of acoustic energy into electrical energy but also demonstrates the
potential application of the CHR-TENG in powering electronic devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11123431/s1, Figure S1: Surface topography image of (a) the normal FEP film and
(b) the polished FEP film, Figure S2: Output performances of the CHR-TENGs. (a) The short-circuit
current and (b) transfer charge of the CHR-TENGs with different reflector sizes under the same
acoustic wave condition with the acoustic frequency ranging from 40 to 200 Hz, Figure S3: Output
performances of the CHR-TENGs. (a) The short-circuit current and (b) transfer charge of the CHR-
TENGs with different resonator thicknesses under the same acoustic wave condition with the acoustic
frequency ranging from 40 to 250 Hz, Figure S4: Output per-formances of the CHR-TENGs. (a)
The short-circuit current and (b) transfer charge of the CHR-TENGs with different coniform angles
under the same acoustic wave conditions, with the acoustic frequency ranging from 20 to 200 Hz,
Figure S5: Output performances of the CHR-TENGs. (a) The short-circuit current and (b) transfer
charge of the CHR-TENGs with varied FEP film sizes under the same acoustic wave conditions, with
the acoustic frequency ranging from 20 to 400 Hz. Figure S6. Schematic diagram of the CHR-TENG
harvesting ship acoustic energy in a ship engine room. (a) open-circuit voltage and (b) short-circuit
current. Figure S7. Power output performance of the CHR-TENG under the acoustic pressure level
of 90 dB and acoustic frequency of 140Hz. Figure S8. Test of the stability output performance of the
CHR-TENG under acoustic condition of sound pressure level 90dB and frequency 140Hz. (a) single
test result and (b) comparison of the three day’s output performance test. Video S1: Demonstration
of the CHR-TENG powering a thermometer. Video S2: Demonstration of the CHR-TENG powering
0.5W LEDs. Video S3: Demonstration of CHR-TENG powering 464 LEDs. Table S1: Acoustic levels
in various transportation scenarios. Table S2: Power density comparison with previously acoustic
energy harvesters.
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Abstract: Oxidation reactions play a critical role in processes involving energy utilization, chemical
conversion, and pollutant elimination. However, due to its spin-forbidden nature, the reaction of
molecular dioxygen (O,) with a substrate is difficult under mild conditions. Herein, we describe a
system that activates O, via the direct modulation of its spin state by mechanical energy-induced
triboelectric corona plasma, enabling the CO oxidation reaction under normal temperature and
pressure. Under optimized reaction conditions, the activity was 7.2 umol h~1, and the energy
consumption per mole CO was 4.2 MJ. The results of kinetic isotope effect, colorimetry, and density
functional theory calculation studies demonstrated that electrons generated in the triboelectric plasma
were directly injected into the antibonding orbital of O, to form highly reactive negative ions O, ~,
which effectively promoted the rate-limiting step of O, dissociation. The barrier of the reaction of
O, ions and CO molecular was 3.4 eV lower than that of O, and CO molecular. This work provides
an effective strategy for using renewable and green mechanical energy to realize spin-forbidden
reactions of small molecules.

Keywords: triboelectric nanogenerator; mechanical energy; dioxygen activation; triboelectric corona
plasma; O, reactive species; spin conversion

1. Introduction

Molecular dioxygen (*0,) is the most green, pollution-free, and cheap terminal ox-
idant [1-8]. Unfortunately, ground state 30 is usually chemically inert under normal
temperature and pressure conditions, and the oxidation of compounds by 30, is hindered
by its spin-forbidden nature [1]. To enable the activation of 2O, at room temperature,
considerable research efforts have been directed toward the regulation of its spin state. As
a result, a number of approaches have been developed, such as the conversion of the triplet
state of dioxygen (*0,) into singlet dioxygen (1O,) via external stimulation, e.g., by light
irradiation [2,3,9,10]. This can be achieved under the assistance of a photosensitizer, as
shown in Figure 1a. Under light illumination, the photosensitizer absorbs energy and is
excited to an excited single state, which then undergoes intersystem crossing to produce
an excited triplet state. The latter transfers its energy to 30,, which is converted to 'O,,
while the excited photosensitizer returns to its ground state. The two spin-paired valence
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electrons of O, are in one 7t orbital, while the second 7* orbital is empty, thereby lifting the
spin blockade of 30,. Another method for the activation of 30, consists of its one-electron
reduction to superoxide 20, ~ (Figure 1b) [2,4-8], in which the electron is transferred to the
30, molecule via metal /metal oxide catalysis or photocatalysis. The lowest unoccupied
molecular orbital (LUMO) 7* of 20, has a single electron, which endows the molecule
with free radical reactivity, easily reacting with a substrate. Nevertheless, both 30, activa-
tion systems require the use of metals or metal oxides as catalysts or additives [1-5,11-15],
with the concomitant heavy metal pollution and economic infeasibility of large-scale pro-
duction. Thus, the development of an efficient system for the activation of 30, for aerobic
oxidation via the direct regulation of its spin state is still a huge challenge.
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Figure 1. Spins conversion of molecular dioxygen using different methods. (a) Transformation
of 305 to 10, under light irradiation with a photosensitizer. (b) Transformation of 30, to 20,
under metal/metal oxide catalysis and photocatalysis. (c) Transformation of 30, to 20O, using
triboelectric plasma.

In this context, mechanical energy can be envisaged as an attractive source of activation
energy because it is a ubiquitous, earth-abundant, and renewable energy that exists in vari-
ous forms including wind energy, raindrop energy, tidal energy, and hydropower [16-23].
Compared with other renewable energy sources such as solar energy, mechanical energy
offers the advantage of abundant reserves that are not affected by geographical location
and weather [24,25]. In recent years, triboelectric nanogenerators (TENGs) have emerged
as novel mechanical energy collection devices with broad application prospects in energy
collection [26], gas sensing [27], and other fields [25,28,29]. A TENG is characterized by an
advantageous high output voltage, which can directly generate a gas discharge forming
triboelectric plasma [30,31]. During such a process, a large number of electrons generated
through the avalanche effect can be captured by electronegative 20O, molecules; hence,
electrons are injected into the LUMO energy level of 20,, enabling its conversion into 20, ™.
Therefore, numerous electrons generated in the mechanical energy-induced triboelectric
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plasma are directly transferred into the LUMO energy level of 30,, which is expected to
overcome the spin-forbidden nature of its activation at room temperature (Figure 1c).

Herein, we report the use of triboelectric corona plasma for the direct modulation of
the spin state of 30,, which enabled its activation for the direct carbon monoxide (CO)
oxidation at room temperature and pressure. We selected the CO oxidation reaction as
a model reaction to study the effect of 30, spin change on its reactivity because it is a
common model reaction of great significance in the fields of automobile exhaust treatment,
fuel cells, and environmental protection. We used the high output voltage of a TENG to
trigger the generation of triboelectric plasma from a gas and investigated the influence
of the rotational speed of the TENG, the needle-plate distance, and the corona polarity
on the triboelectric plasma. The optimal activity was 7.2 umol h~!, and the minimum
energy required to convert 1 mol CO was 4.2 M]. The results of colorimetry, kinetic isotope
effect (KIE), and density functional theory (DFT) studies showed that high-energy electrons
generated in the triboelectric plasma were directly injected into the 7* antibonding orbital
of 30, to realize the activation of the O-O bonds at low temperature. This work provides a
novel pathway for using mechanical energy to overcome the spin-forbidden transition of
small molecules.

2. Materials and Methods
2.1. Carbon Monoxide (CO) Oxidation Triggered by Mechanical Energy-Induced
Triboelectric Plasma

The system for the triboelectric plasma-triggered CO oxidation consisted of three parts:
a TENG, a plasma oxidation reaction device, and an electrical test system. The freestanding
rotating TENG with a diameter of 25 cm was composed of 10 pm of polytetrafluoroethylene
(PTFE) film and a 30 pm Cu film as triboelectric layers and an electrode. The Cu and PTFE
layers were adhered to polymethylmethacrylate. Two Cu films were connected to form the
TENG electrodes through a rectifier bridge of the external circuit using Cu wires. When
the triboelectric layers of the TENG were in contact with each other, opposite triboelectric
charges were generated. When the PTFE triboelectric layer was moving, the two Cu
electrodes generated a potential difference. The electrode of the triboelectric plasma was
composed of a W needle and a Pt electrode plate. The radius of curvature of the W needle
was 5 um. The two discharge electrodes were located in a 500 mL reaction bottle, and the
distance between the W needle and the Pt electrode plate was precisely adjusted using a
three-dimensional moving platform.

The triboelectric plasma-triggered CO oxidation reaction was conducted in a self-made
glass reactor (500 mL) under normal temperature and pressure. Using the TENG as the
driving force, the output signal was recorded in an ammeter (Keithley 6514) and a voltmeter
(Tektronix). The W needle and the Pt electrode plate (Tianjin Aida Hengsheng Technology
Development Co., Ltd., Tianjin, China, purity 99.99%) were fixed in the glass reactor, which
then was purged with a mixed gas of CO/O;/He (1:20:79) (Henan Yuan Zheng Technology
Development Co., Ltd., Kaifeng, China) for 10 min, and the air was replaced with the mixed
gas three times. During the reaction, a carbon dioxide (CO,) detector was used to determine
the CO, concentration generated (Haipa air detector, accuracy 1 ppm), the reaction time
was set to 1 h, the needle—plate distance was 3 mm, and the rotational speed of the TENG
was 400 rpm. The effects of rotational speed of the TENG, needle-plate distance, the corona
polarities, and working electrodes on the CO oxidation reaction activity were investigated.

2.2. Detection of O, ~ Radicals

Nitro blue tetrazolium (NBT; Shandong West Asia Chemical Co., Ltd., Dongying,
China) was reduced by O, radicals to produce a blue product, which was insoluble in
water [32]. The change in the absorbance of the solution was measured using ultraviolet-
visible spectroscopy to detect the existence of reactive O, radicals. The NBT aqueous
solution had a maximum absorption peak at a wavelength of 260 nm. In a 3 mL glass
reaction device, 2 mL of a 0.05 mmol L~! NBT solution (Vwater:Vpropanol = 98:2) was added.
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A Cu mesh electrode was placed above the solution surface to avoid the quenching of
highly energetic radicals, purged with CO/O,/He mixed gas, and then discharged for
30 min.

2.3. Isotope Labeling Experiment

The triboelectric plasma-triggered CO oxidation reaction was performed using
1BCO/180,/Ar and 12CO/10,/Ar for 10 h. The composition and concentration of the
isotopic products were determined by Wuhan Newrad Special Gas Co., Ltd., Wuhan, China.

2.4. Isotope Kinetics Effect (KIE) Experiment

The KIE experiments were conducted using CO/ 160, /He and CO /180, /He as the
substrates under the conditions of the triboelectric plasma-triggered CO oxidation reaction
for 1 h at room temperature and pressure. The KIE was calculated on the basis of the
reaction rates obtained using 160, and 180, as reactants.

2.5. Density Functional Theory (DFT) Calculations

DFT calculations were performed using the Vienna Ab-initio Simulation Package
(VASP) [33,34], taking advantage of the Projected Augmented Wave (PAW) [35] method.
The Perdew—-Burke-Ernzerhof functional was used to describe the exchange and correlation
effects [36]. For all the geometry optimizations, the cutoff energy was set to 450 eV. Spin-
polarization calculations were included in all cases. Singlet and triplet oxygen were
modeled by controlling the numerical difference between spin-up electrons and spin-down
electrons. The simulation box was constructed as a 21 A x 22 A x 20 A box. The DFT
calculation process was provided by the Cailiaoren APP.

2.6. Triboelectric Plasma Simulation

Triboelectric plasma simulation was performed using 2D PASSKEy code (PArallel
Streamer Solver with KinEtics), which was used in modelling nanosecond surface dis-
charges and proved by discharge morphology, propagation velocity, voltage—current curves
of triboelectric plasma, and a point-to-plane configuration generated from the experi-
ments [37-40]. Moreover, 0D model global plasma chemistry code ZDPlasKin was also
utilized in a house parameter reconstruction module [41].

3. Results and Discussion
3.1. CO Oxidation System Driven by Mechanical Energy-Induced Triboelectric Plasma

As shown in Figure 2a and Figure S1, the designed system for CO oxidation driven
by mechanical energy-induced triboelectric plasma consisted of three parts: a TENG, a
plasma oxidation reaction device, and an electrical test system. The TENG, which was
composed of a Cu film and a polytetrafluoroethylene (PTFE) film friction layer, was used as
the driving force of the reaction. The plasma oxidation reaction device comprised a needle-
plate electrode and a CO mixture gas (CO/O,/He = 1:20:79). The electrical test system
consisted of a voltmeter and an ammeter. When the PTFE film was placed in contact with
the Cu film, the surfaces of the two materials generated an equal amount of negative and
positive triboelectric charge. By periodically rotating the PTFE film, a periodic potential
difference was generated between the two Cu electrodes of the TENG, and such a potential
difference was transformed into a direct current output signal by passing through a rectifier
bridge. An external ammeter and voltmeter measured the electrical characteristics of the
triboelectric plasma. The output voltage of the TENG (about 7.1 kV; Figure S2) was much
greater than the threshold voltage of the CO mixture gas, which facilitated the discharge of
the latter. For needle—plate distances (d) of 3-11 mm, the TENG triggered the CO mixture
gas discharge and generated the triboelectric corona plasma. When the d value was less
than 3 mm, the corona discharge signal was transformed into multiple pulse discharge
signals. The 20, spin conversion during the triboelectric plasma process is depicted in
Figure 2b. Free electrons near the tip of the W needle were accelerated in the electric field to
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form high-energy electrons [42-45], which then collided with the gas in the gap, generating
the triboelectric plasma composed of a large number of electrons and positive ions via the
avalanche effect. In the plasma region, some high-energy electrons were captured by the
electronegative 30, gas, and the 30, molecules were transformed into reactive superoxide
ions 20, ~, which could overcome the spin prohibition to realize the CO oxidation reaction
at room temperature.
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Figure 2. Schematic diagrams of the triboelectric plasma system. (a) Scheme of the triboelectric
plasma oxidation system directly driven by a triboelectric nanogenerator (TENG). (b) 30, spin
conversion during the triboelectric plasma-induced process. (c) Electrical curves of the CO oxidation
triggered by triboelectric plasma with a needle—plate distance of 3 mm using Pt as the electrode
plate. (d) Activity for the triboelectric plasma-triggered CO oxidation with different electrode plate
materials. Reaction conditions: negative corona, 3 mm needle—plate distance, 400 rpm rotation speed,
CO/0Oy/He (1:20:79), 1 h discharge time, room temperature, and atmospheric pressure.

Figure 2c displays the electrical curve obtained for the CO oxidation system using
triboelectric plasma generated by a TENG having a d of 3 mm. A pulse voltage peak of
about 1.6 kV accompanied by a discharge current peak of 12.5 A was generated in half a
cycle. The time of the current pulse peak was 28 ms, which corresponds to the generation
of triboelectric corona plasma. Figure 2d summarizes the CO oxidation activity of different
electrode materials using the triboelectric plasma described in Figure 2c under normal
temperature and pressure conditions. Almost all of the electrode materials showed a high
CO oxidation activity of 6.9-7.4 umol h~!. An 180 isotope labeling experiment confirmed
that 30, participated in the CO oxidation reaction (Figure S3). These results indicate that
the CO oxidation was mainly controlled by the triboelectric plasma, whereas the electrode
materials had a minor effect on the CO oxidation activity. Thus, we selected Pt as the
electrode for the following experiments due to its stable performance.

3.2. Influence of Different Parameters on the CO Oxidation Activity

The rotational speed of the TENG, the needle—plate distance, and the corona polarity
affect the state of the triboelectric corona plasma and hence the activity of the oxidation
reaction between 20, ~ and CO. Taking negative corona as an example, we first investigated
the effect of the rotational speed of the TENG on the CO oxidation activity, as shown
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in Figure S4. Upon increasing the rotational speed, the discharge voltage was almost
maintained at —1.6 kV, whereas the absolute value of the discharge current, the average
power, and the CO oxidation activity increased from 2.9 pA, 1.0 mW, and 1.4 pmol h—!
to 14.7 uA, 9.2 mW, and 8.9 umol h™!, respectively. The energy consumption (EC) of the
conversion of 1 mol CO remained virtually unchanged at 4.2 MJ mol !, indicating that the
rotational speed has a weak effect on the EC of the CO oxidation reaction. Therefore, we
selected 400 rpm as the rotational speed of the TENG for the subsequent experiments.

Figure S5 shows the relationship between d and the CO oxidation activity. As the d
value increased from 3 to 11 mm, the absolute value of the discharge voltage increased
from 1.6 to 3.9 kV, and the absolute value of the discharge current decreased from 12.5 to
5.7 uA. The average power decreased from 8.9 to 2.5 mW, the activity dropped from 7.2 to
0.2 umol h~1, and the corresponding EC increased significantly from 4.2 to 45.4 MJ mol !
According to these results, the optimal activity and minimum EC were achieved with a d of
3 mm, which we selected as the optimal needle—plate distance for the following experiments.

Then, we investigated the effect of the corona polarity on the CO oxidation activity,
as shown in Figure 3. When d was 3 mm, the absolute value of the discharge voltage of
the negative corona (1.6 kV) was lower than that of the positive corona (3.2 kV), and the
absolute value of the discharge current of the negative corona (12.5 nA) was greater than
that of the positive corona (12.3 pA). The average power of the negative corona (10.8 mW)
was lower than that of the positive corona (8.9 mW). The CO oxidation activity of the
negative corona (7.2 pumol h™!) was 2.7 times that of the positive corona (2.8 umol h™1).
Therefore, the calculated EC of the negative corona (4.2 MJ mol~!) was much lower than
that of the positive corona (14.6 MJ mol~!). When d was 5 or 7 mm, the absolute value of
discharge voltage and current and the activity trend were similar to those obtained with a d
of 3 mm. The calculated average power of the negative corona was approximately equal for
a d of 3-7 mm, whereas that under the condition of positive corona decreased significantly
with increasing the distance. Meanwhile, the trend of the EC at different polarities proved
to be irrespective of the d value. The above results imply that the negative corona afforded
better activity and lower EC than the positive corona. Furthermore, we conducted cyclic
experiments to evaluate the stability of the triboelectric plasma-triggered oxidation of CO,
finding that the system maintained its activity for five runs (Figure S6).

3.3. Investigation of Dioxygen Activation by Triboelectric Plasma and Theoretical Calculations

Subsequently, to gain insight into the reason for the EC difference for the CO oxidation
reaction between the positive and negative corona, we performed a nitro blue tetrazolium
(NBT) assay to detect the reactive species derived from 30j in the triboelectric plasma by
colorimetry [32], as shown in Figure 4a. Upon the reaction of NBT with 20O, ~, insoluble
blue organic compounds were generated in the reaction solution, which caused a decrease
in the absorbance of the solution at 260 nm. In the absence of triboelectric plasma, the
absorbance of the NBT solution decreased under CO/O,/He atmosphere, suggesting the
existence of 20, ~ radicals in the triboelectric plasma. Moreover, the absorption peak under
the negative corona was lower than that under the positive corona, demonstrating that the
former produced more 20, ~ radicals than the latter.

Next, we conducted kinetic isotope experiments under the same conditions using
isotope-labeled and unlabeled 30, to study the kinetics of the 2O, activation. Electron-
driven reactions have been reported to show higher KIEs than thermally driven and
light-driven reactions [46—48]. As shown in Figure 4b, we used the same ratio of CO
mixed standard gas (CO/ 160, /He, CO/'80,/He) to evaluate the rate of CO oxidation
reaction under the negative corona. The reaction rate was found to be 7.2 umol h~! under
CO/'0,/He atmosphere and 6.5 umol h~1 under CO/80,/He atmosphere. The KIE
(160, rate/180, rate) of the negative corona was 1.11 £ 0.01, which is larger than that
reported for traditional thermal catalytic CO oxidation reactions (KIE = 1.06) [46—48]. The
larger KIE for the triboelectric plasma process is a typical feature of an electron-driven
process and confirms that 30, activation controls the entire reaction.
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Figure 4. Activation of 30,. (a) Reactive oxygen generated from 30, measured by colorimetry using a nitro blue tetrazolium
solution; a.u. = arbitrary units. (b) Reaction rate for the triboelectric plasma-triggered CO oxidation measured at room
temperature for 160, and 180, reactants. Reaction conditions: negative corona, 3 mm needle—plate distance, 400 rpm
rotation speed, Pt as the electrode plate, CO/O,/He (1:20:79), 1 h discharge time, room temperature, and atmospheric
pressure. (c) Density functional theory-calculated 30O, and 20,~ potential energy surface. Excitation of triboelectric plasma
allows the high-energetic electrons to be transferred to 305, generating 20O,~. The 30, molecule is negatively charged, and
the O-O nuclear motion relaxes to an equilibrium state along the 20, potential energy surface. % = equilibrium state. T
denotes the progression of 20, along the 20,™ potential energy surface as a function of time.

The larger KIE indicates that high-energy electrons promote the overall reaction
via an electron-induced activation of 30,. Combined with the presence of 30,-derived
reactive species as revealed by the colorimetry analysis, in the context of the reactions
herein reported, we speculated that an energetic electron was directly transferred to the 7c*
antibonding orbital (i.e., LUMO energy level) of molecular 0,, resulting in the production
of 20, ~, which effectively promoted the spin change and activation of 30,. To further study
the electron transfer process from the triboelectric plasma to 30, molecules, we determined
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the potential energy surfaces of 30, and 20, (Figure 4c) by performing DFT and a linear
expansion delta self-consistent field extension of DFT (ASCF-DFT), respectively. Figure 4c
shows that the minimum energy required for populating the antibonding orbital of the
30, molecule was 0.5 eV, which corresponds to the vertical transition energy between the
potential energy surface of 20, and the ground state 30,. Upon transferring an electron
to the antibonding orbital of the 20, molecule, the O-O bond (the O-O bond length in Oy is
1.23 A) underwent a stretching process: namely, the lowest potential energy configuration
for the negatively charged 20, ~ ions exhibited a longer O-O bond of 1.32 A [49].

3.4. Theoretical Simulation of Triboelectric Plasma

Figure 5a,b show the simulated time evolution of the electron density and the electron
average energy under the negative corona with a d of 3 mm. As the time increased from 0.5
to 4.5 ns, electrons migrated from the tip of the W needle to the plate electrode, generating
a plasma channel of a cylinder with a radius of 1.5 mm. The electron density was evenly
distributed in the whole plasma channel, and the electron densities near the tip (point i),
the middle (point ii), and the plate electrode (point iii) were 1.4 x 10%%,1.97 x 10!, and
4.9 x 10" m~3, respectively. The average energy of electrons was evenly distributed in the
whole plasma. The average energy of electrons near the tip (point i), the middle (point ii),
and the plate electrode (point iii) were 3.6, 5.4, and 4.4 eV, respectively. The lower energy of
electrons near the tip was mainly caused by the electric field shielding effect of the plasma.

Figure 5c,d show the simulated time evolution of the electron density and the electron
average energy for the positive corona. Upon increasing the time, electrons migrated from
the tip of the W needle to the plate electrode, forming a core with a radius of 1.0 mm. The
electron density near the needle tip (point i) and near the plate electrode (point iii) was
1.2 x 10'® and 2.4 x 10'> m~3, respectively. The average energy of electrons was relatively
high (about 9.5 eV) at the plasma head (point ii) and relatively low (about 0.75 eV) at the tail
(point i), which was caused by the electric field shielding effect generated by the plasma.

The normalized electron energy distribution function of the three representative points
(i, ii, and iii) is shown in Figure 5e. The distance between the needle tip and the three
representative points was 0.6, 1.8, and 2.6 mm, respectively. The average energy of electrons
at point i was lower than that at points ii and iii. For example, in point i, the energy of 100%
electrons at the positive corona and 86% electrons at the negative corona was less than 5 eV.
At points ii and iii, the energy of 61% electrons at the positive corona and 74% electrons
at the negative corona was less than 5 eV, respectively. The energy of 73% electrons at the
positive corona and 77% electrons at the negative corona was less than 5 eV. At point iii, the
electron density of the positive corona was about four orders of magnitude smaller than
that of the negative corona.

3.5. Mechanism of the Triboelectric Plasma-Triggered CO Oxidation

Figure 6 depicts two plausible mechanisms for the CO oxidation triggered by tribo-
electric plasma: pathways a and b. In pathway a, the formation of 2?0, ~ ions by changing
the spin state of 30, allows overcoming the spin-forbidden nature of the reaction between
30, and CO, resulting in a low-energy barrier. This pathway includes three steps: (1) 0,
captures low-energy electrons to form 20, ~ ions with a potential barrier of 0.5 eV; (2) 20, ™~
ions react with CO to form CO and O~ ion, and the energy barrier is 1.35 eV [50]; (3) O~ re-
acts with CO to produce CO; and e~ with an energy barrier of —4 eV. Pathway b comprises
the direct reaction between 20O, and CO under the action of high-energy electrons, which
proceeds through a high-energy triplet transition state. This process does not overcome
the spin prohibition of the reaction between 2O, and CO; therefore, the energy barrier is
high. This pathway includes two reaction processes: (1) under the action of high-energy
electrons, >0, reacts directly with CO to produce CO, and O atom, and the energy barrier
is 5.2 eV; (2) The dioxygen atom reacts with CO to produce CO, with an energy barrier
of —5.5 eV. The total energy barrier calculated for pathway a and pathway b was 1.85
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and 5.2 eV, respectively. Therefore, pathway a is thermodynamically more favored than
pathway b.
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Figure 5. Triboelectric plasma simulation. (a) Time evolution of the electron density distribution in
the negative corona. (b) Time evolution of the electron energy distribution in the negative corona.
(c) Time evolution of the electron density distribution in the positive corona. (d) Time evolution of
the electron energy distribution in the positive corona. (e) Electron energy distribution function of
three representative points (i, i, iii) both in the negative and the positive corona.
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Figure 6. Reaction pathways for triboelectric plasma-triggered CO oxidation.

In the process of the negative corona, the average energy and average density of
electrons were evenly distributed in the whole plasma channel. Except for the plasma
head (near the plate electrode), the average energy of other electrons was less than 5 eV,
and the energy was not sufficient for the process to proceed through pathway b, as shown
in Figure 7. Therefore, in the whole plasma at the negative corona, pathway a occurs in
almost all regions, whereas the process only proceeds through pathway b in the plasma
head (plate electrode position). In the positive corona process, two obvious regions were
formed in the plasma channel: a low-energy electron region near the needle tip and a
high-energy electron region at the front edge of the plasma. The energy of electrons near
the needle tip was very low; although it could produce highly active 20, ~ ions, it was not
sufficient to promote 20O, decomposition. In the front of the plasma, 49% of the electrons
have an energy greater than 5 eV, which is sufficient to overcome the energy barrier of
pathway b. Therefore, in the positive corona, the oxidation of CO mainly occurred through
pathways a and b. Finally, the proportion of pathway a in the negative corona was greater
than that in the positive corona; therefore, the energy efficiency and activity of the negative
corona were higher than those of the positive corona.

» Electron & Positiveion 0, 0, @0 39CO 4@ co,
Figure 7. Schematic diagram of triboelectric plasma-triggered CO oxidation reaction at negative corona.

In the CO oxidation reaction, the activation of 30, has always been considered as
the key step [51]. At room temperature, since the 30, molecule is in the triplet state, the
oxidation needs to proceed through a high-energy triplet transition state to satisfy the spin
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selection rules. Therefore, although the 30, molecule has a strong oxidizing ability, the
direct oxidation of CO is unfavorable in terms of reaction kinetics. This is the so-called
spin conservation process. In thermally induced catalytic systems, the electrons of the d
orbital of a transition metal are transferred to the antibonding orbital of 30, (Table S1).
Meanwhile, in photocatalytic systems, after the photogenerated carriers are separated
on the photocatalyst, the electrons trapped on the reduction cocatalyst migrate to the
antibonding orbital of the 30, molecule. The 30, single electron transfer to form 20,~
at room temperature has been reported to require metal or metal oxide catalysts. In our
system, the triboelectric corona plasma contains a large number of high-energy electrons
that can be directly injected into the antibonding orbital of 30, to produce highly active
20, ", enabling the CO oxidation reaction. This system can directly realize the single
electron transfer to form a 20, ~ free radical in the absence of a metal catalyst, which offers
the advantages of low cost and no noble metal pollution [52]. The reaction device is simple
and easy to operate, and the driving force of the reaction mainly comes from renewable
and green mechanical energy.

4. Conclusions

We have developed a method that used the triboelectric corona plasma generated by
a TENG under mechanical stimuli to change the spin state of O, molecules and trigger
the CO oxidation reaction at room temperature. The rotation speed of the TENG, the
needle-plate distance, and the corona polarity have an important influence on the CO
oxidation reaction. Under a rotation speed of 400 rpm, a needle—plate distance of 3 mm, and
negative corona, the optimal activity was 7.2 pmol h™! and the lowest energy consumption
per mole CO was 4.2 MJ. The high-energy electrons in the triboelectric corona plasma were
directly injected into the antibonding orbitals of O, to form highly reactive O, radicals.
The energy barrier of the reaction of the excited O, ions with CO is 3.4 eV lower than that
of the O, reaction, effectively promoting the rate-limiting step of O-O bond dissociation
in the CO oxidation reaction. This work provides a novel strategy that circumvents the
spin-forbidden nature of the activation of small molecules through mechanical energy.
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TENG, Figure S5: The effect of different needle—plate distances, Figure S6: Cycle experiment, Table S1:
Comparison of different methods of oxidation of CO.
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Abstract: The adaptable monitoring of the ubiquitous magnetic field is of great importance not only
for scientific research but also for industrial production. However, the current detecting techniques
are unwieldly and lack essential mobility owing to the complex configuration and indispensability
of the power source. Here, we have constructed a self-powered magnetic sensor based on a subtle
triboelectric nanogenerator (TENG) that consists of a magnetorheological elastomer (MRE). This
magnetic sensor relies on triboelectrification and electrostatic induction to produce electrical signals
in response to the MRE'’s deformation induced by the variational magnetic field without using
any external power sources. The fabricated magnetic sensor shows a fast response of 80ms and a
desirable sensitivity of 31.6 mV/mT in a magnetic field range of 35-60 mT as well as preliminary
vectorability enabled by the multichannel layout. Our work provides a new route for monitoring
dynamic magnetic fields and paves a way for self-powered electric-magnetic coupled applications.

Keywords: self-powered; triboelectric; magnetorheological elastomer; magnetic

1. Introduction

The magnetic field is a vector quantity, which means that it has both magnitude and
direction. For many years, researchers have been studying the application of magnetic
fields [1-9], and have found that they play a significant role in geophysics, space technol-
ogy, medical applications, and other areas [10-13]. Currently, there are many methods
used to measure magnetic fields, such as magnetic force, hall effect, fluxgate, magnetic
resonance, and superconductivity effects. Based on these methods, different principles of
using magnetic field measurement instruments have been implemented, and all of these
techniques for measuring magnetic fields have their benefits (Table S1) [14]. However, all
of the above-mentioned measuring instruments require an external power supply, so it is
urgent to develop a self-powered magnetic field monitoring instrument.

MRE is a magnetically sensitive smart composite material prepared from ferromag-
netic particles and a polymer-like matrix, whose material properties can be quickly and
reversibly controlled by an external magnetic field [15-21]. Because the matrix of MRE
is a solid polymer material, the performance of MRE is simultaneously stable and repro-
ducible. In recent years, a large number of researchers have started to focus on self-powered
technologies [22-26]. Among them is TENG: an emerging technology that can directly
convert mechanical energy into electrical energy [24,27-32]. Since TENG has a high sen-
sitivity to mechanical triggering, many self-powered sensors based on TENG have been
designed [16,24,33-38]. Here, we designed a self-powered magnetic field monitoring
Sensor.
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In this work, we used styrene ethylene butylene styrene (SEBS) as a substrate and
added magnetic fluid to prepare MRE films [39]. In order to measure the strength and
direction of the magnetic field, a self-powered sensor based on the MRE of TENG is
reported in this paper. The structure and mechanism of the MRE-based TENG are described
here in detail, and the material properties of the MRE and the output signals of the
sensor are systematically investigated. With the assistance of a programmable platform,
the newly designed pointer-based TENG structure enables excellent real-time magnetic
field monitoring and unique self-powered capabilities. This work promotes the use of
TENG-based sensing applications for magnetic field measurement, which has important
implications for IoT, robotics, and Al

2. Discussion and Results

The structural design of the MRE-based TENG device is illustrated in Figure la.
When a magnetic field perpendicular to the TENG is applied, the MRE film deforms
and drives the PTFE close to the Al under the action of the magnetic field. At the right
bottom, a photograph of the fabricated TENG is presented, which shows how the PTFE
is conformally pasted on the MRE film. As illustrated in Figure 1b, the scanning electron
microscopy (SEM) image of the MRE film shows that the ferruginous particles were
uniformly distributed in the SEBS elastomer; this is verified via an EDS test plotted in
Figure 1c. The emerging Fe originated from the mixed ferruginous powder, with the
observed C and O elements resulting from the SEBS polymer. This is the same as the
expected XRD result, indicating that the prepared film consists of Fe3O4 nanoparticles.
As shown in Figure 1d, the diffraction peaks were concentrated at 30.6°, 35.8°, 45.2°,
63.01°, and 70.2°, and are consistent with the face-centered cubic Fe;O,4 (JCPDS No. 19-
0629). Figure le shows the hysteresis loop of the SEBS and MRE in the range of —10 k
to 10 kG, which indicates that the MRE has superparamagnetism and zero coercivity at
room temperature; this means that magnetism is completely attributed to the external
magnetic field. Moreover, as we expected, SEBS did not change in the presence of the
magnetic field. To test the mechanical property, the uni-axial tensile experiments were
performed on the prepared MRE films with different component ratios of SEBS powder to
liquid paraffin to magnetic fluid as shown in Figure 1f. As the applied strain increases, the
stress rises accordingly in a proportional relationship. The stress gradually decreases as the
liquid paraffin increases under the same strain condition. The best toughness was achieved
at SEBS: liquid paraffin: magnetic fluid = 1:3:1, which could reach 400% strain, and the
corresponding stress was 100 KPa. The actual stretching is shown in the illustration of
Figure 1f, which indicates that MRE film has excellent tensile properties. In order to deliver
a larger stretching range and better toughness, a 1:3:1 blending ratio of SEBS powder, to
liquid paraffin to magnetic fluid was chosen for this experiment to make MRE films.

Figure 2a shows the electron cloud and potential energy profile diagram [40]. PTFE
is used as a negative triboelectric electric material to build a triboelectric pair with Al,
which also works as a single electrode. Until the atoms of PTFE and Al materials come
into contact, their electron clouds remain separate (Figure 2a(i)). When PTFE and Al are
close together within a magnetic field, the electron clouds of the atoms of the two materials
overlap, forming ionic or covalent bonds. Then, electrons can be transferred from one
atom to another (Figure 2a(ii)). When PTFE is separated from Al, the transferred electrons
are still present on the material surface as electrostatic charges (Figure 2a(iii)). Figure 2b
shows the working mechanism of the device. When the magnet is away from the TENG
device, the MRE film is not deformed and the gap between the PTFE and Al films is
stable. The charges on the surfaces of the PTFE and Al films are balanced, which does
not cause a change in the open-circuit voltage (Figure 2b(i)). When the magnet slowly
approaches the TENG device, the deformation of the MRE brings the PTFE film closer to
to be outputed by the TENG. The surface charge density between PTFE and Al is set
to 1 x 107> C-m~2 by COMSOL software simulation. As illustrated in Figure 2c, when
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MRE film transitions from the unbending state (i) to the intermediate state (ii) and then to
the state with the maximum bending (iii), the potential difference between PTFE and Al
interface becomes larger and larger as the separation distance increases, which drives the
electrons to flow to the ground. Furthermore, when a gradually increasing magnetic field
is applied to the TENG, the maximum force achieved by the mechanical simulation of the
MRE is 70 kN/m?, as shown in Figure S1.
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Figure 1. Device models and performance characterization. (a) Diagram of device and working model; (b) SEM images,
(c) EDS and (d) XRD of the MRE film; (e) The hysteresis loop of the SEBS and MRE; (f) Stress and strain analysis of the MRE
film in different proportions, and photographs of the actual stretching (scale bar is 2 cm).

In order to accurately test the electrical properties of the MRE-based TENG, a pro-
grammable linear motor was used. As shown in Figure 3a,b, the open-circuit voltage and
short-circuit current are 30 V and 0.18 pA, respectively. In addition, the increase in the
load resistance causes the voltage to increase, and the power tends to increase and then
decrease, reaching a maximum of 1.3 uW at 80 M(), as depicted in Figure 3c. It means
that the internal resistance of the TENG is about 80 M(2, which provides the maximum
output power in the external circuit when the load resistance is approximately equal to the
internal resistance. Here, we changed the magnetic field strength and the frequency of the
magnetic field applied to the TENG to observe the voltage output. As shown in Figure 3d
and Figure S2, the higher the magnetic field strength, the higher the voltage output for the
same frequency. With the rising frequency, the voltage also increases for the same magnetic
field strength.
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C

-1.1kV

Figure 2. The working mechanism of the triboelectric nanogenerator. (a) Schematic of the electron
cloud and potential energy profile of two atoms belonging to PTFE and Al, respectively; (b) A
diagram of the working schematic; (¢) Simulating the electric potential distribution diagram with
COMSOL.

After previous tests, we have learned about the output signal characteristics of the
MRE-based TENG affected by magnetic fields. Based on the LabVIEW program, a pointer-
type magnetic field sensor was designed based on the TENG. The schematic diagram and
physical picture are shown in the inset of Figure 4a, which uses an acrylic plate as the base
of the cylinder, with Al electrodes symmetrically pasted on all four sides to form 4 channels
and numbered. A long cylindrical MRE with multiple PTFE films is fixed in the middle of
the cylinder as a pointer. Figure 4a,b plots the voltage output when the magnet is close to
channel 1 in 3D and 2D, both of which clearly show a significant rise in voltage peaks and
have a fast response of 80 ms. To judge the magnetic field strength by the magnitude of the
electrical peak, the output voltage of the device under different magnetic field strengths is
illustrated in Figure 4c. The output voltage grows slowly and shows a desirable sensitivity
of 31.6 mV/mT when the magnetic field strength is less than 60 mT, while the output
voltage increases significantly with a magnetic field strength greater than 60 mT. Durability
is another critical factor for the sensor. During 2000 cycles of contact-separation cycles, the
voltage reveals a negligible change, as depicted in Figure S3. All of these results suggest
that the magnetic sensor is robust enough to work normally under various environmental
conditions. To better demonstrate the monitoring capability of the sensor, we performed
the test shown in Figure 4d and Figure S4. When a magnetic field is applied in one direction,
the corresponding direction channel light turns red, while the other channel’s lights remain
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green, and the voltage value for each channel is shown in the interface. This result shows
that the sensor we designed exhibits excellent real-time magnetic field monitoring and a
unique self-powered capability. It also shows that the MRE-based TENG has great potential
for magnetic field detection and other smart applications.
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Figure 3. The output performance of TENG. (a,b) Open-circuit voltage and short-circuit current at the sliding velocity of
16 cm-s~1; (c) Voltage and power under the different external load resistances; (d) The output performance of the TENG
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3. Conclusions

In summary, we invented a self-powered magnetic field monitoring sensor consisting
of the MRE-based TENG. MRE film is made by mixing SEBS powder with liquid paraffin
and magnetic fluid in a certain mass ratio and then heating at high temperature to make
an MRE film. Simulating the magnetic field environment, the MRE-based TENG exhibits
good output performance with an open-circuit voltage and short-circuit current of 16 V and
0.18 pA, respectively, and a maximum output power of 1.3 pW at 80 MQ). Finally, with the
assistance of a programmable platform, the pointer-based TENG structure was designed to
achieve excellent real-time magnetic field monitoring and a unique self-powered capability.
The fabricated magnetic sensor shows a fast response of 80 ms and a desirable sensitivity of
31.6 mV/mT in a magnetic field range of 35-60 mT as well as the preliminary vectorability
enabled by the multichannel layout. Our work provides a new route of magnetic field
measurements and further pushes the application of triboelectric technology in future
sensing.

4. Experimental Section

Preparation of MRE film: Firstly, SEBS powder (TSRC Nantong Industrial Co., Ltd.,
Nantong, China) was mixed with liquid paraffin (Shangqiu Liangfeng Health Care Co.,
Ltd., Shanggiu, China) and magnetic fluid (Ink king magnetic nanofluid company, Jiaxing,
China) in a certain mass ratio and mixed in a beaker to obtain a homogeneous mixture. A
certain amount of the mixture was put into a porcelain square with a length, width, and
height of 60 mm, 30 mm, and 20 mm, respectively. Then, the porcelain ark was placed in a
high-temperature resistance furnace (Shanghai Boxun Industrial Co., Ltd., Shanghai, China)
and heated to 225 °C or 30 min. Finally, the porcelain ark was left at room temperature
until the molten was cooled, solidified, and peeled from the porcelain ark carrier to obtain
the MRE film.

Production of sensor: we used an acrylic cylinder with a diameter of 45 mm and a
height of 60 mm as the housing for the magnetic field monitoring sensor. A cylinder MRE
with a diameter of 7 mm and a height of 55 mm was fixed in the middle of the cylinder on
top of the housing. Four 55 x 10 mm Al sheets, which serve as positive friction material
and electrodes, were evenly attached to the inner wall of the housing as four channels.
Multiple pieces of 1 mm x 55 mm PTFE films were attached around the cylindrical MRE
as the negative friction material.

Output performance measurements: The MRE morphology was characterized by the
SEM technique (Hitachi SU8020, Tokyo, Japan). Mechanical analysis was performed using
a dynamic mechanical analyzer (Mark-10 Corporation, Copiague, NY, USA) based on an
M5-20 dynamometer. In addition, all electrical measurements were performed through a
programmable Labview platform consisting of a Keithley 6514, Stanford SR570, and a data
acquisition module.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11112815/s1, Figure S1: Simulation drawing of stress and strain experiment, Figure S2:
The output performance of the TENG under different sliding frequencies and magnetic field strengths
in 2D, Figure S3: The cycle tests of the TENG devices, Figure S4: Mapping image when the magnet
is close to channels 2, 3 and 4, Table S1: Comparison of the achievement of our sensor with other
competing sensing technologies.
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Abstract: The components in traditional human—machine interaction (HMI) systems are relatively
independent, distributed and low-integrated, and the wearing experience is poor when the system
adopts wearable electronics for intelligent control. The continuous and stable operation of every
part always poses challenges for energy supply. In this work, a triboelectric technology-based all-
in-one self-powered HMI system for wireless remote telemetry and the control of intelligent cars is
proposed. The dual-network crosslinking hydrogel was synthesized and wrapped with functional
layers to fabricate a stretchable fibrous triboelectric nanogenerator (SF-TENG) and a supercapacitor
(SF-SC), respectively. A self-charging power unit containing woven SE-TENGs, SF-SCs, and a power
management circuit was exploited to harvest mechanical energy from the human body and provided
power for the whole system. A smart glove designed with five SF-TENGs on the dorsum of five
fingers acts as a gesture sensor to generate signal permutations. The signals were processed by the
microcontroller and then wirelessly transmitted to the intelligent car for remote telemetry and control.
This work is of paramount potential for the application of various terminal devices in self-powered
HMI systems with high integration for wearable electronics.

Keywords: human-machine interaction; triboelectric nanogenerator; self-powered sensing; self-
charging power unit; remote telemetry and control

1. Introduction

Human-machine interaction (HMI) systems have attracted tremendous attention with
the rapid development of information technology and the urgent demands of the internet
of things (IoTs) [1,2]. To effectively realize the function of HMI systems, they should
traditionally consist of three components: multiblock sensors for detecting or monitoring
objects’ signals, microcontroller (MCU) modules for signal reception, identification, and
processing, and terminal devices to receive the processed signals and respond accord-
ingly [3-5]. Moreover, the energy supply is inevitable to power the system for continuous
operation. Current commercialized HMI systems exist in every field that participates in
human-machine information exchange, especially as wearable electronics for intelligent
control [6,7].

Although there has been a significant advancement in terms of traditional HMI sys-
tems, two bottlenecks still need to be broken through to obtain a better wearing experience
when the system adopts wearable electronics. First, the three typical components in ad-
dition to the energy supply part of HMI systems are independent and dispersed, which
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presents low integration and difficulty obtaining a comfortable wearing experience [8-10].
In addition, continuous energy supply is necessary for powering the sensors and MCU
circuits considering the front-to-back structure design of current systems [11-14]. Fiber
energy devices are currently developed for powering wearable systems. Batteries with
high densities are commonly used, but are too difficult to make, especially stretchable or
fibrous batteries [15,16]. Therefore, the development of HMI systems with high integration
and self-powered characteristics is still an intriguing challenge and remains an open area
for investigations.

Triboelectric technology has been positively exploited in many fields since Wang's
group first invented triboelectric nanogenerators (TENG), such as self-powered sensors,
mechanical energy or blue energy harvesting, and high-voltage occasions [17-23]. Ap-
parently, the employment of self-powered sensors in HMI systems can effectively reduce
energy requirements since they generate electrical signals directly compared to previous
resistive or capacitive sensors [24-27]. Simultaneously, the energy collected by TENG can
be temporarily stored in energy storage devices, such as supercapacitors, which has been
achieved through self-charging power units (SCPU) [28-31]. Based on these two functions,
triboelectric technology provides a preeminent idea for solving the energy supply and
integration problems of traditional HMI systems, which favorably promotes its creation
and implementation [32,33].

In this work, we propose a prototype of an all-in-one self-powered HMI system relying
on triboelectric technology. The detailed working flow chart of the system is shown in
Supplementary Figure S1. First, SF-TENG was fabricated by employing a dual-network
crosslinked hydrogel as the electrode and silicone rubber as a coating layer that served as a
self-powered sensor. A smart glove was then designed by attaching five SF-TENG sensors
on the dorsum of five fingers, which generated signals under different gestures. Then, the
smart gloves were connected to the MCU part ulteriorly to detect and distinguish these
signals. Supercapacitors with sandwiched structures were designed by attaching the CNT
electrode film to the pre-stretched dual-network crosslinked hydrogel electrolytes. SCPU
integrated with woven SF-TENGs, series supercapacitors, and a power management circuit
were exploited to harvest mechanical energy from the human body and power the systems.
Ultimately, the proposed integrated system was successfully applied in wireless remote
telemetry and control for intelligent cars, which is of paramount potential for self-powered
HMI systems with high integration for wearable electronics.

2. Experimental Section
2.1. Materials

Sodium alginate (SA), acrylamide (AAm), sodium chloride (NaCl), and calcium sul-
fate dihydrate (CaSO4-2H,0) were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Ammonium persulfate (APS), N, N, N, N’-tetramethylenediamine
(TMEDA), and N, N-methylenebisacrylamide (MBAA) were all derived from Sigma-
Aldrich (Shanghai) Trading Co., Ltd. (Shanghai, China). Silicone rubber (Ecoflex 00-10) was
manufactured by Smooth-On, Inc. (Marco Key, PA, USA). All materials or chemicals above
were directly used as received without any further purification. All aqueous solutions were
prepared using ultrapure water with resistivity > 18.2 MQ-cm.

2.2. Synthesis of the Hydrogels

AAm powders of 14 g were first dissolved in 60 mL ultrapure water. After 5 min of
stirring, 2.8 g SA was slowly added into the solution and stirred for 8 h until completely
dissolved. Then, we added different contents of NaCl as the electrolyte. We kept stirring for
30 min and then added MBAA (0.06% the weight of AAm) as the crosslinker and TEMED
(0.25% the weight of AAm) as the crosslinking accelerator for polyacrylamide (PAAm),
respectively. Then, APS (0.5% the weight of AAm), which was completely dissolved in
20 mL ultrapure water, was added as the initiator of PAAm. CaSO4-2H,0 (13% the weight
of SA) as the ionic crosslinker for SA was dissolved in 20 mL ultrapure water and added
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dropwise to the pre-mixed solution. We then poured the gel solution into a PTFE mold
with a size of 20 x 20 x 1 mm3 and put it into a 50 °C oven for about three hours until the
hydrogel was cured.

2.3. Fabrication of Fibrous and Woven TENG

The silicone rubber was used by mixing components A and B in a 1:1 weight ratio.
The fibrous TENG was fabricated by coating the silicone rubber on the stretchable hydrogel
electrode. As the shape of the hydrogel electrode was strip-shaped, after the silicone
rubber was cured, the fibrous TENG was close to a cylindrical shape. The TENG fabric was
obtained by manual weaving.

2.4. Fabrication of Supercapacitor

The hydrogel was first stretched to a strain of 400% and fixed with two clips; then, we
carefully attached the CNT film on both sides to ensure that the electrodes did not touch
each other and cause a short circuit. When multiple supercapacitors are connected in series,
the upper and lower electrodes alternately replace external wires to form the integrated
supercapacitor. After releasing the stain, we coated the silicone rubber on the outside as
the encapsulation layer. Finally, we connected the CNT electrodes of the supercapacitors to
the output port of the power management circuit by conductive tape for storing the energy
from the TENG.

2.5. Characterization and Measurement

A scanning electron microscope (QUANTA FEG 250) (FEI Company, Hillsboro, OR,
USA) was employed to characterize the surface morphology of the hydrogel. The Instron
3366 electronic universal testing machine (Instron Corporation, Canton, MA, USA) was
employed to test the mechanical tensile strength of the hydrogel. The electrical output
performance of the TENG, including short-circuit current, open-circuit voltage, and trans-
fer charge, was tested by a programmable electrometer Keithley model 6514 ( Tektronix,
Beaverton, OR, USA), and real-time data acquisition was realized by a software platform,
which was constructed based on the LabView (LabView 2015, National Instruments, Austin,
TX, USA). For the supercapacitor electrochemical performance, such as cyclic voltamme-
try (CV) and galvanostatic charge—discharge (GCD) measurement, the electrochemical
workstation (CHI 760E, Shanghai Shinstruments Co., Ltd., Shanghai, China) was utilized.
The electrochemical impedance spectroscopy (EIS) was also tested by the electrochemical
workstation. A piece of hydrogel with a size of 1 x 1 cm? was sandwiched between two
sheets of stainless steel. The ionic conductivity was calculated by o = d/(R x A), where d
and A denote the thickness and area of the sample, respectively, and R is determined by
the intercept of the EIS real axis.

3. Results and Discussion
3.1. Synthesis and Characterizations of Materials

The desired stretchable hydrogels were facilely synthesized by blending two monomers,
namely, a covalently crosslinked polymer, polyacrylamide, and an ionically crosslinked
polymer, alginate, followed by adding the initiator APS and CaSO4-2H,O, respectively [34].
By dual-network crosslinking, the hydrogels obtained both elasticity and toughness, as
shown in Figure la. The obtained hydrogel had three-dimensional hollow network struc-
tures from the scanning electron microscopy (SEM) image (Figure 1b). FTIR spectroscopy
was also measured to further confirm the composition of the hydrogel (Supplemen-
tary Figure 52). Besides the high transparency and high stretchability (Supplementary
Figure S3), the hydrogel also endured multiple deformation forms, including rolling, fold-
ing, twisting, and crumpling (Figure 1c). To enhance the ionic conductivity, different weight
contents of NaCl between 0 and 2.5 g (about 17.8% the weight of AAm) were added into the
hydrogel solution, and the electrochemical impedance spectroscopy (EIS) (Figure 1d) was
measured. As shown in Supplementary Figure S4, the maximal ionic conductivity calcu-
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lated from the EIS was 19.86 mS/cm when the NaCl content was 1.5 g, which was 14 times
higher than the hydrogel without NaCl. This enhancement is mainly due to the increased
abundance of free ions. As seen in Figure le, the addition of NaCl not only improved the
ionic conductivity but also enhanced the mechanical property of the hydrogel. The stress
reached more than 1300% when the NaCl content was 1.5 g. This is mainly attributed to the
salting-out effect of NaCl, which induced the PAAm chain entanglements or formed micro-
crystalline zones, further strengthening the hydrogel’s mechanical performance. Moreover,
the ionic conductivity almost stayed the same when stretching the hydrogel (Figure 1f),
which ensured the stability to fabricate functional devices. Given these two key focuses of
mechanical properties and ionic conductivity, the hydrogel synthesized by adding 1.5 g
NaCl was employed for device fabrication in the next experiment.
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Figure 1. Synthesis and characterizations of dual-network crosslinked hydrogels. (a) Synthetic route of hybrid hydrogels
containing sodium alginate and polyacrylamide with CaSO,-2H,0 and APS served as initiators. (b) SEM image of freeze-
dried composite hydrogels (scale bar: 50 um). (c) Photographs of the hydrogel at different deformed states, namely,
(i) original, (ii) stretching, (iii) rolling, (iv) folding, (v) twisting, and (vi) crumpling, respectively. (d) Electrochemical
impedance spectroscopies (EIS) and (e) typical tensile stress—strain curves of hydrogel with different NaCl contents. (f) EIS
of hydrogels with different strains when the content of NaCl was fixed at 1.5 g.

3.2. Electrical Performance of the SF-TENG

A fibrous stretchable TENG (FS-TENG) at the single-electrode mode was fabricated by
coating the silicone rubber outside of the hydrogel ionic conductor, as shown in Figure 2a.
The reason why silicone rubber was chosen as the encapsulation layer is due to its good
stretchability, strong electron affinity and ability to prevent the hydrogel from losing water.
Figure 2b schematically illustrates the working mechanism of SF-TENG for generating
electricity under short-circuit conditions. The left part is from the front view, and the
right part is a corresponding side view with a half-cut. When skin contacted the SF-
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TENG, positive and negative charges were generated on the surface of the human skin and
silicone rubber, respectively, due to their different electron affinities. Once the skin was
separated from it, the interaction between the two opposite polarity charges decreased,
leading to positive charges induced on the ionic conductor and electrons transferred to the
outside from connected wires. When skin contacted the SF-TENG again, the triboelectric
charges also returned to their original distribution state. The diameter of the SE-TENG
is about 2 mm (Figure 2c), which is suitable for wearable devices. Simultaneously, it has
excellent stretchability, which reaches 300% without fracture or breakage, as illustrated in
Supplementary Figure S5. To evaluate the electrical output performance of the SE-TENG,
the open-circuit voltage (V.), short-circuit current (Is.), and transferred charges (Qi) were
measured periodically by the linear motor. The testing schematic diagram of TENG at
original and stretching states is provided in Supplementary Figure S6. The human skin
was replaced by hog skin for long-term testing, and the area of hog skin was much larger
than the TENG surface to ensure full contact between them. The electrical output of 10 cm
TENG with the frequency varying from 0.5 to 2.5 Hz is shown in Figure 2d. It is noted that
the Ve and Qi almost stayed the same with values of 89.7 V and 26.3 nC, respectively. The
Is increased from 0.53 to 1.58 pA with the increasing frequency. Moreover, the optimal
resistance load decreased gradually with an increase in frequency, which is demonstrated
in Figure 2e. This is mainly attributed to the decrease in intrinsic resistance of TENG
with a higher movement speed [35]. Furthermore, the power reached the maximum value
(~86.1 uW) at 20 MQ) when the frequency was 2.5 Hz. The transferred charges under
different strains (0-250%) are shown in Figure 2f. It can be observed that as the strain
increased, the Q increased gradually until the strain reached 150% and then decreased.
As displayed in Supplementary Figure S7, two factors caused this tendency: one was the
surface charge enhancement due to the thinner thickness of silicone rubber, which had a
positive effect on the output, and the other was the resistance enhancement of hydrogel
electrode, which has the reverse effect. The former was dominant in small strains (<150%),
while the latter had a greater impact when the strain was larger.
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Figure 2. Working mechanism and electrical performance of the stretchable fibrous triboelectric nanogenerator (SF-TENG)
at singleelectrode mode. (a) Schematic illustration of the SE-TENG when in contact with skin. (b) The working mechanism
of the SFTENG for generating electricity under shortcircuit conditions. (c) Photograph of diameter measurement of TENG.
(d) The electrical output performance of the single fiberbased TENG with different contact frequencies ranging from 0.5 to
2.5 Hz, including Ve, Isc, and Qy. (e) Dependence of the output power under external resistance load with different
frequencies from 0.5 to 2.5 Hz. (f) Transferred charges under various strains (0~250%).
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3.3. Fabrication Process and Electrochemical Performance of SF-SC

The hydrogel was also exploited as the electrolyte of the stretchable fibrous superca-
pacitor (SF-5C) as a common ionic conductor. To endow the supercapacitor with stretcha-
bility, CNT film was attached on both sides of the pre-stretched hydrogel, as illustrated in
Figure 3a. The performance of SF-5C was characterized by the CV and GCD techniques
provided by the electrochemical workstation. As shown in Figure 3b, the CV curves of
a single unit SC were close to the rectangular shape at different scan rates ranging from
5 to 100 mV /s with the selected voltage window (0 to 0.8 V), thus indicating the quick
electrochemical switching ability and good reaction reversibility of the device. The GCD
curves with a typical symmetric triangular shape under the current load of 5 to 25 (A are
shown in Figure 3c, which further validates the excellent capacitive behavior of the SC. The
capacitance calculated from the GCD curves by the equation C = (i X At)/AV was about
156.3 uF when the current load was 5 pA [36]. Figure 3d shows the CV curves of SE-SC at
different strains, and there was little capacitance drop observed under each tensile state
condition. For the sake of practical applications of the SF-SC as an energy supply, several
single unit SCs were connected in series. Unlike the traditional wire connection methods,
which are fragile and unable to endure large stains, the series SF-SCs were connected by the
CNT film itself inside and silicone rubber outside to form an all-in-one device (Figure 3e).
The CV and GCD curves of 1 to 4 units connected in series are displayed in Figure 3d.f,
respectively. It can be observed that the voltage increased linearly according to the number
of series-connected SC. Thus, the results demonstrate the fabricated SE-SCs have good
adjustability and adaptability to various electronic applications.
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Figure 3. Schematic illustration and electrochemical performance of the stretchable fibrous superca-
pacitor (SF-SC). (a) Schematic illustration of the fabrication process. (b) CV curves of the SF-SC at
different scanning rates (5-100 mV/s). (c¢) GCD curves at different current loadings (5-25 uA). (d) CV
curves of the SF-SC under different strains (0-300%). (e) Schematic illustration of the series-connected
SF-SCs. (f) CV and (g) GCD curves of various numbered series-connected SF-SCs (1 to 4).

3.4. Demonstration of the Self-Charging Power Unit

Figure 4 demonstrates the SCPU performance, which consisted of woven SF-TENGs,
series-connected SF-SCs, and a power management circuit for high charging efficiency.
In light of the pulse and low current output of a single unit SF-TENG, several devices
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were woven together for the practical application, as shown in Figure 4a. The short-circuit
current output of woven SF-TENGs was largely enhanced compared with the single unit;
for example, the Is. reached 15.8 1A at a contact frequency of 2.5 Hz (Figure 4b). As we
know, a typical feature of TENG’s electrical output is high voltage but low current, due
to the pulsed output voltage with a short duration and limited frequency, making TENG
unsuitable for direct use as a power source. Thus, a power management circuit was
designed to convert the pulsed voltage into a steady continuous output (Figure 4c). The
power management system mainly contained a rectifier to convert the AC to DC, a fixed
value capacitor based on the TENG's inherent capacitance to extract maximal energy from
the power source, a switch containing the silicon-controlled rectifier (SCR) and Zener diode
to control the power flow paths, and a buck converter circuit. Figure 4d is the photograph of
the power management circuit of which the diameter is about 2.4 cm, which is small enough
to treat as a button or decoration in wearable electronics. Figure 4e shows the charging and
working curve of four series-connected SF-SCs by manually patting the woven SF-TENGs
cloth. It is worth noting that the charging voltage had a step-up characteristic attributed
to the switching mode of the power management circuit. The switch did not turn on
until the fixed value capacitor was charged to a specified voltage, which was set by the
Zener diode. Once the switch turned on, the fixed value capacitor discharged to transfer
the energy into the load through the buck converter circuit. After the discharge process
was over, the switch turned off again and isolated the fixed value capacitor from the load.
Considering that the sensor in the system was not continuously working, but was in a
long-term dormant state, the SCPU, which always generated electricity, could trigger the
MCU if the sleeping mechanism was included in the program. As shown in Figure 4f and
Movie S1, when the series-connected SF-SCs were charged to 3 V in about 18 s, an Arduino
Leonardo was successfully powered to work as the power-up indicator LED turned red,
which would then be used for signal processing in the all-in-one self-powered HMI system.
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Figure 4. Demonstration of the self-charging power unit. (a) Schematic illustration of woven SF-TENGs into cloth. (b) Short-

circuit current output with different contact frequencies ranging from 0.5 to 2.5 Hz. (c) Circuit diagram of the self-charging

power unit containing woven SF-TENGs, power management system, and load. (d) Photograph of the power management

system. (e) Charging and working curve of four series-connected SF-SCs by manually patting the woven SF-TENGs cloth

and (f) powering the microcontroller.
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3.5. Application of All-in-One Self-Powered HMI System

A smart glove was developed by attaching five SF-TENG sensors on the dorsum of five
fingers (thumb/index/middle/ring/little finger) acting as the self-powered gesture sensors.
As each sensor on different fingers may have undergone different squeeze deformations
upon various gestures, their corresponding voltage output also differed and, therefore, real-
time signal permutations could be achieved. For example, when all five fingers remained
straight, the voltage outputs affiliated with them were kept approximately at zero. When
one finger repeated the movement of bending and releasing, the sensor on this finger
would generate a relatively high pulse voltage compared to the other four motionless
fingers. Based on such results, ten different sign language permutations named from A to J
are displayed in Figure 5a. The real-time monitored relative voltage changes corresponding
to these sign language permutations are shown in Figure 5b. It is noted that different
sign language gestures brought about completely different voltage combinations, thus
indicating there will be dozens of signals, in theory, by one hand gesture. To detect and
distinguish these signals, the smart glove was connected to a control board that contained
an amplifier array, a microcontroller, and a 2.4 GHz remote controller. Simultaneously, the
series-connected SF-SCs, which were charged to the working voltage by the woven SF-
TENGsS, provided energy to this control board. The block diagram of the entire system based
on triboelectric technology is shown in Figure 5c. The signal was processed and decoded
to a specific RC command via a programmable mapping logic system. Supplementary
Figure S8 displays the state of the command code. The decoded command would then
be wirelessly transmitted to the terminal product. The circuit model for connecting the
smart gloves and terminal devices is schematically illustrated in Supplementary Figure S9.
Specifically, as shown in Figure 5d and Movie 52, when the gestures with forward and turn
left command were executed, the intelligent car received the signals wirelessly sent from
the MCU and made a corresponding displacement movement. This demonstration shows
the feasibility of adopting all-in-one self-powered HMI systems to achieve highly accurate
gesture control for intelligent equipment.
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Figure 5. Application of all-in-one self-powered HMI system. (a) Photograph of a smart glove with five SE-TENG sensors

attached on the dorsum of fingers, and images of ten different sign language gestures. (b) Real-time monitored relative
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voltage changes under various sign language gestures as shown in (a). (c) Block diagram of the communicator based on SF-

TENG sensors. SF-TENG sensors were connected to a control board that contains an amplifier array, a microcontroller, and
a 2.4 GHz remote controller. (d) Photographs of 2 gestures (top inset), command codes (bottom inset), and corresponding
motions of the intelligent car.

4. Conclusions

In conclusion, an all-in-one self-powered human-machine interaction system based
on triboelectric technology was successfully fabricated by the combination of a self-
powered triboelectric sensor, microcontroller, intelligent car, and self-powered charging
unit. Dual-network crosslinking hydrogel with a high stress of 1300% and ion conductivity
of 19.86 mS/cm wrapping with the silicone rubber dielectric layer fabricated the SE-TENG.
A smart glove with five SF-TENG on the dorsum of five fingers served as self-powered sen-
sors and generated signal permutations with different gestures. The signals were processed
by the microcontroller and then wirelessly transmitted to the intelligent car for remote
telemetry and control. During the working process, the SCPU integrated by woven TENG,
a supercapacitor of 156.3 uF, and a power management circuit was exploited to harvest
mechanical energy from the human body and successfully power the systems in about
18 s. Since the sensing and energy harvesting functions are both achieved by TENG, this
all-in-one system is compactly integrated. In addition, due to the universality of various
terminal devices, the system has great potential application value in self-powered HMI
systems with wearable electronics.

Supplementary Materials: The supplementary materials are provided by the supporting information
file. https://www.mdpi.com/article/10.3390/nano11102711/s1. Figure S1: The working flow chart
of an all-in-one self-powered human-machine interaction system, Figure S2: FTIR spectra of the
freeze-dried composite hydrogel, Figure S3: Optical images of hydrogel with different strains. The
content of NaCl was fixed as 1.5 g, Figure S4: The calculated ionic conductivity(o) of hydrogel with
different NaCl contents, Figure S5: (a) Photos of SF-TENG at the original state and stretched state of
300% strain, (b) Diameter change at different stretch rates (0-300%), Figure S6: The testing schematic
diagram of TENG at (a) original and (b) stretching state, Figure S7: The surface of silicone rubber
becomes thinner (a) and the resistance of hydrogel increase (b) during stretching, Figure S8: The
processed and decoded RC command via a programmable mapping logic system, Figure S9: The
circuit model for connecting the smart gloves and terminal devices. Video S1: An Arduino Leonardo
is successfully powered to work by the SCPU. Video S2: Wireless remote telemetry and control of
intelligent car by smart glove.
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Abstract: Recently, the research of distributed sensor networks based on triboelectric technology
has attracted extensive attention. Here, we reported a new triboelectric nanogenerator based on
sodium chloride powder (S-TENG) to obtain mechanical energy. The polytetrafluoroethylene (PTFE)
film and sodium chloride powder layer serve as the triboelectric pair. After testing and calculation,
the internal resistance of S-TENG is 30 M(), and the output power of S-TENG (size: 6 cm X 6 cm)
can arrive at the maximum value (about 403.3 uW). Furthermore, the S-TENG can achieve the open
circuit voltage (Vo) of 198 V and short-circuit current (Isc) of 6.66 pA, respectively. Moreover, owing
to the moisture absorption of sodium chloride powder, the S-TENG device also has the function
of the humidity sensor. This work proposed a functional TENG device, and it can promote the
advancement of self-powered sensors based on the TENG devices.

Keywords: triboelectric nanogenerator (TENG); sodium chloride powder; self-powered sensor;
low-cost

1. Introduction

Recently, owing to the progress needs of the Internet of things (IoT), various sensor
technologies show numerous application prospects widely in the domain of the (IoT) [1-3].
As a significant part of the IoT, distributed sensor network has attracted the attention of
academia and industry [4,5]. Often, distributed sensor networks consist of many sensors,
but this poses new challenges to energy supply [6]. It is noteworthy that renewable
energy generation is widely concerned, such as solar energy, ocean wave, temperature
difference energy, wind and other green energy [7]. Compared with traditional fossil
energy (oil, coal and natural gas), renewable energy has the characteristics of rich reserves,
and is inexhaustible, and can reduce environmental pollution [8,9]. Therefore, harvesting
technologies based on green renewable energy, such as electromagnetic power generation
technology, piezoelectric power generation technology, photoelectric power generation
technology and thermoelectric power generation technology, have exploded over the past
few years. However, there are still many challenges in energy harvesting efficiency and use
environment. In addition, the high preparation cost is also an important reason to hinder
its application in distributed sensor networks [10]. In recent years, with the development
of energy storage technology, distributed sensor network nodes usually provide power by
electronics. However, the limited service life of the battery has brought a lot of replacement
and maintenance work. Furthermore, this has an impact on the development of the Internet
of things [11,12]. In addition, there will be environmental pollution problems. Therefore,
the development of new power generation technology is necessary and meaningful.

In 2012, Professor Wang and his research group reported the triboelectric nanogenera-
tor (TENG). The TENG device can convert low frequency and low amplitude mechanical
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energy into electrical energy output [13-21]. Furthermore, TENG devices exhibit an ex-
tensive application prospect in the fields of self-powered sensors, ocean wave energy
and high-voltage power sources [22-25]. In addition, it has a profound and significant
influence on the sustainable development of energy and environmental protection. The tri-
boelectrification phenomenon can occur between most materials, and friction movement
is everywhere in life [26,27]. Thus, the TENG devices have a wide range of preparation
materials, and this also promotes the rapid development of TENG devices based on dif-
ferent triboelectric material combinations [28-30]. Up to now, TENG can gain almost all
mechanical energy and convert it into electrical energy, such as ocean wave, breeze energy,
human motion and other mechanical vibration energy in the form of low frequency [31-35].
In addition, TENG devices can respond to changes in the environment through changes
in electrical output signals. Therefore, it is meaningful to develop a TENG device with a
sensing function.

Here, we propose a novel triboelectric nanogenerator based on sodium chloride
powder (S-TENG) to obtain mechanical energy. Furthermore, the S-TENG serves as the
self-powered humidity sensor. It is noteworthy that sodium chloride is a kind of food
material, which is non-toxic, pollution-free and rich in reserves. In addition, sodium
chloride is easily soluble in water, which also creates conditions for material recycling.
The polytetrafluoroethylene (PTFE) film and sodium chloride powder layer form the
triboelectric pair. The conductive aluminum tape serves as the conductive electrode,
and the glue section is used to paste triboelectric materials. From the results, the output
power of S-TENG (size: 6 cm X 6 cm) can arrive at the maximum value (about 403.3 uW),
and the internal resistance of S-TENG is 30 MQ). Furthermore, the S-TENG can achieve
the V. of 198 V and I, of 6.66 1A, respectively. Moreover, the S-TENG device can monitor
environmental humidity.

2. Materials and Methods

In this design, the PTFE film (thickness: 120 pm) and sodium chloride powder layer
form the triboelectric pair, and the aluminum foil serves as the conductive electrode.
Figure 1a illustrates the detailed preparation process of S-TENG. Firstly, cut the aluminum
tape into two pieces to fabricate the electrodes. It is worth noting that the conductive
aluminum tape consists of aluminum and glue, and the glue can act as the adhesive to paste
PTEE film and sodium chloride powder. Then, coat one piece of aluminum foil with PTFE
film to form the PTFE/aluminum layer. As for another piece of aluminum tape, the sodium
chloride powder is pasted on the glue surface to constitute the aluminum/sodium chloride
powder layer. Finally, two triboelectric sections form the S-TENG device. In this work,
we used the electrometer (Keithley 6517) to measure the electronic output, such as open
circuit voltage (V,), short-circuit current (I;;) and transfer charge. Additionally, we used
mechanical vibration to provide the external force. Furthermore, the scanning electron
microscope (SEM) images of PTFE film and sodium chloride powder layer were provided
in Figures S1 and S2 of the Supporting Information.
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Figure 1. (a) The detailed preparation process of S-TENG using aluminum taper, PTFE film and sodium chloride powder.

The photograph of (b) sodium chloride powder, (c) sodium chloride powder layer and (d) S-TENG.

3. Results and Discussion

The S-TENG can work under vertical motion conditions, and the operating mechanism
of S-TENG is shown in Figure 2. Generally, the PTFE film can obtain electrons from other
triboelectric materials during the triboelectric process. Thus, when PTFE film contact with
the sodium chloride powder layer, the PTFE film surface will obtain electrons, and the
sodium chloride powder layer will lose the same amount of electrons due to the contact
electrification mechanism, as shown in Figure 2a. Then, when the surfaces of the PTFE film
and sodium chloride powder layer separate (Figure 2b), the top electrode of the S-TENG
device will generate a positive charge, and the electrode at the bottom of the S-TENG will
produce the same amount of negative charge. In addition, this can lead to the generation
of pulse current in the external circuit. When the maximum separation distance reaches a
certain value, the charge transfer between the two electrodes reaches the saturation state.
Furthermore, the circuit will not produce pulse current, as shown in Figure 2c. when the
PTEFE film surface is close to the sodium chloride powder layer surface, the negative charge
at the top electrode will be transferred to the bottom electrode, and a reverse pulse current
will be formed, as shown in Figure 2d.

Moreover, we connect loads with different resistance values to S-TENG and measure
the output performance (output voltage and current) of S-TENG, as shown in Figure 3a.
The mechanical vibrator can provide an external force to drive the S-TENG. In addition,
the motion parameters (such as vibration frequency and maximum separation distance)
are set as 6 Hz and 5 mm, respectively. The size of the S-TENG device is about 6 cm X 6 cm.
As is shown in Figure 3b, when the resistance of the load grows from 1 MQ) to 1 GM, the V,
of S-TENG will rise whereas the I of S-TENG will drop, which also indicates that TENG
devices usually have high V,. and low Is.. Furthermore, we calculated the output power (P)
of S-TENG through the relationship P = UI. In addition, Figure 3¢ describes the calculation
results and relations. From the results, the S-TENG device can realize the maximum output
power of 403.3 pW. Meanwhile, the internal resistance of S-TENG is 30 MQ). Furthermore,
the S-TENG can achieve the V,, of 198 V and I, of 6.66 pA, respectively, as shown in
Figure 3d,e. Figure 3f illustrates that the charge transfer in the external circuit can reach
25.5nC.
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Figure 2. (a-d)The operating principle of S-TENG.
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It is worthy to point out that the parameters of external excitation are the factors
influencing the output characteristics of S-TENG. Therefore, we explored the influence of
motion frequency and maximum separation distance on the electrical output of S-TENG.
As shown in Figure 4a, when the working frequency rises from 2 Hz to 6 Hz, the Is of
S-TENG will grow from 3.33 pA to 6.5 pA. The reason for the increase of S-TENG is that
the higher motion frequency is conducive to the rapid transfer of charges. As illustrated
in Figure 4b,c, when the working frequency rises from 2 Hz to 6 Hz, the V,. of S-TENG
will remain constant at about 198 V, and the transferred charge of S-TENG will also be
unchanged at about 25.5 nC, which also indicates that the superiority of TENG devices in
low-frequency motion energy harvesting. Moreover, the maximum separation distance
between the PTFE film surface and sodium chloride powder layer surface can also influence
the S-TENG electrical output. With the increase of the maximum separation distance (from

1 mm to 5 mm) shown in Figure 4c—e, the electrical output of S-TENG, such as I, Vo, and
transfer charge, will increase.
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Figure 4. The (a) Is, (b) Vo and (c) transfer charge of S-TENG under different operating frequencies. The (d) I, (e) Voc and
(f) transfer charge of S-TENG under different maximum separation distance.

Moreover, considering the continuous work of S-TENG, we explored the electrical out-
put of S-TENG under continuous operating conditions. Based on the results in Figure 5a,
the S-TENG has good stability. Furthermore, we examine the charging effect of S-TENG
with a power management circuit, as shown in Figure 5b. Here, we developed the rela-
tionship of S-TENG charging capacitors under different frequencies. Obviously, the higher
the externally provided vibration frequency, the faster the rate of storing electric energy,
as shown in Figure 5c. In addition, we also researched the influence of S-TENG charging
different capacitors, as illustrated in Figure 5d. According to the experimental results,
the larger the capacitor, the faster the charging speed.
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Figure 5. (a) The reliability test of S-TENG. (b) The schematic diagram of power management circuit
based on the S-TENG. (c) The charging curve of S-TENG for different capacitors (from 1 uF to 3 uF)
under the working frequency of 4 Hz. (d) The charging curve of S-TENG for 1 pF capacitor under
different working frequencies (from 2 Hz to 4 Hz).

Often, TENG devices can convert moving mechanical energy into electrical energy
during the contact and separation movement of triboelectric materials. In addition, the gen-
erated electrical signal is closely related to the influence of the working environment.
Environmental factors will affect the electrical output signal produced by the TENG de-
vice, for example, relative humidity. It is noteworthy that sodium chloride powder has
strong moisture absorption. Furthermore, this characteristic can make the S-TENG the
self-powered humidity sensor by the electrical output signal change of the S-TENG device,
as shown in Figure 6a,b. Specifically, the relative humidity will have a significant influence
on the charge transfer of the TENG device. In this design, the sodium chloride powder
plays the role of triboelectric material, and meanwhile, it is sensitive to relative humidity.
Specifically, we measured the V., Isc and transferred charge of S-TENG under different
relative humidity, as present in Figure 6c—e. According to the results, when the relative
humidity rises, the electrical output (Vy, Isc and transferred charge) of S-TENG can grow,
which indicates the S-TENG can monitor humidity changes.
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Figure 6. (a) The schematic illustration of the hygroscopicity for sodium chloride powder. (b) The relative humidity test
system based on the S-TENG. (c—e) The electrical output of the S-TENG in different relative humidity conditions.

4. Conclusions

In conclusion, we propose a novel triboelectric nanogenerator based on sodium
chloride powder (S-TENG) to obtain mechanical energy. In addition, the S-TENG serves as
the self-powered humidity sensor. It is noteworthy that sodium chloride is a kind of food
material, which is non-toxic, pollution-free and rich in reserves. The PTFE film and sodium
chloride powder layer form the triboelectric pair. The conductive aluminum tape is used
as the conductive electrode, and the glue section is used to paste triboelectric materials.
From the results, the output power of S-TENG (size: 6 cm x 6 cm) can arrive at the
maximum value (about 403.3 uW). Furthermore, the S-TENG can achieve the V,. of 198 V
and I of 6.66 nA, respectively. Moreover, the S-TENG device can monitor environmental
humidity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano011102657/s1, Figure S1: The SEM images of PTFE before and after 24 k impact cycles.
Figure S2: The SEM image of the NaCl powder layer surface.
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Abstract: Gel-based ionic conductors are promising candidates for flexible electronics, serving as
stretchable sensors or electrodes. However, most of them suffer from a short operating life, low
conductivity and rely on an external power supply, limiting their practical application. Herein, we
report a stable organogel ionic conductor with high conductivity and self-powering ability. Briefly,
lithium trifluoromethanesulfonate, as a conductive salt, provides high conductivity and the poly(1,1-
difluoroethylene) layers, as a self-powering system, supply stable energy output under the influence
of pressure. Moreover, the proposed conductors withstand long-term and multi-cycle durability tests.
The prepared auxiliary training device can withstand the impact of a basketball and detect the impact
force, showing potential in passive sensing during practical applications.

Keywords: organogel; self-powered; stable; pressure sensing

1. Introduction

The properties of being able to closely fit the complex surface of an object, with
strong anti-bending abilities and high electrical conductivity are important for flexible
electronics [1-4], such as soft sensors [5-7], flexible displays [8,9], and wearable comput-
ing [10-12] and energy storage devices [13-15]. To achieve these characteristics, researchers
have developed various materials and structures, such as nanocomposites [16,17], bionic
structures [18-20], and sensor arrays [21,22]. However, the inherent high modulus and brit-
tleness lead to an unacceptable mechanical mismatch [23,24] and the unsatisfying electrical
conductivity [25,26] results in inevitable signal loss during transmission. Liu et al. have
integrated perovskite solar cells (PSCs) into flexible strain sensors to realize continuous
data recording without external power [27]. Although the high efficiency of PSC (8.41%) re-
sulted in excellent stability and durability, the mismatch between tissues and PET substrate
hinders the wearable applications of these sensors.

With Young’s modulus values close to tissues, gels are the most promising candidates
for flexible devices [2,28,29]. However, the conductivity of gels is not enough for their direct
application in electronic devices [30]. Hence, the most effective method to enhance the
conductivity is to add conductive fillers [31-34]. For instance, Yunsik Ohm et al. incorpo-
rated silver flakes (5 vol%) into the hydrogels and performed a partial dehydration process
to remove a moderate amount of water and form the percolation channels [1]. Although
silver-containing hydrogels possess high conductivity (350 S-cm 1), the silver flakes reduce
stretchability, increase the Young’s modulus and generate massive Joule heat under high
currents, leading to catastrophic water loss and accelerating the gels” invalidation.
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Researchers have explored numerous methods to overcome water loss, such as adding
anti-freeze materials (e.g., polyelectrolytes, polyhydric alcohols) [35,36] or encapsula-
tion [37,38]. Anti-freeze materials reduce the number of hydrogen bonds between water
molecules and block the gel from freezing; however, water evaporation remains a chal-
lenge [39,40]. On the other hand, the packaging methods lock the water inside the container
and reduce water evaporation; however, these methods are not suitable for freezing and
boiling [6,41]. Therefore, organic ionic gels have been developed, which essentially circum-
vent the problems of hydrogels as organic solvents [42]. However, the high viscosity of
organic gels hinders ionic movement and, in turn, reduces the conductivity [43]. There-
fore, it is necessary to explore different approaches to enhance the conductivity of organic
ionic gels.

Herein, we report high-conductivity organogel ionic conductors (OICs) and their
piezoelectrically-enhanced analogs, using a one-step synthesis method, where propylene
carbonate (PC), acryloyl morpholine (ACMO) and lithium trifluoromethanesulfonate (Li-
OT{) are employed as a solvent, monomer and ionically conductive salt, respectively. The
as-prepared OICs exhibit high ionic conductivity (9.1 x 10~* S-cm~!) and a wide range of
temperature tolerances (—70 to 100 °C). Moreover, OICs are further coated with poly(1,1-
difluoroethylene) (PVDEF) as the power supply. Owing to the penetration effect, the number
of 3-type crystals generated by PVDF on the OICs was found to be 70% higher than that on
a glass substrate (40%). Furthermore, the self-powered OICs maintained high accuracy even
after one month of storage, demonstrating broad application prospects as self-powered
flexible conductors and sensors.

2. Materials and Methods
2.1. Materials

Propylene carbonate (PC), 4-acryloylmorpholine (ACMO, monomer), poly-ethylene-
glycol diacrylate (PEGDA Mw~1000), 1-hydroxycyclohexyl phenyl ketone (184), lithium
trifluoromethanesulfonate (LiOTf), N,N-dimethylformamide (DMF), Sudan III and poly(1,1-
difluoroethylene) (PVDEF) were purchased from Aladdin, Co. Ltd., Shanghai, China, and
the silk fibroin (SF) was synthesized by our research team.

2.2. Preparation of OICs and Self-Powered OICs

The preparation process is summarized below [42]: PEGDA and 184 were employed
as a cross-linker and photo-initiator, respectively. First, LiOTf, 184, ACMO (33 wt.%) and
PEGDA were evenly dissolved in PC (64 wt.%) to create a transparent precursor of OICs
under mechanical stirring for at least 15 min or 5 min of ultrasonication. The concentration
of LiOTf was adjusted to 2.5 mol-L~1, and PEGDA was fixed at 0.1 wt.%. Subsequently,
the precursors were cured in a glass-wrapped polyethylene glycol terephthalate (PET)
mold under irradiation of a 365 nm ultraviolet lamp for 5 min to obtain OICs. To obtain
self-powered OICs, 1 g of PVDF was dissolved in 8 mL of DMF at 90 °C for 8 h to obtain
a uniform solution. Subsequently, the as-prepared PVDF solution was scraped on OICs,
followed by heating at 90 °C for 30 min.

2.3. Temperature Tolerance Characterization

OICs were prepared in a rectangular parallelepiped with the dimensions of 9 cm x
8 cm x 2 mm. Thermogravimetric analysis (TGA) was performed on TGA-DSC1 (MET-
TLER TOLEDO Co., shanghai, China) in the temperature range of 25 to 150 °C. The heating
rate was 10 °C-min~! and the analysis was carried out under N, atmosphere. The dynamic
thermomechanical analysis (DMA) was performed using Netzsch DMA242E (NETZSCH
Co., Wittelsbacherstrasse, Germany) in the temperature range of —150 to —25 °C at a
heating rate of 3 °C-min .
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2.4. Impedance Analysis

OICs were clamped between two copper sheets with the same diameter and thickness
and connected to the system by a wire. A Princeton Applied Research Versa STAT3
(AMETEK Co. Ltd, Shanghai, China) was used to analyze the impedance in the frequency
range of 1 Hz to 100 kHz, with a temperature range of 0 to 75 °C and a bias voltage of 5 mV.

2.5. Mechanical Characterization

OICs were prepared in the form of a rectangular parallelepiped with the dimensions
of 9cm x 8 cm x 2 mm. The mechanical testing was performed on Tytron 250 (MTS Co.,
Eden Prairie MN, USA) at a rate of 100 mm-min~ L. The initial distance was 20 mm.

2.6. Characterization of Self-Powered OICs

All OICs were stripped-off from the PET substrate before the verification test. Fourier
transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) analysis were per-
formed to evaluate the crystal structure of PVDF. The FTIR was performed using a Bruker
VERTEX70 (city, the abbreviation of state, country Bruker Co., Billerica, MA, USA). The
attenuated total reflection (ATR) mode was used, and the FTIR patterns were recorded
in the wavelength range of 700 to 1500 cm~!. The XRD analysis was performed using
Bruker D8 ADVANCE (city, the abbreviation of state, country Bruker Co., Billerica, MA,
USA), and the XRD patterns were recorded in the 26 range of 10 to 30°, and the wavelength
was 0.154 nm. The piezoelectric constant d33 was measured using a quasi-static method
on a dz3 measurement instrument (Z]J-3AN) (Institute of Acoustics, Chinese Academy of
Sciences, Beijing, China).

3. Results

We designed the OICs according to the migration of ions in electrolytes, where the
high migration speed and ionic concentration were expected to render high conductivity.
As shown in Figure 1, the ions possess a small relative molecular mass (Mr) and high
solubility in PC, which can flow inside the OICs due to the rapid migration of the center
of gravity [44]. However, the ions in the figure on the left only move at a slow speed, or
even get stuck in the network, unable to move and restricting the movement of other ions.
In addition, unlike the electrolyte solution, the staggered polymeric network limits the
ionic movement in the gel, implying that the network structure and ionic size influence the
ionic movement [45]. The network of the gel on the left is more complex and denser, and,
although it may have slightly better mechanical properties, it becomes an obstacle to ion
motion because the complex network reduces the passability of the road and reduces the
flux of ions. Hence, we aimed to simplify the network and use small-sized molecules to
seamlessly pass through the messy network (Figure 1).

OICs demonstrate remarkable ionic conductivity and decent mechanical properties.
As presented in Figure 2a, the electrical characterization revealed a significant ionic con-
ductivity with 2.5 mol-L~! of LiOTf. With the frequency growth, the impedance amplitude
linearly decreased until 1 kHz, obtaining an impedance value of 19.6 (2 and reached the
minimum at 100 kHz (15.56 (}). Meanwhile, the negative phase angle also exhibited a
similar downtrend in the frequency range of 100 Hz to 100 kHz and sharply attenuated
from 72° to a near-zero degree at 100 kHz. At this time, the influence of the electrical double
layer was weak enough, and the impedance amplitude became close to a real resistance
value. The conductivity of OICs was calculated to be 9.1 x 10% S-em™1, exceeding the
7.9 x 107*S cm™! of other similar types of organic ionic gels (Figure 2b). Surprisingly, the
conductivity continuously climbed without any declining trend, contrary to that observed
by other researchers, until the maximum solubility of LiOTf in PC, which indicates that the
proposed composition significantly improved the saturation mobility of OICs. In addition,
the stretch and recovery curves in Figure 2c show perfect overlap and minimal hysteresis
until the strain reached 300%, indicating the superb tensile resilience of OICs. Consequently,
unless otherwise specified, the LiOTf concentration in the OICs was fixed at 2.5 mol-L~!.
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Again, the salt with a relatively small size was shown to be more conducive to improving
the conductivity of gels.
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Figure 1. Schematic illustration of the proposed OICs.
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Figure 2. The electrical and mechanical properties of OICs: (a) frequency response of impedance
magnitude (1 Z1) and phase angle (), (b) conductivity of OICs at various LiOTf concentrations,
(c) tensile and rebound curves of OICs.

OICs exhibited extraordinary temperature tolerances due to the presence of PC. The
dynamic thermomechanical analysis (Figure 3a) revealed that the glass-transition tem-
perature of the OICs was about —70 °C, which remained stable at low temperatures.
Furthermore, the smooth storage modulus curve reflects the uniform structure of OICs.
The thermogravimetric analysis (Figure 3b) demonstrates that OICs are strikingly stable at
high temperatures compared with hydrogels. Hence, we did not observe any significant
weight loss at 50 °C and only a slight reduction of 7.1 wt.% was observed at 100 °C. More
surprisingly, the solvent in OICs was not completely volatilized even at >100 °C, endowing
outstanding temperature tolerance and ensuring the normal operation of OICs at high tem-
peratures. Then, we analyzed the conductivity of OICs at different temperatures (Figure 3c).
As expected, the increase in temperature (0 to 75 °C) accelerated the migration of ions that
directly promoted the conductivity from 0.4 x 1073 to 1.4 x 1073 S-cm ™!, respectively.
Significantly, OICs presented an acceptable ionic conductivity over the entire temperature
range, implying that OICs are suitable for most daily-life temperature conditions. Thus,
the advantages of OICs in terms of temperature tolerance show that it is more competent
for high- and low-temperature environments.
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Figure 3. Thermal properties of OICs: (a) dynamic thermomechanical analysis and (b) thermogravi-

metric analysis. (c) Ionic conductivity of OICs in the temperature range of 0 to 75 °C, (d) lighting up
a bulb using OICs instead of wires.

Finally, we further designed a circuit to visually display the ionic conductivity of OICs
(Figure 3d). We replaced the wire with an OIC and successfully lit a household bulb (220 V).
When the bulb was lit, no visible flicker was observed, and the brightness remained stable.
Therefore, although the conductivity of OICs is not as outstanding as metallic conductors,
OICs are still capable of replacing conventional wires.

Then, we covered OICs with PVDF to prepare a flexible conductor that could be self-
powered. PVDF naturally crystallizes as a solvent, and this process is usually accompanied
by heating. Suffering from easy evaporation of water, PVDF cannot be compounded
with hydrogel, while OICs are different because of their extraordinary high-temperature
resistance. Hence, self-powered OICs can be completed through a simple heating process
(Figure 4a). Unlike dense and impervious substrates, such as glasses, the porous structure
of OICs tends to absorb other solutions. In particular, DMEF, as a selective organic solvent,
can be used to dissolve PVDF and is perfectly miscible with the OIC precursors. As shown
in Figure 4b, we added Sudan III for observation. DMF penetrates OIC to a depth of almost
1 mm after only 10 min of heating. Under the combined action of heat treatment, most
of the DMF is lost, promoting the growth of PVDF crystals. At the same time, the liquid
flows from PVDF solution to OIC reorient PVDF crystals to a certain extent, leading to a
better polarization effect. Finally, a PVDF film about 40 pm thick was formed on the OIC
(Figure 4c). As expected, PVDF cured on glass contained both « and {3 phases. Figure 4d
presents the FTIR spectra of P-OICs, and we observed characteristic peaks for the « phase
at 764 and 975 cm !, and B /7y characteristic peaks were observed at 510, 840 and 1401 cm~ L
When we heated PVDF on the OIC substrate at the same temperature, the intensity of each
characteristic peak increased, indicating that the crystallinity of PVDF was significantly
improved and therefore shows that better fluidity was beneficial to the formation of PVDF
crystals. When we further increased the temperature to 90 °C, the o characteristic peaks at
764 and 975 cm~! disappeared, which may have been due to the increased fluidity of DMF
at higher temperatures, and the more intense directional flow of DMF promoting PVDF
generation of the 3-phase crystal form.
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Figure 4. PVDF polarization detection. (a) Self-powered OIC preparation process, (b) penetration
of DMF on OIC, and (c) the thickness of PVDE. (d) FTIR spectra of self-powered OICs on different
substrates, and (e) XRD patterns of PVDF on glass and OICs after polarization.

The peak intensity from the PVDF film on the OIC substrate was stronger than that on
the glass substrate, according to which 3-shaped crystals on OICs and glass were calculated
to be 70.2% and 42.8%, respectively, thereby showing better polarization of PVDEF on OICs.
The XRD patterns were consistent with FTIR data (Figure 4e): a shoulder peak from the OIC
substrate at 20 = 20.6° was smoother than the glass substrate, indicating a relatively higher
content of 3-shaped crystals in OICs. Hence, crystallization is more effective on OICs. One
should note that the direct heating of the organic gel to form the PVDF piezoelectric layer
provides a more efficient and simple self-powered strategy for various flexible materials.

We further investigated the influence of heating temperature and thickness of the
PVDF layer on polarization. As shown in Figure 5a, the content of 3-shaped crystals rose
slightly with increasing temperature. The higher temperature not only accelerated the
crystallization but also intensified the thermal movement of molecules, yielding a slow
upward trend of 3-shaped crystal quantity. With increase in PVDF layer thickness, the grain
size gradually increased. At the thicknesses of 200, 400 and 800 pm, the average diameters
of the grains were 5, 10 and 25 um, respectively. Simultaneously, we also discovered that
the content of 3-shaped crystals was raised when we applied 400 um PVDF (Figure 5b).
However, a further increase in PVDF layer thickness exerted no visual effect on the number
of 3-shaped crystals. As seen in SEM images (Figure 5c), the nearby molecules reunited
when the layer thickness was 200 um, preventing PVDF from forming spherical crystals,
but simply covering it. However, when the squeegee thickness was raised to 800 um, the
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spherical crystals continued to grow and even began to gradually merge, resulting in a
low content of 3-shaped crystals due to the overgrowth of grains. Hence, only a moderate
thickness (400 pm) contributes to the desired crystalline state of PVDEF.
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Figure 5. Polarization parameters of PVDEF: 3 crystal content as a function of (a) temperature, (b) curing
thickness, and (c) SEM images of PVDF layers with thicknesses of 200, 400 and 800 pm.

Meanwhile, the observed spherical crystals generally represented a high (3-shaped
crystal content [46]. Thus, the piezoelectric effect of self-powered OICs was assessed using
a 400 um thick PVDF layer polarized at 90 °C. The piezoelectric coefficient of the conductor
was found to be 15 pC-N~!, which is sufficient for OIC to work as a self-powered sensor.

The electromechanical response shows excellent operating life of self-powered OICs.
We performed the electromechanical test on the excitation platform at a frequency of 3 Hz
and an excitation force of 36 N (Figure 6a). The self-powered OIC responded sensitively to
the excitation force input and produced a stable voltage of 3.52 V, indicating that it already
had piezoelectric characteristics. Additionally, the working life needed to be tested to prove
its potential as a sensor. Consequently, a strict durability test was performed (Figure 6b),
where we measured the output consumption under the frequency of 5 Hz and excitation
force of 24 N before and after 10,000 excitation cycles and 30 days of room-temperature
storage. The self-powered OICs stabilized the output voltage for a long time, and the loss
rate was less than 10%, showing a long working life.
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Figure 6. Piezoelectric characterization: (a) electromechanical response and (b) durability perfor-
mance of self-powered OICs.

Finally, we simulated the application of self-powered OICs in basketball training
(Figure 7). The basketball impact was simulated on a platform, where nine sensors were
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arranged in a 3 x 3 matrix. According to the normal contact interval between two hits
on the backboard, the excitation frequency was 1 Hz. When the impact occurred, the
oscilloscope detected four signals indicating the hitting power and contact position, which
can be used by coaches to train players.
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Figure 7. Application in basketball training: (a) the model and physical images of the basketball

impact detection, (b) schematic diagram of the contact positions, and (c) the detected voltage.

4. Conclusions

In summary, we designed and manufactured highly conductive and self-powered
OICs serving as self-powered sensors. The results revealed the ingenious choice of the small
molecular weight lithium salt, which provided smooth ionic movement and enhanced
the conductivity of OICs (9.1 x 10~ S:cm~1!). Moreover, benefiting from the excellent
temperature tolerance within a range of —70 to 100 °C, we have combined the OIC with a
PVDF piezoelectric layer to prepare self-powered OICs, achieving a stable voltage output
and long working life. The OICs showed excellent potential for a wide range of applications
in daily life as passive pressure sensors.
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Abstract: As an emerging nano energy technology, nanogenerators have been developed rapidly,
which makes it crucial to analyze the evolutionary pathways of advanced technology in this field to
help estimate the development trend and direction. However, some limitations existed in previous
studies. On the one hand, previous studies generally made use of the explicit correlation of data such
as citation and cooperation between patents and papers, which ignored the rich semantic information
contained in them. On the other hand, the progressive evolutionary process from scientific grants
to academic papers and then to patents was not considered. Therefore, this paper proposes a novel
framework based on a separated three-layer knowledge graph with several time slices using grant
data, paper data, and patent data. Firstly, by the representation learning method and clustering
algorithm, several clusters representing specific technologies in different layers and different time
slices can be obtained. Then, by calculating the similarity between clusters of different layers, the
evolutionary pathways of advanced technology from grants to papers and then to patents is drawn.
Finally, this paper monitors the pathways of some developed technologies, which evolve from grants
to papers and then to patents, and finds some emerging technologies under research.

Keywords: nanogenerator; technology evolution pathway; knowledge graph; representation learning;
multi-source data

1. Introduction

As anovel energy solution for micro and wearable wireless electronic devices, nano-
generators (NG) have been developed to harvest energy from the environment, including
biomechanical energy, solar and wind energy, thermal energy, etc. [1]. Based on different
physical effects, nanogenerators can be roughly divided into piezoelectric nanogener-
ators (PENGs), triboelectric nanogenerators (TENGs), and pyroelectric nanogenerators
(PYENGsS) [2]. Notably, nanogenerators present widespread applications other than energy
harvesting, benefiting from related technologies such as 5G and Internet of Things (IoT) [3],
nanomaterials [4], flexible sensors [5], and so on. To date, these applications can be divided
into two domains. One is the innovative devices and techniques in the engineering domain
(e.g., self-powered sensing systems, wearable devices [6]), the other is the biomedical
domain (e.g., implantable devices, tissue regeneration [7]). Due to the rapid development
and diversity of nanogenerator technology, identifying and understanding the evolutionary
path of nanogenerator technology is crucial for decision-makers to capture the development
trends and directions [8].

Some previous studies roughly described a sub-field development path of nanogen-
erator technology based on literature reviews. However, with the rapid development of
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nanogenerators, the corresponding increase in literature makes it difficult to thoroughly
analyze the evolutionary trends of the nanogenerator technologies based solely on literature
reviews. Therefore, quantitative approaches such as bibliometrics, patent citation analysis,
technology roadmap, and text mining are used to analyze the evolutionary trends [9,10].
However, citation networks only make use of the explicit correlation of data, which ignores
the rich semantic information contained in them. To deal with this, the knowledge graph
(KG), a constructed knowledge base with powerful semantic processing ability, is taken
into consideration naturally [8]. Essentially, the knowledge graph is a semantic network
with nodes and edges that reveals the entities and relationships and can formally describe
things and relationships in the real world. In addition, at the level of research purpose,
scholars only focused on the technology evolution pathways over time [11-19], which
ignored the progressive evolutionary process from scientific grants to academic papers and
then to patents, while technologies generally emerge with grants or papers and become
sophisticated with patents.

In this paper, we propose a novel framework for monitoring the evolutionary paths
of nanogenerator technology based on analyzing grants, papers, and patents data. The
framework is shown in Figure 1. After multi-source data acquisition, the knowledge graph
was constructed to capture semantic information between entities, as shown in the top
right corner of Figure 1. Different colors of dots show the different types of entities (such as
the author, paper, institution, and journal in paper knowledge graph), and the connections
between dots show the relations between entities. Then, representation learning and
clustering methods were used to cluster entities with similar topics, as shown in the bottom
right corner in Figure 1, while the circles represent clusters and the black dots represent
the grants, papers, and patents contained in clusters. Finally, we describe the evolutionary
path from grants to papers and then to patents by connecting similar clusters.
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Cluster correlation and evolution path drawing Network represent learning and clustering

Figure 1. The framework to monitor the technology evolution pathways.

The key contributions of this paper can be summarized as follows:

1.  Thenanogenerator field is emergent and rapidly developed, making it hard to analyze
the evolutionary pathways of advanced technologies. This paper proposed a novel
framework to monitor the evolution pathways based on multi-source data and a
knowledge graph.

2. When monitoring the evolution pathways, we applied the representation learning

method and clustering method to connect similar entities, which enables the quantita-
tive analysis of large-scale data, thus improving efficiency and accuracy.
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3. This paper used multi-source data from three data sources and analyzed the evo-
lutionary pathways between different data sources, which reflected the technology
trends comprehensively and pluralistically.

2. Literature Review
2.1. Development of Nanogenerators

With the rise of the Internet of Things (IoT), advanced materials, and electronics,
wearable and implantable devices have developed rapidly. Miniaturization and power
continuity have become an important development direction of such devices, which puts
high demands on power supply systems [20]. Traditional power methods such as lithium
batteries and lead-acid batteries have the limitations of considerable size, short service
life, poor flexibility, the possibility of environmental pollution, and the need for frequent
replacement. Therefore, developing a new microelectronic power supply device with high
flexibility and a sustainable power supply has become the focus of researchers.

Piezoelectric nanogenerators (PENG) using ZnO nanowires were first invented in 2006
by Wang Zhonglin based on the piezoelectric effect to harvest mechanical energy and con-
vert it to electric power, which marked the beginning of self-power technology [21]. After
that, other researchers made many attempts and improvements in piezoelectric materials.
At present, the mainstream and mature piezoelectric materials include ZnO, BaTiO3 [22],
lead zirconate titanate (PZT) [23], and polyvinylidene fluoride (PVDEF) [24]. While develop-
ing piezoelectric materials, triboelectric nanogenerators (TENG) came out in 2012, which is
based on the conjunction of triboelectrification and electrostatic induction [25]. Compared
with PENG, TENG has the advantages of having a high output, low cost, simple structure
design, and excellent stability. Up to now, PENG and TENG have made significant progress
in output performance, sensitivity, energy conversion rate, flexibility, and being environ-
mentally friendly [26]. At the same time, some other types of nanogenerators have been
developed, such as pyroelectricity nanogenerators (PYENG) and piezoelectric triboelectric
hybrid nanogenerators (PTENG) [27].

2.2. Technology Evolution Pathways

As a law of nature, evolution occurs all the time. Additionally, there is also an
evolution process in the field of technology [28]. At present, the definition of technology
evolution is not unified. There are roughly two views among researchers: one holds that
technology evolution is generated by the accumulation of continuous innovation behind
technology, and the other holds that the development and change process of technology
itself symbolizes technology evolution and the induction and display of various changes in
the form of paths is the technology evolution pathway [29,30].

The early analysis methods of technology evolution were mainly qualitative methods,
including morphologic analysis, Delphi survey [30], and technology roadmap [19], which
is under the guidance of expert knowledge and experience and requires a lot of human
participation. Therefore, qualitative methods have high research costs and subjectivity,
making the research results inefficient and unstable. With the rapid growth of data min-
ing technology, quantitative methods have been well applied in technology evolution
analysis. The main quantitative analysis methods include patent citation analysis, patent
classification analysis, text mining methods, etc.

Huenteler et al. analyzed the evolution process of technology based on the citation
links of patents, while a citation network can reflect the flow process of knowledge [31].
Zhou et al. analyzed the technology layout and trends of solar cells based on patent classifi-
cation by IPC code [32]. However, the citation network analysis and classification analysis
do not take semantic information in the text corpus into consideration. Additionally, the
IPC code does not change over time. Thus, it is unable to sensitively perceive the technology
evolution for the rapidly developing or converging and emerging technology fields. To
fully use the semantic information in patent text, text mining methods were taken into
consideration to analyze technology evolution. Yoon et al. constructed a semantic network
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using text mining methods to analyze the development trend of technology [33]. Miao
et al. has studied more than 30,000 patents since the 1990s using text mining methods
to obtain products and applications with application prospects and rule out traditional
technologies with a declining trend [11]. However, text mining methods pay more attention
to the semantic information carried by patent text while ignoring the relationship between
patents. Naturally, researchers consider combining the patent citation network and text
mining methods to research technology evolution trends. Li et al. monitored and forecast
the development trend of nanogenerators by citation analysis and used a Hierarchical
Dirichlet Process topic model to extract technological topics [8].

Moreover, most of the existing studies only focus on a single source of data such as
patents and papers, ignoring the interaction between knowledge discovery represented
by grants or papers and technologies applications represented by patents, as well as the
correction and difference of the information.

2.3. Knowledge Graph and Representation Learning

With the advent of the information age, the explosive growth of multi-source hetero-
geneous data has brought significant challenges to the data organization and application
in the big data environment. A knowledge graph (KG) is a structured knowledge base
with strong semantic processing ability, which provides a new idea to solve these problems.
KG comes from Google’s next-generation intelligent semantic search engine technology.
In essence, it is a semantic network that reveals the relationship between entities and can
also formally describe things that existed in the real world and their relationships. Now
KG has been used to refer to all kinds of large-scale knowledge bases. Within the KG, the
storage structure of data and knowledge is a triple, such as <s, p, 0> or p (s, 0), where s and
o are nodes in the KG, representing subject entity knowledge and object entity knowledge,
respectively, and p is the edge in the KG, meaning the relational knowledge from subject s
to object o.

At present, general knowledge graph technology, such as Freebase, DBpedia, Wikidata,
and so on, has played an essential role in the internet field, such as intelligent search, intelli-
gent Q&A, and personalized recommendation. At the same time, it has been preliminarily
applied in many areas such as finance, e-commerce, medical treatment, etc. Compared
with the general knowledge graph, the domain knowledge graph has more knowledge
sources, faster requirements for large-scale expansion, a more complex knowledge struc-
ture, higher requirements for knowledge quality, and broader application forms. In the
field of nanogenerators, there is little literature on the application of knowledge to analyze
the relationships between various entities.

A knowledge graph is a structured knowledge base that stores entities’ features and re-
lationships, which demands a data mining method to efficiently obtain specific knowledge
from the vast knowledge base. In recent years, representation learning algorithms have de-
veloped rapidly. Their purpose is to learn the potential, informative, and low dimensional
representation of entities, which can simplify the graph while retaining the graph structure,
entities’ features, labels, and other auxiliary information. Socher et al. defined the evalua-
tion function for each triplet in the knowledge graph using a single-layer neural network.
They solved the representation of each entity by maximizing the evaluation function [34].
Although the nonlinear model based on the single-layer neural network can capture the
semantic relationship between entities well, the computational cost is considerable. In-
spired by the phenomenon of translation invariance in word vector space, Bordes et al.
proposed the TransE model to learn the representation of entities in the knowledge graph
in vector space, and the relationship is regarded as the translation vector between related
entity pairs to constrain the learning results [35]. The TransE model is simple to reduce
the computational cost, and the performance is significantly improved compared with the
previous models. Nevertheless, TransE still has many limitations, which has encouraged
later researchers to put forward many improved models. Wang et al. thought that the same
entity should have different vector representations under different relationships, so they
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proposed the TransH model to improve the ability to deal with complex relationships [36].
Lin et al. further proposed the TransR model based on the belief that different relationships
should correspond to different semantic spaces [37]. The TransR model represents entities
in triples into the vector space corresponding to the relationships and then establishes the
translation relationship between entity vectors proposed by the TransE model. On the basis
of TransR, the TransD model further defines different projection matrices for head entity
and tail entity and simplifies the number of parameters of matrix [38].

TransE and its improved model only use the relationship data between entities in the
knowledge graph for representation and learning. However, a large amount of descriptive
information about the entity itself has not been used. Occasionally, the graph neural
network (GNN) has attracted the attention of relevant researchers. GNN is a deep learning
model based on information propagation, which can use the structure information and
node information of the graph for representation at the same time. However, most classical
GNN models, such as GCN [39], GAT [40], GAE [41], etc., can only apply to the knowledge
graph of a single type of entity and relationship. To deal with this, Cen et al. proposed the
MEIRec model, which uses the meta-path sampling method to sample multiple subgraphs
of unified formal structures to facilitate GNN representation learning [42]. Wang et al.
proposed the HAN model, which calculates the adjacency matrix of different meta-paths
and puts it into the GAT model to learn the graph representation [43].

3. Methods
3.1. Data

This study attempted to analyze the knowledge flow between different data sources.
Firstly, using the term “nanogenerator* or nano-generator”, we collected the papers of
nanogenerators in the Thomson Reuters Web Of Science database (WOS) by the end of
December 2021. Then, 3304 publications were retrieved from the whole database, including
the publication’s title, citation information, abstract, time, author, institution, DOI, and
journal name. Likewise, using the term “nanogenerator* OR nanometer generator”, we
collected the patents and nanogenerators in the Derwent Innovation Index (DI) database
by the end of December 2021. Then, 984 patents were retrieved from the database, includ-
ing the patent’s title, citation information, time, and institution. Finally, using the term
“nanogenerator*”, we collected the grants of nanogenerators in the grants database of the
China Knowledge Centre for Engineering Science and Technology (CKCEST). A total of
169 grants were retrieved, including title, start date, keywords, abstract, and institution.
The details of data acquisition are shown in Table 1.

Table 1. Description of data acquisition.

Data Database Time Range Search Query Amounts
China Knowledge Centre for
Grants Engineering Science and 2006-2021 nanogenerator* 169
Technology (CKCEST)

TI = (nanogenerator* OR

Papers T:l?;ﬁigr:iizlgt:;: (Wwegsc)) f 2006-2021 nano-generator*) AND 984

PY = (2006-2021)

. TI = (nanogenerator* OR

Patents Derwent Innovation Index 2006-2021 nanometer generator) AND 3304

database (DI) PY < 2021

3.2. Knowledge Graph of Different Time Slices

To make use of the semantic information in the multi-source data, we need to construct
knowledge graphs to reflect the relationships between entities. Take paper data as an
example. Based on the related entities of papers, such as author, institution, and journal, we
can construct a mapping r (s, 0) to preserve the relationship of paper and other entities, while
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s represents the source of the relationship and o represents the object of the relationship,
and r represents the type of relationship. Then, we can obtain several relationships, such
as papers published in a journal p (p, j), papers written by the author w (p, ), and papers
owned by an institution o (p, 7). In the meantime, by dealing with the citation information
of papers, we can obtain the relationship of a paper cited by other papers c (p, p). For each
type of relationship, we can construct a matrix M 4p to save the mapping, while A and B
represent the type of entities.

Thus far, we have obtained the relationships between entities by the semantic informa-
tion contained in papers. Next, we need to extract features that can reflect the similarity
and differences of papers by the word vectorization method. Specifically, we can vectorize
the title of papers by the doc2vec model (denoted by f;). After vectorization, the paper
with similar subject words in the title has higher vector similarity, which saves the feature
information of papers. The process of knowledge graph construction of patents and grants
is the same as that of papers.

After constructing the knowledge graph of different data sources, we cut it into three
time-slices of 2006-2012, 20132017, and 2018-2021. The detail of the knowledge graph is
shown in Table 2. While 20062012 represents the preliminary stage of nanogenerators be-
cause PENG was proposed in 2006 and TENG was proposed in 2012, 2013-2017 represents
the development stage of nanogenerators, and 2018-2021 represents the present stage.

Table 2. Description of knowledge graph and meta-path selection.

Data Time Slice Number of Entities Types of Relations Meta-Paths

Source
2006-2012 21 Contain (grant, keyword) G-K-G

Grants 2o 76 Own (institution, grant) G-I-G
2017-2021 33 '8 -1-
2006-2012 134 Publish (journal, paper) P-J-P

Papers 2013-2017 825 Wr.1te (author, paper) P-A-P
2017-2021 2345 Cite (paper, paper) P-1-P

Own (institution, paper) P-P

2006-2012 105 .

i
2017-2021 542 /P _1-

3.3. Heterogeneous Graph Attention Network for Representation Learning

In this paper, we use a Heterogeneous Graph Attention Network (HAN) to consider
the graph topology and text information at the same time [43]. The HAN model is improved
from the Graph Attention Network (GAT) model while reserving the attention mechanism
of GAT and proposing a solution for heterogeneous graph representation learning [40]. The
framework of HAN is shown in Figure 2.

First, the meta-path was defined as a path in the form of E; g E, R& e &i E, 11 (ab-
breviated as E1E - - - E;;11), which describes the composite relation R =Ry ° Ry ° -+ ° Ry,
between entities E; and E, 1, where ° denotes the composition operator on relations.

Based on the definition of meta-path, we can extract relations between different papers,
grants, or patents. For example, we can define the relation of journal co-occurrence of

papers by the meta-path P; publ—lihmj N1 puﬂ;Sh P, (abbreviated as PJP). The complete
meta-paths of different data sources are shown in Table 2. Specifically, based on the rela-
tionship we obtained in the process of knowledge graph construction, we can calculate the
transformation matrix of different meta-paths by matrix multiplication (Mpp = Mp; X Mp,
Mpp can be denoted by M,,; while ¢i represent the type of entities).
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Figure 2. The framework of HAN.

Next, based on the transformation matrix of different meta-paths, for each type of en-
tity (e.g., entities with type ¢i), we can conduct information propagation process as follows:

fi, - Mq)i ) fl 1
where f; and f] are the original and processed features of node i, respectively.

After that, self-attention is leveraged to learn the weight among various kinds of
entities. Given an entity pair (i, j) which are connected via meta-path ¢, a node-level
attention “?0‘ can be learned to show how important entity j will be for entity i. The process
can be formulated as follows:

&) = attuoac (f1, £, @) @)

Then, the meta-path-based embedding of entity i can be aggregated by the neighbor’s
projected features with the corresponding coefficients as follows:

2l =o| Y af ff ®)

where z{ is the learned embedding of entity i for meta-path ¢.

Given the meta-path set {¢1, @2, - - - ¢}, after feeding features into entity-level at-
tention, we can obtain m groups of semantic specific node embeddings, denoted as
{Z(plr Zq;Zr U Zqom}-

Generally, every node contains multiple types of semantic information, and semantic
entity embedding can only reflect nodes from one aspect. To learn a more comprehensive
node embedding, we need to fuse multiple semantics, which can be revealed by meta-paths.
A novel semantic-level attention was proposed to automatically learn the importance of
different meta-paths and fuse them. The learned weights of each meta-path can be shown
as follows:

(,B(plr ,34)2/ e ,qum) = attsem (Z(plr Zq)2/ o quom) (4)

With the learned weights as coefficients, we can fuse these semantic-specific embed-
dings to obtain the final embedding Z as follows:
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M
zZ= Z_:lﬁ(pm : Z(pm )

3.4. K-Means for Clustering and LDA for Topic Extracting

K-means is an unsupervised clustering algorithm, which identifies clusters
C={Cy, Cy,--+,C;} based on square error minimization for the given sample set
D = {x1,x2,- -+ ,x,}. The process can be expressed as:

k
E=) ) b=l ©)
i=1xeC;
where y; = ﬁ Yxec; ¥ is the mean vector for cluster C;, and k is the number of clusters

proposed to be classified.

In this paper, the final embedding of entities was used as the input of the K-means
model for clustering. Then, we can obtain k clusters, which represent research sub-fields.

To clarify what each cluster means, we used the Latent Dirichlet Distribution (LDA)
topic model to extract topic words for clusters. The LDA topic model is an unsupervised
method for extracting hidden topics distribution of document and hidden word distribution
of topics. It can represent each cluster by several important topics, and each topic contains
several keywords.

3.5. Clusters Association for Evolutionary Path Identification

The mean value of entity embedding vectors was calculated to reflect the cluster
vector. By calculating the similarity of different cluster vectors in different time slices
or different data sources, we can connect clusters with the highest similarity to form
technology evolution paths, in which the clusters’ topics were used to reflect specific
technologies. In this paper, the reciprocal of the Euclidean distance was used to measure
the similarity of different clusters.

4. Results and Discussions
4.1. Representation Learning and Clustering

According to the proposed method in Section 3, the technology evolution pathway was
identified and described. The multi-source data were utilized to construct the knowledge
graphs of different data sources and different time slices. Based on these knowledge graphs,
we can extract the transformation matrix A € R**" by different meta-paths, and the feature
matrix X € R"*™ by doc2vec model, while n was the number of grant, paper, or patent
entities in the knowledge graph, which can be found in Table 2 and m was the vector
dimension of doc2vec output.

Then, the transformation matrix A and feature matrix X were input into the HAN
model to learn the representation vector of entities. In this paper, we set the learning rate to
0.005, the dimension of the semantic-level attention vector to 128, the attention head K to 8,
the dropout of attention to 0.6, and the training epochs to 200.

After using the trained model to get embedding vectors with 64 dimensions, we
utilized K-means model to cluster these embedding vectors. In order to select the number
of clusters accurately, we chose the number corresponding to the maximum silhouette
coefficient while repeating clustering for cluster number change in ranges 2 to 10.

After clustering, we extracted keywords of clusters by LDA topic model using the text
information in each cluster. We provide one topic and ten keywords for each cluster. The
details can be found in Tables 3-5.
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Table 3. Cluster information of grants.

Data Source

Time Slice

Numbers of
Entities

Cluster
Number

Keywords Categories

Grants

20062012

0 19

nanometer, nanogenerator, structure,
development, characteristic,
application, utilize, piezoelectric,
analysis, nanowire

PENG structure

Grants

2006-2012

nanometer, influence, wide band gap,
energy, structure, research,
characteristic, photoelectricity, stress,
element

Undefined

Grants

2013-2017

nanogenerator, friction, drive, sensor,
flexible, nanomaterial, structure,
electric, piezoelectric, biology

PENG applications

Grants

2013-2017

piezoelectric, nanogenerator, ZnO,
element, energy, structure, harvest,
nanowire, power supply

PENG structure

Grants

2013-2017

nanometer, friction, structure,
regulation, semiconductor, device,
polymer, wearable, nanomaterial

Wearable devices

Grants

2018-2021

nanogenerator, structure,
piezoelectric, wearable, biology,
power supply, nanometer, element,
application, detection

PENG applications

Grants

2018-2021

nanometer, friction, research,
nanogenerator, harvest, performance,
energy, mechanism, flexibility,
application

TENG applications

Table 4. Cluster information of papers

Data Source

Time Slice

Numbers of
Entities

Cluster
Number

Keywords Categories

Paper

2006-2012

nanogenerator, piezoelectric, ZnO,
flexible, transparent, sensor,
nanowire, self-powered, array,
substrate

PENG applications

Paper

20062012

nanogenerator, piezoelectric,
nanostructure, ZnQO, ultrasound,
piezotronics, energy, nano-systems,
oxide, self-powered

PENG structure

Paper

2006-2012

nanogenerator, self-powered,
piezoelectric, graphene,
alpha-particle, driven, actinium255,
sensor, ZnO, energy

PENG materials

Paper

2013-2017

0 454

nanogenerator, triboelectric, energy,
self-powered, harvesting,
piezoelectric, sensor, flexible,
wearable, system

Wearable devices
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Table 4. Cont.

. . Cluster Numbers of .
Data Source Time Slice Number Entities Keywords Categories
nanogenerator, triboelectric,
Paper 2013-2017 1 371 piezoelectric, flexible, based, output, ’Performance
performance, effect, enhanced, improvement
application
nanogenerator, piezoelectric,
Paper 2018-2021 0 390 triboelectric, energy, harvesting, Fiber structure
performance, composite, electrospun,
nanofibers
triboelectric, nanogenerator, Performance
Paper 2018-2021 1 530 performance, high, output, effect, .
. improvement
charge, enhanced, effect, density
triboelectric, nanogenerator,
Paper 2018-2021 2 918 self-ppwered, SENSor, V\./ear.able, Wearable devices
flexible, system, monitoring,
stretchable, motion
triboelectric, nanogenerator, energy,
Paper 2018-2021 3 507 harvesting, self-powered, mechanical, Energy source
wave, water, wind, vibration
Table 5. Cluster information of patents.
. . Cluster Numbers of .
Data Source Time Slice Number Entities Keywords Categories
bubble, generator, treatment, water,
Patent 2006-2012 0 9 method, involves, utilizing, based, undefined
micro-nano, controlled, nano
layer, zinc, substrate, piezoelectric, Manufacturing
Patent 2006-2012 1 18 oxide, element, laminating, method of PENG
manufacturing, method, nanowire layers
piezoelectric, nanogenerator,
Patent 2006-2012 2 35 structure, solar, power, electrical, PENG structure
conductive, energy, material, cell
electrode, layer, nanogenerator,
Patent 2006-2012 3 43 substrate, piezoelectric, array, PENG materials
insulating, material, power, film
nanogenerator, energy, piezoelectric,
Patent 2013-2017 0 58 . clement, PENGstructure
storing, comprises, layer, substrate,
electric, storage
friction, layer, electrode, generator,
Patent 2013-2017 1 99 nanogenerator, power, component, TENG structure
nano, surface, signal
friction, layer, triboelectric,
Patent 2013-2017 2 56 nanogenerator, electrode, conductive, TENG structure
unit, power, generator, surface
layer, nanogenerator friction,
Patent 2013-2017 3 60 electrode, film, polymer, piezoelectric, TENG materials

material, metal, flexible
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Table 5. Cont.

Data Source

Time Slice

Cluster Numbers of

Number Entities Keywords Categories

Patent

2013-2017

generator, friction, device, energy,
4 64 flexible, power, electric, TENG application
nanogenerator, storage, nanometer

Patent

2018-2021

friction, nanogenerator, connected,
0 128 signal, electrode, system, layer,
sensor, Voltage, output

Performance
improvement

Patent

2018-2021

triboelectric, nanogenerator, layer,
1 106 film, piezoelectric, composite, TENG materials
material, electrode, flexible, generator

Patent

2018-2021

friction, nanogenerator, layer, energy,
2 118 wearable, device, conductive, Wearable devices
triboelectric, body, power

Patent

2018-2021

layer, friction, electrode,
nanogenerator, substrate, conductive,
flexible, structure, material,
comprises

TENG structure

Patent

2018-2021

friction, nanogenerator, generator,
4 103 device, energy, water, plate, shaft,
inner, connected, layer

TENG
energy harvesting

All of the experimental procedures were based on Python 3 programming language
and PyCharm platform.

From Tables 3-5, we can summarize the technology topic of different time slices. In
2006-2012, the main topic was the PENG structure and sensors based on PENG. In 2013-2017,
the flexible sensors and wearable devices were the mainstream nanogenerator applications,
while TENG began to appear and gradually replace PENG. In 2018-2021, wearable devices
were still the research hotspots, while novel energy sources and the performance improvement
of nanogenerators such as output voltage became the research questions.

4.2. Technology Evolution Pathways

Following the step of K-means, we calculate the vector distance of clusters in different
time slices and connect the clusters with minimum distance while the minimum distance is
smaller than the threshold (set to 2) to form the technology evolution pathways. The results
are shown in Figure 3, in which the evolution pathways were automatically generated by
calculating the similarity of the preceding clustering results using a written Python program.
The dots in Figure 3 indicate the clusters which connect similar grants, papers, and patents.
The line connections between dots indicate high similarity between different clusters, which
can represent the knowledge flow and indicate the technology evolution pathways.

From Figure 3, we can analyze the knowledge flow pathways between data sources.
First, we can find that the knowledge flows from grants to papers were faster than that from
papers to patents, as the technologies proposed by grants can be found in papers in the
same time slice but can be found in patents in the backward time slice. An explanation for
this condition is that making a profound study is easier than applying theory to application.

Then, we can find several knowledge flows from research to application successfully.
The most typical case is the wearable devices with nanogenerator sensors. Wearable devices
were proposed by grants in cluster 2 in 20132017 based on the basic research of nanogen-
erator structures and materials, and then get a profound study by scholars in 2013-2017.
Finally, after abundant research about the performance of flexible sensors and the devel-
opment of remote monitoring and communication technology, wearable devices based on
flexible and self-powered nanogenerators were applied in daily life. In addition, based on
Figure 3, we can also monitor the evolutionary pathways of piezoelectric nanogenerators.
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2006-2012 2013-2017 2018-2021
grants
papers
patents [ ] ® o ®

Figure 3. Evolution pathways between different data sources.

Except for these obvious evolution pathways, we can find several isolated short
pathways in 2018-2021, which represent the technologies with strong innovativeness.
Specifically, cluster 3 of papers in 20182021 contains the keywords “mechanical”, “wave”,
“wind”, “water”, “vibration”, “energy” and “harvesting”, and cluster 4 of patents in
2018-2021 contains the keywords “water” and “energy”. These keywords demonstrate that
novel energy sources such as wind, water, and mechanical vibration became new research
directions and hotspots. Cluster 0 of papers in 2018-2021 represents the fiber structure of

nanogenerators, which indicates the innovation direction of nanogenerator structures.

5. Conclusions

This paper proposed a novel framework to monitor the evolutionary pathways of
nanogenerator technology based on multi-source data and a knowledge graph. In the frame-
work, the knowledge graph makes full use of text information, and the multi-source data
fully considers the evolutionary pathways from different data perspectives. Additionally,
we show that the novel framework is efficient and accurate.

We find some characteristics that the evolution process and knowledge flow from
grants to patents is faster than that from papers to patents, which indicates that making
a profound study is easier than applying theories to applications. We also monitor the
complete evolution pathways of piezoelectric nanogenerators, wearable devices, and
nanogenerator performance improvement technologies. While analyzing the evolution
pathways, we also find several emerging research directions for nanogenerators, such as
novel energy sources and fiber structure of nanogenerators.

However, due to the numbers of grants, papers, and patents in the nanogenerator
field, we cannot unleash the full advantage of the knowledge graph and representation
learning. In the meantime, the identification of cluster topics requires expert knowledge
and human intervention. So, in future research, we will attempt to get more data and use
the machine learning method to achieve the automatic classification of cluster topics.
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Abstract: In recent years, nanogenerator technology has developed rapidly with the rise of cloud com-
puting, artificial intelligence, and other fields. Therefore, the quick identification of the evolutionary
path of nanogenerator technology from a large amount of data attracts much attention. It is of great
significance in grasping technical trends and analyzing technical areas of interest. However, there are
some limitations in previous studies. On the one hand, previous research on technological evolu-
tion has generally utilized bibliometrics, patent analysis, and citations between patents and papers,
ignoring the rich semantic information contained therein; on the other hand, its evolution analysis
perspective is single, and it is difficult to obtain accurate results. Therefore, this paper proposes a new
framework based on the methods of Sentence-BERT and phrase mining, using multi-source data, such
as papers and patents, to unveil the evolutionary path of nanogenerator technology. Firstly, using
text vectorization, clustering algorithms, and the phrase mining method, current technical themes of
significant interest to researchers can be obtained. Next, this paper correlates the multi-source fusion
themes through semantic similarity calculation and demonstrates the multi-dimensional technology
evolutionary path by using the “theme river map”. Finally, this paper presents an evolution analysis
from the perspective of frontier research and technology research, so as to discover the development
focus of nanogenerators and predict the future application prospects of nanogenerator technology.

Keywords: technology evolutionary path; multi-source data; nanogenerator; text vectorization;
theme mining; theme river map

1. Introduction

Nanogenerators are an emerging technology that has attracted a great deal of attention.
Nanogenerators are promising for applications in areas including, but not limited to, self-
powered systems, mechanical or thermal energy harvesting, and smart wearable devices
(SWD) [1-3]. At present, the innovation in and research on nanogenerators mainly faces
two challenges. The first challenge is that since there are multiple evolutionary paths for
nanogenerators, it is difficult to grasp their real development trend. The second challenge is
that nanotechnology has many subfields, such as nanomaterials, nanoscale measurements,
and nanoscale processing. Nanogenerator technology will cross-penetrate and converge
with other nanotechnology sub-fields. The connection between these fields is constantly
strengthening and changing. Therefore, it is of great practical significance to determine
the development context of nanogenerators, unveil the evolutionary path, and judge the
development trends and directions.

The evolutionary path of nanogenerator technology describes the emergence, transi-
tion, and demise of different technical themes, which can help researchers understand the
history and status of the research field, so as to identify research areas of interest and gaps
quickly. Some experts have studied the evolutionary path and trends of nanogenerator
technology. These studies are based on expert knowledge and literature reviews, and the
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research contents involve nanogenerators’ research directions or a sub-field of nanogen-
erators [4-8]. With the rapid development of nanogenerators, some experts have used
quantitative methods, such as bibliometrics, patent citation analysis, technology roadmap,
and text mining, to analyze the evolution trend of nanogenerators [9,10]. However, the
method of bibliometrics can only be used to conduct simple statistical analysis, and it is
difficult to deeply examine technical texts to obtain specific technical descriptions. Patent
citation analysis is limited by the type of citation data and ignores the technical knowledge
contained in the literature. Furthermore, poor evolution information and biased results
result from using single-dimensional data to contain the technology’s evolutionary path.
In order to solve the above problems, we consider the mining of the themes of technical
texts in papers and patents through text-mining methods. The typical methods include
statistics-based keyword extraction methods (such as TF-IDF and RAKE) and theme model
methods (such as LDA, ATM), etc. Since the theme model method is not limited by the
type of reference data, it can mine most of the data.

This paper proposes a multi-source data-association analysis framework based on
the text vectorization method, which improves the traditional theme model method in
two respects. On the one hand, this paper uses automatic phrase mining instead of keyword
mining, which improves the mining depth of generator information and the interpretabil-
ity of the results. On the other hand, this paper uses multi-source text information to
identify the evolutionary path of nanogenerators. Next, this paper unveils the evolution-
ary path clearly through the method of theme river map, so as to discover the current
development focus of nanogenerators and predict the future application prospects of
nanogenerator technology.

2. Literature Review
2.1. Development of Nanogenerators

With the continuous development of emerging technologies in artificial intelligence,
electronic information, and advanced materials, implantable and wearable electronic prod-
ucts have gained traction, such as devices implanted in vivo (pacemakers, neurostimula-
tors), smart watches, glasses, and bracelets [11-19]. In practical medical applications, these
electronic products can only be powered by an external power source, resulting in their
bulky size and high energy consumption, and they need to be replaced regularly. Therefore,
these electronic products require the characteristics of scalability and flexibility [20,21],
and the development of sustainable forms of the power supply is the core source of com-
petitiveness in the market. In 2006, Professor Zhong-Lin Wang invented the world’s first
piezoelectric nanogenerator (PENG) based on a ZnO nanowire array, which generates an
electric field by piezoelectric polarization and drives the movement of electrons, converting
mechanical energy into electricity [22]. The initial piezoelectric materials are generally
ZnO [23-27], lead zirconate titanate (PZT) [28-34], BaTiO3 (BT) [35-39], and polyvinyli-
dene fluoride [40-43]. Triboelectric nanogenerators (TENG) were first produced in 2011
and were based on the combination of triboelectric electrification and electrostatic induc-
tion. Compared with PENGs, TENGs have the advantages of high yield, low cost, simple
structural design, and good stability. Currently, TENGs are widely used in various fields
due to their excellent performance [44-46], such as Shi et al.’s [47] self-powered flexible
microfluidic sensor based on triboelectric charging at the liquid—solid interface, which is
used for pressure-sensing and finger-movement-monitoring applications. Yi et al. [48]
proposed a stretchable rubber-based TENG with a single-electrode mode as a self-powered
body-motion sensor.

2.2. Technology Evolutionary Path

The technology evolutionary path originated in the 1940s, which can reveal technolog-
ical evolution. As a powerful presentation of technological development, the technology
evolutionary path can track historical development, explore knowledge diffusion, and
predict future technological trends [49-52]. The technology evolutionary path describes the
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emergence, transition, and demise of technologies, helping technical managers and related
researchers to understand the process and the current state of technological development,
in order to identify and locate major technologies and technical priorities quickly [53-62].

In the field of technological evolution research, the research methods mainly fall
within the following categories: bibliometrics, social network analysis, and text mining.
The common method of early technology evolutionary path research is bibliometrics,
which analyzes technological evolution through simple index measurement, co-occurrence
analysis, and co-citation analysis. The data sources for these analyses are mainly papers
or patent data. Gao, L. et al. [63] proposed a technology life-cycle analysis combining a
variety of patent metrics. Co-occurrence analysis is also an important analysis method in
bibliometrics, including co-word analysis, proposed by Callon et al. [64], co-author analysis,
proposed by Braun et al. [65], and co-citation analysis, proposed by Small [61], among
others. The development of bibliometrics is relatively mature, and most of its methods
are based on co-occurrence analysis and citation analysis. The principle of this method
is relatively simple, and the results can be obtained quickly, but it is difficult to mine the
technology evolutionary path directly in this way.

Social network analysis methods are used for the technical mining of the citation infor-
mation contained in the scientific literature; specific examples of these methods include
main path analysis and network topology clustering. Small [66] studied knowledge diffu-
sion through main path analysis, and Kim and Shin [67] identified the main technical paths
of HVDC technology through main path analysis. Network topology clustering enables
the deeper mining of citation networks and identifies major research communities in the
citation network. Chen et al. [68] used the Girvan-Newman clustering algorithm to identify
clusters of patent citation networks and found several major technology clusters included
in fuel-cell technology, thereby analyzing technological evolution. However, social network
analysis ignores important semantic information in the literature data, and the depth of
information mining is limited.

At present, the research on technological evolution is based on text mining for technol-
ogy mining and quantitative analysis. For research data, such as patent papers, this method
uses keyword extraction or the theme model to mine text information [69] (including titles,
abstracts, claims, etc.) and analyzes the text information based on words or themes [70].
For example, Li et al. used citation analysis to monitor and predict the development trend
of nanogenerators, and used the hierarchical Dirichlet Process theme model to extract
technical themes [71].

2.3. Research on Multi-Source Data and Text Mining

Using papers or patents for technological evolution analysis alone can cause data
defects, and the analysis results are often affected by the inherent characteristics of the
data, which ultimately affect the accuracy of the analysis. Specifically, papers are focused
on the advancement of scientific knowledge, so it is difficult to judge the application
of the technology in industry [69]; patents are more inclined to describe the status of
technological development but may ignore forward- scientific ideas [69]. In response
to the problem of knowledge bias and lack of information caused by single data, some
researchers have begun to consider multi-source data analysis to expand the data dimension
and analysis perspective. They improve the comprehensiveness of technology evolution
analysis by combining these mining data. In general, researchers collect different types
of data (including papers, patents, product databases, trade data, news, policy reports,
business data, etc.) and combine them with big data fusion and processing methods for
technical mining.

In the current research on the technology evolutionary path, finding and presenting
thematic information is the key issue, but the results obtained by the theme mining method
are keywords, which are difficult to interpret manually. Keyword mining can be further
optimized into phrase mining. Compared with technical keywords, technical phrases
provide semantic metadata to summarize and describe documents. High-quality phrases
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contain relatively complete technical information, which is easier for analysts to analyze
and can greatly improve the efficiency of technical mining. In the field of phrase mining,
TF-IDF is the earliest keyword or phrase extraction algorithm; it ranks phrases according to
the frequency of words and inverse document frequency. It considers fewer information
extraction factors, so the quality of phrases is usually uncontrollable. KEA is a classic
supervised keyword extraction algorithm. It first finds candidate key phrases in the
article according to the dictionary, then calculates the phrase feature values and predicts
key phrases based on machine learning algorithms [72]. However, KEA is a supervised
keyword extraction algorithm that relies on feature computation and has a low degree
of automation.

The latest phrase mining research has made great breakthroughs, mainly including
a series of phrase-mining algorithms proposed by Han Jiawei et al., such as TopMine,
SegPhrase, and AutoPhrase. The previous unigram model (Uni-gram) regards words as the
basic units and does not consider contextual meanings, while TopMine’s theme mining of
text corpus is carried out in two steps, avoiding the segmentation of words in a phrase. The
first step carries out phrase mining for text segmentation, and the second step adds phrase
constraints for LDA theme modeling [73]. TopMine is an unsupervised method based on
frequency pattern mining and statistical analysis. The SegPhrase algorithm adds labeling
work to TopMine, and the quality of the generated phrases is close to the phrase judgment
ability of humans [74]. SegPhrase has good scalability and is suitable for large text corpora.
In order to avoid manual labeling, Shang et al. [75] proposed the AutoPhrase algorithm.
The aim of the AutoPhrase algorithm is to obtain many high-quality phrases from the
public knowledge base, and to use these high-quality phrases to generate a large number
of positive sample labels. AutoPhrase achieves better performance, further removing the
need for additional manual labeling work [75].

3. Methods

This paper takes multi-source text information mining as the research starting point.
First, we present the multi-source data we collected, such as papers and patents, in the
field of nanogenerators. Next, we propose a new theme model method to support multi-
source data fusion analysis. Finally, we analyze the field from the perspective of frontier
science and technological application. We aim to identify the development priorities and
future prospects of nanogenerators through the technology evolutionary path. This paper
proposes a multi-source data theme modeling method, SKT (Sentence-BERT-KMeans++-
TopMine), based on Sentence-BERT and phrase mining. The method flow is shown in
Figure 1.

Multi-source data acquisition

[ Papers | [Patents | | ] |

‘ Data preprocessing

| SBERT |
Multi - —y
ersna [ teans |
mining SR
\ TopMine ‘

Associated timing theme mining ‘

Multi-dimensional technology ‘
evolution path visualization

Figure 1. Method and process.
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3.1. Data

First, we selected the Thomson Reuters database, Web of Science (WOS). By establish-
ing a search strategy, we searched papers based on keywords in the field of nanogenerators.
We collected paper data from 2006 to 2022, including the title of the article, citations,
abstracts, and other information. Our patent data were then sourced from the Derwent
Innovation Index (DII) and Derwent Innovation Platform (DI) databases. By combining the
keywords in the field of nanogenerators and the relevant classification numbers to formu-
late a patent search formula, we collected patent data from 2006 to 2022, including patent
names, citation information, times, and abstracts. Eventually, we retrieved 2373 papers and
984 patents.

3.2. Theme Modeling Based on Sentence-BERT

The theme modeling of multi-source text data in this paper includes three steps: multi-
source text vectorization, document vector clustering to identify themes, and high-quality
phrase mining to identify thematic content.

(1) Vectorization of multi-source text documents based on Sentence-BERT algorithm.
Sentence-BERT is a Siamese network based on pre-trained BERT. It can obtain document
vectors that are sufficiently semantically meaningful. The algorithm performs optimally on
multiple semantic textual similarity (STS) benchmark tasks [76]. We used Sentence-BERT
for vectorized representation of multi-source text data to achieve unified representation
and fusion of multi-source text data in the same semantic vector space.

(2) Identify themes by clustering document vectors with the KMeans++ algorithm.
KMeans++ algorithm is one of the commonly used unsupervised clustering algorithms,
which can perform clustering tasks on unlabeled datasets. KMeans++ uses the vector
distance as the standard for dividing categories. Its clustering process is fast and simple,
so it is suitable for clustering of large vector data. In this paper, we use KMeans++ to
perform clustering learning on document vector clusters and divide documents into subject
categories. We regard one document cluster as one theme.

(3) Mining high-frequency phrases in document clusters as theme content based
on TopMine. TopMine is an unsupervised, fully automatic phrase-extraction algorithm
proposed by Han Jiawei et al. in 2014 [73]. Based on frequent pattern mining and statistical
analysis, it can automatically extract high-quality phrases from a large number of emerging
text corpora. This paper uses TopMine to extract key phrases from multi-source document
sets, and the extracted phrases are used as the semantic content of theme document clusters,
so as to complete the semantic representation of themes.

3.3. Unwveiling Evolutionary Path Based on Associated Timing Theme

Before the time-series theme analysis, papers and patent data were segmented ac-
cording to time, that is, divided into several document intervals. Next, we placed the
text document into the corresponding time interval according to the year information.
Subsequently, each document had three attributes: time segment number, multi-source
data type (analysis dimension), and theme number, which were used for multi-dimensional
time-series analysis.

Table 1 presents time slice processing of papers and patent data. This resulted in a
total of seven time slices. Next, based on these seven time slices, the time-series theme
evolution analysis of multi-source data was carried out.

Table 1. Time segment.

Time Segment Number

1 2 3 4 5 6 7

time segment

2006~2010 2010~2012 2012~2014 2014~2016 2016~2018 2018~2020 2020~2022

The multi-source time-series theme association has four association dimensions: (1) the
association between sub-themes derived from the same type of data; (2) the association

103



Nanomaterials 2022, 12, 2018

between sub-themes derived from different types of data; (3) the association between
the same multi-source fusion theme; (4) the association between different multi-source
fusion themes. This paper focuses on the association between fusion themes. If the same
sub-theme or fusion theme appeared continuously on the timeline, they were associated.

For the association of different fusion themes, we used cosine similarity between
mean vectors of document clusters to judge, and the similarity between mean vectors
was regarded as the semantic similarity of the fusion themes. The specific process was as
follows: 1. Separate documents based on time segment and theme into clusters and obtain
vectors of document clusters by index. 2. Calculate the mean vector of the batch of high-
dimensional vectors; the mean vector is regarded as the theme semantic vector. 3. Calculate
the cosine similarity between each pair of different themes in adjacent time segments, and
plot the distribution of cosine similarities 4. Referring to the pre-similarity distribution
diagram, set the similarity correlation threshold, and associate the corresponding theme
pairs higher than this threshold.

The range of cosine similarity was (0~1). The closer the similarity is to 0, the more
similar the themes. The key to the association of different themes is the selection of the
similarity threshold. In order to obtain more effective information and less interfering
information, the selection of threshold in this study tended to be conservative, so as to
make fewer associations and introduce invalid interference information as little as possible,
so as to make the final evolution diagram neat and easy to analyze.

3.4. Visualization of Multi-Dimensional Technology Evolutionary Path

The technology evolutionary path is suitable for presentation in the visual form of
“theme river map”. The primary use of river map is to present the theme evolution of text
data. The implementation methods include ThemeRiver and TextFlow [77,78]. TextFlow
is an extension of ThemeRiver. It expresses not only the changes in themes over time,
but also the splitting and merging of various themes over time. For example, a theme
is divided into two, or multiple themes are merged into one, at a certain time. This can
help researchers to better intuitively analyze the evolution patterns between themes. In
recent years, some researchers have used multi-source data for technical and industrial
analysis [79]. This paper is mainly based on TextFlow’s research work on river maps
and uses the D3.js language for implementation [80]. Next, we present the design of a
visualization scheme for multi-dimensional data fusion theme paths.

Figure 2 presents a thematic river map for unidimensional data. The “rivers” with
varying thickness in the figure represent different themes, each of which is distinguished by
a different color; each vertical line shows the time segment information, and the “red nodes”
on the line represent different themes; the text above the red nodes is brief information
about the theme, and the number in brackets is the node number.

As shown in Figure 3, the specific information presentation mainly includes the
following improvements, which are not only conducive to the presentation of rich details
but also to expert interactions or peer discussion: (1) Display of theme type, data source,
and theme number. In “(43) 25”, on the left of Figure 3, 43 is the node number, 2 refers to
the theme number, S represents that the theme dimension is in the scientific dimension, and
the data source is the WOS paper data. (2) Presentation of the key information of the theme
and help the content analysis of the theme. As shown in Figure 3, hovering the mouse near
the red node causes the display of detailed information. The figure presents the detailed
information of theme 11, including the list of high-frequency theme phrases TOP5 and
five randomly selected pieces of document-title information. (3) Display of information on
multi-source fusion themes and uses the abbreviation S/T, for Science and Technology, to
indicate their attributes. For example, node 11, “theme (11) 55T (9:1)”, indicates that this
is a fusion theme of Science and Technology, and the document ratio is 9:1. In the theme
details list, the high-frequency-phrase list and phrase frequency are displayed, and the
multi-source text titles of multi-source data sources are marked.
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4. Experimental Results and Discussion
4.1. Multi-Source Theme Identification and Association

According to the theme modeling method proposed in Section 3, we performed joint
theme modeling on the papers and patent data corresponding to the scientific and technical
layers. As shown in Table 2, according to the high-frequency phrases generated by the time-
series theme mining, the seven themes were: testing instruments and equipment (theme 0),
research on electrode materials and their preparation methods (theme 1), applications
such as drug delivery and cancer treatment (theme 2), wearables and electronics (theme 3),
piezoelectric materials and flexible sensor properties (theme 4), research on composite
thin-film materials (theme 5), and ZnO nanorods and output properties (theme 6). Next,
multi-source time-series theme mining and analysis were carried out to obtain the sub-
theme information of each theme corresponding to the different data types and time
segments. Finally, we carried out the association of the themes and then identified the
theme evolutionary path.

105



Nanomaterials 2022, 12, 2018

Table 2. Theme modeling results of multi-source fusion texts.

Theme Number

Theme

High-Frequency Theme Phrases

triboelectric-nanogenerator-based, 54; light-emitting-diodes

0 Testing instruments and equipment (LEDs), 33; powered sensor, 32; surface charge density, 32;
electronic devices, 30.
1 Research on electrode materials and their  friction electric nano generator, 41; nano generator preparation,
preparation methods 30; friction electrode, 29; friction material, 23; electrode layers, 22.
5 Applications such as drug delivery and triboelectric nanogenerator, 56; drug delivery, 17;
cancer treatment cancer therapy, 13; electrical stimulation, 12; drug release, 11.
. triboelectric nanogenerator teng, 105; wearable electronics, 68;
3 Wearables and electronics . . .
wearable devices, 45; electronic devices, 44; powered sensors, 36.
Piezoelectric materials and flexible sensor piezoelectric nano g.enerat(.)r, 29; flexible nano generat(.)r, 17; hlgh
4 . molecular polymer insulating, 16; molecular polymer insulating
properties 1 L .
ayer, 16; piezoelectric layer, 16.
Research on composite triboelectric nanogenerator teng, 4?; polyv1r.1y11dene fluoride
5 L - pvdf, 34; composite film, 24; polydimethylsiloxane pdms, 22;
thin-film materials S
nanocomposite films, 20.
triboelectric nanogenerator, 57; zno nanorods, 44; output
6 ZnO nanorods and output properties performance, 29; piezoelectric output, 27; zinc oxide zno, 25;

electrical output, 22;

We can also use the number of documents to measure the strength of the theme, as
shown in Figure 4. This paper draws a schematic diagram of the evolution of multi-source
themes with seven themes. The horizontal axis is the time segment from 2006 to 2022, and
the vertical axis is the theme number. The themes are divided according to data types,
including scientific sub-themes (WOS paper data), circled in blue, and technical sub-themes
(DI patent data), circled in red. In the time-series theme-evolution diagram, most of the
sub-themes are placed continuously along the timeline (as shown in the blue scientific
theme on the timeline of theme 6, at the top of Figure 4), and some sub-themes merge (such
as theme 6, where science and technology themes appeared simultaneously in multiple
consecutive time segments after 2018).

Simple sequential Theme Evolution diagram
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Figure 4. Multi-source data time-series theme-evolution diagram.
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Next, we used the cosine similarities between the mean vectors to associate different
themes, as shown in Figure 5. The cosine similarities were determined in pairs of non-
identical themes in adjacent time segments; we then sorted the similarities from small to
large and plotted the distribution of the theme cosine similarities. The actual distribution
of the similarities was between 0 and 0.7, and the closer the similarity was to 0, the higher
the value of the themes” association.
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Figure 5. Cosine similarities distribution of adjacent themes: (a) Cosine similarities distribution
among all adjacent themes; (b) distribution of cosine similarities for the top 50.

In order to increase the accuracy of the theme association, we screened out the
top 50 cosine similarities. If we observe the similarities distribution in the lower-left corner
of Figure 5a, as shown in Figure 5b, it can be seen that the distribution of similarities has
a relatively obvious step-shaped change trend. This phenomenon is very helpful for the
selection of similarities. Considering the number of associations and the size of the cosine
similarities, we selected the second similarity with an obvious step-by-step position as the
association threshold, that is, threshold(sim) = 0.088 was selected. This threshold is marked
with a red horizontal line in Figure 5b.

After the above theme association experiments, we obtained 57 association relation-
ships, including 17 non-identical pieces of theme association information and 40 of the
same pieces of theme association information.

4.2. Visualization and Analysis of Multi-Dimensional Technology Evolutionary Path

After the above process, we finally obtained the multi-dimensional technology evolu-
tionary path in the field of nanogenerators based on papers and patent data.

As can be seen from the river map, the intensity of all the themes was weak before
2014, and the research trend in this field was biased towards themes 0 and 3, namely
“testing instruments and equipment” and “wearables and electronics”. The use of wearable
devices was proposed in 2013 on the basis of basic research on the structure and materials
of nanogenerators, and it has also been studied in depth by scholars. The figure shows
that composite film materials and zinc oxide nanorod materials have been vigorously
developed since 2013. This has accelerated the application of nanotechnology in testing
instruments, wearable devices, and electronic products [81]. The results in the figure are
consistent with the actual development of nanogenerator technology. In addition, the
overall intensity of the river map gradually became stronger after 2014, indicating that
nanogenerator technology is developing rapidly.

As shown in Figure 6, a significant amount of technology integration and dispersion
occurred around 2016-2018, during which opportunities and risks coexisted. We found
some laws of development in this phenomenon. From Figure 6, it can be seen that there
are three different types of technology evolution across different technologies: parallel
development, collaborative development, and technology integration + collaborative de-
velopment. Among them, theme 1, “research on electrode materials and their preparation
methods”, theme 2, “applications such as drug delivery and cancer treatment”, and theme 4
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“piezoelectric materials and flexible sensor properties” are under parallel development.

These three rivers develop in parallel and rarely intersect. Since 2014, theme 0, “testing
instruments and equipment”, and theme 3, “wearables and electronics”, have been de-
veloped in synergy, and these two rivers constantly infiltrate each other. Theme 6, “ZnO
nanorods and output properties” has been continuously integrated into theme 5, “research
on composite thin film materials”, since 2018. There is both technical integration and
synergistic development between the two themes.

2006~2010 2010~2012 2012~2014 2014~2016 2016~2018 2018~2020 2020~2022
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Figure 6. Evolutionary path of nanogenerator technology.

The technical evolution analysis of multi-source data in the field of nanogenerators
reflects and proves the importance of multi-source data to technical analysis. From the river
map, we obtained relatively rich technology evolutionary information and analyzed the
development status of the nanogenerator field from the perspective of scientific research
and technological applications. The improved river map visualization method in this paper
is also conducive to the analysis of technological evolution and can improve the utilization
of technology mining information.

5. Conclusions

This paper proposes a framework for monitoring the evolutionary path of nanogener-
ator technology based on the Sentence-BERT and phrase-mining methods. We represented
technical themes with high-quality phrases through an improved theme evolution mod-
eling approach (SKT) with multi-source text vectorization, which fuses paper and patent
text data. The method combines both scientific and technological dimensions to analyze
technological evolution in the field of nanogenerators. The experiments showed that our
proposed framework is correct and effective.

The study found that TopMine constructs thematic content in the form of phrases,
which can enrich thematic connotations and improve thematic interpretability compared
with traditional keyword mining. For example, this paper identified themes such as com-
posite thin-film materials, wearable devices, and electronics. The evolutionary path of
nanogenerator technology visualized by the river map also revealed much important in-
formation. We found that the current development focus of nanogenerator technology is
mainly concentrated in several directions, First, the research on electrode materials and
their preparation methods and the research on piezoelectric materials and flexible sensor
performance are in separate development stages, which indicates that these two research
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directions are temporary. It is difficult to combine them with other research directions,
and they are relatively isolated. Secondly, the research on zinc oxide nanorods and output
properties and the research on composite thin film materials are in the stage of technological
integration and coordinated development, which shows that these two research directions
have undergone mature development. The current research in these two areas is fused and
inter-penetrated. The future prospects of nanogenerator technology are mainly concen-
trated in several directions. For instance, applications such as drug delivery and cancer
treatment are in separate development stages, which indicates that they may be in the early
stage of application and less combined with other directions, such as detection instruments,
equipment, and wearable devices. Furthermore, they are in the stage of coordinated devel-
opment with electronic products, which shows that these two directions have passed the
initial stage of development and are beginning to cooperate with and penetrate each other.

There are some limitations in this study. Specifically, follow-up research could further
explore the following aspects: (1) The number of papers and patents in the field of nano-
generators is limited, and it is difficult to fully reflect the advantages of text vectorization
and phrase mining. (2) Expert knowledge can be introduced at the multi-source theme
identification stage to improve the effectiveness of the analysis of technological evolution.
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Abstract: In recent years, rare-earth metals with triply oxidized state, lanthanide ions (Ln3*), have
been demonstrated as dopants, which can efficiently improve the optical and electronic proper-
ties of metal halide perovskite materials. On the one hand, doping Ln3* ions can convert near-
infrared /ultraviolet light into visible light through the process of up-/down-conversion and then
the absorption efficiency of solar spectrum by perovskite solar cells can be significantly increased,
leading to high device power conversion efficiency. On the other hand, multi-color light emissions
and white light emissions originated from perovskite nanocrystals can be realized via inserting Ln%*
ions into the perovskite crystal lattice, which functioned as quantum cutting. In addition, doping or
co-doping Ln®* ions in perovskite films or devices can effectively facilitate perovskite film growth,
tailor the energy band alignment and passivate the defect states, resulting in improved charge carrier
transport efficiency or reduced nonradiative recombination. Finally, Ln3* ions have also been used in
the fields of photodetectors and luminescent solar concentrators. These indicate the huge potential of
rare-earth metals in improving the perovskite optoelectronic device performances.

Keywords: metal halide perovskite; rare-earth metal; solar cell; light-emitting diode; photodetector;
luminescent solar concentrators

1. Introduction

In the past 12 years, metal halide perovskite materials with the chemical formula
of ABX3, where A represents monovalent cation (such as CH;NH3*, HNCHNH?*, Cs™),
B is divalent metal cation (such as Pb2+, Sn2+), and X represents halogen anion (such as
I, Br and Cl), have triggered an enormous research wave [1-3]. Up to now, perovskite
materials have been widely used in the field of photoelectronic devices, including solar
cells, light-emitting diodes (LEDs), lasers, photodetectors, and so on, which is attributed
to the excellent photo-electronic properties of broad absorption spectrum, tunable energy
band gap, long charge carrier lifetime and length, low recombination loss and cost-effective
preparation technology [4-7]. Both the power conversion efficiency (PCE) of perovskite
solar cells (PSCs) and the external quantum efficiency of perovskite LEDs have exceeded
25% through the efforts of many researchers, which indicates the tremendous potential in
the future commercial applications for the perovskite optoelectronic devices.
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There have been many reports about improving the performance of perovskite devices.
For example, in the field of perovskite solar cells, various methods have been demonstrated,
including tuning the perovskite component proportion, controlling the film quality and
crystalline size of perovskite active layer, optimizing the device structure, introducing
plasmonic nano-converters, and so on [8-11]. Although these methods have boosted the
PCE of PSCs, upper threshold value may be hampered for further development. The
Shockley—Queisser limit is the theoretical limit of energy conversion for single-junction
solar cells. As perovskite materials have an intrinsic band gap, there are also limits to
the efficiency of perovskite solar cells. In order to break Shockley—Queisser limit, it is an
effective method to utilize infrared light outside the intrinsic band gap of perovskite by
introducing up-conversion or down-conversion materials into the solar cell. Rare-earth
(RE) metals with triply oxidized state (lanthanide ions, Ln3) possess different kinds of
energy transitions, which determined that they can emit fluorescence in a wide wavelength
range covering from ultraviolet to intermediate infrared regions [12]. Herein, Ln3* ions
can be doped into semiconductor materials to act as light active centers, and then they can
promote the light absorption and tailor the band gap of the host materials, thus playing
the role of up-conversion or down-conversion. In addition, integrating Ln3* into metal
halide perovskite materials can be a feasible and effective approach because it minimizes
the thermalization losses, through removing the load of mismatch between perovskite
absorption spectra and the solar spectrum.

Due to these unique features, rare-earth doped into perovskite crystals and devices
for optical and electrical control have been widely reported [13-21]. In this article, we
review the applications of rare-earth metals in the perovskite photoelectric devices from
the following parts: Firstly, Ln* ions can be doped as up-conversion of down-conversion
materials, which can enhance the light absorption efficiency covering from ultraviolet (UV)
to near-infrared (NIR) range in the perovskite solar cells. Secondly, Ln®** ions can be used as
quantum cutting or band gap tuning dopants to realize high photoluminescence quantum
yield (PLQY) and tunable luminescence emission at different wavelength, and then can be
efficiently used for white light emission. Thirdly, Ln** can be used for defect passivation
or lead substitution in the perovskite devices. Additionally, Ln3* can also be used in the
field of photodetectors and luminescent solar concentrators. At the end of this paper, we
give a future research outlook of this field via exploring the effective ideas and experiments
which should be demonstrated.

2. Modified Strategy of Rare-Earth Metal in Perovskite Devices

There are three main ways of Ln®** ion-modified perovskite photoelectric devices, as
shown in Figure 1. Different methods have different hosts of rare earth ions and thus
have different mechanisms of modified strategy. Figure 1a shows the introduction of a
new conversion layer in the perovskite photoelectric device. By doping rare-earth ions
into the host, this layer can play the role of up-conversion or down-conversion of light,
thus improving the conversion efficiency of the device. The MFY4 (M = Li, Na, K) family
is a common host for this layer because of its excellent properties of low phonon energy
and high transmittance. Figure 1b shows that rare-earth ions are doped into the electron
transport layer or the hole transport layer. After doping, this layer can also play the role
of conversion layer. Meanwhile, doping component modulates the transport layer, the
flat band edge of the electron transport layer moves toward positive, and the electrons at
the conduction band minimum are more easily transferred to the electron transport layer.
Figure 1c shows that rare-earth ions are doped into the perovskite lattice. Ln3* ion dopant
introduces new energy levels, which not only affects the peak position and the intensity
of the original perovskite band edge compound luminescence peak, but also produces a
new Ln3* ion luminescence peak in photoluminescence spectrum. Ln**-doped perovskite
materials also have a good application prospect in various light-emitting devices due to
the unique quantum-cutting mechanism. It should be noted that the luminescence of
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individual perovskite materials can also be improved by rare-earth doping, not only doped
into the active layer of perovskite multilayer devices.

(a) (b)

HTL HTL

Perovskite Perovskite

Y

Ce | Pr |[Nd Pm

HTL Sm Eu Gd |Th Dy

Ho| Er |Tm |Yb | Lu
|

Perovskite

Figure 1. Three modified strategies of Ln3* in perovskite device: (a) Inserting Ln3*-based conversion
layer in perovskite device; (b) Ln3* ion mixed into carrier transport layer; (c) Ln>* ion doped in
perovskite active layer.

3. Applications of Ln3* in Perovskite Solar Cells

As it is well-known, due to the intrinsic band gap of perovskite materials, perovskite-
based solar cells are usually unable to utilize light beyond the visible region (the range of UV
and NIR light), thus limiting further development of the device efficiency. Therefore, rare-
earth metals with characteristics of up- or down-conversion fluorescence were introduced
into perovskite to improve their availability of the solar spectrum.

3.1. Ln3*-Based Up-Conversion Materials

Low-energy near-infrared light absorbed by Ln3*-based up-conversion nanoparticles
(UCNPs) can be converted to high-energy visible light which can be utilized in perovskite
solar cells. For example, Yb3*, Er3*, Tm3*, Ho3+—doped or co-doped materials have been
reported in up-conversion systems to achieve various up-converted fluorescence in the
visible spectrum. The MYF,; (M = Li, Na, K, Ru, and Cs) family has the characteristics
of low phonon energy, high transmittance, and decrease in the influence of defect states,
therefore, it has become an excellent host of Ln3*. In 2016, the Yb®* and Er3* co-doped LiYF,
transparent single crystal was synthesized and placed closed to the side of FTO in the PSCs
by Song’s team, which can induce efficient visible red and green emissions under two ranges
of 900-1000 nm and 1500-1600 nm, as illustrated in Figure 2a. The up-conversion quantum
efficiency of LiYF4:Yb3* /Er®* crystal was 5.72% under 980 nm light excitation (6.2 W cm~2)
and the PCE of LiYF4:Yb%* /Er®* /FTO/TiO, /MAPbl; /HTM/ Au device was improved [22].
Having chosen the material, the next question was how to incorporate it into the structure
of the device. Lin and co-workers fabricated the CH3NH3Pbls-based PSCs by inserting
monodisperse NaYF;:Yb/Er up-conversion nanoparticles as the mesoporous electrode. A
double hydrophilic PAA-b-PEO diblock copolymer was used as the nanoreactor for UCNPs.
The incorporation of NaYF,:Yb/Er UCNPs effectively reduced the non-absorption photon
loss and harvested the NIR solar photons, followed by the absorption of emitted high-energy
photons to generate extra photocurrents. The highest efficiency of NaYF4:Yb/Er UCNPs-
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based cell (FTO/compact-TiO, /UCNP /CH3;NH;3Pbl; /Spiro-MeOTAD/ Ag) was improved
from 16.8% to 18.1% compared with the referenced TiO,-based device (FTO/compact-
TiO, /mesoporous-TiO, /CH3NH3Pbl; /Spiro-MeOTAD / Ag) [23]. Almost at the same time,
Que’s group introduced B-NaYF,:Yb3* /Tm3*@NaYF, core-shell (NYF) nanoparticles into
mesoscopic TiO2 scaffold layer which was used as an electron transport layer (ETL), thus,
to enhance the NIR light harvest in perovskite solar cells (Figure 2b). As a result, under
AM1.5G standard sunlight and 980 nm NIR laser irradiation, the best device based on
NYF/TiO, ETL exhibited a PCE of 16.9% after the optimization of the film thickness and
NYF/TiO, weight ratio, which was 20% higher than the pristine one [24].

In addition to the core-shell structure, the hexagonal nanoprism structure is also a
feasible structure. Jang et al. used hexagonal B-NaYF:Yb**: Er®* nanoprisms as up-
converting medias to broaden the absorption spectrum range. The highest PCE of 15.98%
was achieved via optimizing the amount of nanoprisms in the mesoporous TiO; layer [13].
Subsequently, up-conversion materials began to be introduced into perovskite layer. B-
NaYF4:Yb/Er up-conversion nanocrystals were introduced into perovskite layer to fabricate
planar ITO/ZnO/ 3-NaYF4:Yb/Er-CH3NH;3Pbl3 /Spiro-OMeTAD/ Ag PSCs, and the de-
vice structure diagram can be seen in Figure 2c. The up-conversion nanocrystals were
beneficial for the perovskite film growth, resulting in uniform and pinhole-free surface
morphology. In addition, the doped 3-NaYF,:Yb/Er also enabled NIR absorption. There-
fore, the highest device PCE increased from 13.46% to 19.70% for the modified device [25].
In order to further enhance the NIR up-conversion efficiency, Cu,.4S was explored to serve
as an antenna to sensitize Er,O3 up-conversion nanoparticles, which exhibited an intense
localized surface plasmon resonance absorption band at near-infrared wavelengths. Based
on this, mCu,.S@SiO,@Er,O3 nanocomposites were prepared and mixed into mesoporous
TiO, ETL. The highest up-conversion luminescence was significantly boosted to 14.3%
(inner quantum efficiency) and the excitation spectrum was expanded to the range of
800-1600 nm. Due to the electron transfer from oxygen defects to the conduction band
of TiO,, the photocurrent of the mCu,.,S@SiO,@Er,O3-based device increased, resulting
in a champion PCE of 17.8% [26]. In order to prevent the contact between the electron
transport layer and the electrode, an insulation layer is often introduced to increase the
photovoltage, and the up-conversion material can also be integrated to the insulation layer.
Zhao et al. doped Ho®* into NaYbFy to form high-fluorescent UCNPs and then mixed it into
the ZrO, scaffold layer (Figure 2d). Under the synergistic effect of NaYF;:Ho®* and ZrO,,
additional photocurrent and photovoltage via up-conversion of NIR light to visible light,
declined recombination rate and trap-state density, enhanced charge transfer and realized
extraction efficiency, resulting in an overall PCE enhancement of 28.8% in the device of
FTO/cp-TiOp /mp-TiO; / II1p-ZI‘Oz-NaYF4:Ho3+ /FA0.4MA( ¢Pbl;/C anode [27]. Sebag and
cooperators demonstrated the influence of inserting KY;Fy:Yb3* Er3* UCNPs at the front-
or rear-side of perovskite layer (FTO/ KY7F2:Yb3* Erd* /FA( g3Cs0.17Pb(Io.6Bro4)s/ Spiro-
MeOTAD/ Au and FTO/FAq g3Csp.17Pb(Ig.6Bro 4)3/KY7F2:Yb?* Er3* /Spiro-MeOTAD/ Au)
through the light-beam-induced current/fluorescence mapping technique, thus, to quantify
the optical and electronic contribution of UCNPs. Figure 2e shows the device structure.
The mapping results exhibited decreased green/red ration of up-conversion fluorescence
spectra, which was attributed to the increased green fluorescence absorption of perovskite,
indicating the optical contribution of UCNPs in the PSCs [28].
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Figure 2. (a) The absorption regions of perovskite solar cells in the AM 1.5G solar spectrum
via the up-conversion processes (Reprinted/adapted with permission from Ref. [22]. Copyright
2016 American Chemical Society); (b) Cross-sectional SEM image and schematic diagram of
FTO/compact-TiO, /NaYF4:Yb/Er-CH3NH;3Pbl; /Spiro-MeOTAD/Ag (Reprinted /adapted with
permission from Ref. [24]. Copyright 2016 RSC Pub); (c) Energy transfer illustration in the device of
ITO/ZnO/B-NaYF4:Yb/Er-CH3NH3Pblz /Spiro-OMeTAD/ Ag (Reprinted /adapted with permission
from Ref. [25]. Copyright 2017 RSC Pub); (d) Diagrams for device structure of FTO/cp-TiO, /mp-
TiO, / mf>-ZrOz-Nal\(F4:Ho3+ /FAg4MA ¢Pbl3/C and mechanism of NIR light harvesting and up-
conversion processes (Reprinted /adapted with permission from Ref. [24]. Copyright 2018 RSC Pub);
(e) I Sketch maps for device structure of FTO/FA( g3Csq 17Pb(Ig ¢Bro.4)s3/Spiro-MeOTAD/Au with
inserting KY;F2:Yb%*, Er3* UCNPs at the front- or rear-side of perovskite layer (Reprinted /adapted
with permission from Ref. [28]. Copyright 2018 American Chemical Society).

Some research groups also integrated UCNPs into a hole transfer layer (HTL). For
example, NaLuF,:Yb,Er@NaLuF, core-shell nanoparticles were prepared by using a modi-
fied two-step co-precipitation process and then incorporated into PTAA layer in the device
of FTO/TiO,/y-CsPbl3/UCNPs-doped PTAA/Au, as seen in Figure 3a. Although the
absorption spectrum was broadened to NIR range, the contribution of up-conversion
effect to the PCE was almost negligible which was attributed to the ultralow lumines-
cence efficiency of UCNPs. From the reflectance and absorption spectra, the researchers
found that the light scattering effect played the predominant role, which prolonged the
optical path length and enhanced the photoelectric current [29]. Huang’s group intro-
duced Li(Gd,Y)F4:Yb,Er up-conversion nanophosphors into Spiro-OMeTAD hole transport
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layer. The highest PCE of the FTO/cTiO,/mTiO, /CH3NH;3Pbl; /Li(Gd,Y)F4:Yb,Er-doped
Spiro-OMeTAD/Ag-Al was 18.34% with the optimized doping amount, while the bare
device was only 14.69%, as seen in Figure 3b. Through the systematical measurement
and analysis, the improvement of device performance was mainly attributed to the en-
hanced light harvesting in the range of 400-800 nm, accelerated carrier transport, and
efficient charge separation/collection caused by Li(Gd,Y)F4:Yb,Er UCNPs [30]. Subse-
quently, Song et al. reported a complicated core-shell structure, which combined IR-783
dye molecules, NaYF;:Yb3* Er¥*@NaYF,:Yb** Nd3* UCNPs and Au nanorods (AuNRs).
The energy- matched dye was used as an antenna to absorb NIR photons and the Au
nanoparticle was used for local surface plasmonic resonance (Figure 3c). As a result, the
up-conversion luminescent intensity was increased about 120 times. The PCE of the de-
vice (FTO/SnO, / AuNRs-UCNPs-IR-783 dye/perovskite /Spiro-OMeTAD/ Au) boosted
to 20.5% under AM 1.5G simulated sunlight irradiation, created the highest record for
the up-conversion perovskite solar cells based on rare-earth metal ions up to the report
date [31].
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Figure 3. (a) Schematic device structure and external quantum efficiency curves of FTO/TiO;/y-
CsPbl; /NaLuF,:Yb,Er@NaLuF,; UCNPs-doped PTAA/Au (Reprinted/adapted with permission
from Ref. [29]. Copyright 2019 American Chemical Society); (b) Cross-section SEM image for the
device of FTO/cTiO, /mTiO, /CH3NH3Pbls /Li(Gd,Y)F4:Yb,Er-doped Spiro-OMeTAD/Ag-Al and
J-V curves of devices with different amounts of UCNPs (Reprinted /adapted with permission from
Ref. [30]. Copyright 2019 Elsevier); (c) The spectrum absorption range of PSCs and up-conversion
spectral regions of dye-NaYF,:Yb%* Er®*@NaYF,:Yb** Nd3* UCNPs (Reprinted /adapted with per-
mission from Ref. [31]. Copyright 2020 American Chemical Society).
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For rare-earth-based up-conversion materials used in perovskite solar cells, the hosts
of Ln3* ions, including single crystals of NaYF4 and various core-shell structures, can be
placed in various parts of the solar cell, including the electron/hole transporting layers,
and the perovskite layer. Different combinations have their own advantages, but the most
popular one is that the core-shell structure of NaYF;, is integrated in the TiO; layer of
the device. The unique advantage is that its energy level is well-matched to the electron
transport layer very well, thus reducing the obstruction to the original electronic transport
capability of the device.

As it can be seen, the MYF, family is a kind of well-host of Ln3+—doping materials. In
addition, the ETL can also be the host of Ln** dopant. Each host has its own merits and
peculiarities. Most reports about Ln3* doping have demonstrated the MYF, family as the
host, which is due to that the MYF, family has excellent chemical and thermal stability, thus
making Ln**-doped MYF, show good tolerance in various preparation processes in devices.
Moreover, the high transmittance and low phonon energy ensure that the introduction of
Ln3*-doped MYF, layer will not have negative effects on other layers in the devices. In
perovskite solar cells, the characteristics of the ETL have a great impact on the efficiency
of the devices. The various doping and modified methods have been used to improve
the carrier extract and transfer efficiency of ETL. Ln®* ion-doping is a good way for ETL
optimization, which endows the ETL with a new ability, that is, the IR light is converted to
the visible light that the perovskite absorption layer can absorb. Specific device structure,
doping hosts, and performance improvements are shown in Table 1.

Table 1. The PCE enhancement of up-conversion Ln3*-doping solar cell device.

PCE

Device Structure Doped Materials Ref.

Enhancement

UC crystals/FTO/TiO, /MAPbl; /HTM/ Au LiYF,:Yb3*, Er3* 7.9% to 8.8% [22]

FTO/compact-TiO, /NaYF, core-shell

VR3+ 3+ o,
nanoparticles-TiO, /MAPbI;/ Spiro-MeOTAD/ Ag NaYF4Yb™, Tm W41%to169  [24]
FTO/compact-TiO, /NaYF4-TiO, /MAPbI3 /Spiro- I3+ T34 o o

MeOTAD/Au NaYF4:Yb>", Er 13.7% to 16.0% [17]
ITO/compact-TiO,/ NaYF4-MAPbI;/ Spiro-MeOTAD/ Ag NaYF4:Yb3*, Erd* 13.46% to 19.70%  [25]
FTO/compact-TiO, / TiO;-Cu,. S@SiO, @Er, O3 . o o
/MAPbI3/Spir0—MeOTAD/Au mCuz_XS@SlOz@Er203 16.2% to 17.8% [26]
FTO/compact-TiO, /mp-TiO, /mp-ZrO2- NaYbF, 13+ o o
JFAg 4MAqcPbls/C NaYF4:Ho 10.9% to 14.3% [27]
FTO/KY;7F2-Yb?*Er** /FA 83Cs0.17Pb(lg.6Bro 4)3/Spiro/ Au RV TR 0 0
FTO/FAQV83CS0.17Pb(10'6]31'0'4)3 /KY7I’722-Y}33+EI'3Jr /Spiro/Au KY7F22'Yb , Br 13.5% to 14.0% [28]
FTO/TiO, /CsPbl3/UCNPs-PTAA/Au NaLuF,:Yb,Er@NaLuF, 15.5% to 15.9% [29]
FTO/c-TiO, /m-TiO, /CH3NH3Pbl; /Spiro-UCNP / Ag-Al Li(Gd, Y)F4:Yb%*, Er3+ 14.7% to 18.3% [30]

FTO/SnO, /UCNPs-Dye-AuNRs/FAMACsPb(I, Br)s

V3+ 3+ AVIL3+ 3+
NaYF4:Yb3*, Er3*@NaYF,:Yb3, Nd 194% t0205%  [31]

core-shell

FTO/compact-TiO, /NaYFy/MAPbI; /Spiro-MeOTAD/ Ag NaYF,:Yb3*, Erd* 17.8%t018.1%  [32]

FTO/compact-TiO, / TiO, I T o o
nanorods/MAPbI; /Spiro-MeOTAD/Au TiO:Yb™, Er 106% to 12.9% (331

FTO/compact-TiO, / TiO,-ZrO,-NaYF,@SiO, R TR o o

/MAPbI;/Carbon NaYF:Yb"*, Er 8.2% t0 9.9% [34]

FTO/compact-TiO, /MAPbDI;3- TiO,-NaYF,@TiO, 3+ 34+ o o
/Spiro-MeOTAD/ Au NaYF4:Yb’*, Tm 13.4% to 16.3% [35]
ITO/SnO, /FAPbI; /UCNPs/Spiro-UCNPs/ Au NaYF,:Yb3*, Erd* 16.0% to 18.0%  [36]
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Table 1. Cont.

PCE

Device Structure Doped Materials Enhancement Ref.
FTO/TiO2/UCNPs/FACsPb(I,Br); /Spiro/ Au B-NaYF,: Nd3*, Yb3*, Er3* 18.0% t0 19.2%  [37]
ITO/ZnO/IR806-UCNPs-MAPbI; /Spiro/ Ag B-NaYF,:Yb3*, Er3* 13.5% t0 17.5%  [38]

T Vh3+ 3+ 3+
(FA0.83MA0.17i£?é$§;21°{?[é§§3€z.1)3 /Spiro/Au NaYRb cc/)fer-sh/elslC Nt 17.44%t020.2% - [39]
FTO/Er-TiO, /CH3NH;3PbI; (Cly /Spiro/ Ag Er-doped TiO, 9.1% to 10.6% [40]
FTO/TiO, nanorod /UCNP/MAPbI;/C SiO, /NaYE,:Yb, Er@SiO, 11.9% to 14% [41]
FTO/UCNP-TiO, /FAMACsPb(I, Br)z /Spiro/ Au Er3*-Yb3*-Li* tri-doped TiO, 14.0% t0 16.5%  [42]

3.2. Ln3*-Based Down-Conversion Materials

Rare-earth metals with 4f electronic structure can also be used as down-conversion
materials which have the ability to absorb ultraviolet light and re-emit visible light. In 2014,
Khan and coworkers prepared YVO4:Eu*" nano-phosphor layer on the bottom surface
of perovskite solar cell (YVO4:Eu®* /Glass/FTO/cTiO, /mTiO, /CH3NH;3Pbl; /HTM/ Au,
Figure 4a). On the one hand, the use of down-shifting material converted a part of
UV spectrum to visible region, thus, to improve the short wavelength spectral response
(300400 nm). On the other hand, the capping layer could protect device from high energy
UV radiation, thus, to reduce UV-induced device degradation [43]. Similar to up-conversion
materials, down-conversion materials are integrated into the electron transporting layer.
Kang et al. investigated the Au@Y,03:Eu* dual-functional films combining the effects of
wavelength down-conversion and localized surface plasmon resonance for the perovskite
solar cells in 2017. The photocurrent density increased from 20.7 mA/ cm? to 21.5 mA /cm?
for the Au@Y,03:Eu®-modified device (Figure 4b), which was also accompanied by im-
proved stability [44]. Huang et al. used down conversion CeO,:Eu3* nanophosphor to
improve the device performance, and the optimal CeO,:Eu* was embedded into meso-
porous TiO; layer. The device exhibited about 6.9% PCE enhancement and significantly
slower decay toward UV light irradiation when compared with bare TiO,-based device [45].
Another samarium (Sm)-based down-conversion material, Sr,CeO4:Sm3*, was introduced
in the PSCs to reduce photo-loss and photo-degradation, by Chi and cooperators. The
Sr,Ce04:Sm3* nanophosphors could convert UV-light in the range of 283~400 nm to visible
light. The optimized device of FTO/cTiO,/Sr,CeO4:Sm>* /(CsSFAMA)Pb(Br,I); /Spiro-
OMeTAD/Au achieved the highest PCE of 17.9%, which was about 16.2% enhance-
ment compared with the control device without optimization. Moreover, the device
with Sr,CeO4:Sm>* could maintain higher stability when exposed to UV-light irradiation
(Figure 4c) or stored under ambient environment conditions for a much longer period [46].
Song’s group explored CsPbCl; 5Br; 5:Yb3+,Ce3* nanocrystals as a down-conversion mate-
rial which can convert blue/UV photons into lower-energy photons with PLQYs exceeding
100% for commercial silicon solar cells. Then, the nanocrystals were self-assembled in
front of the device through a liquid-phase depositing method, and Figure 4d exhibits
the device structure. The co-doped nanocrystals exhibited a strong 988 nm near-infrared
emission from the °Fs /2—2F7 /2 transition of Yb3* ions, as well as the excitonic emission of
CsPbCl 5Br; 5 nanocrystals. The co-doping of Ce3* can promote the process of quantum-
cutting emission through energy transfer (electrons on the conduction relax to the 5d state
of Ce3* ions and then transfer to the Yb%* ions). As a result, the highest PLQY of 146% can
be achieved. The device PCE increased from 18.1% to 21.5% [47]. Later, the same group
explored co-doping and tri-doping lanthanide ions in CsPbClyBryl3.«.y quantum dots to
improve the quantum-cutting efficiency. It was found that the Yb**-Pr3* and Yb%*-Ce3*
pairs can effectively sensitize the emission of Yb®*", which was due to the similar interme-
diate energy states of Pr** and Ce®* with the exciton transition energy of perovskite QDs.
As a result, Yb3*-Pr3+-Ce3* tri-doped CsPbClBr, QDs exhibited the highest PLQY of 173%,
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and 20% improvement in PCE can be achieved by introducing tri-doped QDs into a com-
mercial CIGS solar cell. The PCE of devices based on different tri-doped perovskite QDs
is summarized in Figure 4e [48]. Gamelin and co-workers utilized Yb**:CsPb(Cl;Bry)3
as a quantum-cutting (QC) layer in single-junction PVs, and demonstrated the potential
efficiency gains through detailed balance calculations. They found that the increased
PCE was mainly attributed to the reduced reflection, thermalization, and nonradiative-
recombination losses from UV and blue photons. Their calculations also revealed that
Yb3*:CsPb(Cl;«Bry)3; boosted performance in widely different geographic locations with
substantially different spectral irradiances by combining PL saturation and real-world pho-
ton fluxes. The interplay between the QC PLQY, QC/PV optical coupling, and optimized
QC and PV energy gaps is another key insight into the calculations, which can provide
particle design rules for optimized QC/PV devices based on real-world materials and
conditions [49]. Additionally, lanthanide ions were also reported to be used as interfacial
modifiers in the PSCs. For example, Eu(TTA),(Phen)MAA was inserted at the interface of
m-TiO, / perovskite, and the device efficiency can be improved from 17% to 19.07% via ef-
fectively utilizing the incident UV light. The device structure and energy-level diagram are
shown in Figure 4f. The inter-layer can also inhibit the device of UV-initiated degradation,
thus, to effectively improve the device photostability [50].

The influence of down-conversion materials on perovskite solar cell is mainly reflected
in the efficient conversion of ultraviolet light into visible light, improved light captures
ability, and long-term stability. Moreover, the integration of down-conversion materials
acts as light scatter during the propagation process inside the device, increasing the optical
length and promoting the light absorption; these features improve the conversion efficiency
of the device, as shown in Table 2.

Table 2. The PCE enhancement of down-conversion Ln3+-doping solar cell device.

Device Structure Doped Materials PCE Enhancement Ref.

DCNP/FTO/TiO, /CH3NH;Pbl; /HTM/ Au YVO4:Eu?* 7.4% t0 7.9% [43]

FTO/cTiO, /mTiO,-CeO,:Eu®* /MAPbI; /Spiro/ Au CeO,:Eu’* 10.1% to 10.8% [45]

FTO/cTO,/ chlg/fe(%%*/hgﬁﬂ’b(&lk/ Spiro- Sr,CeOy:Sm3 15.4% to 17.9% [46]

C-Si solar cell/Perovskite film as DCNP Yb3*, Ce3* co-doped Cs PbCl; 5Br; 5 18.1% to 21.5% [47]

Down-converter for Culn;_,GaySe; (CIGS) and Si solar cell Yb3*, Ln3*(Nd, Dy, Tb, Pr, Ce) doped-QDs ~20% enhancement [48]

Down-conversion film for single-junction PV Yb3+:CsPb(Cly.Bry)3 - [49]

DONP/ (FAq M AE]TSOK ;TCISOO_ZOQ ELT(IIS;BMW)S /Spiro/Au Eu(TTA)2(Phen)MAA 17.0% to 19.0% [50]
NaYF,:Eu®* /FTO/TiO, /Csg.05(MAg17FAq 83)0.95Pb(I 83Bro.17)3 /

Spiro/Au NaYF,:Eu’* 17.6% to 20.1% [51]

3.3. Optimization of Electron Transporting Layer or Perovskite Layer by Ln>* lons-Doping

Apart from the above summarized up- and down-conversion materials, Ln3* ions
can also be used as dopants in perovskite materials and devices to optimize the electronic
properties. One common strategy is doping Ln3* ions into the charge transport layer, thus,
to tune the energy-level alignment or control the interfacial defects. In 2016, in the PSC,
La3* ions were used to tune the band alignment of TiO, layer through eliminating oxygen
species and surface-inducing vacancies. The Fermi energy upward shifted from —4.55 eV
to —4.43 eV for doped-La/TiO,, as shown in Figure 5a, thus enhancing the open circuit
voltage (Vo) and fill factor (FF) [52]. Soon afterwards, a similar effect of tuning the Femi
energy level can be realized by doping the Sm>* rare-earth element into the TiO; electron
transfer layer [53], and the results of the improved device performance can be seen in
Figure 5b. Wu and co-workers improved the device efficiency to a champion value of
21.75% and good UV stability by using Sc>*-tailored brookite TiO, mesoporous layer [54].
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Other rare-earth elements, such as Er>* ions, were also demonstrated to be doped into the
TiO; layer in the CH3NH3SnI3-based PSCs [55].
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Figure 4. Schematic diagrams for (a) perovskite solar cell of YVO,:Eu®* /Glass/FTO/cTiO, /mTiO, /
CH3NH;3Pbl; /HTM/Au (Reprinted /adapted with permission from Ref. [43]. Copyright 2014 AIP
Publishing) and (b) Au@Y,03:Eu’*-modified PSC with the functions of down-conversion and device
stability enhancement (Reprinted/adapted with permission from Ref. [44]. Copyright 2017 Springer
Nature); (¢) Device structure of FTO/cTiO, /SrpCeQ4:5Sm>* / (CsSFAMA)Pb(Br,1)3 / Spiro-OMeTAD/Au
and long-term stability measurements under open environment (Reprinted /adapted with permission
from Ref. [46]. Copyright 2019 Royal Society of Chemistry); (d) Device structure and J-V curves for sil-
icon solar cells by using CsPbCl, 5Br; 5:Yb?*,Ce3* as down-conversion material (Reprinted /adapted
with permission from Ref. [47]. Copyright 2017 John Wiley and Sons); (e) PCE comparisons for
CIGS solar cells with Yb3*-Pr3*+-Ce3* tri-doped CsPbClxBryCl3.x-y (x > 0,y < 3, x + y < 3) quan-
tum dots (Reprinted /adapted with permission from Ref. [48]. Copyright 2019 American Chemical
Society); (f) Device structure and performance of Eu(TTA);(Phen)MAA-doped PSC and the corre-
sponding energy-level alignment (Reprinted /adapted with permission from Ref. [50]. Copyright
2019 American Chemical Society).

Another important strategy is doping lanthanide ions in perovskite films or lattices.
For example, Tang et al. introduced Sm>* ions into CsPbBr3 lattice and applied it into the de-
vice architecture of FTO/cTiO,/mTiO,/CsPbg 975my g3Brs /carbon. The strong interaction
between Ln>" and Br~ can change the surface energy during the crystal growth, thus facili-
tating to large formation of grains. Due to the increased grain size, prolonged carried life-
time and reduced charge carrier recombination, an ultrahigh V. of 1.594 V can be achieved
and the highest PCE was improved from 6.99% to 10.14% [56]. A similar doping strategy
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was realized by Patil and co-workers, who doped Sm3* ion into CsPbl,Br perovskite to
improve the film quality. The device of FTO/cTiO,/mTiO,/CsPbg 97Smg g31,Br/P3HT / Au
(Figure 5c) exhibited superior PCE and long-term stability [57]. Zhou and cooperators uti-
lized Eu**-Eu®* ion pair redox shuttle to decrease I° defects and oxide Pb? in a cyclic transition,
following the reactions of (2Eu*+Pb?—2Eu?*+Pb?*) and (Eu?"+I° = Eu?*+I = Eu’*+17). As a
result, the perovskite device can retain 93% efficiency under continuous 1 sun illumination
or 91% PCE through thermal treating at 85 °C after 1000 h [58]. Later, Eu®* ions were
incorporated into inorganic CsPbl,Br perovskite, which can also reduce the charge recom-
bination centers and prolong the crystal sizes as the above-mentioned Sm**. Eventually,
the thermal stability under 85 °C and moisture stability under the humidity of 40% can be
significantly improved [59].

Recently, Chen’s group inserted an ultrathin Eu-MOF (metal-organic framework) layer
as an interfacial modification layer in the device of ITO/SnO,/Eu-MOF/FAMACsPb(],
Br); /Spiro-OMeTAD/Au. The Eu-MOF layer has multiple effects on the device proper-
ties, including improving the light absorption, changing the residual tensile strain into
compressive strain and passivating the deep defect states. Through the synergistic impact
induced by Eu-MOF, a highest PCE of 22.16% and long-term stability over 2000 h were
achieved [60].
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Figure 5. (a) Energy-level diagram for the device of FTO/ La3+—doped TiOy /mp-TiOy /CH3NH3Pblz /
Spiro-OMeTAD/Au (Reprinted/adapted with permission from Ref. [52]. Copyright 2016
American Chemical Society); (b) J-V curves of PSCs with and without doping Sm3* ions
(Reprinted /adapted with permission from Ref. [53].  Copyright 2017 American Chemi-
cal Society); (c) Cross-section of SEM image and J-V curve for the best perovskite de-
vice of FTO/cTiO,/mTiO,/CsPbg g7Smg 031 Br/P3HT/Au (Reprinted /adapted with permission
from Ref. [57]. Copyright 2020 American Chemical Society).

4. Application of Ln3* in Perovskite Light-Emitting Diodes

Rare-earth doping changes the emission spectra of the perovskite materials, which can
be divided into the blue shift, enhancement of the original perovskite luminescence and the
new peak excited by the doped ions [61-66]. The temperature and doping concentration
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will affect the luminescence characteristics [67,68]. Using Ln®*-doping to modulate the lu-
minescence characteristics of perovskite can expand the application of perovskite materials
in light-emitting devices.

4.1. Adjusting the Luminescence Spectrum

It is well-known that the inferior performances of blue-violet and near-infrared emis-
sion based on perovskite materials will hinder their future commercial applications in
multi-color displays. Therefore, it is important to improve the performances of the entire
visible spectral region. There are many approaches to modulate the luminescence range
of PVK, including doping of various ions or passivators, controlling the lattice size of
PVK, or changing the composition proportion of perovskite, etc. This section focuses
on the luminescence range of perovskite materials modulated by doping Ln®* ions. The
modulation of perovskite spectrum can be realized by doping rare-earth ions into the
perovskite lattice. In order to investigate the effect of rare-earth ion-doping on the spectral
position of emission and the corresponding changes in optical characteristics, Song et al.
systematically demonstrated the doping of various Ln®* ions (Ln3* = Yb%*, Er**, Dy3*,
Tb3*, Eu®*, Sm3*, Ce3*) in CsPbCls nanocrystals in 2017. As it can be seen in Figure 6a,
with the increase of the atomic number of the doped Ln3* ions, from Ce to Yb, the primary
excitation peak was gradually blue-shifted, which was due to the enlarged band gap of the
perovskite host induced by the lattice contraction of doped NCs. The photoluminescence
quantum yield for the Ln3*-doped CsPbCl; NCs was enhanced, which was ascribed to
the intrinsic emission of Ln3* ions. In addition, Yb3+—doped CsPbClz NCs also exhibited
strong NIR emission at around 1000 nm with high PLQY of 143% [69]. Then, they also
doped different Ln elements (La, Y, Eu, Lu) into mixed K4Cs14xPbCl3 quantum dots (QDs).
As a result, the luminescence efficiency around 408 nm boosted to 31.2% for K«Cs1.xPbCls,
Eu3* QDs from 10.3% for pristine K«Cs; «PbCls QDs [61]. Soon afterwards, Gamelin et al.
specially studied the quantum-cutting effect of Yb3*-doped CsPbCl; NCs by using variable
temperature photoluminescence (PL), transient absorption, and time-resolved photolu-
minescence (TRPL) measurements. The doped Yb%* ions can induce a shallow defect
level in the perovskite lattice, which is comparable with native defects for trapping photo-
excited charge carriers. In the case of Yb*"-doped NC (see Figure 6b), two neighboring
excited Yb%* ions were formed after energy transfer was captured by Yb**-induced defect
from the CgPbCl; excited states. Such nonradiative energy transfer process happened
at a picosecond time scale [70]. They also found that efficient quantum cutting can be
realized in the Yb3+—d0ped CsPb(Cly_Bry)s thin films, and that the PLQY exceeded 190%
for the NIR emission. This work also indicated that this quantum-cutting effect is only
dependent on the Yb*"-doped perovskite composition rather than the perovskite crystal
morphologies [71]. In addition, for Pb-free metal halide double perovskite, the doping of
Ln3* ions also show well-modulated characteristics of emission wavelength. Yb%* ions
were to be incorporated into Cs; AgInClg double perovskite crystals (Figure 6c), resulting in
994 nm NIR emission [72]. Later, Ishii and Miyasaka used Yb3+-doped CsPbCl; perovskite
to obtain bright NIR light-emitting diode (LED, Figure 6d), and the maximum EQE around
1000 nm of the device is up to 5.9% [73]. Additionally, Yb%* ions were also used to tune the
fluorescent emission in lead-free double Cs;AgBiClg and Csy AgBiBrg perovskite NCs [67].
Recently, Miao and Han et al. doped Er®* ions into the lead-free Cs;NaEr;.,B,Cly (B is
In, Sb or Bi) perovskite NCs, thus, to obtain effective NIR emission at a telecommunica-
tion wavelength of 1543 nm. Such NIR emission can be mainly attributed to the energy
transition from *I;3,,—*I;5,, to Er3* [74]. Recently, ultrasmall CsPbX3 QDs formed on
the surface of NaYF,;:Yb/Tm@NaYF,:Yb core-shell UCNPs (see in Figure 6e) and could
exhibit tunable down-conversion PL and up-conversion PL under UV and NIR excitation,
respectively, which can be potentially applied in the field of fluorescent anticounterfeiting
technology [75].
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Figure 6. (a) Photoluminescence spectra of CsPbCl3 nanocrystals with doping Yb%*, Er3*, Dy>*
Tb3*, Eud*, Sm3*, Ce3* ions, respectively (Reprinted/adapted with permission from Ref. [69].
Copyright 2017 American Chemical Society); (b) Schematic maps for La®*- induced defect emis-
sion, Yb3* sensitization mechanism, and charge-neutral vacancy-defect structure of Ln>*-doped
CsPbCl3 nanocrystals (Reprinted /adapted with permission from Ref. [70]. Copyright 2018 Amer-
ican Chemical Society); (c) Crystal lattice structure of Cs,AgInCly perovskite with doping Ln%*
ions and the corresponding absorption/photoluminescence spectra (Reprinted /adapted with per-
mission from Ref. [72]. Copyright 2019 American Chemical Society); (d) Energy-level diagram
of perovskite LED with structure of TCO/SnO,/Liq/Yb?*:CsPbCl; /poly-TPD/PEDOT:PSS/Au
(Reprinted /adapted with permission from Ref. [73]. Copyright 2020 Wiley-VCH); (e) Fabrication
process of NaYF;:Yb/Tm@NaYF,:Yb UCNPs-CsPbX3 (X = Cl, Br, I or mixed halide elements) for full
color anticounterfeiting (Reprinted /adapted with permission from Ref. [75]. Copyright 2021 John
Wiley and Sons).
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The influence of Ln3* dopant on perovskite luminescence was mainly reflected in
the change of the emission peak positions of pristine perovskite. For different kinds of
rare-earth ions, the lengths of blue shift for emission peaks of pristine perovskite were
various. With the increase of doping concentration, the emission peaks exhibited further
blue shift. As the doped Ln®* ions modified the internal defects of the original perovskite
lattice, the overall performance of photoelectric and stability was enhanced.

4.2. White Light Emission

The Ln3* ion co-doping can introduce new peaks in addition to the original perovskite
excitation peak. Through the design of a particular structure, the purpose of white light
emission can be achieved. White light emission and device based on rare metal ion pairs
co-doped CsPbCl3 NCs was reported, and the corresponding ion pairs were Ce>*/Mn?*,
Ce3* /Eu®t, Ced* /Sm3*, Bi** /Eu®t, and Bi®* /Sm?*, as illustrated in Figure 7a. Here, Ce3*
ions not only act as the role of blue and green emitted components, but also sensitize
the red emission of Mn?*, Eu®*, and Sm3* ions. The optimal white light emission with
the maximum PLQY value of 75% was achieved for the sample of Ce3* /Mn?* co-doped
CsPbCl; gBr;» NCs. Then the white light-emitting diode (WLED) combined co-doped
perovskite NCs, GaN LED chip, and polystyrene was fabricated. The luminous efficiency
and color rendering index (CRI) was 42 Im/W and over 90, respectively [76]. Considering
that CsPbXs (X = Br, Cl, I) have a well luminescence in green and red parts, the white light
emission can be realized by introducing the blue part through Ln**-doping. Monserrat and
Zhang et al. prepared CsPbBr3 nanocrystals by introducing Nd* ions as Pb-site dopants to
achieve highly efficient blue emission. They explained the enhanced mechanism via theo-
retical calculation. The exciton binding energy changed after partial Pb-site replacement
with Nb. On the one hand, the dopants can make the perovskite lattice constrictive and
Pb-Br bond shortened, thus, to enhance exciton oscillator strength. On the other hand, the
flattened valence and conduction bands increased the electron and hole effective masses.
Both of these caused the enhancement of PLQY. Finally, an all-inorganic perovskite WLED
based on Nd3+—doped CsPbBr3 NCs, CsPbBr; NCs, and CsPbBr; 511 § NCs, which acted as
blue-, green-, and red-emitted components, respectively, was prepared [77].

Recently, Giri and coworkers integrated Ce3* and Tb%* ions into 2D CH3NH;3PbBr3
nanosheets to obtain highly blue-emitted MAPb;_,CexBrz and MAPb;_,Tb,ClsBrsy.3 per-
ovskite nanomaterials. The down-converter white LED-based on UV LED chip (Figure 7b),
MAPDb 3Ce(7Brs and Rhodamine B exhibited CIE coordinates of (0.334, 0.326) [78]. In
addition, Song’s group reported the first electroluminescence (EL) white LED device based
on Sm3*-doped CsPbCl3 NCs. The device structure was ITO/ZnO/PEI/Sm>**-doped
CsPbCl;/TCTA/MoO;/Au. The EL spectra were dependent on the doped Sm>* ion con-
centration which nearly covered the entire visible spectrum region of 400~700 nm. The
device structure and corresponding performances are exhibited in Figure 7c. When the
Sm3* jon concentration increased to 5.1 mmol%, the chromaticity coordinate (CIE) and CRI
for the single-component WLED was (0.32, 0.31) and 0.93, respectively [79].
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Figure 7. (a) Crystal structure of CsPbCl,Brs_« with co-doping metal ion pairs (M3*/M?%*) and the
white LED combining CsPbCly gBr; »:Ce* /Mn2* and ultraviolet chip (Reprinted/adapted with
permission from Ref. [76]. Copyright 2018 American Chemical Society); (b) EL spectrum, white
light emission photograph and CIE chromaticity coordinates of WLED based on UV LED chip,
Ce*:CH3NH;PbBr3, and Rhodamine B (Reprinted /adapted with permission from Ref. [78]. Copy-
right 2021 Royal Society of Chemistry); (c) Device structure, EL spectra, and CIE coordinates for
perovskite WLED based on Glass/PEI/ Sm3*:CsPbCl3 /TCTA/MoQO3/Au (Reprinted /adapted with
permission from Ref. [79]. Copyright 2020 American Chemical Society).

4.3. Doping for Luminescence Enhancement

Apart from tuning the emitted spectrum, rare metals were also reported to modulate
the PL/EL efficiency and kinetics via doping them into perovskite materials. For example,
Yb3* ions were introduced into CsPb(Cly_Bry)3 perovskite nanocrystals. Meanwhile, the
band gaps were tuned via changing the x value (x = 0~1). Through the quantum-cutting
process induced by Yb%* dopants, the maximum value of PLQY exceeded 200% [80]. As
it can be seen in Figure 8a, the Ce>* (103 pm) ion with similar ion radius to Pb?* (119 pm)
was introduced into the crystal structure of CsPbBrs without forming additional trap
states, and the PLQY was significantly improved. Ultrafast transient absorption and
TRPL were performed to reveal the mechanism. Near band-edge states can be formed
and induced by doping ions, thus, to accelerate the process of hot-exciton relaxation and
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exciton trapping to the band gap trap states. The average PL lifetimes were shortened
after doping Ce3*. The nonradiative trapping states were replaced by newly appeared
band-edge PL emissions, which were beneficial for the PL enhancement. The LED with
the structure of ITO/PEDOT:PSS/poly-TPD/Ce**-doped CsPbBrz NCs/TPBi/LiF/Al
exhibited a highest EQE value of 4.4%, which was comparable with the pristine device
(1.6%) [63]. Mohammed et al. introduced YCl3 into CsPbCls NCs for surface defect
passivation through a post- synthetic dual-surface treatment. The Pb-Cl ion pair vacancies
and uncoordinated Pb atoms on the perovskite NCs’ surfaces could be counteracted by Y3*
and CI~ ions, thus reducing the surface defects. As a result (Figure 8b), the PLQY of the
post-treated NCs enhanced about 60 times compared with the pristine samples [81]. The
surface passivation effect can also be realized in the case of PrCl3-doped CsPbBrxCls.« QDs.
The reduced nonradiative recombination centered on the NC surfaces mainly attributed to
the enhancement of PLQY [82]. Song’s group co-doped La®** and F- ions into CsPbCl3 QDs
to manipulate the optical performances through passivating the defects of CI vacancies,
resulting in improved PLQY of blue-violet emissions [68]. They also investigated the
structural and optical variation tendency under high pressure with and without doping
Eu3* ions in the CsPbCl3 QDs. The energy transfer efficiency from perovskite to Eu®* ions
was improved when treated under relatively high pressure, thus, this improved the PL
intensity [66]. Li et al. reported B-site doping in CH3NH3PbBr; single crystal by using Er
ion, and the photograph is shown in Figure 8c. A shallow defect level formed inside of
the band gap of CH3NH3PbBr; boosted the PL emission intensity. Lower trap density and
higher charge carrier mobility was also achieved [65]. In addition, rare-earth metal can be
used as an interfacial layer in perovskite LED. For example, Yb with low work function
(2.6 eV) was introduced in the device of ITO/TFB/Quasi-2D perovskite/TPBi/Yb/Ag
(as seen in Figure 7d), which efficiently promoted the electron injection via lowering the
energy-level barrier. The device performances of EQE and maximum luminance were
considerably superior to the device with a traditional Mg or Liq cathode interfacial layer-
based device [83].
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Figure 8. (a) Crystal lattice structure of Ce>*-doped CsPbBr3, LED photographs, and schematic
diagram of photophysical mechanism (Reprinted /adapted with permission from Ref. [63]. Copyright
2018 American Chemical Society); (b) Absorption and PL spectra of Y3+—doped CsPbCl3 nanocrystals
(Reprinted /adapted with permission from Ref. [81]. Copyright 2018 American Chemical Soci-
ety); (c) Photograph of Er-doped CH3NH;3PbBr3 perovskite single crystal (Reprinted /adapted with
permission from Ref. [65]. Copyright 2020 American Chemical Society); (d) Yb-modified device
of ITO/TFB/Quasi-2D perovskite/TPBi/Yb/Ag: device schematic illustration, molecular struc-
ture of PEA,(FAPbBr3),.1PbBry, device energy band alignment, and fluorescence photograph of
perovskite film (Reprinted/adapted with permission from Ref. [83]. Copyright 2020 American
Chemical Society).
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Recently, Cao and co-workers obtained functionalized CsPbBr; QDs with dual-stimuli-
responsive optical encoding properties by using Eu complex for surface modification.
According to the calculation, the absorption energy of the modified QDs increased, leading
to good stability. Furthermore, the PL of Eu®*: CsPbBr; QDs exhibited good temperature
and PH response, which provided the possibility for their application in the field of securing
encrypted information [84]. Han et al. fabricated a highly efficient and stable Cs;NaScClg
perovskite single crystal. The Sc>*-doped double perovskite showed a high PLQY of 29.05%
for blue emission at the wavelength of 445 nm [85]. Detailed doping information and
enhancement of luminescence efficiency are shown in Table 3.

Table 3. The PLQY enhancement of Ln3+—doping PVK and the EQE enhancement of Ln3+—doping

perovskite LED.
Modified Materials Main Emission Wavelength PLQY/EQE Ref
K* and lanthanide elements-doped CsPbCl3 QDs 408 to 495 nm 90% [61]
Eu’* and Tb3*-doping CsPbBr3 592, 612/543, and 582 nm - [62]
Ce3+-doped CsPbBr3 516 to 510 nm 89%/4.4% [63]
Er-doping MAPDbBr; single crystals 546 nm - [65]
Eu®*-doped CsPbCl3 570 to 710 nm - [66]
Yb3+-doped Cs2AgBiX6 900-1200 nm 0.3%/- [67]
CsPbCI3QDs by co-doping La3+ and F- ions 410 nm 36.5% [68]
Various lanthanide ions 270 to 420 and 1000 nm 143%/- [69]
Yb3* CsPbCls 990 nm Over 100% [70]
(Yb3+) CsPb(Cly_yBry)3 990 nm 190% [71]
Yb3* and Yb3* /Er3* co-doped CsPbCl; 986 nm 127.8%/- [72]
Yb3*-doped CsPbCls 1000 nm Over 60%/5.9% [73]
CsZNa]iri SIS())(E:I’S a(llzalr&SS)b, or Bi; 1543 nm . [74]
Yb%* /Er3* co-doped CsPbCI3 N 986 nm and 1533 nm 127.8%/- [75]
Cr?* Ce3* Yb3* tri-doped CsPbCl; QDs 405 to 394 and 980 nm 188%/- [16]
CsPbCl3: Mn?*, Er3* 580 to 600 nm Enhanced by 100 times than origin/-  [18]
Ce3* and Mn?* co-doped CsPbCl; gBry » 429, 460, and 592 nm 75% [76]
Nd3*-doped CsPbBr3 459 nm 90% [77]
Ce3* and Tb%*-doped MAPbBr;3 454 to 518 nm 100%/- [78]
MAPbBrs_, Iy-coated YAG:Ce3* phosphors 490, 535, 550, 680, 715, 765 nm - [21]
Sm3+-d0ped CsPbCl3 565, 602, 645, and 710 nm 85%/1.2% [79]
Yb3+—doped CsPb(Cly_«Bry)3 979 nm Approaching 200%/- [80]
YCl3-treated 394 and 404 nm 60%/- [81]
Pre-optimize CsPbCl; using PrCl; 407 and 404 nm 89%/- [82]
Yb layer 536 nm -/16.4% [83]
Europium complex to CsPbBr3 QDs 500, 592, and 616 nm - [84]
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Table 3. Cont.

Modified Materials Main Emission Wavelength PLQY/EQE Ref

Sc-based double perovskite Cs2NaScCl6 459 and 635 nm 29.05%/- [85]
Yb/Er-doped Csp AgInClg 395/996 and 1573 nm 3.6 & 0.4%/- [86]
Yb3*-doped CsPbCls 980 nm 87.9%/- [87]
Yb-doped Csy AgInClg 996 nm 3-4%/- [88]

CsPbX3 Zeolite-Y composite 400 to 600 nm - [89]

5. Application of Ln3* in Solar Concentrators

The concept of luminescent solar concentrators (LSCs) is to concentrate direct and
diffuse solar radiation. Luminophores for LSCs absorb large fractions of the solar spectrum,
then emit photons into a light-capture medium with high PLQY, but do not absorb their
own photoluminescence.

For example, Wu’s group firstly proposed the concept quantum-cutting luminescent
solar concentrator (QC-LSC) by using Yb**-doped perovskite NCs, as seen in Figure 9a.
The internal optical efficiency (#int) can be achieved to about 120% for Yb3*: CsPbClz-based
QC-LSC with a size of 25 cm?, which is much higher than the previous records realized by
using Mn?*-doped QDs [19]. Similarly, Gamelin and coworkers demonstrated that Yb3*-
doped CsPb(Cl;.Bry)3 NC with large effective Stokes shift and high PLQY is one of the
candidates for LSC luminophores (Figure 9b). In addition, the Yb3*: CsPb(Cly_yBry)3 NCs
have an extremely low self-absorption rate [20].
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Figure 9. (a) The picture of Yb3*-doped CSPbCl; LSC under sunlight and illustration of internal
optical efficiency (Reprinted/adapted with permission from Ref. [19]. Copyright 2019 American
Chemical Society); (b) Schematic maps of monolithic bilayer LSC and absorption/PL spectra of
Yb3*:CsPbl; nanocrystals (Reprinted /adapted with permission from Ref. [20]. Copyright 2018 Royal
Society of Chemistry).

6. Application of Ln3* in Photodetectors

In 2019, Lee and co-workers synthesized lead-free CsYbl; perovskite NCs with lower
exciton binding energy than traditional Sn-based lead-free perovskite, which was ben-
eficial for the application in the field of photodetectors. Due to the effective exciton
dissociation and charge transport at the interface of CsYbl3/Graphene, the highest pho-
toresponsivity and external quantum efficiency (EQE) of the device (Si/SiO,/(Au and
Ti)/Graphene/CsYbI3 NCs, seen in Figure 10a) were 2.4 x 10° A/W and 5.8 x 10°%, respec-
tively [90]. Du et al. reported Yb®*, Er**, and Bi** tri-doped lead-free CsyAgg ¢Nag 4InClg
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perovskite single crystals and applied for X-ray detection and an anti-counterfeiting tech-
nique. The doping elements improved the luminescence efficiency induced by the Jahn-
Teller effect. The limit of X-ray detection reached 8.2 nGy s~! [91]. Zn?*, Yb3*, and Tm>*
co-doped CsPbF; perovskite NCs were firstly fabricated for the application in the nar-
rowband NIR photodetector. The device, based on Au nanorods array/ Zn?*, Yb3*, Tm3+:
CsPbF3 NCs, exhibited good performances (as seen in Figure 10b) with high responsivity
of 106 A/W for the 980 nm spectral response [92]. In addition, Cr3*, Yb3*, e3+: CsPbCls
perovskite QDs were coated onto a silicon photodetector for quantum cutting, thus, they
realized a broad spectral response in the range of 200~1100 nm [16].

Bristowe and Cheetham et al. synthesized (CH3NH3)KGdCls and (CH3NH3),KYClg
rare-earth-based hybrid double perovskite, and analyzed the crystal structure [93]. Recently,
Zhang and Ruan synthesized hybrid hetero-structured NCs (as illustrated in Figure 10c)
including two components of CsPbBrz QDs and NaYF,:Yb, Tm UCNPs. The prepared NCs
exhibited UV-excited green emission and NIR-excited UV-blue emission [94].
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Figure 10. (a) Device structure of perovskite photodetector based on CsYbl3/Graphene (Reprinted/
adapted with permission from Ref. [90]. Copyright 2019 John Wiley and Sons); (b) Device
configuration and photocurrent of the photodetectors based on CsPbF3:Zn?*-Yb3*-Tm3*(or
Er*)/Au nanorods (Reprinted/adapted with permission from Ref. [92]. Copyright 2020 Else-
vier); (c) Schematic illustration for the formation of heterostructures CsPbBr3-NaYF,;:Yb and Tm
nanocrystals (Reprinted /adapted with permission from Ref. [94]. Copyright 2021 Springer Nature).

7. Conclusions and Outlook

In this study, we reviewed the recent development of rare-earth metal-modified
metal halide perovskite materials and their corresponding optoelectronic devices. We
discovered that different Ln3* ions can absorb and emit light both in the UV and NIR
regions, thus making up the deficiency of utilization for solar spectrum by perovskite
materials. Therefore, Yb3*, Er®*, Tm3*, Sc3*, Nd3*, and Ho®" ions-based up-conversion
nanoparticles were incorporated inside or proximal to the perovskite layer in the PSCs,
resulting in higher device efficiency through broadening absorption spectral range to NIR
region. Similarly, down-conversion nanocrystals-doping or co-doping with Eu®*, Sm3*,
Yb3*, Ce3*, and Pr3* ions can convert UV-light into visible light, which simultaneously
improved PCE and prevented degradation triggered by UV-light in the perovskite solar
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cells. Moreover, due to their unique electronic structure, Ln3* ions (La%*, Sc3*, Sm3*, Eu*,
and so on) were also used as dopants to facilitate perovskite film growth, tailor the energy
band alignment, and passivate the defect states, thus, to boost the device performances.
In the field of perovskite light emission, Ln3* ions including Yb3*, Erd*, Dy3+, Tb3*, Eu®*,
Sm3*, Ce3*, and Tm>* ions were doped or co-doped into perovskite nanocrystals to realize
multi-color emissions covering the entire visible spectral region. Based on this, Ln**-doped
perovskite NCs were applicable for fabrication of white light-emitting diodes. Furthermore,
Yb3*+, Ce3*, Y3+, Pr3*, and Eu®* ions were doped into perovskite lattice, which can form
near band gap states, reduce Pb or halide vacancies or passivate surface defect, resulting
in decreased nonradiative recombination centers and enhanced PLQY. Some Ln3* ions,
such as Y** ions, can also be used as an interfacial layer in the perovskite LED, which can
promote the electron injection via lowering the energy-level barrier. Apart from the above
two main application fields, Ln3* ions have also been reported to be used in the fields of
photodetectors and luminescent solar concentrators. These indicate the huge potential of
rare-earth metals in improving the performances of the perovskite optoelectronic devices.

The host type of rare-earth ions determines the role of rare-earth ions in perovskite
photoelectric devices. With MYF4 (M = Li, Na, K, Ru. and Cs) as host, Ln3* ions-doping
brings the ability of up-conversion, which enables solar cells to obtain a better life and
efficiency. When the perovskite layer is used as the host, the introduction of Ln®* ions
reduce defects, increases efficiency, and introduces a new luminescence peak. Therefore,
different hosts have completely different functions, and the future research on Ln®** ions
will also have new breakthroughs in the host types.

Based on these abundant research results, we suggest that additional investigations
should be supplemented. (1) Although Ln3* ions have been demonstrated to be effective in
the perovskite light emissions, most work concentrated on the photoluminescence spectra
and PLQY enhancement of perovskite materials. Extended work should focus on the device
performances’ enhancement of multi-color LED by doping Ln®* ions, especially NIR and
UV perovskite LEDs which needs to be implemented. (2) Luminescent solar concentrators
based on perovskite materials and rare-earth metals need to be systematically studied, and
their applications in photovoltaic field should be explored. (3) Perovskite photodetectors
with high photocurrent and narrow spectrum responsivity should be further researched
with the introduction of Ln®* ions.
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Abstract: The triboelectric nanogenerator (TENG) developed by Z. L. Wang’s team to harvest random
mechanical energy is a promising new energy source for distributed sensing systems in the new
era of the internet of things (IoT) and artificial intelligence (AI) for a smart world. TENG has many
advantages that make it suitable for a wide range of applications, including energy harvesting,
environmental protection, wearable electronics, robotics, and self-powered sensors. Sensing as an
important part of TENG applications is gradually expanding, with the in-depth study of TENG
sensing in its working principle, material selection, processing technology, system integration, surface
treatment, and back-end algorithms by researchers. In industry and academia, fluid dynamics sensing
for liquid and air is urgently needed but lacking. In particular, local fluid sensing is difficult and
limited to traditional sensors. Fortunately, with advantages for ordinary TENGs and TENGs as fluid
dynamics sensors, fluid dynamics sensing can be better realized. Therefore, the paper summarizes
the up-to-date work on TENGs as fluid dynamics sensors, discusses the advantages of TENGs as
fluid dynamics sensors in-depth, and, most importantly, aims to explore possible new key areas to
help guide the future direction of TENG in fluid dynamics sensing by addressing the key challenges.

Keywords: triboelectric nanogenerators; fluid dynamics sensing

1. Introduction

With the rapid development of the Internet of Things (IoT) and artificial intelligence
(AI) for a smart world, distributed sensing systems, which are the foundation of the fourth
industrial revolution, are the most important developments in hardware in the era. The
continuous development and prosperity of distributed sensing systems rely on distributed
renewable sources of energy such as solar power, wind power, and mechanical vibration [1].
The triboelectric nanogenerator (TENG) developed by Z. L. Wang’s team to harvest random
mechanical energy is a promising new energy source in the new era because triboelectric
electrification is ubiquitous with a wide selection of materials [2]. Compared to externally
powered sensors, the development of self-powered active sensors powered by TENG
is revolutionary. In addition, TENG has many other advantages such as an abundant
choice of materials, low assembly requirement, and flexibility [3], making it suitable for
many application areas, including energy harvesting, environmental protection, wearable
electronics, robotics, and self-powered sensors [4].

An important part of TENG applications is sensing that focuses mainly on active
mechanical and chemical sensors in the early stages. Additionally, early TENG can actively
detect the static and dynamic processes from mechanical agitation with potential smart skin
applications [5]. With the in-depth study of TENG sensing in its working principle, material
selection, processing technology, system integration, surface treatment, and back-end
algorithms by researchers, the application fields of TENG sensing are gradually expanding,
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especially fluid dynamics sensing. Fluids, including gases and liquids, account for two
of the three phases of matter and tend to flow, meeting the working principle of TENG:
mechano-driven. Most importantly, fluid dynamics sensing is urgently needed in industry
and academia. In particular, local fluid sensing is difficult and limited to traditional sensors.

Fortunately, with advantages for ordinary TENGs (discussed later in this section) and
TENGsS as fluid dynamics sensors (introduced in Section 4), fluid dynamics sensing can
be better realized. For example, the self-powered characteristics of TENG can simplify
the sensor structure, so that the disturbance of the sensor for the flow field is reduced. In
addition, the diversity of material choices and the sensitivity to external stimuli give TENG
an advantage over other existing sensing schemes in complex fluid environment sensing.
Therefore, the objective of the paper is to summarize the recent work on TENG as fluid
dynamics sensors, and, most importantly, explore possible new key areas to help guide
the future direction of TENG in fluid dynamics sensing by addressing the key challenges
(Figure 1).
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Figure 1. Opportunities and challenges of triboelectric nanogenerators for fluid dynamics sensing,
from traditional fields to future technologies.

The review is structured as follows: in, the principles and advantages of TENG are
first introduced (Section 2). We then summarize the up-to-date work on TENG primarily
as fluid dynamics sensors for the local fluid phenomenon and environment (Section 3); in
Section 4, we explore the possibility of TENG and offer guidance by addressing the needs
of industry and academia by leveraging the advantages of the TENG as fluid dynamics
sensors, focusing more on the local sensing of fluids. Finally, in Section 5, we discuss
the challenges TENG faces to reach the milestone and become suitable, and practically
applicable sensors with distinct uniqueness and advantages.

2. Introduction of TENG

Coupling the triboelectric effect and electrostatic induction, TENG was first invented
by Wang’s group in 2012 (Figure 2) to generate electricity through harvesting environmental
mechanical energy that is ubiquitous but often wasted. More specifically, the electricity is
converted by electrostatic induction through the electric field change, which is induced
by mechanical separation after triboelectric or contact electrification transfers electrons
from one surface of contacting materials to another according to the quantum mechanical
transition model [6]. The model states that when two materials approach an atomically close
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distance, electrons move toward the lowest available states due to strongly overlapping
electron waves. The electron transfer model could be extended from solid—solid to liquid-
solid, liquid—gas, and even liquid-liquid cases [7].

(a) Vertical Contact-Separation Mode (b) Lateral-Sliding Mode
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Figure 2. The four basic modes of TENG and its equivalent model. (a) Vertical contact separation
mode, (b) lateral sliding mode, (c) single-electrode mode, and (d) freestanding triboelectric-layer
mode. (e) The displacement current model of a contact-separation mode. (f) TENG’s equivalent
electrical circuit model. Reproduced with permission. Copyright 2018, Wiley Online Library [1].

2.1. Principle of TENG

The fundamental physics model of TENG was presented according to Maxwell’s
displacement current in 2017 [4,8-10]. The displacement current is from a transient electric
field and media dielectric polarization and drives the conversion of mechanical energy into
electricity. Mainly due to the independence of the surface charges on the electric field, a
new term Ps, known as the Wang term, is added to Maxwell’s equations to explain TENG’s
working mechanism [4]. The displacement current density (/p) is then expanded as follows:

] —ga£+aﬁ—€ 87E+87P+8ﬁ
D=%%¢ " ar — Y9t "ot " ot

where E, P, and P; represent the electric field, medium polarization vector, and the added
term from the presence of electrostatic surface charges, respectively; ¢ and ¢, are the
permittivity of the dielectrics and vacuum, respectively. The first term (edE/dt) represents
the electromagnetic wave, which is predicted to emit from a high-frequency TENG [4] and
later detected [11]. In addition, other wireless signals created by TENG were also detected
and summarized in Wang et al. [12].

TENG can be categorized into four basic modes according to their electrodes and mo-
tion patterns: vertical contact separation, lateral sliding, single-electrode, and freestanding
triboelectric-layer modes (Figure 2) [13]. In general, electrons are transferred back and
forth from one electrode to another (generating electrical current) due to the change of
electrical field caused by the mechano-driven location change of triboelectric materials. The
electron transfer is slightly different for the single-electrode mode (Figure 2c) since it has
only one electrode: the only electrode exchanges electrons with the ground. Each mode has
its advantage in energy harvesting, manufacturing, and robustness [3,13]. In addition, the
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various motion patterns give more flexibility to the sensors” working mechanism, design,
and manufacturing. For example, the single-electrode mode for the TENG as a sensor may
give the lowest energy output and thus signal-to-noise ratio (SNR) but can sense the object
directly with the easiest setup since the triboelectric material, possibly the object being
sensed (e.g., liquid), does not necessarily belong to the system. The displacement current
model of contact separation mode and the equivalent electrical circuit model is described
in Figure 2e f, respectively.

2.2. Advantages of Ordinary TENG

In addition to multiple modes of operation, ordinary TENG has many other advan-
tages, including wide material availability, lightweight, low cost, and high efficiency even
at low operating frequencies. In addition, its sensitivity to external incentives and self-
powered characteristics also broaden its scope of application. Advantages for TENGs as
fluid dynamics sensors will be introduced in Section 4.

In principle, any material with different charge affinities can be used to construct
TENG. Thus, due to the wide material selections, we can conveniently adjust the basic
mechanical, physicochemical, and biological properties of the TENG to suit various appli-
cation situations. Furthermore, TENGs are reported to generate power densities as high
as several hundred Wm~2 which is sufficient to drive many small electronics, allowing
self-powered sensing networks. In addition, thanks to the recent development, wireless
data induced by TENG can be received in many ways (discussed in Section 4), providing
an alternative framework for sensor network construction and data transmission [12].

3. TENG for Fluid Dynamics Sensing: Past

In physics and engineering, fluid dynamics is a branch of fluid mechanics that de-
scribes the flow of fluids, including aerodynamics (study of gases in motion) and hydro-
dynamics (study of liquids in motion). Here, we divide the fluid dynamics parameters
that may be sensed by TENG sensors into two groups by scale: large- and local-scale
properties. The large-scale properties include ambient fluid motions, such as wind, rain,
and water wave, and their speed, direction, and pressure; the local-scale properties include
the flow pattern and force under various situations on the local scale, such as laminar and
turbulence flow and their development, boundary layer and its separation, flow pattern
around immersed bodies, rotational fluid such as vortex, and streamlines in the local flow
field (Figure 1).

This section summarizes the recent studies using TENG sensors to sense the above-
mentioned fluid dynamics parameters. According to the application scenarios, we divided
the fluid dynamics TENG sensors into five categories: 1 meteorology parameters, 2 fluids
in pipes and tunnels, 3 remote media vibration and moving object, 4 sea wave motion,
and 5 structure vibration due to moving fluid. As seen in the classification, a large part of
the current work in fluid dynamics sensing involves large-scale properties. Note that this
review only covers research where TENG is or could be used as a sensor or even battery-less
sensor and excludes studies that merely use TENG as a power source to run commercial
sensors. In addition, a few reviews summarized some overlapping or related contents to
this article, but with different focuses: Gao et al. summarized sensors of wind and water in
pipes in their review of triboelectric mechanical sensors [3]; Tang et al. discussed liquid and
droplet content sensors using TENG [14]; Nguyen et al. summarized fluid-based TENG as
power sources [15].

3.1. Meteorology-Related Sensing

Targeting on developing alternative smart tools for conventional weather reporting
and monitoring (e.g., wind speed and direction, and rainfall amount), researchers have
worked on meteorology-related TENG sensors (mostly battery-less sensors in the subsec-
tion) based on traditional measurement methods.
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(a) Wind speed and direction: conventional wind cups and turbine.

One of the TENG sensor types for wind speed and direction measurement is similar
to the wind vector sensor system (wind vane and cups or turbine) commonly used in
traditional weather forecasting, where the rotation speed of the wind cups or turbine
correlates well with wind speed (Figure 3). More specifically, they employed wind cups or
wind turbines as the motion generator, rotational TENGs with graded electrodes for wind
speed information, and an optional wind vane indicator providing possibly high-resolution
wind direction.

Since the wind speed correlates well with the wind cup rotational speed (rpm), which
corresponds to the TENG signal frequency, many of the rotational sensors use TENG signal
frequency to correlate with and represent wind speed. Using signal frequency or peak
counts to record data, similar to the encoding techniques in telecommunication, is also
advantageous for noise reduction and data fidelity [16,17] compared to signal amplitude,
which can be affected by environmental factors such as humidity and temperature.

To indicate constantly changed wind direction, they normally use wind vane, together
with coded electrodes or other signal generators [18-20]. To differentiate multiple directions,
graded signals with different levels are needed, requiring multiple signal channels in
general. For example, eight independent signal channels were used to indicate eight
wind directions in Wang et al. (Figure 3a) [18] and Han et al. (Figure 3d) [20]. Since the
increasing number of signal acquisition channels will gradually increase system difficulty
and complexity, signal encoding methods are often applied to address the problem [16,17].
For example, Zhang et al. achieved 8 wind direction detection within 2 s using only three
electrical channels by encoding the electrodes with Gray code (Figure 3c), increasing the
applicability and practicality drastically [19]. In addition to the wind vane method to
indicate wind direction, the array of wind-direction-sensitive sensors is used and calibrated
to indicate rough (low resolution) wind direction (Figure 3b) [21].

The detailed information of wind cup sensors is summarized in Table 1, including
wind speed range, wind direction, and features. The general tested wind speed is from
2.0 to 15.0 m/s with some special cases, for example, Chen et al. (Figure 4a) developed a
bladeless-turbine-based (tesla turbine) high-speed TENG sensor, up to 7500 rpm (11.0 to
28.0 L/min) [22]. Note that the upper limit of tested wind speed may be limited by the
testing scenarios, methods, and apparatus; therefore, the stated wind speed may also be
either inaccurate or biased if the testing apparatus and method are not well controlled. For
example, only a few studies conducted standard measurements in well-controlled wind
tunnels, so the wind speed value, especially the lowest starting wind speed is not claimed
strictly, leaving an area to improve for sensor calibration.

Many wind speed sensors applied the freestanding mode for the TENG for better
energy harvesting, while others used contact separation modes by converting rotational to
linear motion [21,23], reducing device friction, wear, and minimum starting wind speed
(Figure 4). Other attempts have been also tried to enhance device robustness and efficiency
by applying, for example, soft contact (Figure 4b) [24], and automatic switch (Figure 4c,d)
for contact and separation [25,26].

Most of the abovementioned devices can either work as a sensor themselves or harvest
environmental energy to serve as small power sources for commercial sensors with low
power consumption, often hybridized with electromagnetic generators (EMG) to increase
power generation [18,19,25]. However, harvesting energy and sensing simultaneously in a
single TENG device is difficult without any thoughtful treatment. To solve the problem,
Lu et al. proposed a method of decoupling and extracting signals and energy so that
the disk-type TENG can sense the wind speed, harvest wind energy, and process and
send the signal to a wireless signal receiver simultaneously, achieving a truly closed-loop
self-powered environmental sensing system [27].
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Figure 3. Sensing of wind speed with direction: conventional wind cups and turbine. (a) Soft friction
system with wind vane. Reproduced with permission. Copyright 2018, American Chemical Soci-
ety [18]. (b) Unmanned environment monitoring system. Reproduced with permission. Copyright
2021, Elsevier [21]. (c) Wind direction sensing with Gray code. Reproduced with permission. Copy-
right 2021, American Chemical Society [19]. (d) Rolling mode sensor with electromagnetic generator
(EMG) direction indicator. Reproduced with permission. Copyright 2020, Elsevier [20].
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Figure 4. Conventional wind speed sensing with performance enhancement features. (a) Bladeless
turbine structure. Reproduced with permission. Copyright 2018, Wiley Online Library [22]. (b) Ultra-
low friction system. Reproduced with permission. Copyright 2018, American Chemical Society [24].
(c) Wind-speed-dependent self-regulation strategy. Reproduced with permission. Copyright 2022,
Elsevier [26]. (d) Travel-controlled approach for high durability. Reproduced with permission.
Copyright 2022, Wiley Online Library [25]. (e) Rotational to linear motion conversion. Reproduced
with permission. Copyright 2020, Elsevier [23].
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Table 1. Summary of traditional wind cup and vane style TENG sensors.

Reference Wind Speed (m/s) Wind Direction Features
Wang et al. [24] 3.5t09.0 N/A EMG hybrid device with ultra-low friction
Chen et al. [22] N/A N/A A freestanding bladele§s-turb1ne-based
(tesla turbine)
Wang et al. [18] 2.7 t0 8.0 Yes Freestanding (soft contact) disk-like
Han et al. [20] 6.0 to 12.0 Yes, EMG indicator Ball bearing-like with graded electrodes
Fan et al. [23] 40to 15.0 N/A A cam structu}‘e to Con\{ert rotational to
linear motion
Luetal. [27] 6.0 to 12.0 N/A Freestanding mode disk-like
Zhang et al. [19] 3.0to 15.0 Yes, Wﬁ:ﬂiﬁ signal Coded electrodes for wind direction within 2 s
Combined 3 TENGs (flag, disk-brush soft contact,
Ye et al. [28] 1.55 to 15.0 N/A and EMG)
Zhang et al. [21] 3.0 to 15.0 Yes, array of devices Contact separation mode in rotational device
Ma et al. [29] 291t09.1 N/A Wheat-straw based TENG
Zou et al. [26] 200 12.0 N/A Self-regulated c9ntact—separat10n mode; can start
with low wind speed
He et al. [30] 3.77 to 11.91 N/A Disk-brush-like freestanding mode
Luo et al. [25] 3.0 to 15.0 N/A Travel-controlled approach with cam switch

(b) Wind speed and direction: flutter- and flag-type

This part includes flutter- and flag-type sensors that are susceptible to flow-induced
vibration. The devices often consist of a rectangular cross-section tunnel, two electrically
connected electrodes on both sides, and a long flexible membrane (in the middle of the
flow along the flow direction) that can flutter along the flow so that wind energy can be
harvested and the flow information can be also sensed by the periodic electrical signals from
the current due to electrostatic induction between the film and electrodes (Figure 5) [31].

The experimental phenomenon and results are solid and obvious, but the theoretical
fluttering explanation is often flawed. Many researchers investigated the problem from the
perspective of aerodynamics [32-37]. However, even in pure aerodynamics, the answer
is not clear. There are two main mechanisms to explain the flutter effect: (1) vortex-
induced vibration by adding a bluff body before the membrane and governed by the
Strouhal number and (2) without a bluff body, the membrane will also flutter due to the
aerodynamic flutter effect. To thoroughly investigate the fluttering effect, Bae et al. divided
the fluttering status into single, dual, and chaotic modes, which are indicated by two
proposed dimensionless parameters: the nondimensional velocity and dimensionless mass
of the flag. These dimensionless parameters are universal and extremely useful for future
researchers. In addition, a mathematical relationship between the proposed parameters
and fluttering degree, e.g., the fluttering frequency, can be further developed. Chen et al.
(Figure 5e) developed a unified theoretical framework for the flutter phenomenon of both
stiff and flexible piezoelectric materials, and validated by a micro wind belt system analyzer,
in which the airflow rate is from 64 to around 260 m/s and the vibration frequency is up
to several thousand Hz [34]. Olsen et al. explained the fluttering of a double-clamped
membrane by Karman vortex shredding and gave an easy-to-use formula to calculate the
vibration frequency based on the Strouhal number [36]. Numerical simulations were also
conducted on membrane flutter and vibration with bending and torsion under various
vibration frequencies [34,38,39]. All the above approaches are worth learning from.

However, few studies fully investigated the effect of the narrow tunnel on the airflow
and the electrostatics on the membrane movement. On one hand, the confined airflow
(disturbed by the fluttering membrane) is completely different from the flow in the open
space due to the difference in boundary conditions. On the other hand, in the real situation
with the narrow tunnel, two polarized electrodes on both sides of the fluttering membrane
will attract the membrane since the membrane and its nearest electrode will always carry
charges of opposite polarity. Thus, as it oscillates, the membrane does not tend to stay
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in the middle but rather moves randomly to either electrode quickly. As the film reaches
one electrode, the wind will blow away the membrane from the nearest electrode, creating
rhythmic oscillation and smooth energy harvesting cycles. Therefore, the effect of confined
flow and electrostatics should be considered in future theoretical and computational fluid
dynamics studies on fluttering TENGs.

The detailed information of wind flutter-type sensors is summarized in Table 2, in-
cluding wind speed range, wind direction, and features. The tested wind speed for the
flutter-type sensors is from 0.5 to 32.0 m/s (a few studies without TENG tried much higher
wind speed [32,34]). Similar to the conventional sensors with wind cups, the current trend
is to correlate wind speed with electrical signal frequency, whose advantages were dis-
cussed in the previous subsection. However, the fluttering frequency has upper limits
according to membrane material, structure, and natural frequency so the corresponding
flow velocity that can be measured is limited. One way to increase the frequency is to
change to the membrane with a higher upper limit for fluid speed, e.g., thin stainless steel
foil; another way is to reduce the flow speed at the interested zones by expanding the
tunnel cross-section along the flow direction [40,41] according to Bernoulli principle [42].
Thus, the measured frequency can represent higher wind speed, increasing the possible
speed sensing range and expanding the application scenarios, e.g., airspeed monitoring
for aircraft.

The flow direction can be measured by flutter- and flag-type sensors in two ways,
similar to the traditional wind cup types. The first way is also using a wind vane to guide
the device [43,44]. Another way is to use an array of direction-sensitive sensors [45] that
have one (e.g., one end clamped types) or two (e.g., double-clamped types in Figure 5f [46])
favorable wind directions, a feature that is a drawback for energy harvesting, but a great
benefit for sensing. Thus, by locating the sensors in the desired direction, the combined
system can deliver the wind direction.

Figure 5. Typical flutter sensor and its mechanism discussion. (a) Flutter-type sensor system. Repro-
duced with permission. Copyright 2013, American Chemical Society [31]. (b) Wind vector detecting
system. Reproduced with permission. Copyright 2021, Elsevier [43]. (c) Flag-type sensor. Repro-
duced with permission. Copyright 2020, Elsevier [44]. (d) Characterization of fluttering behavior
and COMSOL simulation. Reproduced with permission. Copyright 2017, Elsevier [35]. (e) Theo-
retical model for flutter phenomenon. Reproduced with permission. Copyright 2016, AAAS [34].
(f) Double-clamped aero-elastic system. Reproduced with permission. Copyright 2015, American
Chemical Society [39].
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Compared to other types of sensors, flutter- and flag-type sensors have some unique
advantages. First, their design is simpler and thus easier to manufacture. Second, they own
minimum moving parts and don’t contain gears, making them small in size in general with
great scalability, which could be critical for expanding their application scenarios in the
microscopic world. Finally, with minimum moving parts and mainly contact and separation
motion, their robustness is much better than the rotational and frictional-based sensors.

Benefitting from the mentioned advantages, in addition to being the energy harvester
and sensor, the flutter- and flag-type sensors have many other special functions and features
as well (Figure 6). For example, Wang et al. (Figure 6¢c) constructed a flutter array system
to work effectively as a wind barrier [46]. Roh et al. (Figure 6a) integrated the flutter
sensor into a hybrid environmental energy harvesting and weather monitoring system [47].
Zhao et al. (Figure 6d) fabricated woven flag-type TENG in the size of 30 x 30 cm? with
triboelectric and conductive belts [48]. Furthermore, Wang et al. (Figure 6b) achieved
wireless sensing using mechanical —electrical —optical signal conversion, where the airflow
speed is correlated with the light signal that is received remotely by the optical detection
module [49].
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Figure 6. Flutter sensors’ special functions and features. (a) Weather monitoring system. Reproduced
with permission. Copyright 2020, Elsevier [47]. (b) Mechanical —electrical —optical signal conversion
system. Reproduced with permission. Copyright 2021, American Chemical Society [49]. (c) Sensors as
wind barrier. Reproduced with permission. Copyright 2020, Elsevier [46]. (d) Woven flag-type system.
Reproduced with permission. Copyright 2016, American Chemical Society [48]. (e) Multidirectional
fire detection system. Reproduced with permission. Copyright 2021, Wiley Online Library [45].
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Table 2. Summary of flutter- and flag-type TENG sensors.

Reference Wind Speed (m/s) Wind Direction Features
Yang et al. [31] 6.0 to 14.0 Yes, arrayed devices The earliest flutter-type TENG
Zhao et al. [48] 3.0t032.0 N/A Flag-type device with fabricated belts

Ravichandran et al. [40]

Wang et al. [44]
Wang et al. [46]
Zaw et al. [50]

Roh et al. [47]

Lietal. [51]
Liu et al. [41]
Xu et al. [43]

Wang et al. [49]

Zhang et al. [45]

Venturi flutter-type; the interested zone wind

0-5to 10 N/A speed is increased due to Bernoulli principle

Yes, circuit indicator with

20to7.5 4 directions Flag-type with humidity resistance
4.0to 11.0 N/A Flutter-type TENGs as wind barrier
Yes, wind direction .
1.5t02.7 sensitive Flutter-type but ripped style TENG.
Weather monitoring system with rain and wind
6010 130 N/A flutter TENG with solar panel
1.6 to 14.0 N/A Flutter-type TENG with carbon nano thorn arrays
on the electrode
15.0 to 25.0 N/A Flutter-type with expanded chamber
Flutter-type; photoelectric sensor for direction and
2910 240 Yes wind blow toward the long side
2510 10.0 N/A Elutter-typg; w1re1es§ sensing with .
mechanical —electrical —optical signal conversion
Flow induced vibration; 6 wind directions by
1.8t04.3 Yes

array; fire detection

(¢) Rain monitoring:

Another meteorology sensing using TENG is rain monitoring. The traditional rain
gauges mainly include siphoning, weighing, and tipping bucket types [52]. Similar to the
traditional gauges, Hu et al. (Figure 7a) developed two rain bucket method mechanical
TENGs with different resolutions to monitor the rain bucket motion change for real-time
rainfall intensity monitoring from 0 to 288 mm/day with linear calibration curves [53].

In addition to the traditional rain gauge style sensor, the direct interaction between
the raindrop and sensitive materials can be another possible way to sense the rain. In fact,
the TENG field has extensive studies on solid-liquid interface contact electrification [54,55].
However, many of them focus on fundamental mechanisms and energy harvesting; few
studies focus on rain monitoring. Until recently, Xu et al. (Figure 7c) designed autonomous
rainfall monitoring and wireless transmission system completely driven by raindrop energy
harvesting, paving the way for raindrop-powered wireless hygrometers [56]. The tested
rain intensity is from 2.0 to 71.0 mm/min. When the rainfall is 71 mm/min, the rainfall
data are automatically transmitted every 4 min within the range of 10 m. Another study
(Figure 7b) takes advantage of the effect of hydrogen ion concentration on the material
response and consequent TENG output to develop a pH sensor for acid rain [57].

3.2. Fluid Sensing in Pipes and Tunnels

Pipes and tunnels are other places where fluid dynamics sensing is important and
suitable. A network of self-powered sensors will be important for cost reduction and risk
alarming in the industry of pipeline transportation. Thus, researchers were exploring
TENG:s for fluid sensing in pipes and tunnels with three main types (Figure 8):

(a) Waterwheel-type

Wang et al. (Figure 8a) developed a waterwheel-type flow rate sensor in pipes from
80 to 400 mL/s (i.e., 4.8 to 24.0 L/min) with an anti-rust feature [58]. Similarly, He et al.
(Figure 8b) developed a non-full pipe flow sensor (220 mm in diameter and 105 mm in
width) monitoring the flow rate from 94 to 264 L/min, with an error rate under 1.95% [59].
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Figure 7. Rain monitoring TENG. (a) Tipping bucket rain gauge sensor. Reproduced with permission.
Copyright 2022, Elsevier [53]. (b) Real-time acid rain sensor. Reproduced with permission. Copyright
2021, American Chemical Society [57]. (c) Raindrop-powered autonomous rainfall monitoring.
Reproduced with permission. Copyright 2022, Springer [56].

(b) Solid-liquid interface contact electrification

Another sensor in He et al. [59] is a liquid-level sensor applying solid-liquid interface
contact electrification. Using the same principle, Song et al. (Figure 8c) developed a sensor
for microfluidic droplet sensing with good stability and responsiveness [60]. It also has
good sensitivity to the droplet size with the droplet length from 3.0 to 13.5 mm. Zhang et al.
developed liquid in a U-tube TENG for air pressure sensing (from about 0.1 to 0.54 kPa),
where air humidity did not affect performance [61]. Cui et al. also developed a liquid in
solid tube-based TENG sensor monitoring air pressure from —2.5 to —0.5 kPa and 0.5 to
2.5 kPa [62].

(¢) Cylinder-type

Fu et al. (Figure 8d) applied a cylinder moved through varied area electrodes by air
pressure to detect air pressure and flow rate in the tunnel with the pressure from 0.04 to
0.12 MPa at a step of 0.02 MPa and flowrate from 50 to 250 L/min at a step of 50 L/min [63].
The way the authors varied the area of detection, which is also used in other fields [64,65],
to generate tunable signals is interesting and very useful in signal manipulation. Wang et al.
(Figure 8e) later developed a rotameter style TENG sensor for liquid level and pneumatic
flow from 10 to 200 L/min with a flow resolution of 2 L/min with real-time non-digital
flow rate visualization [66].
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Figure 8. Fluid sensing in pipes and tunnels. (a) Anti-rust waterwheel-type system. Reproduced with
permission. Copyright 2019, American Chemical Society [58]. (b) Non-full pipe fluidic flow and water
level system. Reproduced with permission. Copyright 2022, American Chemical Society [59]. (c) Non-
invasive droplet motion monitoring. Reproduced with permission. Copyright 2021, American
Chemical Society [60]. (d) Pneumatic monitoring with varied-area electrodes. Reproduced with
permission. Copyright 2017, American Chemical Society [63]. (e) Magnetic flap-type rotameter-like
difunctional sensor. Reproduced with permission. Copyright 2020, American Chemical Society [66].

3.3. Remote Media Vibration and Object Sensing

Sound, a kind of acoustic wave, causes media vibration that can be detected by TENG
sensors [67-69] (Figure 9). Arora et al. demonstrated an acoustic sensor (microphone) that is
thin, flexible, and easily manufactured [68]. Its resonant frequency is approximately 275 Hz
and the best acoustic sensitivity is —26.63 dB at 1000 Hz. Similarly, Guo et al. (Figure 9a)
applied thin film TENG with holes and developed an auditory sensor for social robotics
and hearing aids [67]. It has a broadband response from 100 to 5000 Hz and ultrahigh
signal sensitivity (110 mV/dB). Chen et al. (Figure 9b) later claimed to have developed
the smallest MEMS (micro-electro-mechanical systems) TENG device with micro-array in
50 um-sized diaphragms, achieving underwater acoustic communication within 30 mm. Its
signal-to-noise ratio (SNR) is 20.54 dB and its resonant frequency is as high as 1.17 MHz [69].
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Figure 9. Remote media vibration sensor. (a) Auditory sensor. Reproduced with permission. Copy-
right 2018, AAAS [67]. (b) Micro triboelectric ultrasonic device. Reproduced with permission.
Copyright 2020, American Chemical Society [69]. (¢) Acoustic source locator in underwater environ-
ment. Reproduced with permission. Copyright 2015, Springer [70]. (d) Biomimetic hairy whiskers.
Reproduced with permission. Copyright 2021, Wiley Online Library [71]. (e) Underwater bionic
whisker sensor. Reproduced with permission. Copyright 2022, Elsevier [72].

The media vibration caused by objects, not only due to sound waves but also by sur-
rounding water and air movement, can be also detected by TENG sensors, with appropriate
algorithms [70-72]. Yu et al. (Figure 9¢c) developed an organic film TENG as an underwater
acoustic source locator at low frequencies around 100 Hz [70]. It can detect up to 1.0 m
with an error of about 0.2 m and the highest sensitivity -146 dB. Wang et al. (Figure 9e)
developed a seal whisker-like, film-type sensor for underwater vortex perception and
demonstrated its target tracking capabilities, with an SNR of about 19 dB without filter-
ing [72]. As demonstrated, TENGs as vortex sensors should be further investigated and
could be very useful for the fundamental study of fluid dynamics. In An et al. (Figure 9d),
a bendable biomimetic whisker mechanoreceptor (film-type TENG) is designed for robotic
tactile sensing [71]. The sensor has a very high SNR with a minimum exciting force of
1.129 uN thanks to the simple and functional design, making it also suitable to detect
natural flow vibration and object-induced air movement. Furthermore, the sensor can be
scaled down to a very small size and integrated within the airflow boundary layer, whose
airflow situation can be sensed with minimal device impact.

3.4. Water Wave Motion

We roughly classify the TENG sea wave sensors into floating and fixed types (Figure 10).
The floating types generally have more flexibility for setup and wider application scenarios
than the fixed ones. The sensing mechanism is mainly solid—solid contact electrification,
while a few studies applied liquid-solid contact electrification.
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The wave parameters sensed here include wave height, magnitude, fluctuation, and
other local parameters. For example, wave height can be sensed by the fixed liquid—
solid plate TENG (Figure 10a) [73], the coral-like four-way TENG [74], and the buoy-
driven TENG (Figure 10c) [75]; wave magnitude can be monitored in two grades by the
TENG with cam gear (Figure 10d) [76]; wave surface fluctuation can be monitored by the
floating jellyfish-like TENG with various working scenarios [77]. In addition to large-scale
sensing, Bhatta et al. (Figure 10b) developed a powerful floating TENG-EMG hybrid wave
motion sensor, offering various comprehensive wave-related local parameters, such as the
wave speed, acceleration, frequency, direction, tilting angles, and wavelength with good
accuracy [78].
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Figure 10. Sea wave motion sensing. (a) Highly sensitive wave sensor. Reproduced with permission.
Copyright 2019, Elsevier [73]. (b) Self-powered arbitrary wave motion sensing system. Reproduced
with permission. Copyright 2022, Wiley Online Library [78]. (c) Ocean surface water wave sensor.
Reproduced with permission. Copyright 2020, American Chemical Society [75]. (d) Ocean wave
sensor with graded energy harvesting. Reproduced with permission. Copyright 2021, American
Chemical Society [76].

3.5. Structural Vibration Due to Moving Fluid

Flow-induced structural vibration is an area of interest and concern in both academia
and industry. Especially in industry, it is a big problem for the safety of buildings, bridges,
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grid lines, and fast-moving vehicles in the air and water, but also an opportunity for energy
harvesting, for example, the bladeless vibration energy harvester [79,80].

Due to their cyclic nature, these vibrations, usually rhythmic, can be also monitored
by TENG sensors (Figure 11). For example, power line galloping (self-excited vibration
phenomenon with a low frequency) and aeolian (wind excitation phenomenon with high
frequency) sensors have been developed by Gao et al. and Wu et al., respectively [81,82].
Gao et al. (Figure 11a) developed a TENG-EMG hybrid generator (pendulum-type) with
grid line galloping energy harvesting and monitoring [81]. The horizontal, vertical, and
elliptical galloping modes were physically simulated and tested by a scale reduction
model, and the amplitude and frequency of the three modes were monitored over a range
of 5.0 to 16.8 cm (with linear calibration curves) and 0.7 to 2.2 Hz, respectively. The
broadband aeolian vibration sensing and its effective energy harvesting of transmission
lines were achieved by a spring-mass type TENG (Figure 11b) in Wu et al. [82]. The sensed
amplitude is from about 0.5 to 6.0 mm, with a broad frequency response region of 5-50 Hz.
Unfortunately, the vibrations in both of the studies were not induced by airflow under a
real aerodynamic situation, which is needed to further validate the senor performance in
practical applications.

Bridge vibration can be also induced by moving fluid: either by (1) forced resonance
caused by vortex shredding, or (2) aeroelastic self-excitation or “negative damping” flutter
effect. For example, the dramatic collapse of the Tacoma Narrows Bridge was related to an
aerodynamically induced vibration, a combination of forced and self-excited vibrations,
where the critical cause is still under debate [83]. To monitor the bridge dynamic displace-
ment (1.0 to 5.5 cm) and vibration acceleration (13.7 to 49.0 ms~2), Yu et al. (Figure 11c)
designed a dynamic displacement monitoring system (spring-mass in cylinder style) within
a low-frequency working range (<5-10 Hz) [84].
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Figure 11. Structure vibration due to moving fluid. (a) Transmission lines galloping sensor. Re-
produced with permission. Copyright 2022, Elsevier [81]. (b) Broadband aeolian vibration online
monitoring of transmission lines. Reproduced with permission. Copyright 2022, Wiley Online
Library [82]. (c) Bridge dynamic displacement monitoring system. Reproduced with permission.
Copyright 2017, Wiley Online Library [84].
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4. TENG for Fluid Dynamics Sensing: Future

The above section has summarized many applications of TENG in fluid dynamics
sensing. However, to reveal the full potential of TENG for fluid dynamics sensing, we need
to take advantage of TENG, and ultimately fill the gaps and meet the needs of industry
and academia. In academia, alternative methods are needed to measure the in situ local
fluid situations, e.g., vortex, boundary layer, and turbulence transition. The most reliable
method to observe fluid dynamics is optical techniques, such as particle image velocimetry
(PIV) and Schlieren imaging. However, these techniques require a sophisticated setup
and critical experimental environment in the laboratory, making them not suitable for
multi-scale field measurements, which play very important roles in the validation and
application of fundamental theories.

In industry, especially aerospace, non-invasive sensors are in large demand, for flight
safety, flight data acquisition, and aircraft design optimization by monitoring the local in
situ fluid situation in real flight. The critical parameters include aircraft airspeed, friction
drag force, vortex and boundary layer separation near the wing surface, and wing vibration.
However, most of the traditional sensors need power with cables that will increase the
weight. In addition, since most third-party sensors are not pre-designed in the body, the
power supply and cables of the sensors will expose to the extreme atmosphere, creating a
difficult scenario for high-speed aircraft because the fast-moving air may damage the cables,
which also in turn disturb the airflow field and thus the flight condition and safety. As
for light-weighted unmanned aerial vehicles (UAV), the increased weight from the whole
sensor system could be another critical problem for efficient flight. Thus, the industry
craves suitable sensors with the features of lightweight, plug-and-play, in situ, and battery-
less, so that significant progress can be made in the aerodynamics theory development,
aircraft design, and safety monitoring.

Fortunately, TENG sensors have the potential to fulfill some of the above needs in
fluid dynamics sensing thanks to the following advantages: self-powered sensing, wireless
signal transfer, scalability, material diversity, and flowability (Figure 12). As mentioned
in Section 1, TENGs can actively generate electrical signals and have the potential to
generate enough power to save and even transmit signals by the TENG alone, making
the sensor setup and maintenance much easier than the conventional ones. Tao et al.
designed a hierarchical honeycomb-structured structure for morphing airplane energy
harvest, claimed as the first TENG used for aircraft, showing the feasibility of energy
harvesting and self-powered sensing in the aerospace industry [85].

Furthermore, with the feasibility exploration and approach development of wireless
transmission of TENG signal in air and water [11,12,86,87], even if the TENG is not powerful
enough to run the whole system, the sensing signal can be also possibly received without
any power supply and the need of signal pre-amplification. Wang et al. summarized
TENG-based self-powered wireless communication into four major types of technological
routes: tribo-induced electromagnetic wave generation, tribo-induced light propagation
tuning, triboelectrification-induced electroluminescence, and tribo-assisted spectrometry,
collectively known as tribophotonics [12].

In addition to signal generation and transferring, the adaptive design and easy manu-
facturing, thanks to its simple working mechanism and various working modes, endow
TENGs with strong scalability, meaning that the complexity and difficulty of manufacturing
are not heavily affected by the size of the devices. Many design techniques are highly
scalable by avoiding the use of unscalable parts, such as traditional joints, screws, nuts, and
gears. For example, compliant mechanism design can reduce parts, joints, and production
processes, making it advantageous in the fabrication of micro-mechanisms [88]; origami
and kirigami design [89] can easily transform a device into a 3D structure with the desired
function from a 2D design, which is convenient for industrial-level and TENG friendly
precision manufacturing techniques such as laser cutting, pre-stretching, printed circuit
board (PCB), and microelectromechanical systems (MEMS).
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Figure 12. Schematics of advantages and future applications of TENGs for fluid dynamics sensing.

Consequently, the scalability gives TENG sensors better chances to form an array [69]
and get applied to the microenvironment. For example, a rationally designed TENG
can locate within the flow boundary layer and provide valuable local information for
flow fundamental research. In addition, an array of such sensors can even deliver more
comprehensive information in high spatial and temporal resolution [90]. In addition,
TENG sensors with good scalability (better if with wireless communication) can be used
for biological monitoring, data acquisition, and learning, where we can learn deeper
and better from nature, especially its fluid-related phenomenon [91,92], e.g., flying of
birds and swimming of fishes, allowing us to have innovations and breakthroughs in
the engineering development for machines, vehicles, and robotics [93,94]. Of course, this
influence has already penetrated deep into the TENG field [95-97]. For an instance, the
study of seal whisker (vibrissa) suppressing vortex-induced vibrations provides us with a
possible solution to increase the SNR (signal-to-noise ratio) for a TENG array system of
object-induced vortex detection [98]. However, the investigation tools and approaches to
study nature are limited. Tiny, lightweight, and scalable TENG sensor arrays will make a
difference in the in situ fluid dynamics monitoring of living beings.

The material diversity that offers a wide selection of materials is another unique
feature of TENG sensors, especially for fluid dynamics sensing. Fluids may contain a
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variety of physical and chemical phenomena that make most sensors difficult to deploy
and function. The situation is much better for TENG sensors, as almost any two materials
can generate a high or low triboelectric signal so that we can choose the right ones from the
large material library to suit specific, possibly extreme, and multi-physics environments
(e.g., high temperature, pressure, electrical noise, bending, and friction environments)
with better physicochemical performance such as high chemical resistance, hydropho-
bic/hydrophilic, temperature resistance (e.g., titanium—tantalum alloy), fatigue resistance,
and shape memory (e.g., nitinol alloy), and light-weighted but high strength (e.g., carbon
fiber). For example, similar to the flutter-type speed sensor, a thin metal foil, which can
flow along with air, can be used as the fluttering material to sense high wind speed in
high-temperature situations (e.g., airspeed sensing for aircraft) instead of polymer films,
which are fragile with low-temperature resistance.

Another important property of TENGs for fluid dynamics sensing is flowability, which
means that the TENG can conform to and move along with the moving fluid, making it
very unique in the fluid sensing field. Most of the traditional sensors are fixed rigidly and
cannot move with the fluid. A moving along sensor can give detailed and valuable in situ
information on the fluid local status including vortex [99,100], boundary layer separation,
and turbulence, which are some of the most difficult subjects for fundamental fluid research
and critical for the field of fasting moving vehicles such as aircraft and submarine. As for
those traditional fixed sensors for fluid dynamics, only the related but indirect parame-
ters can be measured to calculate the interested parameters with many assumptions and
simplifications. For example, the MEMS skin sensors for aircraft measure the fluid-related
parameters, such as pressure and temperature, and indicate the flow turbulence and stall
status indirectly through calculation with mathematical algorithms [101,102].

In this section, we have summarized the unique advantages of TENG in fluid dynamics
sensing (including self-powered, wireless communication, flowability, a wide selection of
material, and scalability) and their corresponding potential new applications that differ
from the previous ones (Section 3). Hopefully, the new perspective can help TENG reach
its full potential by providing brand-new and powerful tools and data for academia and
industry in the new era of IoT and Al and offering more chances for TENG to constantly
develop and show its ability.

5. Challenges and Possible Solutions

The three most important features and also the main challenges for qualified sensors,
including TENG sensors, are sensitivity, selectivity, and stability. In this section, we discuss
several challenges that TENGs are facing to consolidate their positions in the existing
areas and reach their full potential and capabilities in the key new fields of fluid dynamics
sensing and provide helpful tools and possible solutions (Figure 1).

Researchers need to master the fundamental knowledge and understanding of fluid
dynamics, fluid mechanics, and aerodynamics for aircraft, so that (a) we know where to
target and measure, and what to enhance and avoid; (b) we can choose the right TENG
material and design with proper structure and casing to suit the fluid situation; (c) we can
choose the right supporting calibration equipment to observe, calibrate, and validate the
TENG sensors and eventually enhance their performance, according to the theories.

Here are some basic and, most importantly, easy-to-use principles and equations,
especially with explicit solutions, to explain and analyze fluid dynamics:

(a) For inviscid flow, if we assume the fluid motion is governed by pressure and
gravity forces only, Newton’s second law applied to a fluid particle is in the form:

(Net pressure force on partaicle) + (net gravity force on particle) = (partice mass) x (particle accelaration)

As a result of the interplay among pressure, gravity, and acceleration, fluid mechanics
has numerous useful applications. Furthermore, when applying Newton’s second law on a
fluid particle along the streamline, we obtained the celebrated Bernoulli equation.
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(b) Bernoulli equation: a very powerful tool in fluid mechanics

1 ., .
p+ EPV + pgz = constant along streamline

where p is the fluid pressure, p is the fluid density, V is the flow velocity, g is the gravitational
constant, and z is the elevation term. The equation basically means the sum of the pressure
term, velocity term, and elevation term is constant along a streamline. Note that to use
the equation correctly we must always remember the basic assumptions used to derive it:
(1) negligible viscous effects, (2) steady flow, (3) incompressible flow, and (4) the equation
is applicable along a streamline. This equation can be used conveniently together with the
Coanda effect [103] which is the tendency of a fluid jet to stay attached to a curved surface,
where the fluid will speed up and, according to the Bernoulli equation, has low pressure.

(c) Navier-Stokes equations: governing differential equations for incompressible
Newtonian fluids

P (az;; - v-vv) = —VP +pg+ uv?v

Above is the form compactly expressed in vector notation. Detailed differential
equations can be found in Munson et al. [42]. The Navier-Stokes equations are essential to
all fluid mechanics. The equations’ analytical solution has not been found yet; however, the
numerical solution can be used in computational fluid dynamics (CFD), which is another
powerful tool in understanding and explaining the fluid dynamics phenomena from a
different perspective.

(d) Reynolds’ number: generally, of importance in all types of fluid dynamics problems

pv1
M

R, =

where [ is the characteristic length, y is the fluid viscosity. This dimensionless number
should match between simulations and experiments for comparable and accurate data. In
addition, it could be used as a criterion to distinguish between laminar and turbulent flow.
Note that the criteria are different according to the characteristic length and the scenarios,
such as flow in the pipe and flow around the object.

(e) Strouhal number: a dimensionless number describing unsteady flow with a charac-
teristic frequency of oscillation
wl
v
where w is the frequency of vortex shedding, [ is the characteristic length (for example,
hydraulic diameter or the airfoil thickness), and V is the flow velocity. This number can be
used to investigate the flow-induced vibration such as bridges and grid lines vibration in
the wind, and vortex shredding in the water.

1. The testing, calibration, and validation instruments are needed for the proper
design of TENG fluid dynamics sensors. This is also a challenge because the equipment
is either expensive and difficult to handle or limited. To avoid discrepancy caused by
the noise from the testing environment, we need well-controlled water and wind tunnels,
(e.g., high speed or low turbulence wind tunnel) and optical observation systems, e.g., PIV
(particle image velocimetry) flow velocity distribution measurement and Schlieren imaging
systems. Inaccurate and loose testing apparatus may generate inaccurate calibration
curves and deliver biased results during sensor design and testing phases. In addition,
signal calibration and subsequent readjustment algorithms are also critical for pushing the
instrument response to the desired parameters [64,65].

2. To take advantage of the scalability of TENG sensors, we must keep in mind
scalable and parametric design, and the corresponding manufacturing techniques. For
example, for the fluttering sensor, the system size is not as critical when used in an ordinary
environment; however, when used for the flow boundary layer sensing, the system needs

S =
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to be as thin and small as possible to locate within the boundary layer and minimize the
system disturbance to the flow. Thus, if scalability is kept in mind at the beginning of
design, the sensor system can be easily transferred from a normal to a specific environment.
Otherwise, any unscalable techniques (e.g., low-resolution techniques and parts) during the
manufacturing process when changing scales will prevent the device from being scalable.

3. The core function of sensors, including TENG sensors, is signal selectivity, which
is distinguishing different signals by responding selectively to the interested signals and
filtering out noise signals. In other words, the system must be either very selective or the
sensing process can be strictly controlled so that uninterested signals will not interfere
with measurements. Therefore, sensor design for fluid dynamics must be very careful with
assumptions and algorithms, since many indirect sensors rely on a stable environment and
assume constant environmental parameters, such as fluid density, temperature, and pres-
sure, which could be invalid during realistic measurements. This is also why in situ sensors
with direct measurement (also the focus of TENG sensors) are always preferred when
possible, with fewer assumptions to make and fewer variables to control. Furthermore,
field measurements with realistic and multi-variables situations are required to ultimately
validate the sensors [65].

4. Even if the sensors are well designed and calibrated, the multiphysics environment
(water, high temperature, electrical field, and plasma shield) often found in fluids can still
reduce the performance and lifespan of devices and disturb the signal generation and trans-
mission. Thus, the solution is to find and apply the optimal design and materials, which
are the unique advantages of TENGs, to cope with high bending, chemical, and humidity
conditions, and to generate signals with a generally high SNR (signal-to-noise ratio).

Author Contributions: Conceptualization, L.N.Y.C. and Z.X.; writing—original draft preparation,
L.N.Y.C,; writing—review and editing, L.N.Y.C., Z.X. and Z.L.W,; supervision, Z.L.W.; project adminis-
tration, L.N.Y.C. and Z.X. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R & D Project from Minister of Science and
Technology grant number 2021YFA1201601, National Natural Science Foundation of China grant
numbers 52192610 and 52203324, and the Fundamental Research Funds for the Central Universities
grant number E2E46804.

Acknowledgments: L.N.Y.C. thanks Erming Su for figure preparation and Yaxing Cao for litera-
ture searching.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wu, C.; Wang, A.C.; Ding, W.; Guo, H.; Wang, Z.L. Triboelectric Nanogenerator: A Foundation of the Energy for the New Era.
Adv. Energy Mater. 2019, 9, 1802906. [CrossRef]

2. Fan,FR; Tian, Z.Q.; Wang, Z.L. Flexible Triboelectric Generator. Nano Energy 2012, 1, 328-334. [CrossRef]

3. Gao, Q.; Cheng, T.; Wang, Z.L. Triboelectric Mechanical Sensors—Progress and Prospects. Extrem. Mech. Lett. 2021, 42, 101100.
[CrossRef]

4. Wang, Z.L. On the First Principle Theory of Nanogenerators from Maxwell’s Equations. Nano Energy 2020, 68, 104272. [CrossRef]

5. Wang, Z.L. Triboelectric Nanogenerators as New Energy Technology for Self-Powered Systems and as Active Mechanical and
Chemical Sensors. ACS Nano 2013, 7, 9533-9557. [CrossRef]

6. Zou, H,; Guo, L,; Xue, H,; Zhang, Y.; Shen, X,; Liu, X.; Wang, P; He, X,; Dai, G; Jiang, P et al. Quantifying and Understanding the
Triboelectric Series of Inorganic Non-Metallic Materials. Nat. Commun. 2020, 11, 2093. [CrossRef] [PubMed]

7. Wang, Z.L.; Wang, A.C. On the Origin of Contact-Electrification. Mater. Today 2019, 30, 34-51. [CrossRef]

8.  Wang, Z.L. On Maxwell’s Displacement Current for Energy and Sensors: The Origin of Nanogenerators. Mater. Today 2017, 20,
74-82. [CrossRef]

9.  Wang, Z.L,; Jiang, T.; Xu, L. Toward the Blue Energy Dream by Triboelectric Nanogenerator Networks. Nano Energy 2017, 39, 9-23.
[CrossRef]

10. Wang, Z.L. On the Expanded Maxwell’s Equations for Moving Charged Media System—General Theory, Mathematical Solutions

and Applications in TENG. Mater. Today 2022, 52, 348-363. [CrossRef]

156



Nanomaterials 2022, 12, 3261

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wang, H.; Wang, J.; Yao, K,; Fu, ].; Xia, X.; Zhang, R.; Li, J.; Xu, G.; Wang, L.; Yang, J.; et al. A Paradigm Shift Fully Self-Powered
Long-Distance Wireless Sensing Solution Enabled by Discharge-Induced Displacement Current. Sci. Adv. 2021, 7, eabi6751.
[CrossRef]

Wang, H.; Fu, J.; Wang, J.; Su, L.; Zi, Y. Tribophotonics: An Emerging Self-Powered Wireless Solution toward Smart City. Nano
Energy 2022, 97, 107196. [CrossRef]

Wang, Z.L.; Lin, L.; Chen, J.; Niu, S.; Zi, Y. Triboelectric Nanogenerators; Green Energy and Technology; Springer International
Publishing: Cham, Switzerland, 2016. [CrossRef]

Tang, W.; Chen, B.D.; Wang, Z.L. Recent Progress in Power Generation from Water/Liquid Droplet Interaction with Solid Surfaces.
Adv. Funct. Mater. 2019, 29, 1901069. [CrossRef]

Nguyen, Q.T.; Ahn, K.K.K. Fluid-Based Triboelectric Nanogenerators: A Review of Current Status and Applications. Int. J. Precis.
Eng. Manuf.—Green Technol. 2021, 8, 1043-1060. [CrossRef]

Wang, Z.; An, J.; Nie, ].; Luo, J.; Shao, J.; Jiang, T.; Chen, B.; Tang, W.; Wang, Z.L. A Self-Powered Angle Sensor at Nanoradian-
Resolution for Robotic Arms and Personalized Medicare. Adv. Mater. 2020, 32, 2001466. [CrossRef]

Li, C; Liu, D,; Xu, C.; Wang, Z; Shu, S.; Sun, Z.; Tang, W.; Wang, Z.L. Sensing of Joint and Spinal Bending or Stretching via a
Retractable and Wearable Badge Reel. Nat. Commun. 2021, 12, 2950. [CrossRef]

Wang, J.; Ding, W.; Pan, L.; Wu, C.; Yu, H,; Yang, L.; Liao, R.; Wang, Z.L. Self-Powered Wind Sensor System for Detecting Wind
Speed and Direction Based on a Triboelectric Nanogenerator. ACS Nano 2018, 12, 3954-3963. [CrossRef]

Zhang, B.; Zhang, S.; Li, W,; Gao, Q.; Zhao, D.; Wang, Z.L.; Cheng, T. Self-Powered Sensing for Smart Agriculture by
Electromagnetic-Triboelectric Hybrid Generator. ACS Nano 2021, 15, 20278-20286. [CrossRef]

Han, Q.; Ding, Z.; Sun, W.; Xu, X.; Chu, E. Hybrid Triboelectric-Electromagnetic Generator for Self-Powered Wind Speed and
Direction Detection. Sustain. Energy Technol. Assess. 2020, 39, 100717. [CrossRef]

Zhang, Q.; Li, L.; Wang, T; Jiang, Y.; Tian, Y,; Jin, T.; Yue, T.; Lee, C. Self-Sustainable Flow-Velocity Detection via Electromag-
netic/Triboelectric Hybrid Generator Aiming at IoT-Based Environment Monitoring. Nano Energy 2021, 90, 106501. [CrossRef]
Chen, J.; Tang, W.; Han, K.; Xu, L.; Chen, B.; Jiang, T.; Wang, Z.L. Bladeless-Turbine-Based Triboelectric Nanogenerator for Fluid
Energy Harvesting and Self-Powered Fluid Gauge. Adv. Mater. Technol. 2019, 4, 1800560. [CrossRef]

Fan, X.; He, J.; Mu, J.; Qian, J.; Zhang, N.; Yang, C.; Hou, X.; Geng, W.; Wang, X.; Chou, X. Triboelectric-Electromagnetic Hybrid
Nanogenerator Driven by Wind for Self-Powered Wireless Transmission in Internet of Things and Self-Powered Wind Speed
Sensor. Nano Energy 2020, 68, 104319. [CrossRef]

Wang, P;; Pan, L.; Wang, J.; Xu, M.; Dai, G.; Zou, H.; Dong, K.; Wang, Z.L. An Ultra-Low-Friction Triboelectric-Electromagnetic
Hybrid Nanogenerator for Rotation Energy Harvesting and Self-Powered Wind Speed Sensor. ACS Nano 2018, 12, 9433-9440.
[CrossRef]

Luo, Y.; Chen, P; Cao, LN.Y,; Xu, Z.; Wu, Y.; He, G.; Jiang, T.; Wang, Z.L. Durability Improvement of Breeze-Driven Triboelectric-
Electromagnetic Hybrid Nanogenerator by a Travel-Controlled Approach. Adv. Funct. Mater. 2022, 2205710. [CrossRef]

Zou, H.X.; Zhao, L.C.; Wang, Q.; Gao, Q.H.; Yan, G.; Wei, K.X.; Zhang, WM. A Self-Regulation Strategy for Triboelectric
Nanogenerator and Self-Powered Wind-Speed Sensor. Nano Energy 2022, 95, 106990. [CrossRef]

Lu, S.; Gao, L.; Chen, X.; Tong, D.; Lei, W.; Yuan, P; Mu, X.; Yu, H. Simultaneous Energy Harvesting and Signal Sensing
from a Single Triboelectric Nanogenerator for Intelligent Self-Powered Wireless Sensing Systems. Nano Energy 2020, 75, 104813.
[CrossRef]

Ye, C.; Dong, K.; An, J.; Yi, ].; Peng, X.; Ning, C.; Wang, Z.L. A Triboelectric-Electromagnetic Hybrid Nanogenerator with
Broadband Working Range for Wind Energy Harvesting and a Self-Powered Wind Speed Sensor. ACS Energy Lett. 2021, 6,
1443-1452. [CrossRef]

Ma, P; Zhu, H,; Lu, H.; Zeng, Y.; Zheng, N.; Wang, Z.L.; Cao, X. Design of Biodegradable Wheat-Straw Based Triboelectric
Nanogenerator as Self-Powered Sensor for Wind Detection. Nano Energy 2021, 86, 106032. [CrossRef]

He, L.; Zhang, C.; Zhang, B.; Yang, O.; Yuan, W.; Zhou, L.; Zhao, Z.; Wu, Z.; Wang, ].; Wang, Z.L.. A Dual-Mode Triboelectric
Nanogenerator for Wind Energy Harvesting and Self-Powered Wind Speed Monitoring. ACS Nano 2022, 16, 6244-6254. [CrossRef]
Yang, Y.; Zhu, G.; Zhang, H.; Chen, J.; Zhong, X.; Lin, Z.H.; Su, Y.; Bai, P.; Wen, X.; Wang, Z.L. Triboelectric Nanogenerator for
Harvesting Wind Energy and as Self-Powered Wind Vector Sensor System. ACS Nano 2013, 7, 9461-9468. [CrossRef] [PubMed]
Perez, M.; Boisseau, S.; Gasnier, P.; Willemin, J.; Reboud, J.L. An Electret-Based Aeroelastic Flutter Energy Harvester. Smart Mater.
Struct. 2015, 24, 035004. [CrossRef]

Zhang, J.; Childress, S.; Libchaber, A.; Shelley, M. Flexible Filaments in a Flowing Soap Film as a Model for One-Dimensional
Flags in a Two-Dimensional Wind. Nature 2000, 408, 835-839. [CrossRef] [PubMed]

Chen, Y,; Mu, X.; Wang, T.; Ren, W.; Yang, Y.; Wang, Z.L.; Sun, C.; Gu, A.Y. Flutter Phenomenon in Flow Driven Energy
Harvester-A Unified Theoretical Model for “Stiff” and “Flexible” Materials. Sci. Rep. 2016, 6, 35180. [CrossRef] [PubMed]

Xu, M.; Wang, Y.C.; Zhang, S.L.; Ding, W.; Cheng, J.; He, X.; Zhang, P.; Wang, Z.; Pan, X.; Wang, Z.L. An Aeroelastic Flutter Based
Triboelectric Nanogenerator as a Self-Powered Active Wind Speed Sensor in Harsh Environment. Extrem. Mech. Lett. 2017, 15,
122-129. [CrossRef]

Olsen, M.; Zhang, R ; C)rtegren, J.; Andersson, H.; Yang, Y.; Olin, H. Frequency and Voltage Response of a Wind-Driven Fluttering
Triboelectric Nanogenerator. Sci. Rep. 2019, 9, 5543. [CrossRef]

157



Nanomaterials 2022, 12, 3261

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Bae, J.; Lee, J.; Kim, S.;; Ha, J.; Lee, B.-S.; Park, Y.; Choong, C.; Kim, J.-B.; Wang, Z.L.; Kim, H.-Y,; et al. Flutter-Driven
Triboelectrification for Harvesting Wind Energy. Nat. Commun. 2014, 5, 4929. [CrossRef]

Wang, S.; Mu, X; Yang, Y.; Sun, C.; Gu, A.Y.; Wang, Z.L. Flow-Driven Triboelectric Generator for Directly Powering a Wireless
Sensor Node. Adv. Mater. 2015, 27, 240-248. [CrossRef]

Wang, S.; Mu, X.; Wang, X.; Gu, A.Y,; Wang, Z.L.; Yang, Y.; Al, W.E.T. Elasto-Aerodynamics-Driven Triboelectric Nanogenerator
for Scavenging Air-Flow Energy. ACS Nano 2015, 9, 9554-9563. [CrossRef]

Ravichandran, A.N.; Calmes, C.; Serres, J.R.; Ramuz, M.; Blayac, S. Compact and High Performance Wind Actuated Venturi
Triboelectric Energy Harvester. Nano Energy 2019, 62, 449-457. [CrossRef]

Liu, Y,; Liu, J.; Che, L. A High Sensitivity Self-Powered Wind Speed Sensor Based on Triboelectric Nanogenerators (Tengs). Sensors
2021, 21, 2951. [CrossRef]

Munson, B.R.; Okiishi, T.H.; Huebsch, W.W.; Rothmayer, A.P. Fundamentals of Fluid Mechanics, 7th ed.; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2013.

Xu, Q.; Lu, Y;; Zhao, S.; Hu, N,; Jiang, Y.; Li, H.; Wang, Y,; Gao, H.; Li, Y;; Yuan, M.; et al. A Wind Vector Detecting System
Based on Triboelectric and Photoelectric Sensors for Simultaneously Monitoring Wind Speed and Direction. Nano Energy 2021,
89, 106382. [CrossRef]

Wang, Y,; Yang, E.; Chen, T.; Wang, J.; Hu, Z.; Mi, J.; Pan, X.; Xu, M. A Novel Humidity Resisting and Wind Direction Adapting
Flag-Type Triboelectric Nanogenerator for Wind Energy Harvesting and Speed Sensing. Nano Energy 2020, 78, 105279. [CrossRef]
Zhang, X.; Hu, J.; Yang, Q.; Yang, H.; Yang, H.; Li, Q.; Li, X.; Hu, C,; Xi, Y.; Wang, Z.L. Harvesting Multidirectional Breeze Energy
and Self-Powered Intelligent Fire Detection Systems Based on Triboelectric Nanogenerator and Fluid-Dynamic Modeling. Adv.
Funct. Mater. 2021, 31, 2106527. [CrossRef]

Wang, Y.; Wang, J.; Xiao, X.; Wang, S.; Kien, P.T.; Dong, J.; Mi, J.; Pan, X.; Wang, H.; Xu, M. Multi-Functional Wind Barrier Based
on Triboelectric Nanogenerator for Power Generation, Self-Powered Wind Speed Sensing and Highly Efficient Windshield. Nano
Energy 2020, 73, 104736. [CrossRef]

Roh, H.; Kim, I.; Kim, D. Ultrathin Unified Harvesting Module Capable of Generating Electrical Energy during Rainy, Windy, and
Sunny Conditions. Nano Energy 2020, 70, 104515. [CrossRef]

Zhao, Z.; Pu, X,; Du, C,; Li, L,; Jiang, C.; Hu, W.; Wang, Z.L. Freestanding Flag-Type Triboelectric Nanogenerator for Harvesting
High-Altitude Wind Energy from Arbitrary Directions. ACS Nano 2016, 10, 1780-1787. [CrossRef]

Wang, J.; Liu, P; Meng, C.; Kwok, H.S.; Zi, Y. Tribo-Induced Smart Reflector for Ultrasensitive Self-Powered Wireless Sensing of
Air Flow. ACS Appl. Mater. Interfaces 2021, 13, 21450-21458. [CrossRef]

Zaw, N.Y.W,; Roh, H.; Kim, I.; Goh, T.S.; Kim, D. Omnidirectional Triboelectric Nanogenerator Operated by Weak Wind towards a
Self-Powered Anemoscope. Micromachines 2020, 11, 414. [CrossRef]

Li, X,; Li, Y,; Zhang, M.; Yang, Z.; Wang, K.; Huang, C. Carbon Nano Thorn Arrays Based Water/Cold Resisted Nanogenerator
for Wind Energy Harvesting and Speed Sensing. Nano Energy 2021, 90, 106571. [CrossRef]

Villarini, G.; Mandapaka, P.V.; Krajewski, W.F.; Moore, R.J. Rainfall and Sampling Uncertainties: A Rain Gauge Perspective. J.
Geophys. Res. Atmos. 2008, 113, 1-12. [CrossRef]

Hu, Y; Zhou, J.; Li, J.; Ma, J.; Hu, Y,; Lu, F; He, X.; Wen, J.; Cheng, T. Tipping-Bucket Self-Powered Rain Gauge Based on
Triboelectric Nanogenerators for Rainfall Measurement. Nano Energy 2022, 98, 107234. [CrossRef]

Zhan, F.; Wang, A.C.; Xu, L,; Lin, S.; Shao, J.; Chen, X.; Wang, Z.L. Electron Transfer as a Liquid Droplet Contacting a Polymer
Surface. ACS Nano 2020, 14, 17565-17573. [CrossRef] [PubMed]

Lin, S.; Chen, X.; Wang, Z.L. Contact Electrification at the Liquid-Solid Interface. Chem. Rev. 2021, 122, 5209-5232. [CrossRef]
[PubMed]

Xu, C; Fu, X; Li, C; Liu, G.; Gao, Y.; Qi, Y; Bu, T.; Chen, Y.; Wang, Z.L.; Zhang, C. Raindrop Energy-Powered Autonomous
Wireless Hyetometer Based on Liquid-Solid Contact Electrification. Microsyst. Nanoeng. 2022, 8, 30. [CrossRef]

Liu, H.; Dong, J.; Zhou, H.; Yang, X.; Xu, C.; Yao, Y.; Zhou, G.; Zhang, S.; Song, Q. Real-Time Acid Rain Sensor Based on a
Triboelectric Nanogenerator Made of a PTFE-PDMS Composite Film. ACS Appl. Electron. Mater. 2021, 3, 4162-4171. [CrossRef]
Wang, W.; Wu, Y.; Chang, Z.; Chen, F; Wang, H.; Gu, G.; Zheng, H.; Cheng, G.; Wang, Z.L. Self-Powered Intelligent Water Meter
for Electrostatic Scale Preventing, Rust Protection, and Flow Sensor in a Solar Heater System. ACS Appl. Mater. Interfaces 2019, 11,
6396—6403. [CrossRef]

He, S.; Wang, Z.; Zhang, X.; Yuan, Z.; Sun, Y.; Cheng, T.; Wang, Z.L. Self-Powered Sensing for Non-Full Pipe Fluidic Flow Based
on Triboelectric Nanogenerators. ACS Appl. Mater. Interfaces 2022, 14, 2825-2832. [CrossRef]

Song, Z.; Zhang, X.; Wang, Z.; Ren, T.; Long, W.; Cheng, T.; Wang, Z.L. Nonintrusion Monitoring of Droplet Motion State via
Liquid-Solid Contact Electrification. ACS Nano 2021, 15, 18557-18565. [CrossRef] [PubMed]

Zhang, X.; Zheng, Y.; Wang, D.; Zhou, E. Solid-Liquid Triboelectrification in Smart U-Tube for Multifunctional Sensors. Nano
Energy 2017, 40, 95-106. [CrossRef]

Cui, X.; Zhang, H.; Cao, S.; Yuan, Z.; Ding, J.; Sang, S. Tube-Based Triboelectric Nanogenerator for Self-Powered Detecting
Blockage and Monitoring Air Pressure. Nano Energy 2018, 52, 71-77. [CrossRef]

Fu, X.P; Bu, T.Z,; Xi, EB.; Cheng, T.H.; Zhang, C.; Wang, Z.L. Embedded Triboelectric Active Sensors for Real-Time Pneumatic
Monitoring. ACS Appl. Mater. Interfaces 2017, 9, 32352-32358. [CrossRef] [PubMed]

158



Nanomaterials 2022, 12, 3261

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Ranjan, M.; Dhaniyala, S. Theory and Design of a New Miniature Electrical-Mobility Aerosol Spectrometer. J. Aerosol Sci. 2007, 38,
950-963. [CrossRef]

Cao, LN.Y,; Pui, D.Y.H. A Novel Weighted Sum Method to Measure Particle Geometric Surface Area in Real-Time. ]. Aerosol Sci.
2018, 117, 11-23. [CrossRef]

Wang, Z.; Yu, Y,; Wang, Y.; Lu, X.; Cheng, T.; Bao, G.; Wang, Z.L. Magnetic Flap-Type Difunctional Sensor for Detecting Pneumatic
Flow and Liquid Level Based on Triboelectric Nanogenerator. ACS Narno 2020, 14, 5981-5987. [CrossRef]

Guo, H,; Pu, X;; Chen, J.; Meng, Y.; Yeh, M.H.; Liu, G.; Tang, Q.; Chen, B,; Liu, D.; Qi, S.; et al. A Highly Sensitive, Self-Powered
Triboelectric Auditory Sensor for Social Robotics and Hearing AIDS. Sci. Robot. 2018, 3, eaat2516. [CrossRef]

Arora, N.; Zhang, S.L.; Shahmiri, F.;; Osorio, D.; Wang, Y.-C.; Gupta, M.; Wang, Z.; Starner, T.; Wang, Z.L.; Abowd, G.D. SATURN:
A Thin and Flexible Self-Powered Microphone Leveraging Triboelectric Nanogenerator. Proc. ACM Interact. Mob. Wearable
Ubiquitous Technol. 2018, 2, 1-28. [CrossRef]

Chen, C.; Wen, Z; Shi, J.; Jian, X.; Li, P; Yeow, ]. T.W.; Sun, X. Micro Triboelectric Ultrasonic Device for Acoustic Energy Transfer
and Signal Communication. Nat. Commun. 2020, 11, 4143. [CrossRef]

Yu, A,; Song, M.; Zhang, Y.; Zhang, Y.; Chen, L.; Zhai, ]J.; Wang, Z.L. Self-Powered Acoustic Source Locator in Underwater
Environment Based on Organic Film Triboelectric Nanogenerator. Nano Res. 2015, 8, 765-773. [CrossRef]

An, J.; Chen, P; Wang, Z.; Berbille, A.; Pang, H.; Jiang, Y.; Jiang, T.; Wang, Z.L. Biomimetic Hairy Whiskers for Robotic Skin
Tactility. Adv. Mater. 2021, 33, 2101891. [CrossRef]

Wang, S.; Xu, P; Wang, X.; Zheng, J.; Liu, X,; Liu, J.; Chen, T.; Wang, H.; Xie, G.; Tao, J.; et al. Underwater Bionic Whisker Sensor
Based on Triboelectric Nanogenerator for Passive Vortex Perception. Nano Energy 2022, 97, 107210. [CrossRef]

Xu, M.; Wang, S.; Zhang, S.L.; Ding, W.; Kien, PT.; Wang, C.; Li, Z,; Pan, X.; Wang, Z.L. A Highly-Sensitive Wave Sensor Based on
Liquid-Solid Interfacing Triboelectric Nanogenerator for Smart Marine Equipment. Nano Energy 2019, 57, 574-580. [CrossRef]
Wang, X.; Xu, P; Liu, J.; Wang, T.; Wang, S.; Guan, T,; Liu, X.; Chen, T.; Zheng, J.; Tao, J.; et al. Bio-Inspired Coral-like Sensor
Aiming at Ocean Wave Monitoring. In Proceedings of the 2021 China Automation Congress (CAC), Beijing, China, 22-24 October
2021; pp. 908-912. [CrossRef]

Zhang, C.; Liu, L.; Zhou, L.; Yin, X.; Wei, X.; Hu, Y,; Liu, Y,; Chen, S.; Wang, J.; Wang, Z.L. Self-Powered Sensor for Quantifying
Ocean Surface Water Waves Based on Triboelectric Nanogenerator. ACS Nano 2020, 14, 7092-7100. [CrossRef] [PubMed]

Xu, Y,; Yang, W.; Lu, X,; Yang, Y,; Li, J.; Wen, ].; Cheng, T.; Wang, Z.L. Triboelectric Nanogenerator for Ocean Wave Graded Energy
Harvesting and Condition Monitoring. ACS Nano 2021, 15, 16368-16375. [CrossRef] [PubMed]

Chen, B.D.; Tang, W.; He, C.; Deng, C.R;; Yang, L.J.; Zhu, L.P,; Chen, J.; Shao, ].J.; Liu, L.; Wang, Z.L. Water Wave Energy
Harvesting and Self-Powered Liquid-Surface Fluctuation Sensing Based on Bionic-Jellyfish Triboelectric Nanogenerator. Mater.
Today 2018, 21, 88-97. [CrossRef]

Bhatta, T.; Maharjan, P; Shrestha, K.; Lee, S.; Salauddin, M.; Rahman, M.T.; Rana, S.M.S.; Sharma, S.; Park, C.; Yoon, S.H.;
et al. A Hybrid Self-Powered Arbitrary Wave Motion Sensing System for Real-Time Wireless Marine Environment Monitoring
Application. Adv. Energy Mater. 2022, 12, 2102460. [CrossRef]

Tandel, R.; Shah, S; Tripathi, S. A State-of-Art Review on Bladeless Wind Turbine. J. Phys. Conf. Ser. 2021, 1950, 012058. [CrossRef]
Wang, J.; Geng, L.; Ding, L.; Zhu, H.; Yurchenko, D. The State-of-the-Art Review on Energy Harvesting from Flow-Induced
Vibrations. Appl. Energy 2020, 267, 114902. [CrossRef]

Gao, S.; Zeng, X.; Zhang, G.; Zhang, J.; Chen, Y; Feng, S.; Lan, W.; Zhou, J.; Wang, Z.L. Triboelectric—Electromagnetic Hybridized
Module for Energy Harvesting of Power Transmission Lines Galloping and Self-Powered Galloping State Monitoring. Nano
Energy 2022, 101, 107530. [CrossRef]

Wu, H.; Wang, J.; Wu, Z,; Kang, S.; Wei, X.; Wang, H.; Luo, H.; Yang, L.; Liao, R.; Wang, Z.L. Multi-Parameter Optimized
Triboelectric Nanogenerator Based Self-Powered Sensor Network for Broadband Aeolian Vibration Online-Monitoring of
Transmission Lines. Adv. Energy Mater. 2022, 12, 2103654. [CrossRef]

Billah, K.Y.; Scanlan, R.H. Resonance, Tacoma Narrows Bridge Failure, and Undergraduate Physics Textbooks. Am. J. Phys. 1991,
59, 118-124. [CrossRef]

Yu, H.; He, X.; Ding, W.; Hu, Y,; Yang, D.; Lu, S.; Wu, C.; Zou, H.; Liu, R;; Lu, C.; et al. A Self-Powered Dynamic Displacement
Monitoring System Based on Triboelectric Accelerometer. Adv. Energy Mater. 2017, 7, 1700565. [CrossRef]

Tao, K,; Chen, Z; Yi, H.; Zhang, R.; Shen, Q.; Wu, J.; Tang, L.; Fan, K.; Fu, Y,; Miao, J.; et al. Hierarchical Honeycomb-Structured
Electret/Triboelectric Nanogenerator for Biomechanical and Morphing Wing Energy Harvesting. Nano-Micro Lett. 2021, 13, 123.
[CrossRef] [PubMed]

Zhao, H.; Xu, M.; Shu, M.,; An, J.; Ding, W.; Liu, X.; Wang, S.; Zhao, C.; Yu, H.; Wang, H.; et al. Underwater Wireless
Communication via TENG-Generated Maxwell’s Displacement Current. Nat. Commun. 2022, 13, 3325. [CrossRef] [PubMed]
Zhang, C.; Chen, J.; Xuan, W.; Huang, S.; Shi, L.; Cao, Z.; Ye, Z.; Li, Y.; Wang, X.; Dong, S.; et al. Triboelectric Nanogenerator-
Enabled Fully Self-Powered Instantaneous Wireless Sensor Systems. Nano Energy 2022, 92, 106770. [CrossRef]

Howell, L.L. Compliant Mechanisms. In 21st Century Kinematics; McCarthy, ]. M., Ed.; Springer: London, UK, 2013; pp. 189-216.
[CrossRef]

Yang, PK,; Lin, Z.H.; Pradel, K.C.; Lin, L.; Li, X.; Wen, X,; He, ]. H.; Wang, Z.L. Paper-Based Origami Triboelectric Nanogenerators
and Self-Powered Pressure Sensors. ACS Nano 2015, 9, 901-907. [CrossRef]

159



Nanomaterials 2022, 12, 3261

90.
91.
92.
93.
94.
95.
96.
97.
98.

99.

100.

101.

102.

103.

Deng, Z.; Xu, L.; Qin, H.; Li, X.; Duan, J.; Hou, B.; Wang, Z.L. Rationally Structured Triboelectric Nanogenerator Arrays for
Harvesting Water Current Energy and Self-Powered Sensing. Adv. Mater. 2022, 2205064. [CrossRef]

Vogel, S. Life in Moving Fluids: The Physical Biology of Flow; Princeton University Press: Princeton, NJ, USA, 1994. [CrossRef]
Vogel, S. Life’s Devices: The Physical World of Animals and Plants; Princeton University Press: Princeton, NJ, USA, 1988. [CrossRef]
Hu, D.L.; Chan, B.; Bush, ].W.M. The Hydrodynamics of Water Strider Locomotion. Nature 2003, 424, 663-666. [CrossRef]

Kim, B.H,; Li, K; Kim, ].T,; Park, Y.; Jang, H.; Wang, X.; Xie, Z.; Won, S.M.; Yoon, H.].; Lee, G.; et al. Three-Dimensional Electronic
Microfliers Inspired by Wind-Dispersed Seeds. Nature 2021, 597, 503-510. [CrossRef] [PubMed]

Zhang, S.; Chi, M.; Mo, |.; Liu, T,; Liu, Y.; Fu, Q.; Wang, J.; Luo, B.; Qin, Y.; Wang, S.; et al. Bioinspired Asymmetric Amphiphilic
Surface for Triboelectric Enhanced Efficient Water Harvesting. Nat. Commun. 2022, 13, 4168. [CrossRef]

Wang, X.; Shi, Y,; Yang, P.; Tao, X.; Li, S.; Lei, R,; Liu, Z.; Wang, Z.L.; Chen, X. Fish-Wearable Data Snooping Platform for
Underwater Energy Harvesting and Fish Behavior Monitoring. Small 2022, 18, 2107232. [CrossRef]

Li, W,; Pei, Y.; Zhang, C.; Kottapalli, A.G.P. Bioinspired Designs and Biomimetic Applications of Triboelectric Nanogenerators.
Nano Energy 2021, 84, 105865. [CrossRef]

Hanke, W.; Witte, M.; Miersch, L.; Brede, M.; Oeffnet, J.; Michael, M.; Hanke, F.; Leder, A.; Dehnhardt, G. Harbor Seal Vibrissa
Morphology Suppresses Vortex-Induced Vibrations. J. Exp. Biol. 2010, 213, 2665-2672. [CrossRef]

Zhang, R; Lin, L.; Jing, Q.; Wu, W,; Zhang, Y;; Jiao, Z.; Yan, L.; Han, R.P.S.; Wang, Z.L. Nanogenerator as an Active Sensor for
Vortex Capture and Ambient Wind-Velocity Detection. Energy Environ. Sci. 2012, 5, 8528-8533. [CrossRef]

Wang, Y.; Liu, X.; Chen, T.; Wang, H.; Zhu, C.; Yu, H.; Song, L.; Pan, X.; Mi, ].; Lee, C.; et al. An Underwater Flag-like Triboelectric
Nanogenerator for Harvesting Ocean Current Energy under Extremely Low Velocity Condition. Nano Energy 2021, 90, 106503.
[CrossRef]

Wang, Y.; Hu, S.; Xiong, T.; Huang, Y.; Qiu, L. Recent Progress in Aircraft Smart Skin for Structural Health Monitoring. Struct.
Health Monit. 2021, 21, 2453-2480. [CrossRef]

Na, X.; Gong, Z.; Dong, Z.; Shen, D.; Zhang, D.; Jiang, Y. Flexible Skin for Flight Parameter Estimation Based on Pressure and
Velocity Data Fusion. Adv. Intell. Syst. 2022, 4, 2100276. [CrossRef]

Wille, R.; Fernholz, H. Report on the First European Mechanics Colloquium, on the Coanda Effect. J. Fluid Mech. 1965, 23, 801-819.
[CrossRef]

160



@ nanomaterials

Review

Recent Progress Regarding Materials and Structures of
Triboelectric Nanogenerators for AR and VR

Jinhao Si

Citation: Si, J.; Duan, R.; Zhang, M.;
Liu, X. Recent Progress Regarding
Materials and Structures of
Triboelectric Nanogenerators for AR
and VR. Nanomaterials 2022, 12, 1385.
https://doi.org/10.3390/
nano12081385

Academic Editors: Francisco
Javier Garcia Ruiz and

Antonino Famular

Received: 5 January 2022
Accepted: 15 April 2022
Published: 18 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ruiguang Duan, Menglin Zhang and Xiaomin Liu *

School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450001, China;
jinhao_si@163.com (J.S.); ruiguang163@163.com (R.D.); menlinza@126.com (M.Z.)
* Correspondence: liuxmamara@zzu.edu.cn

Abstract: With the continuous advancement in technology, electronic products used in augmented
reality (AR) and virtual reality (VR) have gradually entered the public eye. As a result, the power
supplies of these electronic devices have attracted more attention from scientists. Compared to
traditional power sources, triboelectric nanogenerators (TENGs) are gradually being used for energy
harvesting in self-powered sensing technology such as wearable flexible electronics, including AR
and VR devices due to their small size, high conversion efficiency, and low energy consumption.
As a result, TENGs are the most popular power supplies for AR and VR products. This article first
summarizes the working mode and basic theory of TENGs, then reviews the TENG modules used
in AR and VR devices, and finally summarizes the material selection and design methods used for
TENG preparation. The friction layer of the TENG can be made of a variety of materials such as
polymers, metals, and inorganic materials, and among these, polytetrafluoroethylene (PTFE) and
polydimethylsiloxane (PDMS) are the most popular materials. To improve TENG performance, the
friction layer material must be suitable. Therefore, for different application scenarios, the design
methods of the TENG play an important role in its performance, and a reasonable selection of
preparation materials and design methods can greatly improve the work efficiency of the TENG.
Lastly, we summarize the current research status of nanogenerators, analyze and suggest future
application fields, and summarize the main points of material selection.

Keywords: nanomaterials; triboelectric nanogenerator; AR and VR; self-powered sensing

1. Introduction

The triboelectricity phenomenon has a history that dates back more than 2000 years.
When two objects rub against each other, one object loses electrons, while the other object
gains electrons [1]. The basic working principle of a triboelectric nanogenerator (TENG) is
to generate charges on a material surface by bringing two different friction materials into
contact with each other to generate relative motion. When two different material layers
produce relative motion, the two materials have different electron binding abilities, where
one material inevitably loses electrons and the other material gains electrons. Therefore,
the same number of charges with opposite polarities can be generated on the two material
surfaces. According to the different electron binding abilities of the different materials,
these materials can be arranged in order from high to low, known as the series of tribo-
electric materials, which can be used as a reference for material selection [2,3]. Due to the
wide variety of triboelectric materials, a suitable pair of triboelectric materials depends not
only on their chemical composition but also on their physical properties, such as hardness,
toughness, and shape [4]. Therefore, selecting an appropriate pair of triboelectric materials
is difficult, and it was not until the advent of the first triboelectric nanogenerator in 2012
that this problem was effectively solved [5]. Currently, the most popular materials include
polytetrafluoroethylene (PTFE), polydimethylsiloxane (PDMS), and fluorinated ethylene
propylene (FEP). Researchers have conducted applicability studies on various materials
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to explore their performance characteristics for different application scenarios, and their
TENG applications include tidal energy harvesting [5-9], self-powered sensors [10-12],
and wearable flexible electronic devices [13-18]. PTFE is often used to manufacture TENG
modules in wearable flexible electronic devices, as PTFE film is non-toxic and has the
characteristics of flexibility, transparency, and mechanical stability [19-21]. In addition,
PTFE film corona offers a fast charging time with high efficiency, based on the PTFE film
preparation of TENG. It also has a generally high energy conversion efficiency, high output
voltage, and stable characteristics [22]. PDMS is often used in self-powered, sensing, and
flexible electronic devices because of its inherent elasticity and excellent biocompatibil-
ity [23-26]. In addition, PDMS films can achieve full contact with skin as they can freely
distort and deform, resulting in widespread interest in the material industry [27,28]. When
PDMS is embedded with microstructures and various sensitive materials on the surface,
the sensor exhibits high sensitivity, good linearity, and strong flexibility. More importantly,
the microstructure of the PDMS film can effectively reduce adhesion between materials,
thus promoting relative sliding between the friction layers. Therefore, there is an urgent
need to use PDMS elastomers as the main body to improve the friction characteristics of
the friction layer, and to create TENG with combined excellent flexibility and high output
performance [29].

TENG uses the principle of triboelectricity, where the friction between two materials
is used to convert mechanical energy into other forms. Compared to traditional power
supplies, TENGs can convert scattered and difficult-to-use mechanical energy into electrical
energy [30]. Furthermore, these materials have advantages such as low cost, a simple
design, convenient carrying, a high conversion rate, and a variety of material choices [31,32].
Due to the rapid development of artificial intelligence, there is an increasing demand for
green energy and wearable electronic products. Compared to other forms of green energy,
mechanical energy is the most widely distributed energy in the natural environment and
daily life, and it is not affected by the external environment [33]. Therefore, determining
how to use TENGs to convert mechanical energy into electrical energy and maximize
conversion efficiency has received considerable research attention. Moreover, as a result of
the rapid development of the Internet of Things industry, human—computer interactions
and intelligent perception have gradually entered our daily lives, and human—computer
interactions are no longer limited to voice commands [34]. For example, gesture recognition
can be used for target control, and gesture recognition has been used in VR and AR with
good developmental prospects. Among them, TENG-based AR and VR technology is on
the rise (Figure 1). Compared to traditional control methods, some AR and VR applications
have allowed users to experience convenient and intelligent operations [35] such as VR
glasses [36,37], VR gloves [15,38] and flexible patches. VR gloves can replace the traditional
computer mouse and keyboard accessories to achieve a non-contact operating computer
interface. Furthermore, through intelligent perception technology, game players can have a
more immersive experience.

This article discussed the selection of TENG materials including PTFE, PDMS, and
other materials, and analyzed the advantages and disadvantages of the different mate-
rials. Subsequently, TENG material structures and designs for AR and VR equipment
were introduced, and the applications of AR and VR equipment based on TENG were
summarized, including gloves and flexible patches. Furthermore, TENG was used as a
self-powered sensor module to realize human-computer interactions between the human
and the computer screen, realize the intelligent perception of virtual objects, and achieve
control. Finally, this article summarized the developmental status of TENG worldwide and
discussed the developmental prospects and challenges of further TENG applications for
AR and VR in the future.
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Virtual dice

Figure 1. Application of TENG in AR and VR. Reprinted with permission from Ref. [39]. Copyright
2021 Science Advances; Reprinted with permission from Ref. [40]. Copyright 2019 Nano Energy;
Reprinted with permission from Ref. [41]. Copyright 2018 Nano Energy; Reprinted with permission
from Ref. [34]. Copyright 2021 Advanced Materials Technologies; Reprinted with permission from
Ref. [42]. Copyright 2020 Advanced Science; Reprinted with permission from Ref. [43]. Copyright
2020 Nano Energy.

2. The Basic Theory for TENG

The working modes of TENG can be generally divided into three categories: contact-
separation mode, sliding mode, and freestanding mode. Each mode can be further divided
into single and double electrodes [44], as shown in Figure 2. The contact-separation mode is
composed of two types of dielectrics that face each other, which can be divided into positive
and negative electrodes. When the two electrodes are in contact, the dielectric surface
generates a charge [45]. However, when the two electrodes are separated, a potential
difference is generated on the surface of the two dielectrics, and the charge from the
positive electrode is transferred to the negative electrode. When the two electrodes come
into contact again, the electrons move in opposite directions, and an alternating current is
generated through this alternating back-and-forth process [46]. The sliding mode consists
of the relative motion of two dielectrics, where the surfaces of the two materials generate
charges due to friction; thus, a potential difference forms between the positive and negative
electrodes [47-49]. The change in the effective contact area of the two dielectrics during
the relative motion causes a potential difference to occur, while periodic changes result in
alternating current [50]. Freestanding is based on the natural friction between the friction
material and the surrounding air. In this mode, the charge on the triboelectric layer can
last a long time; thus, no external drive is required [51,52]. Moreover, the movement of
the triboelectric layers is irregular and an asymmetric electric field is formed, generating
triboelectric energy between the triboelectric layers. Compared to the first two modes, no
direct contact occurs between the freestanding triboelectric layers; thus, wear between
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materials is reduced. In the case of the single-electrode configuration, one output terminal
is connected to the electrode, and the other output terminal is virtually grounded, and in
the double-electrode configuration, both output terminals are connected to the electrode.
Among these configurations, the advantages of dual electrodes include higher flexibility
and a wider range of motion [53]. For example, when a car is running, the tire and the
ground is triboelectrically charged. The tire can be used as an output electrode while the
ground acts as another electrode. In this case, a single-electrode mode would be suitable.
However, because of the lack of a real reference electrode, the resulting voltage and current
may be unstable, while the double-electrode modes do not have such a problem [54,55].
Therefore, choosing the correct electrode configuration for each application is important.

m contact-
e/ecl‘rodo% separation Sliding Freestanding
S
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y ' 0
double ‘
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Figure 2. Working modes of TENG.

The charge transfer mechanism in triboelectric electrification has always been a vexing
conundrum among scientists. In 2017, Zhonglin Wang et al. proposed a new method to
investigate the charge transfer changes of TENGs with temperature [56], and determined
why the charges generated in triboelectric electrification were easily retained in the material
at room temperature. For the polymers and amorphous materials summarized in this
paper, an electron cloud-potential well model proposed by Zhonglin Wang et al. was used
to explain the charge transfer mechanism in most polymer materials [57]. As shown in
Figure 3, electron clouds were formed by the electrons, which were localized within the
atoms and occupied specific atomic orbitals. The atoms were represented by potential
wells, whose outer layers were bound by the electrons that formed the atomic electron
clouds [58]. As shown in Figure 3a,d the distance between the electron clouds, EA, and EB,
consisted of the occupied energy levels of the electrons in the atoms of materials A and B,
E1 and E2 were the potential energies required for the electrons to escape from the material
surface, and EA and EB were smaller than E1 and E2, respectively. Before the two materials
came into contact, electrons could not transfer due to the trapping effect of the potential
wells. When material A made contact with material B, the single potential well became a
double well potential, and the electrons could move from material A to material B [59], as
shown in Figure 3b. When materials A and B were separated, most of the electrons that
were transferred to material B were retained due to the potential energy E2 in material
B [60], as shown in Figure 3c. Therefore, positively charged material A and the negatively
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charged material B exhibited a contact electrification effect. As the temperature increased,
the electrons contained more energy, which made it easier to jump out of the potential well
and return to the original material, as shown in Figure 3d. This model elucidated why the
charge generated by contact electrification remained constant due to the potential barrier
of the material.

i Atom of material B
; Atom of material A

d + +_
.2°\

@

Figure 3. Electron transfer model of TENG. Reprinted with permission from ref. [56]. Copyright 2018
Advanced Materials. (a) Material A and material B before contact; (b) the two materials in contact;
(c) the two materials separated; and (d) with increasing temperature, electric charges were released
by the atoms.

What is worth mentioning is that Wang Zhonglin expanded the most famous Maxwell
equations in electrodynamics in 2021 to develop the theoretical framework of nanogener-
ators [61]. The expanded Maxwell equations include not only all the connotations of the
classical Maxwell equations but also the electromagnetic coupling effect resulting from the
motion of the charged medium, and the theoretical architecture of the nanogenerator. So
far, worldwide attention has been paid to the research of nanogenerators because of their
important applications in micro-nano energy, self-driven sensing, blue energy, and artificial
intelligence [62,63]. Nanogenerators convert mechanical energy into electrical signals with
displacement current as a driving force. In 2017, Wang Zhonglin expanded the expression
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of displacement current for the first time to derive the output power of nanogenerators [5].
In 2019, the analytically deduced transport equation of nanogenerators and the analytical
solutions to the four modes of TENG given by Wang Zhonglin laid the overall theoretical
framework of nanogenerators and formed the theoretical basis for the development of this
discipline [61,64].

3. Material Selection for TENG

There are many types of factors that affect TENG performance, and among them,
material selection plays a decisive role. This is because the physical and chemical properties
of triboelectric materials can directly change TENG performance [1,4]. Several parameters
such as power density stability, flexibility, and sustainability must be considered when
designing TENG for specific applications [3]. In addition to high frictional electrical prop-
erties, there are different requirements for materials depending on the application. Some
materials are suitable for energy collection, other materials are suitable for supercapaci-
tors in self-powered sensing systems, while two-dimensional materials have bi-functional
properties [1,44]. For example, Vimal Kumar Mariappana et al. discovered a paper-like
carbyne material [65], and TENG prepared with this thin film exhibited good power density
and energy density. In addition, due to its extensibility and stability, the two-dimensional
material could be used to develop self-powered implantable nanodevices repairable by the
human body [66]. Minsu Seol et al. studied the triboelectric charge behavior of various
two-dimensional materials such as MoS2, WS2, and graphene oxide in the triboelectric
series, and determined that the charge transfer efficiency between the tribomaterials had
an obvious relationship with the effective work function [31]. In addition, the charge char-
acteristics of the friction material could be modified by chemical doping. Hypothetically, to
generate more charges or obtain higher output from TENG, two materials with significantly
different charge affinities are preferred. Theoretically, the greater the difference in charge
affinity of the two materials, the stronger the output voltage and current of the TENG
prepared from the two materials. However, in practice, the two materials with the largest
difference in charge affinity are not selected, as triboelectric electrification between the
two materials depend not only on their chemical composition but also on other physical
properties such as elasticity, friction, and surface topography [67]. The triboelectric effect
of the materials is usually represented by the surface charge density of the material. Even
for the same material, different triboelectric charging processes result in different surface
charge densities. By analyzing the above nanomaterials, studies have shown that many
have good triboelectric properties; moreover, the nanomaterials also exhibit good piezoelec-
tric properties. One such example is polylactic acid (PLA). As a biomaterial, PLA has been
widely used due to its unique advantages such as biocompatibility, biodegradability, and
piezoelectricity [68,69]. The piezoelectric properties of PLA are related to its crystallinity,
crystal phase, and temperature, and the piezoelectric constant of PLA is a function of its
crystallinity [70-73]. Thus, by determining the piezoelectric constant of nanomaterials, one
can compare the piezoelectric or triboelectric properties of materials [74-76].

After reviewing numerous TENG-related articles, we concluded that the following
materials were most widely used: PTFE [19,22,77-81], PDMS [29,82-85], FEP [86-88],
polyester polyethylene terephthalate (PET) [30,89], and graphene [61,85,86]. Figure 4
presents the preparation and characterization of triboelectric materials such as PTFE and
PDMS. The nanostructure on the surface of the PDMS material is clearly visible in Figure 4a,
and the TENG prepared from this thin film exhibited high transparency and stable voltage
output characteristics, as shown in Figure 4b. Figure 4c,d shows the structure diagrams at
different stages during PTFE preparation according to the biaxial stretching method, and
finally, a porous PTFE film was prepared. Figure 4e—g shows characterization of the mixed
PTFE and PDMS films [81]. The voltage and current variation characteristics of the PDMS
films with different PTFE content were analyzed, indicating that the triboelectric properties
of the PDMS films could be improved by adding a suitable amount of PTFE to the PDMS
films. Figure 4h shows a comparison of the charge affinity among the triboelectric material
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family, showing that MOS2 was between PTFE and PDMS. This order also indicated
ordering of the triboelectric properties among the individual materials. These materials
were also used in the AR and VR products reviewed in this paper. In addition to the above
triboelectric materials, cellulosic materials [90] have attracted significant attention due to
their high reproducibility and production efficiency [32], and the output power densities
of cellulose-based TENG have greatly improved [91]. Currently, altering the chemical
properties of engineered polymers is of interest, as the modification method can regulate
the ability of the material surfaces to rub against each other and generate electric charges,
thereby increasing the power output of the TENG [1]. For example, studies have shown that
the hydrophobicity and electrical conductivity of the TENG materials could be changed
by a coating process. Furthermore, inorganic triboelectric two-dimensional materials such
as MoS2 [92] and WS [93,94] have received attention, and the charge mechanisms of these
materials are well known. However, these materials are difficult to prepare due to their
physical properties such as large-area single crystal films. Therefore, research on these
materials is still limited.
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Figure 4. Preparation and characterization of the materials. (a) AFM images of PDMS; (b) output
voltages of the triboelectric nanogenerators based on PDMS. Reprinted with permission from Ref. [95].
Copyright 2014 Royal Society of Chemistry; (c,d) PTFE structures during preparation. Reprinted
with permission from Ref. [96]. Copyright 2018 Journal of Membrane Science; (e) XRD patterns of
the PDMS-PTEE films; (f) output voltages of the PDMS-PTFE films; (g) relationship between output
performance of the PDMS-PTFE films and the external load. Reprinted with permission from Ref. [81].
Copyright 2019, Advanced Electronic Materials; and (h) output voltage of the triboelectric series of
materials. Reprinted with permission from Ref. [31]. Copyright 2018 Advanced Materials.
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Currently, there are four basic types of triboelectric nanogenerators: single elec-
trode [97], contact separation [98], lateral sliding [99], and independent triboelectric
layer [60] modes. Triboelectric materials are placed in vertical contact in the single electrode
and contact separation modes, and there are many materials to choose from. Unlike the
first two modes, lateral sliding and independent triboelectric layer modes have specific
requirements for materials, namely low friction coefficients. If the friction coefficient of
the material is high, the relative sliding between the two materials wear away the mate-
rial. Thus, PTFE and PDMS have been widely used in these two modes due to their low
friction coefficients.

4. The Structures of TENG

Over the past two years, nanogenerators have been used more frequently in wear-
able devices, especially gloves. Figure 5a shows two TENG configurations proposed
by Li et al. to meet the requirements for full human-machine interface (HMI) functional-
ity and simplified signal processing capabilities. The TENG was composed of PEDOT
(poly(3,4-ethylenedioxythiophene)), which consisted of a PSS (poly(styrene sulfonate)) coat-
ing with silicone [100]. PEDOT:PSS was chosen because the material offers many excellent
properties such as its physical and chemical properties, which are stable at normal tempera-
ture and pressure, and the material exhibits good transparency, good electrical conductivity,
easy preparation, strong film-forming abilities, and a low cost. As shown in Figure 5b,
Feng et al. proposed a simple coating method for carbon nanotubes (CNTs) [101], achieving
super-hydrophobic textiles with improved output performance [102]. The mechanism of
the material exhibiting superhydrophobicity while also maintaining excellent triboelectric
properties was due to two factors: First, water droplets had difficulty adhering to the
surfaces of CNT and TPE materials due to the obstruction of the superhydrophobic inter-
face, which improved its waterproof performance. Second, because the rough structure
of the CNT and TPE composite surface increased the actual surface area, the friction force
was enhanced and the triboelectric effect became more pronounced. In addition, super-
hydrophobic textiles can quickly resolve moisture and dry quickly in wet environments.
Using this textile solved the problem of the output voltage being susceptible to humidity.
As shown in Figure 5¢, a flexible single-electrode two-dimensional control patch was pro-
duced, which could realize in-plane two-dimensional motion control. The control patch
consisted of only three thin layers, namely a PET base layer, a grasping pattern Al electrode
layer, and a PTFE friction layer [103]. The working principle of the two-dimensional control
patch was based on contact electrification and electrostatic induction between the PTFE and
the glove. Due to the different binding abilities to electrons of the two materials, a potential
difference was generated between the PTFE friction surface and the glove. Thus, voltage
output was generated on the peripheral circuit, which acted as a power source. Figure 5d
shows the triboelectric interaction patch with four sensing electrodes, as proposed by
Qiongfeng et al. As a flexible multifunctional human-machine interface, it was used to
detect various human—machine interactions [66]. This patch was also composed of a PET
substrate, an open-loop aluminum electrode (E1~E4), and a PTFE friction layer.
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Figure 5. Materials of the wearable TENG: (a) material structures of the textiles. Reprinted with per-
mission from ref. [38]. Copyright 2019 Nano Energy; (b) material structure of the superhydrophobic
textile TENG. Reprinted with permission from ref. [42]. Copyright 2020 Advanced Science; (c) mate-
rial structure of TENG to control a virtual UAV, Reprinted with permission from ref. [40]. Copyright
2019 Nano Energy; (d) material structure of triboelectric patch on a human arm. Reprinted with
permission from ref. [104]. Copyright 2020 IEEE.

Figure 6a shows a self-powered delta-parallel human-machine interface (DT-HMI),
which was proposed by Cheng et al. In the DT-HMI, the friction materials used by the
TENG were copper sheets and FEP films. During the initial state, the surface charge of
the copper sheet was balanced. When the gear rotated clockwise, the positive charges in
the FEP film and copper sheet were offset, causing the negative charges on the copper
sheet to repel the ground [105]. When the current flowed from the ground to the copper
electrode, the copper electrode generated a negative pulse. However, detaching the copper
sheet and the FEP membrane produced a positive current signal. Figure 6b shows a
TENG-based three-dimensional control sensor proposed by Tao et al., which was used to
detect and control the movement of objects in a three-dimensional (3D) virtual space. This
device consisted of two identical non-planar TENG sensing modules [106], and the module
was composed of two hemispheres and PTFE film. The PTFE structure was designed
with a hemispherical bottom in order to increase the contact area of the friction material,
thereby increasing the triboelectric charge density of the TENG. In addition, Zhu et al.
developed a continuous DC nanogenerator using one-way charge transport and double-
cross TENG, as shown in Figure 6¢ [107]. The rotating disc was composed of porous cloth
and the intermediate material cloth was assembled with an acrylic ring [108,109], while
a dielectric pair was connected to the top stator. The dielectric materials consisted of
PMMA (poly(methyl methacrylate)) and PVC (polyvinyl chloride), respectively, where
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the PMMA dielectric exhibited a positive surface charge upon contact with the cloth, and
the PVC dielectric exhibited a negative surface charge on the cloth during operation [110].
Many materials can be used as intermediate materials when arranged in the order of the
three frictional polar materials, such as natural rubber and paper. Considering PVC and
PMMA, Zhu et al. found that a porous cloth with friction-induced polarity reversal was
an ideal intermediate material due to its mechanical strength and flexibility as a friction
layer [43]. The experimental results showed that the larger the contact area between the
intermediate material and the medium, the better the triboelectric performance, the higher
the voltage obtained, and the more charges that were transferred. Therefore, the contact
area between the intermediate material and the dielectric material should be increased as
much as possible. The PMMA film was located on the left side on one quarter of the disk,
and PVC was located on the right side on the other quarter of the disk. Bottom electrodes A
and B consisted of wire electrodes placed in the bottom stator, and the wire electrodes were
made of cloth coated with nickel metal. This electrode was chosen due to its mechanical
properties, as it was flexible and easily integrated into the equipment [111]. Figure 6d
shows an electronic system (ET) based on a TENG for a virtual haptic experience, where
the different polymer films were made of PTFE, Kapton, PET, and PEN [112]. Regarding
the selection of materials for the ET interface, PTFE was selected as a negative triboelectric
material because of its good charging performance and low cost after corona polarization.
Ion bombardment technology has recently been used to modify capacitor energy storage
materials, and experiments showed that this method significantly improved the triboelectric
properties of Kapton film [39]. In this study, a similar ion bombardment technology was
used to improve and enhance TENG in the ET system. In addition, as shown in our
previous work, ion radiation could not be improved due to the weak thermal stability of
the PET film [39]. Therefore, in this study, because polyethylene naphthalate (PEN) had
high thermal stability, we selected it as an alternative material.
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Figure 6. Structure of the VR products: (a) TENG fabricated from the FEP film used for mobile platform
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control, Reprinted with permission from Ref. [34]. Copyright 2021 Advanced Materials Technologies;
(b) material structures and physical photos of a self-powered sensor made with PDMS and PTFE,
Reprinted with permission from Ref. [41]. Copyright 2018 Nano Energy; (c) internal structure
diagram and material hierarchy diagram of DC-DTENG, Reprinted with permission from Ref. [43].
Copyright 2020 Nano Energy; (d) material structure of an electro-tactile system based on TENG
and spherical electrode array formation, Reprinted with permission from Ref. [39]. Copyright 2021
Science Advances.

5. Applications of TENG in AR and VR

Qiongfeng et al. proposed a TENG based on two configurations to realize more HMI
functions and make signal processing easier. Each sensor consisted of a PEDOT:PSS-coated
textile tape and the gloves were coated with a layer of silicone film (Figure 7a) [113]. This
type of HMI was used for unmanned driving technology, and the operation technology was
simple and intuitive, as the four sensors were represented by different finger movements.
Figure 7b shows the real-time outputs of the sensors when the fingers were bent downward
at different angles at the same speed [114]. This HMI could control the car, drive it in
different directions, and the running state of the car could be changed according to the
finger bending angle and strength of the operator (Figure 7c,d).
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Figure 7. Applications of TENG-based VR gloves: (a) self-powered gloves using a PEDOT:PSS
coating process; (b) voltage output of the sensor when the index finger was bent at different angles;
(c,d) different driving states of wireless vehicles controlled by gloves. Reprinted with permission from
Ref. [38]. Copyright 2019 Nano Energy; (e) schematic diagram of machine learning glove-controlled
gunplay based on self-powered conductive superhydrophobic triboelectric textiles; (f) signal modes
for fetching, loading, and firing; (g) screenshot of gun loading action in Unity VR space; and (h)
virtual illustration of glove control. Reprinted with permission from Ref. [42]. Copyright 2020
Advanced Science.
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To address the issue of human sweat on glove performance, a simple CNT and
TPE coating method was proposed by Qiongfeng et al., which is shown in Figure 7e,
to achieve superhydrophobic triboelectric textiles with improved performance [115,116].
The super-hydrophobic fabric recovered quickly from high humidity conditions seven
times faster than the original fabric, and the triboelectric properties were three times
better. Superhydrophobic triboelectric textiles collected biomechanical energy from human
activities at four times the power density of the original textiles [117]. In a high humidity
environment, superhydrophobic textiles with anti-perspiration properties can monitor
human movements without obvious output voltage deterioration. Figure 7g,h shows the
applications of superhydrophobic triboelectric gloves in an AR space. Figure 7g shows the
control of firearms in a 3D shooting game, where each sensor on the glove was connected
to a single-chip microcomputer and controlled through a serial port. Python was used
for real-time processing and analysis, and the commands were sent to Unity. The shooter
controls included “grab the gun”, “reload”, and “shoot”, which were achieved through
three different signal modes. First, the user bent their fingers so that the super-hydrophobic
textile was in full contact with the ecoflex, and the characters in Unity responded to this
command and grabbed the gun. In the second stage, the user pressed the sensor button
to trigger the refill command, and the index finger was bent for the shooting command.
The flower arrangements shown in Figure 7h were based on a variety of gestures such as
“water”, “spin”, “light”, “pick”, “trim”, and “stop”. After training in deep learning model,
the average accuracy for gesture recognition reached 96.75% [118].

Zixuan et al. proposed a triboelectric interaction patch with only four sensing elec-
trodes for a flexible multifunctional human-machine interface to detect various action
signals, allowing the user to set an operating area in advance to control the input and
output relationship of the four electrodes to achieve position detection (Figure 8a) [119].
The triboelectric patch exhibited accurate sensing ability and could adapt to finger tapping,
sliding, and other common finger movements. The TENG was operated by sliding fingers
on the eight defined points shown in Figure 8b,c. Using the ratio of each voltage, the posi-
tion perception performance of these eight points in the two scenarios could be identified.
Thus, the triboelectric patch could be used for UAV control, and the output signal and
corresponding UAV movements are shown in Figure 8d [120].

To further improve the practicality of the equipment and achieve a minimalist control
interface, Qiongfeng et al. developed a control patch with a single electrode to control
a UAV in a virtual space and demonstrated the 3D control capabilities of the equipment
(Figure 8e). The control system consisted of a 3D control patch, which was used to generate
the dual-channel control signals [121], a processing circuit, and an MCU used to calculate
the number of dual-channel output peak values. After receiving the control commands,
the computer generated the corresponding actions for the UAV. Figure 8e shows the
two-channel signals and six degrees of freedom obtained after the 3D control patch was
processed by the circuit.

Figure 9a shows a new self-powered DT-HMI which was combined with the output
signal from a TENG sensor, achieving 2/3D control for VR and AR interactions, robotics,
and other applications. The DT-HMI consisted of three parallel branches connected between
the movable platform and the fixed base, where each branch consisted of a drive bar and a
passive bar. At the end of the drive lever, there were three sensitive gears (A, B, and C), each
with two TENGs for clockwise and counterclockwise angle identification. Since each gear
had two TENGs, there was a total of six TENGs for three gears. The electrical signals of the
six TENGs produced different peaks in different operating modes (Figure 9b). Figure 9¢
shows an application that controlled the movement of a virtual submarine through a mobile
platform. By identifying the digital status signals from the six TENG outputs, different
operation commands of the submarine in different states such as diving, floating, forward
and backward movement, and movement relative to the moving platform were defined. For
3D operation of the submarine model floating and diving, the mobile platform would move
upward or downward, triggering the entire left side TENG sensing of the gears or the entire
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right side TENG sensing of the gears. Similarly, moving in different directions through gear
commands with different control codes achieved different motion states of the submarines
in the water. As shown in Figure 9d [122], DT-HMI was used for AR liver resection in virtual
minimally invasive surgery, and the camera was used for a plane image recognition control
script, which mainly consisted of a scalpel, pliers, liver resection, and instrument switching.
The TENG sensor gear was mainly used for instrument operation, and the AR output signal
represented the movement states. Although the procedure above demonstrated a simple
operation, it still showed the value of the TENG for surgical applications.
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Figure 8. Virtual UAV control based on TENG: (a) triboelectric patch attached to the skin of a human
arm; (b,c) output signals corresponding to finger tapping and sliding of the patch; (d) triboelectric
patch controlling signal output corresponding to the horizontal movement of the UAV, Reprinted
with permission from Ref. [104]. Copyright 2020 IEEE; and (e) corresponding signal output of the
UAV when it moved through 3D space. Reprinted with permission from Ref. [40]. Copyright 2019
Nano Energy.

Due to the large size, poor portability, and difficult operation of the DT-HMI, a new
TENG-based sensor was developed to control the movement of a virtual object. The struc-
ture of the sensor was three-dimensional, symmetrical, and composed of eight independent
sensing electrodes and two touch balls, with human-computer interaction functions, to
realize three-dimensional force information perception and VR control [123]. Thus, by
analyzing the relevant properties of the force and the electrode, the triboelectric mecha-
nism was used for the first time to detect a six-axis direction in 3D space. As a result, the
researchers successfully realized the control function of the sensor in a VR interface. To
avoid electromagnetic interference between the eight sensing signals, the following method
was adopted [124]. First, the circuit in the A/D converter used differential input. Then, the
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sensor was set with a high threshold trigger in the software to distinguish instructions from
the interference. Figure 10a-h shows a schematic diagram of the controlling parts for virtual
assembly and the corresponding axial voltage changes. By controlling the movements of
each part and by selecting and releasing certain instructions, the three parts operated in
turn to complete the assembly process [125]. Figure 10i,j shows a schematic depicting the
controlled movements of virtual dice in a game.
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Figure 9. Application of delta-parallel-inspired human—machine interface (DT-HMI) on AR and VR,
Reprinted with permission from ref. [34]. Copyright 2021 Advanced Materials Technologies. (a) delta
manipulator movement controlling the platform based on self-powered triboelectric nanogenerator
and its reachable spatial points; (b) output electrical signal of the platform when the manipulator
moved; (c) platform controlling the submarine’s movement during rising and diving and correspond-
ing output voltage changes; and (d) augmented reality surgery training program for liver resection
with DT-HML
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Figure 10. Using 3D self-powered sensor AR interface of virtual assembly, Reprinted with permission
from Ref. [41]. Copyright 2018 Nano Energy. (a-h) part assembly process and corresponding voltage
changes; and (i,j) relationship between six-axis operation strategy for 3D control sensor and voltage
curve with AR interface control dice.

Tactile sensing plays an important role in VR and AR systems. Based on the ET
interface formed by the TENG and spherical electrode array, Yuxiang et al. proposed a
self-powered, painless, and highly sensitive ET system for a virtual tactile experience [126].
The structure of the ET unit is shown in Figure 11a [127]. This TENG-based ET system
could be used in many fields, including for virtual haptic displays, Braille commands
(Figure 11b) [128], intelligent protective clothing (Figure 11c), and even neural stimulation.
The conversion of mechanical energy into direct current was also important for the next
generation of self-contained Internet of Things and real-time virtual reality control. By
using a porous material with frictional polarity reversal as the charge transport carrier, the
charge was transferred unidirectionally between the hyper-negative and hyper-positive
materials and the repulsive discharge through the wire electrode [129], forming a stable DC
output (Figure 11d). Due to the charge transfer and repulsive discharges, obtaining a much
higher DC output voltage was easier compared to the air breakdown mechanism [130].
Figure 11e shows a racing control game in a virtual space, based on continuous DC double-
crossing TENGs (DC-DTENG). The continuous control of acceleration, constant speed, and
further acceleration and deceleration was identified with real-time connection in real and
virtual space [131]. Notably, the car in the virtual space was completely controlled by the
corresponding continuous output signals of the real DC-DTENG with mechanical activity.
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Figure 11. VR application of TENG: (a) unit structure of a self-powered, painless, and highly sensitive
electro-tactile (ET) system based on TENG and spherical electrode arrays; (b) ET system applied
to a dynamic braille display; (c) positive pressure suits and spacesuits equipped with ET systems,
Reprinted with permission from ref. [39]. Copyright 2021 Science Advances; (d) DC-DTENG using an
external electric device for DC output; and (e) DC-DTENG controlling the output voltage when the
virtual vehicle performed at different speeds, Reprinted with permission from ref. [43]. Copyright
2020 Nano Energy.

In this paper, various TENG-based designs for AR and VR applications were summa-
rized. Among them, flexible wearable devices made from two-dimensional materials were
the most common, such as flexible electronic system designed by Yuxiang Shi et al., which
could be worn on the arm for virtual environment control. Additionally, we highlighted
waterproof textiles designed by Feng Wen et al., and the flexible control patch designed by
Qiongfeng Shi et al., which could be worn on the human body to realize energy collection.
The advantages of these designs included their small size, wearability, flexible operation,
and low cost. These designs mainly differed in their wearable portions, as some were gloves
and some were two-dimensional patches worn on the arm. In addition, the application
scenarios were different, as some were used to control the computer screen, some were
used for energy harvesting in real sports, and others were used in the field of biomedicine
to realize simulated surgery.
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6. Future Applications for TENG

TENG may likely be widely used in the medical field in the future. In recent years, the
novel coronavirus epidemic has swept the world, which has significantly impacted human
health. To monitor the health status of patients, TENG-based breathing sensors could be
integrated with masks to monitor patients in real time. The respiratory status of a patient is
shown in Figure 12a,b [132]. Integrating TENG with cancer treatment equipment could
also be used to monitor their condition at home for an extended period without the need
for an external power supply, as shown in Figure 12¢ [133]. A TENG-based biodegradable
bandage sensor could be used to monitor the physiological state of the human body in
real time, and the sensor could be reused, as shown in Figure 12d,e [134]. The TENG-
based electroporation system has been shown to deliver drugs to mice, as presented in
Figure 12f. If TENG could be combined with AR and VR in telemedicine and surgical
treatment applications, it would benefit more patients. Therefore, TENG experiments in
the medical field may likely be implemented into practical applications, offering significant
contributions to the medical field and a benefit to human health.

(@

(f)

® —> TENG
! Nanoneedle

Drug

Skin

0 2 4 6 8 10
Time (s)

ReStunasaon o e &

Figure 12. Use of TENG in future medical applications. (a,b) TENG-based respiratory monitoring
face mask. Reprinted with permission from ref. [132]. Copyright 2022 Nano Energy; (c¢) TENG-based
cancer treatment device. Reprinted with permission from ref. [133]. Copyright 2022 Nano Energy;
(d) TENG-based bandage sensor; (e) bandage sensor attached to the arm to measure the voltage signal.
Reprinted with permission from ref. [134]. Copyright 2022 Nano Energy; (f) schematic diagram of
drug delivery based on TENG.

7. Summary and Outlook

This paper described in detail the types of materials that can be used for triboelectric
nanogenerators, including PTFE and PDMS, which are the most commonly used tribo-
electric materials for the triboelectric layer in TENGs, especially for TENGs operating
in transverse sliding and independent triboelectric layer modes. In addition to material
selection, a better understanding of materials is needed to improve the triboelectrification
effect, such as chemical etching and coating, as it can be used to fit the two friction materials
more closely together to improve the TENG power output. This paper also described
the applications of triboelectric nanogenerators in AR, VR, and other wearable electronic
devices, and summarized the design methods of TENGs as self-powered sensor modules
in these devices.

The current method of designing a self-powered sensor module is relatively com-
plicated and difficult to integrate with electronic equipment; therefore, it is difficult to
realize for large-scale industrial production. The design and integration of triboelectric
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nanogenerators requires further research. Moreover, the stability and reliability of TENGs
may seriously degrade due to the unavoidable mechanical and environmental effects that
the devices are often subjected to during use. These factors can easily result in material
and device failure, causing problems such as lower output voltage, shortened lifespan,
and potential safety hazards. Therefore, TENG robustness and reliability are issues that
must still be addressed. In the future, nanogenerators may require more in-depth research
regarding applications in the field of wearable electronic equipment, especially in the field
of medical detection devices. The pursuit of future medical detection devices is focused
on lightweight and family-oriented applications, which is not sufficient for every patient.
Users want to check their own health status; thus, if wearable nanogenerators are to have
better medical field applications in the future, they must be inseparable from the choice
of materials, such as those with good biocompatibility, good sweat resistance, flexibility,
and mechanical stability. At the same time, the corrosion resistance and degradation of
materials in physiological environments should be considered, and new device integration
and packaging technologies should be developed to fully realize the wide use of TENGs.
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