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Preface to “Advance in Energy
Harvesters/Nanogenerators and Self-Powered
Sensors”

Preface written by: Xin Zheng, Jiangsu Youaiwei Intelligent Technology Co., Ltd.

As the CEO of Jiangsu Youaiwei Intelligent Technology Co., Ltd., which is a high-tech enterprise
integrating independent research and the development of intelligent electronic engineering and smart
sensing for airplanes and smart equipment, I am glad to have the chance to write this preface for
this reprint. As we know, internet of things (IoT) technologies are greatly promoted by the rapidly
developing 5G-and-beyond networks, which have spawned diversified applications, including smart
homes, digital health, sports training, robotics, human-machine interactions, smart manufacturing,
and Industry 4.0, etc.

In recent decades, I have witnessed the rapid advancement of energy harvesters and
nanogenerators in terms of innovations in materials, mechanisms, structural designs, etc., leading
to ever-increasing energy conversion efficiency and output power performance. Except for directly
serving as energy harvesters and power sources, energy-harvesting devices can also be used
as self-powered sensors to effectively lower the power consumption of a system, due to their
self-generated signals corresponding to the external stimuli. Therefore, the advancement of energy
harvesters and self-powered sensors could push forward the realization of self-sustained systems
with continuous functional operations.

This reprint brings together 10 research and review articles on the above areas, showing the latest
advances in energy harvesters, nanogenerators, and self-powered sensors for various applications.
Engineers around the world can use this reprint to find new ideas to solve the problem of traditional
energy, technology in practical application, and promote social development to achieve better
economic efficiency.

I hope that the articles showcased here are interesting and helpful for readers and can inspire
innovations in the field. I would like to thank all the authors for their great efforts in preparing their

articles to contribute to this book.

Qiongfeng Shi and Jianxiong Zhu
Editors
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Internet of things (IoT) technologies are greatly promoted by the rapidly developed
5G-and-beyond networks, which have spawned diversified applications in the new era in-
cluding smart homes, digital health, sports training, robotics, human-machine interaction,
metaverse, smart manufacturing and industry 4.0, etc. To accommodate the enormous and
widely distributed power demands needed for IoT nodes, self-sustained systems enabled
by energy harvesting technologies (e.g., piezoelectric, triboelectric, electromagnetic, pyro-
electric, thermoelectric, photovoltaic, etc.) have emerged as a promising solution. In recent
decades, we have witnessed the rapid advancement of energy harvesters and nanogener-
ators in terms of innovations in materials, mechanisms, structural designs, etc., leading
to ever-increasing energy conversion efficiency and output power performance. Except
for directly serving as energy harvesters and power sources, energy harvesting devices
can also be used as self-powered sensors to effectively lower the power consumption of a
system, due to their self-generated signals corresponding to the external stimuli. Therefore,
the advancement of energy harvesters and self-powered sensors could push forward the
realization of self-sustained systems with continuous functional operations.

This Special Issue includes 10 research and review articles in the field that showcase
the recent advances in energy harvesters, nanogenerators, and self-powered sensors for
various applications, which should give readers a glimpse of the challenges, opportunities,
and development trends of energy harvesting technologies.

There are six research articles from researchers across the world that explore device
innovations in energy harvesting and self-powered sensing applications. To boost the
conversion efficiency, Zhai et al. reported on an energy harvester using a triboelectric—
electrostatic coupling mechanism that showed a 46-fold enhancement compared to a single
triboelectric mechanism [1]. With this high output performance, a self-powered system
was successfully demonstrated using gait recognition for access control. To effectively
scavenge energy from low-frequency human motions, Tang et al. presented a non-resonant
energy harvester that hybridized piezoelectric—electromagnetic-triboelectric in a synergic
design [2]. In practical applications, the energy harvester was deployed on various body
parts to show its energy generating capability for powering a wireless IoT sensor node.
Then, Huang et al. investigated the self-powered resistance-switching ability of a triboelec-
tric nanogenerator on resistive random access memory (RRAM) [3]. The RRAM exhibited
excellent resistance-switching performance when driven by the triboelectric nanogenerator,
with a switching ratio up to 2 x 10°.

In terms of self-powered sensing, Labed et al. developed a self-powered photodetector
using an InZnSnO/ 3-Ga;O3 Schottky barrier diode [4]. Operated in the self-powered
mode at 0 V, the device achieved a high photo-to-dark current ratio (3.70 x 10°) and a good
photoresponsivity (0.64 mA/W). Based on a Ag,O/3-Ga;O3 heterojunction, Park et al.
proposed a self-powered deep ultraviolet photodetector [5]. When operated at O bias
voltage, a high photoresponsivity of 12.87 mA /W was obtained, showing good potential for
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use in ultraviolet sensing systems. Next, Lin et al. constructed a new light-driven integrated
bio-capacitor based on bacteriorhodopsin and artificial nanochannels [6]. Microfluidic
chips and a single nanopore structure were integrated to make the bio-capacitor more
stable, and the photocurrent duration time was effectively regulated by varying the single
nanopore’s size.

Meanwhile, for those readers that are seeking an overview of the progress of energy
harvesting technologies, four review articles covering different aspects of the field are also
included in this Special Issue. Delgado-Alvarado et al. reported on the recent progress
of nanogenerator technologies, including piezoelectric, electromagnetic, thermoelectric,
and triboelectric, in terms of materials, applications, challenges, and future prospects for
green energy harvesting [7]. Then, Wang et al. systematically reviewed the progress of
implantable biomedical devices (i.e., biosensors, energy harvesters, and stimulation therapy
devices) based on triboelectric nanogenerators, and discussed the remaining challenges
and opportunities for the aspects of multifunctional materials and self-sustained close-
looped systems [8]. Haroun et al. summarized the recent progresses in using triboelectric
nanogenerators and hybridized generators for vibration energy harvesting and monitoring,
with detailed analyses of the working mechanism, design principle, output performance,
and important applications [9]. To manage the increasingly serious arsenic pollution in
the living environment and maintain a healthy and beautiful ecosystem for human beings,
Hu et al. reviewed the advances in electrode systems based on nanomaterials and their
performance in arsenic detection [10]. By using silicon and its compounds, as well as
novel polymers, for the detection of arsenic detection, such as noble metals, bimetals, other
metals, and their compounds, such as carbon-, nano-, and biomolecules, they showed new
routes for investigating novel nanomaterial sensing.

We would like to thank all the authors and reviewers for their contributions to this
Special Issue. We also hope that the articles showcased here are interesting and helpful for
readers and can inspire new innovations in the field.
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Acknowledgments: We would like to thank all the authors for their great efforts in preparing their
articles to contribute to this Special Issue. Meanwhile, we would also like to thank all the reviewers for
donating their precious time in helping in the peer-review processes, which is important to maintain
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Abstract: In this study, a high-photoresponsivity self-powered deep ultraviolet (DUV) photodetector
based on an Ag,O/-GayO3 heterojunction was fabricated by depositing a p-type Ag,O thin film
onto an n-type 3-GayOj3 layer. The device characteristics after post-annealing at temperatures ranging
from 0 to 400 °C were investigated. Our DUV devices exhibited typical rectification characteristics.
At a post-annealing temperature of 300 °C, the as-fabricated device had a low leakage current of
4.24 x 10~ A, ideality factor of 2.08, and a barrier height of 1.12 eV. Moreover, a high photo-
responsivity of 12.87 mA /W was obtained at a 100 uW/cm? light intensity at a 254 nm wavelength
at zero bias voltage, the detectivity was 2.70 x 1011 Jones, and the rise and fall time were 29.76,
46.73 ms, respectively. Based on these results, the Ag,O/-GayO3 heterojunction photodetector
operates without an externally applied voltage and has high responsivity, which will help in the
performance improvement of ultraviolet sensing systems.

Keywords: Ag,O/3-GayOs; heterojunction; deep ultraviolet; photodetector; post-annealing

1. Introduction

Ultraviolet (UV) radiation from the sun has been used in a variety of applications such
as disinfection of air, surfaces, and instruments [1]. Depending on the wavelength, UV
light can be divided into UV-A (320-400 nm), UV-B (280-320 nm), and UV-C (200-280 nm).
Among them, UV-C light does not reach the ground level owing to strong ozone layer
absorption at the earth’s surface. It is also known as solar-blind deep UV (DUV) radiation.
In addition, DUV can catalyze chemical reactions, sterilize, and radiate from initial flame
combustion. Owing to these characteristics, the need for DUV utilization has increased,
and photodetector sensing DUV research has been extensively conducted in various fields,
including biological and chemical analyses, solar UV monitoring, and flame sensors [2-6].

Proper materials for DUV photodetectors are ultra-wide bandgap semiconductors,
such as ZnMgO and AlGaN [7,8]. However, the incorporation of significant amounts of Al
in AlGaN deteriorates the crystal quality, and ZnMgO appears to be phase-separated [9,10].
Conversely, gallium oxide (3-Gay0O3), a well-known wide-bandgap semiconductor, has
attracted considerable attention because it can fabricate high-quality thin films without
other methods such as doping [11]. $-Ga;O3 has been extensively studied for DUV opto-
electronics and power electronic devices because of its large direct bandgap energy (4.8 eV),
high breakdown electric field (Ey,, = 8 x 10° V/cm), and excellent chemical and thermal
stability [12-14]. In addition, f-GayO3 exhibits n-type semiconductor properties owing to
oxygen vacancies [15].

Most photodetectors require additional external power to promote the generation of
photocurrents. This increases the size of the device, making it inconvenient to package and
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carry, and becomes overly dependent on external power supplies, limiting practical appli-
cation in various negative complex environments. To complement these disadvantages,
a new type of self-powered photodetector has been designed through extensive research.
Small in size, economical, and featuring low energy consumption, these self-powered
photodetectors do not depend on externally applied voltages and can be implemented inde-
pendently of self-powered photodetectors. The response mechanism of this self-powered
photodetector utilizes electron-hole pairs generated by light irradiation. i.e., It is based
on the photovoltaic effect of semiconductors. The photodetector can be classified into
a photoconductor and photodiode type according to the operating principle. However,
the photodiode type is important because it implements a self-powered sensor with high
responsivity depending on the material selection. According to photodiode construction
mechanism, the current self-powered photodiode can be divided into two types: Schot-
tky junction, and p-n heterojunction [16,17]. Schottky junctions have the advantages of
fabrication simplicity and high-speed response. However, Schottky barriers built into the
contacts of a Schottky barrier photodetector can make it difficult for the charge to transfer
and degrades the device responsivity. The p-n heterojunction is important because of its
low reverse saturation current, high breakdown voltage, and adjustment of the photode-
tection wavelength according to the heterojunction material [18]. Herein, suitable p-type
semiconductors for the fabrication of photodetector devices as counterparts for n-type
-Gay O3 are explored.

In this study, a photodetector based on a p-n junction was fabricated, and hetero-
junctions of n-type -GayO3; and p-type Ag,O were investigated. Compounds of Ag
with oxygen have been extensively investigated. Silver oxide has various phases, such as
AgO, AgyO, AgrO3, AgsO3, and AgsO4 [19-23]. Among them, Ag,O is the most thermo-
dynamically stable, and Ag,O thin films exhibit p-type semiconducting properties [24].
Various studies have been conducted on p-type Ag,O thin films owing to their excellent
electrical properties and transparent properties in the infrared and visible ranges [25]. In
addition, the transition from Ag to Ag,O by adjusting the oxygen flow ratio has previously
been reported. Ag,O thin films can be fabricated by various techniques, such as thermal
oxidation of Ag films [26], thermal evaporation [27], pulsed laser deposition [28], and sput-
tering [29,30]. In this study, an Ag,O layer was deposited using a facing target sputtering
(FTS) system, which is a DC sputtering system. The FTS system consists of two targets
facing each other within the chamber, and the substrate is separated from the plasma area,
resulting in less surface damage compared to typical sputtering systems [31-34]. Based on
the AgrO/3-GayO3 heterojunction, we fabricated a self-powered solar-blind photodetector.
It exhibited high performance in terms of photoresponsivity and DUV detectivity at zero
bias, and it was confirmed that the Ag,O/3-GapO3 heterojunction photodetector operated
with high performance without an external power supply.

2. Experimental Procedure
2.1. Materials

The solar-blind heterojunction photodetector was fabricated on an n-type single-crystal
Sn-doped B-Ga,O3 wafer (thickness of 415 pm, Ng-N, = 4.50 x 10'8 cm 3, Novel Crystal
Technology, Inc.). Halide vapor phase epitaxy (HVPE) was used to grow the epitaxial layer
of Si-doped B-GayOj (thickness of 10 pm, Ng-N, = 2.20 x 10'® cm~3, p, = 300 cm?/ Vs,
p = 0.94 ) cm), which was used as the active layer in this solar-blind heterojunction
photodetector. This layer is used due to its high purity and provides low resistance and
on-resistance, and a high breakdown voltage [35]. Ti/Au electrodes (10/40 nm) were
deposited by sputtering on the backside of the Sn-doped 3-Ga,O3; wafer for the ohmic
device contact. For the deposition of the p-type Ag,O thin film, a 4-inch Ag targets (RND
Korea, Gwangmyeong-si, Korea) and soda-lime glass substrate (75 x 25 cm, 1 mm thick,
Marienfeld, Lauda-Konigshofen, Germany) were used.
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2.2. Fabrication of the Ag»O/B-Ga, O3 Heterojunction Photodetector

Figure 1 shows a schematic illustration of the fabricated Ag,O/ 3-GayO3 heterojunction
photodetector. Ag is used as the front photodetector electrode because it is capable of
multilayer Ag,O deposition through continuous deposition. Ag,O/Ag (50/50 nm) thin
films were patterned into circles with a 300 pm radius using a shadow mask on the top-
epitaxial surface of the n-type 3-Gap,Os using an FTS system to fabricate an Ag,O/3-Gap O3
heterojunction photodetector. The Ag,O thin film was deposited by controlling the oxygen
flow, and the Ag thin film was continuously deposited without an oxygen atmosphere. The
sputtering conditions are summarized in detail in Table 1. In addition, to improve the device
performance of the fabricated photodetector, a post-annealing process was performed in
the range from room temperature (RT) to 400 °C using rapid thermal annealing (RTA) in an
Ar condition at 100 mTorr for 1 min.

1 0 ~
~ ~ N P

Figure 1. Schematic illustration of the fabricated Ag,O/ -GapO3 heterojunction photodetector.

Table 1. Sputtering conditions of Ag,O and Ag thin films.

Parameters Sputtering Condition
Layer Ag,O Ag
Substrate Soda-lime glass Soda-lime glass
Targets Ag (99.99%) Ag (99.99%)
Base pressure 3 x 107> Torr 3 x 107> Torr
Working pressure 2 mTorr 2 mTorr
Gas flow Ar: 10 sccm, O5: 3 scem Ar: 10 sccm
Input power 50 W 50 W
Thickness 50 nm 50 nm

The crystallographic properties of the thin films were evaluated using X-ray diffraction
(XRD; Bruker D8) at the Smart Materials Research Center for IoT, Gachon University.
Scanning electron microscopy (SEM, S-4700, Hitachi, Tokyo, Japan) at the Smart Materials
Research Center for IoT, Gachon University and a KLA-Tencor Alpha-step D-500 Stylus
Profiler were used to observe the surface morphologies and thicknesses of the thin films,
respectively. The optical properties of the as-deposited thin films were evaluated using a
UV-vis spectrometer (Lambda 750 UV-vis-NIR, Perkin Elmer, Waltham, MA, USA). The
electrical properties of the thin films were evaluated by Hall effect measurement system
(HMS-5500, ECOPIA, Anyang, Korea). X-ray photoelectron spectroscopy (XPS, K-alpha +,
Thermo Fisher Scientific, Waltham, MA, USA) was used to investigate the binding energy
of Ag,O before and after post-annealing.
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2.3. Evaluation of the Ag,O/B-GayO3 Heterojunction Photodetector

The electrical current density-voltage (J-V) characteristics were analyzed using a
semiconductor analyzer (4200A-SCS parameter analyzer, Keithley, Cleveland, OSU, USA).
A Keithley 2401 was used to measure the time-dependent photoresponse of the fabricated
device. Time-dependent photoresponse measurements were performed using a UV-C lamp
(TN-4LC, wavelength: 254 nm, Korea Ace Scientific) with varying light intensities ranging
from 100 to 1000 uW /cm? at RT. The UV-C intensity was measured using a UV-C light
meter (UVC-254SD, Lutron, PA, USA).

3. Results and Discussion

For the heterojunction photodetector fabrication, p-type Ag,O thin-film deposition
was conducted. In reactive sputtering, a transition region representing the change from
various metals to oxides through discharge voltage changes has been observed in numerous
studies. For example, by changing the discharge voltage of Si, the metal target surface
switches to the oxide mode when oxygen reacts with the metal particles and target surface.
A transition region was observed, and the result of the conversion to SiO, was reported
in a previous study [36]. Therefore, to deposit p-type Ag,O, the discharge voltage change
under different oxygen flows in the Ag target was measured.

Figure 2 shows the variation in the discharge voltage with the oxygen flow rate in the
Ag target. As the oxygen flow rate increased, the discharge voltage also increased; therefore,
the transition region representing the change from metal to oxide was not observed. As a
predictable cause of this trend, reactive gas such as oxygen can easily form negative ions
in the plasma state. In the case of Si, because the emission coefficient of the secondary
electrons emitted from the surface of the Si target is higher than that of oxygen gas, the
discharge voltage decreases as the oxygen gas flow rate increases. However, in Ag, because
the emission coefficient of secondary electrons emitted from the Ag metal target surface is
lower than that of oxygen gas, the discharge voltage is expected to increase as the oxygen
gas flow rate increases [37].
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Figure 2. Variation of discharge voltage by changing the oxygen flow rate.
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(A)

Figure 3A shows the XRD patterns of as-deposited thin film by changing oxygen
gas flow in the range of 0 to 5 sccm. Without the oxygen gas, the Ag peaks appeared at
20 =38.2°,44.4°, 64.6°, and 77.6° corresponding to the (111), (200), (220), and (311) planes,
respectively, according to the reference data (ICDD card 01-087-0720). At 2 sccm, the
intensity of Ag peaks decreased and the (100) planes of Ag,O (ICDD card 01-072-2108)
additionally appeared at 20 = 33.6°, indicating a mixed phase of Ag,O and Ag. Moreover,
at 3 sccm, the broad peaks representing the (100) and (011) planes of Ag,O appeared at
20 = 33.6° and 38.4° without other impurities. The (011) peak of Ag,O and the (111) peak
of Ag may overlap. However, it could be sufficiently distinguished through the additional
peaks of Ag and Ag,O. As the oxygen gas flow increases from 4 to 5 sccm, the Ag,O
peaks were not seen, and peaks corresponding to AgO (JCPDS card 75-0969) were observed
at 20 = 32.3° and 35.6°. It is suggested that with an increased oxygen gas flow rate, an
additional chemical bond between Ag and O is generated, resulting in AgO peaks [38]. The
AgO demonstrated deteriorated electrical properties compared to Ag,O, and its properties
as a p-type are reduced [39]. Hence, our work was conducted at 3 sccm where only the
Agy0O peak exists. In the top-view SEM images of Figure 3B,C, the surface morphologies of
the Ag and Ag,O thin film indicate a dense surface.
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Figure 3. Structural properties of as-deposited thin film. (A) XRD patterns of as-deposited thin film
under different oxygen gas flow rates. (o: Ag,0, A: Ag, l: AgO). (B) SEM image of Ag thin film
deposited on a glass substrate. (C) SEM image of Ag,O thin film.

Figure 4A shows the UV-vis spectra of the as-deposited thin film with the oxygen
gas flow rate controlled from 0 to 5 sccm. The transmittance near 300 nm of the Ag thin
film deposited at 0 and 1 sccm increase sharply than other conditions. The reason is the
surface plasmon resonance (SPR) phenomenon that occurs on the surface of planar metals
(typically gold or silver) or on the surface of metal nanoparticles. Therefore, it is a SPR
phenomenon that appears on the surface of the Ag thin film through the light used for
UV-vis, which increases the transmittance near 300 nm [40]. As the oxygen flow rate
increased, the transition from Ag to Ag,O occurred, increasing the transmittance in visible
light of the thin film more than the Ag thin film [41]. Moreover, the average transmittance
in visible light of the thin film deposited at 3 sccm was significantly increased to 42.5%.
Additionally, when the oxygen gas flow was increased to 4-5 sccm, it was confirmed that
the average visible light transmittance increased. However, as mentioned in the XRD study,
the AgO phase appeared at the 4-5 sccm oxygen gas flow condition. Therefore, the optimal
condition was chosen as 3 sccm.
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Figure 4. Optical properties of the as-deposited thin film prepared at different oxygen gas flow
rates. (A) Transmittance (%) values of different samples at oxygen gas flow ranging from 0 to 5 sccm.
(B) Optical bandgap energy of Ag,O thin film.

Figure 4B shows the optical bandgap energy of the Ag,O thin film calculated by the
Tauc plot equation [42], given by

ahv = B(hv — Eg)'/? (1)

where hv is the photon energy, « is the absorption coefficient, and f is a fixed constant.
The Tauc plot shows that the optical bandgap energy can be estimated by extrapolating
the linear section to the axis energy. The optical bandgap energy of the Ag,O thin film
deposited at 3 sccm was calculated to be 3.74 eV. Electrical properties of as-deposited Ag,O
thin film were evaluated using Hall measurement. The carrier concentration, hall mobility,
and resistivity of as-deposited AgyO thin film are 6.2 x 10'® ecm=3, 41.5 cm?/Vs, and
2.4 x 1072 Q cm, respectively. Moreover, the positive value of Hall coefficient of 1.0 cm®/C
was obtained, confirming that the as-deposited Ag,0 thin film was a p-type semiconductor.

The influence of post-annealing on the Ag,O properties was also evaluated. It has
been reported that an appropriate post-annealing temperature improves the photodetector
characteristics owing to a reduction in interfacial defects [43]. The crystallinity quality,
uniformity of the deposited thin film, and native defect correction at the heterojunction
interface resulted in an increased photocurrent or apparent photoresponse for the fabricated
device. Because the deposited Ag,O thin films are affected by electrical and crystallographic
properties depending on the post annealing temperature, the as-deposited Ag,O thin films
were studied in the temperature range RT—600 °C to evaluate the variation in Ag,O
crystallographic properties.

The XRD patterns of the post-annealed Ag,O thin films are shown in Figure 5. The
annealing temperature range was from RT to 600 °C. Broad peaks appeared in the Ag,O
thin film deposited at RT, and as the post-annealing temperature increased, the Ag,O
peak intensity increased. The intensity of (011) peak at 38.4°, the preferred growth plane,
increased the most at 300 °C, without crystal transition from Ag,O to Ag. The Scherrer
equation was used to calculate the crystallite sizes of the Ag,O (011) plane according to
the annealing temperature [44]. It was confirmed that the crystallite size increase with
annealing temperature (pristine: 13.3 nm, 100 °C: 14 nm, 200 °C: 15 nm, 300 °C: 16.5nm). As
the heat treatment temperature increases, it becomes a high-quality thin film with improved
crystallinity, and the surface of the film becomes homogenous due to reduced roughness.
The smooth surface exhibits good interfacial properties and can effectively suppress the
formation of interfacial charge traps and reduce the carrier scattering centers to achieve
greater electron mobility, which greatly improves the performance of the photodetector [45].
However, after heat treatment at 400 °C, the intensity of Ag,O (100) peak was slightly
decreased, and it was confirmed that the intensity of the Ag peaks (200), (220), and (311)
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increased. This means that the sample post-annealed at 400 °C presents both Ag,O and
Ag phases. These thin films have inhomogeneous surface which cause more traps and
dislocations at the AgrO/Ag and Ag,O/[3-Gay O3 interfaces. Since these defects acts as a
resistance in the diode characteristics, it is expected that such as hump phenomenon will
appear. The transition of Ag,O into Ag is attributed to the increase in the Ag diffusion
rate owing to the thermal effect, and the diffusion rate of oxygen atoms becomes relatively
smaller than that of Ag. Therefore, owing to sufficient thermal energy, the Ag diffusion
increases and the chemical bond with oxygen is broken [46]. Thus, at 500 °C or higher,
the Ag,O peaks were not observed and the Ag peaks appeared. Moreover, the core level
binding energy was further investigated through XPS analysis of the post-annealed sample
at 400 °C, in which both Ag,O and Ag peaks exist.
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Figure 5. XRD patterns of the post-annealed Ag,O thin films in the range of RT to 600 °C.
(o: AgrO, A: Ag).

Figure 6 shows the XPS spectra of Ag,0O thin films with and without post-annealing.
The XPS analysis was performed to further investigate the changes in Ag,O film properties
post-annealed at 400 °C via the core-level binding energy. The chemical composition of
Ag,O was determined by XPS. As presented in Figure 6A, the full XPS spectrum of Ag,O
reveals the presence of C, O, and Ag. Through the XPS analysis, the atom ratio between
Ag and O was 2:1. However, after heat treatment at 400 °C, the atom ratio of Ag and O
is changed to 3.5:1. Since the atom ratio of Ag becomes higher than that of O, it can be
seen that AgyO is transitioning to Ag. The spectrum in Figure 6B shows the characteristic
core-level binding energies at approximately 368 and 374 eV, corresponding to Ag 3ds,»
and Ag 3dj,;, respectively, related to the Ag,O thin films. The core-level binding energies
shown in the XPS spectra are consistent with those reported in other studies [47]. Moreover,
after post-annealing at 400 °C, the core level binding energy of Ag 3d5,, was shifted to
368.3 eV and Ag 3d3/, shifted to 374.3 eV. In the O 1s XPS spectrum in Figure 6C, the two
peaks at 529.5 and 531.4 eV are related to the core-level binding energy of the O ion in
Ag,0, whereas the higher-energy peak corresponds to hydroxyl groups (-OH). Compared
with thin film post-annealed at 400 °C, the core-level binding energy of the O ion shifted
to 529.4 eV and -OH shifted to 532.1 eV. This indicates that the transition from Ag,O to
Ag was caused by thermal decomposition [48]. As shown in Figure 6, the sample without
post-annealing indicated Ag,O. However, the post-annealing of the 400 °C sample showed
an Ag,0 to Ag transition region. These XPS results are in good agreement with the XRD
results. Hence, heat treatment was performed on the photodetector in the range of 0400 °C,
where the Ag,O peaks were maintained.
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Figure 6. XPS spectra of the Ag,O thin films with and without post-annealing. (A) Full XPS spectrum
of AgyO thin film, (B) Ag 3d, (C) O 1s.

After optimizing the Ag,O condition, an Ag,O/ 3-Ga, O3 heterojunction photodetec-
tor was fabricated, and its structure is shown in Figure 7A. The J-V characteristics of the
Ag>0O/B-GayO3 heterojunction photodetectors fabricated at various post-annealing temper-
atures were measured in the range of —2—4 V are shown in Figure 7B. All devices exhibited
p-n junction rectification characteristics; in particular, a high on-off ratio of 1.40 x 108 was
achieved through a low off-current of 4.24 x 10~!! A at0 V and an on-current of 5.74 x 1073
A at 1.86 V in the device post-annealed at 300 °C. Moreover, the J-V curve of the fabricated
device without heat treatment indicates that the leakage current increases as the reverse
bias voltage increases. However, the leakage current decreased as the post-annealing
temperature increased. The change in leakage current with annealing temperature may
influence the Ag,O physical properties at different annealing temperatures. Post-annealing
of the layers can improve the interface properties between the heterojunctions; thus, the
homogeneity of the junction reduces carrier recombination and leakage current [49]. As
shown in Figure 7C, it exhibited the variation of the breakdown voltage with post-annealing
temperature. The breakdown voltage increased as the annealing temperature increased,
and the device post-annealed at 300 °C exhibited the highest value at 238 V. The photodetec-
tor is primarily used at low current, but the as-fabricated device has high durability owing
to its high breakdown voltage and low leakage current, such that it can be applied in harsh
industries where a sudden short circuit occurs [50]. In addition, diode parameters such as
the ideality factor and barrier height were investigated. The diode J-V characteristics can
be expressed, correlating the current and voltage with the ideality factor and barrier height,
as follows:

] =Js explq(V — IRs)/nKT) @)
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where Js is the saturation current density, V is the voltage across the diode, T is the
temperature in Kelvin, g is the electron charge, k is Boltzmann’s constant, and 7 is an
ideality factor. The value of the ideality factor determines the deviation from the ideal
diode owing to the presence of the barrier inhomogeneity and tunneling component [51],

Js = AA*T?exp(—qqp/kT) 3)
where A* is Richardson’s constant (41 A cm~2 K~2 for 3-GaO3), A is the contact area, T is
the temperature in Kelvin, g is the electron charge, k is Boltzmann’s constant, and ¢p is the
effective barrier height.
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Figure 7. (A) Schematic illustration of the as-fabricated AgrO/3-GapO3 heterojunction photodetector.
(B) J-V characteristics of Ag,O/ 3-GayOj3 heterojunction photodetectors. (C) Breakdown voltage of
the as-fabricated devices. (D) Variation of the ideality factor (1) and barrier height (¢g) with the
post-annealing temperature. (E) Logarithmic plot of the J-V characteristics with difference in reverse
saturation current according to post-annealing temperature. (F) J-V characteristics for the forward
and reverse sweep of bias voltage.
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Figure 7D shows the changes in n and ¢p with the post-annealing temperature. As
the post-annealing temperature increased up to 300 °C, the value of n decreased and
¢p increased. The ideality factor of the device post-annealed at 300 °C had the lowest
value of 2.08, and ¢p increased to 1.12 eV. This can be attributed to improvements in
crystallization and reduced interfacial defects with fewer dislocations because of post-
annealing [52]. However, the values of n and ¢p increased rapidly at 400 °C, this is due
to the hump phenomenon observed in the J-V curve in Figure 7B. This was related to the
transition of Ag,O to Ag caused by the post-annealing process at 400 °C. As shown in the
XRD study, the thin film post-annealed at 400 °C indicates a mixed state of Ag,O and Ag. It
is thought that the trap density increases owing to the trapping of charged species occurring
from the difference in the resistivity and conductivity of the mixed crystallinity, causing
the hump phenomenon [53]. Furthermore, the interface quality of the Ag,O/3-GayO3
heterojunction was investigated. The occurrence of electrical hysteresis was analyzed by
measuring the forward and reverse J-V characteristics. Figure 7E shows a logarithmic plot
of the J-V characteristics with small electrical hysteresis at the reverse saturation current
according to the post-annealing temperature. The presence of electrical hysteresis in the
reverse saturation current exhibits the quality of interface states and surface defects for
the Ag,O/ -Gay O3 heterojunction [54,55]. It was confirmed that the difference in reverse
current and the reverse saturation current decreased as the post-annealing temperature
increased, showing the narrowest gap at 300 °C. As the difference in reverse current and
reverse saturation current is much smaller, charge trapping is reduced, indicating an
enhanced interface state. Figure 7F shows the forward and reverse sweeps of the post-
annealed device at 300 °C under dark condition. The measured J-V characteristics indicated
almost no hysteresis effect compared to the forward and reverse, showing an excellent
interface state.

Figure 8A shows the continuous time-dependent photoresponse according to the post-
annealing temperature at a wavelength of 254 nm and a light intensity of 1000 uW /cm?
at zero bias voltage. When the UV light was turned on, the photocurrent instantaneously
flowed, and the photoresponse of all the samples remained approximately the same, indi-
cating high reproducibility. Moreover, when the UV light was turned off, the photocurrent
immediately returned to the dark current. This on/off operating characteristic of the UV
irradiation clearly indicates that it behaves as a photodetector. Moreover, the effect on
heat treatment was examined, the photocurrent increased with increasing post-annealing
temperature, showing the highest photocurrent density of 9.70 pA/cm? at 300 °C. In the
case of 400 °C, the photocurrent decreased owing to the hump phenomenon, in which Ag,O
transitions to Ag caused by post-annealing at 400 °C. The change in photocurrent density
according to post-annealing temperature tends to be the same as the J-V analysis. The
interfacial traps interfere the movement of electrons separated from a pair of electron holes
generated by light irradiation. However, it can be seen that the interfacial traps reduced
at 300 °C through the J-V analysis and photoresponse according to the heat treatment,
thereby stabilizing the interface between Ag,O and (-Ga,O3; and improving the quality. In
addition, temperature-dependent external quantum efficiency (EQE) was calculated using
the following formulas:

Hett = (hoR/€) x 100% 4)

where 7. is the EQE, hv is the incident photon energy, R is the responsivity, and e is
elementary charge.

Comparing the values of 7. for each annealing temperature, it was confirmed that
the device post-annealed at 300 °C achieved the highest #.¢ of 6.3% (100 °C: 1.9%, 200 °C:
2.8%, 300 °C: 6.3%, 400 °C: 4.8%) at zero-bias under 254 nm irradiation at 100 uW/cm?.
Hence, it was confirmed that 300 °C is the optimal condition, the change in photocurrent of
the 300 °C sample according to the intensity of light at 254 nm was investigated. Figure 8B
shows the photoresponse of the post-annealed device at 300 °C under a UV light intensities
ranging from 100 to 1000 uW /cm? under 254 nm irradiation. The photocurrent gradually
increased with the intensity of light because the higher the light intensity, the more electron-
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hole pairs, which in turn produced a higher photocurrent. However, contrary to this
tendency, the responsivity and detectivity of the photodetector exhibited different results.
Figure 8C,D shows the change in the photodetector responsivity and detectivity according
to the light intensity. The responsivity, which evaluates the photodetector sensitivity and
the detectivity, which is the figure of merit for detecting the smallest signal, were calculated
using the following formulas [56,57]:

R= (]Photo - ]Dm’k)/P (5)

where R is the responsivity, [py, is the photocurrent density, Jp,« is the dark-current
density, and P is the supplied light power. The detectivity value is determined by,

D =R/(2e])"/?

(6)

where D is the detectivity, | is the dark-current density, and e is the elemental charge.
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zero-bias at 254 and 365 nm irradiation.
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Consequently, the responsivity under 254 nm irradiation decreased with increasing
light intensity. The maximum responsivity was obtained as 12.87 mA/W at 100 pW /cm?.
Moreover, the detectivity decreased with increasing light intensity, and the highest D was
obtained at 2.70 x 10" Jones under 254 nm irradiation at 100 uW/cm?2. The device ex-
hibited high responsivity and detectivity at low light intensities. For this reason, it is
suggested that as more electron-hole pairs are generated by high light intensity, scattering
is increased because of the generated charge carriers, and the possibility of recombination
increases, thereby reducing responsivity and detectivity [58]. Figure 8E,F show the rise
and fall times of the AgrO/3-GayO3 heterojunction photodetector. It was measured to be
29.8 and 46.7 ms, respectively. As shown in Figure 8G, we confirmed that the rejection ratio
of 254 nm (UVC) to 365 nm (UVA) at zero bias under the light intensity of 1000 pW /cm? is
3.1 x 10%. The photoresponse parameters under zero bias of the Ag,O/-GaO3 hetero-
junction photodetector in this study showed higher responsivity and detectivity than those
of other solar-blind photodetectors, as shown in Table 2 [59-65].

Table 2. Comparison of the self-powered solar-blind photodetector characteristics parameters with
other reported studies.

Wavelength Responsivity Detectivity Rise Time/Fall

Photodetector (am) (mA/W) (Jones) Time Ref.
Agr,O/B-GapO;3 254 12.87 2.70 x 101 29.76 ms/46.73 ms This work
Diamond/3-GayO3 244 0.2 [59]
Au/p-GayO3 258 0.01 1 us/100 ps [60]
4H-SiC/B-GayO3 254 10.35 8.8 x 10° 11 ms/19 ms [61]
Polyanline/MgZnO 250 0.16 1.5 x 101 0.3s/03s [62]
p-Gr/ZnS QDs/4H-SiC 250 0.29 1.41 x 1010 28 us/0.75 ms [63]
MoS, /B-GayO3 245 2.05 1.21 x 101! [64]
B-Gap03/Ga:ZnO 254 0.76 0.185/0.27 s [65]

The photoresponse properties of the Ag,O/ 3-Ga,O3 photodetector can be explained
from the energy band diagram as shown in Figure 9. The mechanism of photocurrent
generation is related to the depletion region. For p-type AgyO, in which positive holes
are the major carriers, the Fermi level is located near the valance band, whereas n-type
-GapOj3, in which free electrons are the major carriers, exists near the conduction band.
When forming the p-n junction holes from p-type diffuse to n-type, and electrons from
n-type diffuse to p-type. As a result, each Fermi level is matched, forming an electrically
neutral depletion region. In addition, due to the large difference in optical bandgap, a
strong built-in electric field will be created at the AgrO/3-GayO;3 interface. When the
device is irradiated to DUV light, electron-hole pairs are generated in the depletion region
due to absorption of the incident DUV light, which is rapidly separated by the strong
built-in electric field. Moreover, electrons are transferred to the electrode, leading to
a fast photoresponse speed and an increase in photocurrent. Besides, the strong built-
in electric field ensures that this heterojunction photodetector can operate at zero bias
and proper heat treatment reduces defects between interfaces, resulting in low leakage
currents and high photoresponse. In this study, we successfully fabricated a self-powered
DUYV photodetector through the heterojunction of Ag,O and 3-GayOs3. The photodetector
characteristics according to the post-annealing temperature were evaluated, and the sample
that was post-annealed at 300 °C had the best performance. Our research provides a new
route for the DUV sensing industry and shows potential for military applications, including
flame sensing, spatial sensing, and image sensors.
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Figure 9. Energy band diagram of the Ag, O/ 3-Ga,O3 heterojunction under DUV light irradiation.

4. Conclusions

A self-powered solar-blind photodetector was successfully fabricated with an
Agr0O/B-GayO3 heterojunction via deposition of a p-type Ag,0O thin film onto an n-type
-Gay O3 layer using an FTS system. Ag,O thin films were deposited by controlling the oxy-
gen gas flow, with 3 sccm being the optimal condition for presenting p-type semiconductor
characteristics. After the Ag/Ag,0 thin film deposition, the effects of post-annealing on
the AgrO/ B-Gap O3 heterojunction photodetector were investigated. Typical rectification
characteristics were observed in J-V characteristics, and as the post-annealing temperature
increased to 300 °C, a low leakage current (4.24 x 10~!! A), high breakdown voltage of
238V, ideality factor of 2.08, and barrier height of 1.12 eV were observed. A high respon-
sivity of 12.87 mA /W, detectivity rate of 2.70 x 10'! Jones, and fast rise and fall times of
29.76 and 46.73 ms were observed under 254 nm irradiation at zero bias. From these results,
it was confirmed that the device operates without an external applied voltage and has
high responsivity in DUV. Ag,O/ 3-Ga; O3 heterojunction photodetectors have confirmed
their potential for application in DUV sensing systems, and further research is planned to
improve the device characteristics.
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Abstract: The triboelectric nanogenerator (TENG) is a recent technology that reforms kinetic energy
generation and motion sensing. A TENG comes with variety of structures and mechanisms that make
it suitable for wide range of applications and working conditions. Since mechanical vibrations are
abundant source of energy in the surrounding environment, the development of a TENG for vibration
energy harvesting and vibration measurements has attracted a huge attention and great research
interest through the past two decades. Due to the high output voltage and high-power density of a
TENG, it can be used as a sustainable power supply for small electronics, smart devices, and wireless
sensors. In addition, it can work as a vibration sensor with high sensitivity. This article reviews
the recent progress in the development of a TENG for vibration energy harvesting and vibration
measurements. Systems of only a TENG or a hybrid TENG with other transduction technologies,
such as piezoelectric and electromagnetic, can be utilized for vibrations scavenging. Vibration
measurement can be done by measuring either vibration displacement or vibration acceleration.
Each can provide full information about the vibration amplitude and frequency. Some TENG
vibration-sensing architectures may also be used for energy harvesting due to their large output
power. Numerous applications can rely on TENG vibration sensors such as machine condition
monitoring, structure health monitoring, and the Internet of things (IoT).

Keywords: triboelectric nanogenerator; vibration energy harvesting; hybrid generators; triboelectric
displacement sensors; triboelectric acceleration sensors

1. Introduction

Energy harvesting, which is the process of capturing and converting dissipated energy
from the surrounding into electricity [1], has become an attractive field of research. It is
considered as an effective self-powering technique for wireless sensors. Several forms of
wasted energy exist in the surrounding environment such as wind energy, solar energy,
and vibrational energy. Mechanical vibrations are an abundant source of energy [2,3]
that appear in everyday life (Figure 1) in vehicles [4,5], structures such as buildings and
bridges [6], machines [7], etc. Vibration energy harvesting can be an effective powering
strategy for wireless sensors that are placed in deep and dark locations, where there is no
exposure to air or light [8,9]. Three main technologies of energy transduction have been
used for years to convert mechanical energy into electricity, which are piezoelectric [10-17],
electromagnetic [18-24], and electrostatic [25-30]. A newly developed electrostatic tech-
nology that can convert mechanical energy into electricity has been introduced by Wang’s
group in 2012, which is the triboelectric nanogenerator (TENG) [31-33]. TENG technology
is based on combination between contact electrification and electrostatic induction [34].
It has been introduced as a promising technology to scavenge mechanical energy from
many available sources [35] in the ambient environment such as vibrations [36-39], human
motion [39,40], waves [41,42], and wind [43,44]. The triboelectric nanogenerator shows
some advantages when compared with other technologies, as it exhibits a large output
voltage [45], high efficiency [46], low cost [47], a simple fabrication method [48], great
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broadband behavior, excellent robustness, reliability [49], and eco-friendliness, as well as
efficient low-frequency vibration energy scavenging [32-35,47]. According to those features
of a TENG as well as the low power consumption of modern wireless sensors, a TENG can
be a sustainable power source (Figure 1) for many wireless-sensing applications [50,51].

Figure 1. TENG can convert mechanical vibrations into electricity, which can be used for electrical
powering or vibration sensing applications.

Coupling a TENG with other generator types, such as piezoelectric (PEG) and electro-
magnetic (EMG) generators, to form a hybrid is also introduced [52]. A hybrid generator
can take the advantages of multiple generator types and enhance the output performance at
different input motion conditions. For example, an EMG—TENG can provide higher output
voltage, higher output current, and wider bandwidth than each generator separately [53].

The same concept of converting mechanical vibrations into electricity is also applied
for vibration sensing (Figure 1). A self-powered vibration sensor can detect vibration signals
without the need for a battery as a power unit. Vibration measurement is essential for
many applications. Machine-condition monitoring is one of the important applications that
allows the detection/prediction of machine damages, abnormal stoppings, and disasters.
The accurate monitoring of a machine’s condition and process is very essential to enhance
the feedback system and optimize the operation. Some transduction technologies have
been developed for vibration sensing, such as magnetoresistive [54,55], piezoresistive [55],
piezoelectric [56], etc. Each can be fitted to specific applications [57].

A TENG can transfer vibrations or other kinds of motion such as triggering, rotational
motion, linear displacement, or physical motion into a high output voltage. Thus, it can be
used as a self-powered vibration sensor with high sensitivity [57-59]. Mechanical vibrations
are specified by frequency and amplitude. Vibration frequency can be easily detected by
most vibration sensors, however, measuring vibration amplitude is more difficult. Mea-
suring one of the vibration physical characteristics such as displacement, velocity, and
acceleration with time provides information about the vibration amplitude and frequency.
Some TENGs have been developed to measure one of the vibration physical characteris-
tics [57-59]. In this article, we summarize the recent progress of utilizing a TENG for energy
harvesting and sensing the mechanical vibration of physical objects in the last 10 years.
First, the working mechanism and some examples of a TENG, as well as a hybrid TENG for
vibration energy scavenging, are presented. Then, measuring mechanical vibrations using
a TENG by measuring either vibration displacement or vibration acceleration are reviewed.
Finally, some TENGs that can work effectively for both vibration energy harvesting and
vibration sensing are described.
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2. Working Mechanism of a TENG

There are four operational modes of a triboelectric nanogenerator (TENG): vertical
contact-separation mode, in-plane sliding mode, single-electrode mode, and free-standing
triboelectric-layer mode, as shown in Figure 2 [31].

Figure 2. TENG modes: (a) vertical contact-separation mode, (b) single-electrode mode, (c) lateral-
sliding mode, and (d) freestanding triboelectric-layer mode.

In the vertical contact-separation mode (Figure 2a), two surfaces from dissimilar
materials come into contact and then are vertically separated. As a result, oppositely
electrostatic charges are generated on the surfaces. Repeated contact-separation and varying
the gap between surfaces by mechanical vibrations or another repeated motion generate
voltage by electrostatic induction. Both surfaces are attached to electrodes for electrons
transfer when a TENG is included in a closed circuit. Thus, mechanical energy is converted
to electrical energy [31].

In the single-electrode mode, the triboelectrification is accomplished by contact and
separation, as in the contact-separation mode. However, the ground is taken as a reference
electrode. This mode is capable of harvesting energy from a freely moving object that is
difficult to be attached to a lead or wire (Figure 2b).

The lateral-sliding mode (Figure 2c) has the same structure and starting position as
the vertical contact-separation mode. However, triboelectric charges are created on both
surfaces by the relative parallel sliding. The lateral polarization along the sliding direction
generates triboelectric charges on the contact surfaces, which drive the electrons on the
electrode to flow. With repeated sliding and closing, an AC output voltage is generated.
This sliding can be in the form of planar motion, disc rotation, or cylindrical rotation [5].

The basic idea of freestanding triboelectric-layer mode (Figure 2d) is that a pair of
symmetric electrodes are connected to the external circuit, and the movement of the
freestanding triboelectric layer between them allows the current to flow from one electrode
to another. The current flow direction depends on the motion direction of the freestanding
layer. Usually, the freestanding layer is made from dielectric material, or both electrodes
are placed underneath a dielectric layer [60]. The freestanding triboelectric-layer mode
can take one of two configurations: a sliding-freestanding TENG or a contact-freestanding
TENG [61].

In most of vibration harvesting devices and sensors, the environmental vibrations
are transmitted into internal oscillations inside the device via a spring-mass system. Such
internal relative oscillations are converted into electricity by electromechanical transduction.
For example, the relative oscillation between a permanent magnet and a coil generates EMF
by electromagnetic induction, and the relative oscillation between two connected bodies
by a piezoelectric element causes deformation/stress on the piezoelectric element, which
in response generates electrostatic voltage. However, when triboelectricity is utilized for
energy transduction, sort of periodic contact-separation or sliding movements between two
surfaces should be implemented. A spring or a kind of elastic/elastomeric mechanism that
can provide a restoring force is introduced in the TENG as well, to realize such movements.
It is worth mentioning that, when the TENG is utilized for harvesting relative vibration
motion between two external surfaces, no mechanical springs are required. The external
relative motion can be directly converted into electricity by one of the TENG’s working
modes based on the nature of the relative motion. The TENG in that case becomes a
non-resonant harvester, by which increasing the input frequency increases the frequency of
the electrical output.
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3. Triboelectric Nanogenerators for Vibration Energy Harvesting

The triboelectric nanogenerator (TENG) is considered as an effective and powerful
technology to scavenge electricity from repetitive movements of objects, especially at low
frequencies [62]. Mechanical vibration is a kind of repetitive movement that appears in
everyday life. TENG technology shows great advantages that are represented in high
output voltage, low cost, multiple optional materials, simplicity, and efficient response to
low frequency—unsteady motion [63]. Those advantages promote the TENG for motion
energy harvesting, especially from random vibrations. Harvesting mechanical vibrations
can serve many important applications such as machine and engine monitoring, structure
health monitoring, IoT, etc. Thus, researchers turn to take the advantages of the TENG for
vibration energy harvesting. A TENG can be used on its own for energy transduction in the
harvesting device, or in hybrid with other transduction technologies such as piezoelectric
and electromagnetic. Here, we reviewed some of the TENG and hybrid TENG vibration
energy harvesters. Table 1 also shows a summary of the reviewed harvesting systems
showing their main features and output performance.

Table 1. Summary of the reviewed TENGs for vibration energy harvesting showing their main
features, dimensions, and output performance.

"IllealjvszeI;ergy ?EIEIYG /Hybrid TENG Mode TENG Materials Dimensions Input Excitation Electrical Output
I =1.14mA,
3D Stack Integrated Contact- 3 Voe =303V,
(Yang et al.) [64] TENG separation PTFE/Al 231.67 cmy 40 Hz Py = 1046 Wm™2
@2MQ
QZS-TENG 3 Bonded glass/ ~ 3 ~
(Wang et al.) [65] TENG Sliding metal =~ 471.24 cm’ 3Hz P =~4.06 mW
Contact-
3D-TENG TENG separation + in PTFE/Al 22356 cm® 6 m/s? and 36 Hz V=123V,
(Yang et al.) [66] 1 1=21 pA
plane-sliding
Contact- 5
CIT-TENG TENG separation PTFE/Al 25 % 7 x 5.5 cm® 02gm/s*@40Hz  5Vand 075 uA
(Bhatia et al.) [67] (impact) range from air compressor
V, =500V,
Gas-enhanced Contact- FEP/ 3 T =11 pnA,
(Lv et al.) [68] TENG separation conductive fabric 5x5x5em 3Hz Max. P=0.8 W
@8 MQ
. . V=140V,

: P y 200 MQ
PNG-EMG-TENG . Contact- 3 Voo =192V,
(Hemojit et al.) [70] Hybrid separation PTFE/gold 6x6x6cm ND Isc =2.78 mA

P=41 uW,

PET . Contact- Patterned 0.5 g m/s? and /

Hybrid : @51 x H 37 mm? & V=126V
(He etal.) [71] separation PDMS/steel 20 Hz @800.1 KO
TPE . Contact- 2 V=2V,
(He et al.) [72] Hybrid separation SR + CNT @48 x H27 mm’ 20 Hz I=1mA.
MFKI-HNG . Contact- 2 1g m/s? and B 3
(Toyabur et al) [40] Hybrid separation PTFE/Al @26 x H50.5 mm 5 Hz Py =3.67 mW/cm
EMG-TENG . Contact- . 3 1g m/s? and TENG: 30 uW and
(Zhu et al.) [73] Hybrid separation PTFE/CB film 6x2x1em 18 Hz EMG: 53 uW
Polymer-based Contact- TENG: 4.8
EMG-TENG Hybrid . PTEE/ITO 2x2x1cm? 0.1-2 gm/s? uW/cm®, EMG:

y separation 8

(Kumar et al.) [74] p 6 uW/cm? (max)
DETEG . Contact- 3 _ 5
(Haroun et al.) [75] Hybrid separation PTFE/Al 8 X 7 X 6cm 5Hz Py4=500 W/m

3.1. TENG-Based Vibration Energy Harvesting

Figure 3 shows sample prototypes of recently developed TENG-based vibration energy
harvesters. According to the type and style of input motion, a certain mode of the TENG is
employed. Yang et al. [64] proposed a 3D stack integrated energy harvester (Figure 3A),
which utilizes a multilayer triboelectric nanogenerator. It consists of a 3D acrylic structure
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with pinned and movable fingers that are installed on a movable acrylic base. The fingers
are made from 3 mm acrylic sheets and are placed parallel to each other. The movable
base is attached to the structure by eight identical helical springs. The function of those
springs is to allow the movement of the movable fingers. This structure is based on the
contact-separation TENG mode to harvest motion in a vertical direction.
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Figure 3. Vibration energy harvesting based on only TENG. (A) A 3D stack integrated triboelectric
nanogenerator with a wide bandwidth of 36 Hz (Reprinted with permission [64], copyright 2014,
John Wiley and Sons). (B) An energy harvester based on sliding mode triboelectric nanogenerator
with a QZS system to gain an ultra-low stiffness in large displacement region (Reprinted with
permission [65], copyright 2021, Elsevier). (C) A 3D TENG-based energy harvester that combines two
operational TENG modes: vertical contact-separation mode and in-plane sliding mode (Reprinted
with permission [66], copyright 2014, John Wiley and Sons). (D) A triboelectric nanogenerator with
cascade structure based on impact to scavenge a wide range of input frequencies (Reprinted with
permission [67], copyright 2019, Scientific Reports). (E) A gas-enhanced triboelectric nanogenerator
based on fully enclosed structure that replaced the air with SF6 so that the output voltage and output
current could be increased by 67% and 120%, respectively (Reprinted with permission [68], copyright
2018, Elsevier). (F) A contact-mode TENG to harvest vibrations of marine pipes (Reprinted with
permission [69], copyright 2021, MDPI).
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Thin films of aluminum are affixed to both sides of the pinned fingers to act as an
electrode as well as a contact surface. Each side of the movable fingers has a layer of
polytetrafluoroethylene (PTFE) with a layer of copper as another electrode. The purpose
of the PTFE nanowires, as depicted in the SEM image of Figure 3A, is to increase the
triboelectric charges and, thus, the overall electrical output.

The harvester was fabricated and tested through a wide range of vibration frequencies,
varying from 2 Hz to 54 Hz. The resonant frequency appears at 40 Hz. Compared to other
vibration energy harvesters, it shows a wide bandwidth of 36 Hz in the low frequency
range. At the resonance frequency of 40 Hz, the open circuit voltage (Voc) and the short
circuit current (Isc) are, respectively, 303 V and 1.14 mA. It has been noticed that with the
same number of charges transported back and forth, a faster approaching produces larger
current peaks than that during a slower separation. One of the important features of this
3D-TENG harvester is that it can serve different applications based on specific dimensional
design. For example, it can be integrated into a ball with arbitrary size and be used to
harvest human body kinetic energy while doing some sports such as basketball, football,
baseball, etc. Moreover, it can efficiently harvest ocean waves by weaving together a large
amount of those self-powered balls [64].

Wang et al. [65] introduced an energy harvester based on the unique idea of combining
a quasi-zero-stiffness (QZS) mechanism and a sliding-mode triboelectric nanogenerator, as
shown in Figure 3B. The main advantage of the QZS-TENG is to enhance the harvesting
performance in the ultra-low frequency region (less than 4 Hz). The QZS-TENG shows a
maximal output power of 6 mW at ultra-low frequencies [65]. The main purpose of the QZS
mechanism is to create a system with a low resonant frequency (Figure 3B). The stiffness of
the linear system is much larger than that of the QZS system. As a result of the low stiffness
feature, the vibration response amplitude in the ultra-low frequency region of the linear
system is lower than that of the QZS system.

As illustrated in Figure 3B, the QZS spring consists of two magnet rings (with green
and blue colors) and two sliding bearings. The sliding bearings are fixed to the QZS spring
to reduce the friction between the rod and an axial spring, while its stiffness is neutralized
with the pair of magnetic rings. When the QZS-TENG is exposed to an external excitation,
the QZS spring will rotate around the hinge, which is fixed onto the cylindrical shell, and
the inner magnet ring moves from the equilibrium position in the horizontal direction by a
distance. This will result in a thrust force along the axial direction. So, a negative stiffness
will be provided by the QZS spring for the QZS-TENG along the vertical direction. Under
the platform of mass M, there is a sleeve with four bonded glasses fixed on the frame of
the QZS-TENG and four metal electrodes bonded with four dielectrics. Both the metal
electrode and the dielectric are bonded on the glass. There are four similar configurations,
which are fixed onto the platform, so that a sliding-mode triboelectric nanogenerator is
formed, as shown in Figure 3B. This unique idea can be used in several applications of
energy harvesting such as environmental and structure health monitoring [65].

Yang et al. [66] developed a multiple direction broadband TENG-based vibration
energy harvester (Figure 3C). The developed system has an innovative design which could
operate by combining two modes of the TENG: the vertical contact-separation mode and
the in-plane sliding mode. This hybrid mode system allows harvesting random vibrations
with different directions and with a wide bandwidth of relatively high frequencies. As
schematically shown in Figure 3C, this 3D-TENG system consists of an acrylic base, a
cylindrical core that lies in the center of the base, and three identical springs separated by
an angle of 120° between each other. Those springs are connected to the cylindrical mass
and the acrylic supporting base. The symmetrical design of the system allows it to have a
constant resonant frequency in in-plane directions. There is a layer of polytetrafluoroethy-
lene (PTFE) thin film pasted to the bottom side of the cylindrical mass as well as a copper
electrode that acts as a back electrode. Moreover, there is a thin film of aluminum adhered
to the acrylic base that has a dual function of a contact surface and a conductive electrode.
The vertical contact-separation mode shows a wide working bandwidth of up to 75 Hz,
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while the in-plane sliding mode has a relatively lower bandwidth of 14.4 Hz [66]. This
3D-TENG has been tested, and the results were very promising for use in several prac-
tical applications such as self-powered sensors, infrastructure monitoring, and charging
portable electronics. It has a maximum power density of 1.35 W /m? for the out-of-plane
excitations and 1.45 W/m? for the in-plane excitations. These results exhibit the influence
of hybridization between the two modes of the TENG.

For unsteady random vibrations, Bhatia et al. [67] proposed a tandem triboelectric
nanogenerator with cascade impact structure (CIT-TENG) to continuously scavenge broad-
band vibrations (Figure 3D). The design concept of this harvester is based on resonance.
It consists of four TENGs; each one has a different resonant frequency that enables the
harvester to operate at a wide frequency range from 0 to 40 Hz. It can also work and
produce remarkable output power away from resonance, which is due to the cascade
impact structure of the harvester. Simulation and experimental results show that the impact
dynamics of the CIT-TENG enables scavenging energy even under low input accelerations
of 0.2-0.5 G m/s?. It can also produce a continuous output voltage of 15 V over 40 Hz band-
width. This CIT-TENG can be utilized in several applications without the need for redesign
validation, such as a car dashboard, water waves, and air compressor machines [67].

A gas-enhanced triboelectric nanogenerator based on a fully enclosed structure
(Figure 3E) was developed by Lv et al. [68]. They came up with the idea of using SF6
atmosphere instead of air. This increases the output voltage and current by 67% and 120%,
respectively, compared to normal atmospheric air. The proposed cubic TENG is composed
of two boxes inside each other. The inner box dimensions are 3 x 3 x 3 cm?, while the
outer box dimensions are 5 x 5 x 5 cm3. The outer surfaces are covered with the etched
fluorinated ethylene propylene (FEP) film with a thickness of 0.1 mm, except the top and
bottom surface of the inner box. Two small springs are attached to the bottom center of the
outer box, while the inner box was fixed with a glue on the top of the two springs. The box
is completely sealed with a waterproof sealant.

This cubic TENG can harvest vibrational energy from four sides, as the triboelectric
material covers the cubic faces. When the box is subjected to mechanical vibrations, the FEP
film on the inner box makes contact-separation with the conductive fabric on the outer box.
Thus, the two surfaces are positively and negatively charged, and a current is generated
through the external circuit by electrostatic induction. The cubic TENG was optimized
when filled with SF6, which produced a maximum output voltage of 500 V and a current of
11 pA. Those values were not affected by the ambient humidity.

Some TENG-based vibration energy harvesters are designed for specific applications.
For example, Li et al. [69] introduced a contact-separation mode TENG to harvest marine
pipe vibrations (Figure 3F). There are many sensors for structural monitoring of marine
pipes, which need to be powered. This TENG exploits the vibration of the pipes, which
comes from the ocean, to power the sensors. The device is composed of dielectric material
films adhered to a simple mass-spring system, to ensure the contact-separation motions
of the triboelectric materials [69]. The working cycle of this device has four stages, which
occur in sequence: fully contacting, separating, separating to a maximal distance, and
approaching. Each stage is shown in Figure 3F. The experimental tests have proven that
the electrical output of the TENG device could meet the requirements of the monitoring
systems in pipes, since the output power of the TENG has a maximum value of 14 yW with
a power density of 5.56 mW /m? at a resistance of 200 MQ).

3.2. Hybrid TENG-Based Vibration Energy Harvesting

The hybridization of a TENG with other transduction mechanisms, such as piezo-
electric and electromagnetic, is proposed to improve the output performance. A hybrid
generator is usually developed for higher output power, higher power density, higher
energy conversion efficiency, wider bandwidth, better environmental adaptability, and/or
better applicability. Singh et al. [70] have designed a harvester that utilizes the three trans-
duction techniques to get the most benefit from the size and achieve the highest power

27



Nanomaterials 2022, 12, 2960

density in a cuboid shape (Figure 4A). The harvester can produce an open-circuit output
voltage of 192 V because of the hybridization. It uses a ZnO-PVDF film for the combination
of the piezoelectric and the triboelectric effects. The harvester design allows the acquisition
of the simultaneous output power of each effect from a single vibration direction. It consists
of two acrylic bases connected by four identical springs, which allow the excitation of the
system in the vertical direction. The vertical excitation creates a contact-separation motion
on the TENG as well as pressure on the piezoelectric material, as shown in Figure 4A. Due
to the dual nature of the ZnO-PVDEF material, the triboelectric effect and the piezoelectric
effect have been combined [70]. The electromagnetic harvesting effect is implemented
by a copper coil attached to the upper acrylic base, and a permanent magnet fixed to the
other base. When the two bases approach each other, the magnetic flux changes across
the coil and generates electricity by electromagnetic induction (EMG). The performance
of this hybrid generator is checked with some applications just like lighting several LEDs
connected in series, powering a digital calculator, and a screw gauge meter [70].
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Figure 4. Hybrid TENG-based vibration energy harvesting. (A) Vibration energy harvester based
on combining different devices in order to increase the efficiency and applicability (Reprinted with
permission [70], copyright 2021, Royal Society of Chemistry). (B) A piezoelectric—electromagnetic—
triboelectric hybrid energy harvester that can scavenge vibrations with frequency ranged from 3.5 Hz
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to 10 Hz (Reprinted with permission [71], copyright 2017, Elsevier). (C) Cylindrical triboelectric—
piezoelectric—electromagnetic hybrid nanogenerator that is mainly based on a magnetic levi-
tating structure (Reprinted with permission [72], copyright 2017, Elsevier). (D) A hybridized
electromagnetic—triboelectric nanogenerator for harvesting human vibrations that are less than 5 Hz
(Reprinted with permission [40], copyright 2020, Elsevier). (E) An electromagnetic-triboelectric nano-
generator based on multi-impact technique for harvesting wideband frequency vibrations (Reprinted
with permission [73], copyright 2017, MDPI). (F) Broadband energy harvester utilizing non-linear
polymer spring and electromagnetic—triboelectric hybrid harvesting mechanism (Reprinted with
permission [74], copyright 2021, Scientific Reports). (G) Hybrid dielectric elastomer-triboelectric
nanogenerator with enhanced output performance (Reprinted with permission [75], copyright
2021, Elsevier).

The hybrid generators can have the advantage of broadband performance, which
can work effectively at a wide range of input frequencies. He et al. [71] introduced a
piezoelectric—electromagnetic-triboelectric (PET) hybrid generator (Figure 4B), which can
efficiently scavenge vibrational energy with frequency ranging from 5 to 40 Hz. It has an
output voltage of 12.6 V at 20 Hz and 13.3 V at 24 Hz [71]. The structure of the generator
is in a form of cylindrical acrylic case with three layers of hybrid energy harvesters, as
shown schematically in Figure 4B. The middle layer is a piezoelectric—electromagnetic
hybrid harvester. It has a unique structure, which consists of four L-shaped PET beams
with flexible PVDF piezo film pasted on them, two permanent magnets, and other two
magnetic coils. This structure is called the picking up vibration structure (PVS) 1. The top
and bottom layers of the harvester are the same and are placed symmetrically. Each one
is a triboelectric energy harvester, which is based on the picking up vibration structure
(PVS) I1. (PVS) I includes four PET folded beams. Each harvester of the three previously is
considered as a lumped spring-mass-damper system. Each system has a resonant frequency
according to its structure. Both structures have two close resonant frequencies. In addition,
the excitation of any of these harvester causes the other harvester to be excited, due to them
hitting against each other. This allows the cylindrical PET energy harvester to operate at a
very low and wide range of frequencies [71].

He et al. [72] presented a compact hybrid generator (Figure 4C) with high power
density that is able to work efficiently at low frequencies. The proposed harvester has a
cylindrical compact design with dimensions of 48 mm x 27 mm. It has a light weight
due to the low-density materials and is capable of scavenging vibrational energy under
20 Hz. This low frequency operating range is a result of combining the three mechanisms
of transduction: piezoelectric, triboelectric, and electromagnetic. The design of this PET
harvester is so simple and has an innovative idea for the mechanism of movement. It is all
about the movable core, which is a permanent magnetic core levitating in the middle of
three cylindrical magnets in a triangle-shape distribution. According to the layout design
of the harvester (Figure 4C), the levitated annular magnet has three roles in generating
electricity from the PEG, EMG, and TENG. The first role is generating electricity from
the piezoelectric effect, due to the impact between the PZT sheets and PEG units in the
harvester. The second one is changing the magnetic flux in the two copper coils existing in
the top and bottom of the system. This results in generating electricity by electromagnetic
induction. The third role is from there being a triboelectric electrode in the TENG unit,
which delivers electrons between the two rubber layers at the top and bottom of the
harvester during the up and down vertical oscillation [72]. The presented harvester can
generate 78.4 pW output power due to the triboelectric nanogenerator (TENG), 36 mW
and 38.4 mW due to the electromagnetic generators in the top and bottom of the system,
respectively, and 122 mW and 105 mW from the piezoelectric generator in the top and
bottom of the harvester, respectively [72].

Energy harvesting of ultra-low frequency vibrations such as human walking can
serve important applications. It can be a sustainable power source for portable electronics
and wearable sensors [45,76,77]. Rahman et al. [40] invented a miniaturized freestanding
kinetic-impact-based hybridized nanogenerator (MFKI-HNG) that is capable of harvesting
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energy from human body motion in the ultra-low frequency range (Figure 4D). This
MFKI-HNG is designed to generate electricity simultaneously from an electromagnetic
generator (EMG) and a triboelectric nanogenerator (TENG) in a simple way. The system
configuration is like a battery, as they both have almost the same shape and size. The
harvester consists of a cylindrical aluminum mass oscillating in a cylindrical tube, and
two cylindrical magnets are fixed to the top and the bottom of the mass. Moreover, there
are two identical springs; each has a fixed end to the end of the tube, while the other end
is free. The copper coil is wound over the outer surface of the tube, where the magnetic
flux changes due to the magnets’ movement up and down and, consequently, generates
electricity by electromagnetic induction. A layer of triboelectric material partially covers
the internal surface of the tube, which creates, with the cylindrical mass, a sliding mode
TENG and generates electricity by the triboelectric effect [40]. Figure 4D shows the results
of the harvester output. By optimizing the parameters, it can generate an output voltage
of 18 V under 6 Hz. It also generates a maximum power of 102.29 mW and a power
density of 3.67 mW /cm3. This power value can be sufficient for powering smartphones
and smartwatches.

Due to the convenience and effectiveness of a device like that invented by Rahman
et al. [40], a few hybrid generators were presented with the same concept but with different
designs. One was introduced by Seol et al. [78] in 2016. A magnetic-based spring was
utilized instead of a mechanical one. Two permanent magnets were fixed to the ends of
the tube, which provides repulsive forces, and two copper coils were wound over the
tube. The operation range of frequencies was under 10 Hz and the output power from the
EMG and the TENG was 128 W/Kg m? and 130 W/Kg m?, respectively. Another energy
harvester was that presented by Salauddin et al. [79] in 2017. It was composed of two
rectangular-shaped cylinders inside each other with a magnetic stiffness between them and
copper coils. The fabricated hybrid energy harvester gave an output power of 10.07 mW
and an output current of 3.74 mA at a resonant frequency of 4.5 Hz, which corresponded to
a 344 W/m3 volume power density.

Zhu et al. [73] presented a hybrid broadband TENG—EMG device. As shown in
Figure 4E, the device consists of a PTFE cantilever, where the TENG and EMG are placed at
the middle and the end of the cantilever, respectively. It has a wide operating low frequency
bandwidth (1045 Hz) due to the multi-impact approach, which introduces a nonlinearity
in the system. It also has a small-size device, which could be suitable for powering small
electronics just like smartphones and smartwatches. From the results shown in Figure 4E,
the proposed harvester can generate an average power from the TENG and the EMG up to
30 uW/m? and 53 uW/m?, respectively [73].

A way of combining non-linear stiffening effect with the dual-way energy harvesting
(TENG and EMGQG) is introduced by Gupta et al. [74]. They presented a TENG—EMG hybrid
generator with a wide bandwidth of 23-68 Hz over a wide range of input acceleration
(0.1-2.0g) (Figure 4F). There are two working modes of this device, as shock and resonant.
Harvesting energy in resonant mode is achieved at 82 Hz with output voltage of 20 mV and
55 mV from the TENG and EMG, respectively. Whereas energy harvesting in the non-linear
mode or hand tapping mode reaches a maximum power density of 4.8 uW/cm? from the
TENG and 6 pW/cm? from the EMG.

Hybridization between TENG technology and the other technologies such as EMG and
PEG is proven to be an innovative strategy to boost the output power, increase the operating
bandwidth, and efficiently harvest low and ultra-low frequency vibrations. Though, there
are other transduction technologies that can benefit from coupling with a TENG, such as
dielectric elastomers (DE). Haroun and Lee [75] developed a DE—TENG hybrid generator,
namely DETEG (Figure 4G). A dielectric elastomer has the advantages of stretch ability,
high energy density, and the ability to match low frequency motion. It deforms with
nonlinear stiffening behavior, which can work as a nonlinear self-spring and be utilized for
broadband vibration energy harvesting. However, a dielectric elastomer cannot convert
mechanical energy to electrical energy on its own. It needs a prime voltage or an external
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source of prime electrical charges. It converts mechanical energy to electrical energy by
amplifying the prime voltage to higher voltage levels. Therefore, tethering a TENG with a
DEG can provide the necessary prime voltage to the DEG, which in turn is amplified by the
external input mechanical energy. The hybrid DETEG system was introduced to gain use
of the DEG advantages mentioned before, for portable applications. In addition, the DE
membrane has an electric field breakdown strength larger than air. A higher voltage can
be sustained across the DE membrane. Thus, DETEG can be more convenient with high
voltage applications such as the powering of dielectric elastomer actuators (DEA) and the
self-powering of electrospinning systems.

4. Triboelectric Nanogenerators for Vibration Measurements

Vibration measurement is a key component of machine-condition monitoring, which
enables early detection of machine damages, faults, and abnormal stoppings. A TENG
can convert mechanical motion in the form of contact-separation or sliding between two
surfaces into electrical output with high voltage. Therefore, a TENG can be used as a
vibration sensor with high sensitivity, by converting vibration motion into one of a TENG's
modes of contact. A TENG for vibration sensing uses the same concept as a TENG for
vibration energy harvesting. However, other important features are considered in case of
vibration sensing such as sensitivity, resolution, measuring range, and linearity. Vibration
motion is mainly defined by vibration amplitude and frequency. Vibration frequency can
be easily detected by most vibration sensors, but the amplitude is more difficult. Measuring
one of the vibration physical characteristics such as displacement velocity or acceleration
with time provides information about vibration amplitude and frequency. Some TENGs
have been developed to measure either vibration displacement or vibration acceleration,
which are reviewed in this work.

4.1. Triboelectric Sensors for Displacement Measurements

Vibration displacement is an important characteristic that represents the strength of
mechanical vibrations. Some TENGs are developed to measure only the displacement
amplitude, while others measure the vibration displacement over time, which can provide
information about both vibration amplitude and frequency. Wang et al. [80] proposed a
contact-separation-enabled freestanding TENG (CF-TENG) for self-powered displacement
amplitude measurements. The configuration of the system is schematically shown in
Figure 5A. Two Al-deposited acrylic plates are supported in a parallel setup with a gap of
2 cm, which act as the stationary electrodes. An acrylic sheet is placed between them and
supported with eight springs through its corners, which acts as a vibration resonator. Two
50-pm fluorinated ethylene propylene (FEP) films are laminated onto the two sides of the
acrylic sheet. They are purposely chosen as the freestanding triboelectric layers due to their
distinctively opposite triboelectric polarity with Al. When the system is excited with input
vibrations, the resonating acrylic sheet allows the two triboelectric layers to alternatively
reach the electrodes. When the vibration amplitude is high, the generation of triboelectric
charge will occur due to contact between the FEP layers.
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Figure 5. Triboelectric sensors for vibration-displacement measurements. (A) A contact-separation-
enabled freestanding TENG sensor for measuring vibration displacement amplitude, (Reprinted
with permission [80], copyright 2014, American Chemical Society). (B) A single dimensional dis-
placement and speed sensor technology based on two layers of micro-grated triboelectric layers
(Reprinted with permission [81], copyright 2013, John Wiley and Sons). (C) An integrated self-
powered dynamic displacement monitoring system for structural health monitoring (Reprinted with
permission [82], copyright 2017, John Wiley and Sons). (D) An aerosol jet printing (AJP) that is used
to create triboelectric sensors from different materials, including polymers, which may be directly
printed into finely detailed grating structures for increased sensitivity to displacement and speed of
motion (Reprinted with permission [83], copyright 2018, John Wiley and Sons). (E) A self-powered
vibration sensing system that can detect vibration properties in real time, continuously using a
dual-mode triboelectric nanogenerator that can create either alternating current (AC) or direct current
(DC) within various operation zones (Reprinted with permission [84], copyright 2020, American
Chemical Society).

The resonator plate reaches the largest vibration distance at resonance. The resonant
frequency in this system is around 15 Hz, at which the best sensitivity of the system can
be found. When the system works at 15 Hz, as the amplitude increases, the open circuit
voltage and the short circuit current increase almost linearly, until the amplitude reaches
1.5 mm. This is called region I, as depicted by Figure 5A(ii). After 1.5 mm, the acrylic
plate starts to impact with the electrodes, which is called region II. Figure 5A(iii) shows
a linear relationship between the open-circuit voltage and the vibration amplitude over
a wide range of displacements. This linearity indicates the performance enhancement of
the CF-TENG over simple contact-mode TENGs that generate remarkable signals only
within narrow limits of separation distance. It also gives an advantage to the CF-TENG
when utilized as an energy harvester, since it would have the capability to harvest large
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amplitude vibrations. This sensor can detect small displacement amplitudes down to
3.5 um at the resonant frequency and up to 15 mm at a frequency of 21 Hz. This refers to a
good sensitivity of the sensor.

Wang et al. [81] proposed a nanometer-resolution self-powered static and dynamic
sensor, based on micro-grated triboelectrification, which consists of a pair of micro-grating
structures with relative motion between them that leads to the periodic separation of
two grates that have opposite charges, as shown in Figure 5B. The sensor can detect the
vibration displacement by the open circuit voltage and the short circuit current generated
by the sensor. The motion range of this sensor is 200 um, and the resolution is 173 nm, with
a linearity error of 0.02%. The displacement can be calculated by identifying the number of
peaks in the output signal. One peak is an indication of 200 pm displacement. When the
sensor is placed on a vibration generator and the number of zero-crossings of the output
voltage are counted, each of which represents a 100 um step of displacement, then the
real-time displacement can be derived.

Yu et al. [82] presented a self-powered dynamic displacement monitoring system, as
illustrated in Figure 5C. It consists of an outer tube made of acrylic with an inertial mass
inside, which is suspended by a stretchable silicone rubber wire. Two nylon films coated
with copper are glued to the inner surface of the tube, which provide an optimized gap of
2 mm inside the tube. The fluorinated ethylene propylene (FEP) film, as the freestanding
triboelectric layer, is coated on the cylindrical mass that has a diameter of 15 mm and weight
of 32 g. The external input motion causes a relative motion between the mass and the tube.
The resulted open circuit voltage shows an acceptable linearity with the displacement of
the inertial mass. The natural frequency of the proposed sensor is important, which can
be determined by selecting the appropriate size and material parameters, such as wire
elastic modulus, wire length, and cylinder diameter. The natural frequency of the proposed
prototype is designed to be 434.8 Hz. In this sensor, the dynamic displacement monitoring
system automatically sends an alarm signal when the displacement amplitude exceeds a
pre-set limit. The testing results of the sensor show that it behaves accurately below 5 Hz,
compared to a traditional piezoelectric accelerometer. Moreover, it has a high sensitivity of
0.391 V s2/m when it operates at 3 Hz.

Jing et al. [83] use the aerosol jet printing (AJP) technique to develop novel triboelectric
sensors for high-resolution motion sensing, including displacement, as shown in Figure 5D.
This is done by direct and rapid printing of both metallic and polymeric inks into the
desired finely grated structures. The fabrication of an ultra-fine grated and patterned
interdigitated electrode structure is done by printing silver and polyimide inks onto flexible
polyimide substrates. These make up the main functional parts for the mover and the stator
of the sensor. The stator contains a pair of interdigitated electrodes at a pitch of 50 pm. The
centers of the comb electrodes on either side are displaced by half a pitch to form a pair
of interdigitated electrodes. For the mover, a grated pattern with a period of 100 um was
printed on polyimide film with Ag ink. Material selection of triboelectric layers is critical
when designing this system. So, in this work, optimization was done by printing three
ink movers with different combinations of metals as follow: Ag on Kapton, PVDF-TrFE
on Kapton, Kapton on nylon, Kapton on Teflon, and Kapton on aluminum foil. When the
layers are tested under the same condition, the highest output voltage is acquired from the
Ag-Kapton combination, which is an interesting result. This sensor has a high resolution
of up to 50 pm, with a maximum sensitivity of around 630 mV /um. Aerosol jet printing
shows a high resolution, a low prototyping time, wide material options, and a large scale.

To achieve a real time monitoring of structures and predict vibrations behavior with a
warning system, a self-powered vibration monitoring system is introduced by Li et al. [84],
as shown in Figure 5E. The proposed system can detect vibration characteristics (e.g., dis-
placement amplitude, frequency, and acceleration) as well as detect the working state of the
construction with an alarm system, when reaching the safety threshold. The configuration
of the AC/DC-TENG consists of a stator and a mover, as shown in Figure 5E. The stator
is made of two friction electrodes, a charge-collecting electrode, and an acrylic layer that
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acts as a frame. The two friction electrodes are equal in size (20 mm x 20 mm), and are
pasted side by side on the acrylic layer with a gap of 0.5 mm. The collecting electrode is
put on the bottom edge of the acrylic layer. The slider (20 mm x 20 mm) is attached to a
fluorinated ethylene film as a triboelectric layer. When the mover oscillates between the
two friction electrodes without exceeding the edge of the acrylic layer (the safe zone), an
AC signal is generated by triboelectrification and electrostatic induction, and, hence, the
vibration characteristic is obtained.

The working mechanism of the device is shown in Figure 5E(ii). Initially, the mover is
fully overlapped with the friction electrode. In the safe region, the case (vi) will not occur.
If part of the slider moves off the edge of the friction electrode, the case (vi) occurred. Due
to the high electrostatic field between the collecting charge electrode and the negatively
charged friction electrodes surface, air breakdown occurs in the gap, causing a DC in the
external circuit. This was confirmed by the same author in previous research [85]. In the
sage zone, the open circuit voltage is proportional to vibration displacement amplitude.
The device was tested for more than 10,000 cycles, to prove a high stability. The system
also shows a linear behavior in both the safe and danger zones.

4.2. Triboelectric Sensors for Acceleration Measurements

Acceleration sensor is an important tool in vibration condition monitoring and others.
It plays an essential role in many applications such as GPS devices, biomedical devices,
artificial intelligence products, automotive, environmental monitoring, and equipment
monitoring. In recent years, the triboelectric nanogenerator has been developed as a
promising technology for acceleration sensing [86]. The most important features of the
reviewed TENG displacement and acceleration sensors are summarized in Table 2.

Table 2. Summary of the reviewed TENG vibration sensors, which shows their main features
and performance.

Triboelectric . . Input

Sensor Sensor Type TENG Mode Materials Dimensions Excitation Performance
CE-TENG . N Contact- 3 15 Hz and Isc =10 nA,
(Wang et al.) [80] Displacement separation FEP/Al 200 e 35 pm Voc =054V
i\;:{r)z—gitln;;[;srﬁonon sensor Displacement Sliding Parylene/SiOy ~0.18 cm3 1Hz Resolution = 173 nm
(F\ZAEL\:(aJI ) [82] Displacement Sliding FEP/Cu @25 mm x 22 65 mm 3Hz Sensitivity = 0.391 Vs2 m~1
(?i]:g“e‘f:l")“[;g?m Displacement Sliding PVDF-TrFE/Ag (25 x 7 x 5.5) cm3 ND Max. sensitivity = 630 WV/ um
AC/DC-TENG . 1 2Hz
(Lietal) [84] Displacement Sliding FEP/NA Electrodes: (20 x 20) mm2 and 5 mm Vo=3V

- Isc =300 nA,
?anq]l::‘d—r;eslal)—l[)sa;]ed TENG Acceleration Sceoztj;;n PVDF/Hg (30 x 30 x 6) mm3 60 m/s2 Voc =155V,

getal P sensitivity = 0.26 V-s/m2
MFMS ) - (@40 x H19) mm2.
(Wu etal) [88] Acceleration Sliding PTFE/NdFeB V = 2388 cm3 ND ND
High-g sensor . Contact- 3 Sensitivity = 1.8 mV/g @200 pm
(Dai etal.) [89] Acceleration separation PDMS/Cu (14 x 14 x 8) mm ND beam thickness
MMS . Contact- 50 Hz and
(Wang et al.) [90] Acceleration separation PU/PTFE ND 3ms— Vo =330 mV
Elastic-beam TENG . Contact- PTFE/stainless 2 e -1
(Chen etal.) [91] Acceleration separation steel foil (SSF) (7.5 x 60) mm Sensitivity =900 VN
Inertial sensor Acceleration Contact- Teflon/Al 2 2 3 30 Hz Vo =62V
(Adly etal) [92] separation (200 > 50 x 20) mum 0 =6
2

V-Q-a TENG . Contact- 2 1-11 m/s? Pgq =371.8 mW/m
(Lixt et al) [93] Acceleration separation ITO/PET (3.5 x 6) cm’

sensitivity = 20.4 V/(m/s2)

Based on a liquid metal triboelectric nanogenerator, a self-powered acceleration sensor
is introduced by Zhang et al. [87], as shown in Figure 6A. The sensor was tested for over
200,000 cycles. It shows a high sensitivity of 26 Vs/m? and a wide working range from 0
to 60 m/s?, with excellent stability and durability. The high stability and durability are
achieved due to the usage of liquid metal mercury. The sensor also shows a good linear
relationship between the measured acceleration, and the output voltage and current. The
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graph in Figure 6A shows the effect of different volume ratios of the mercury droplet and
acrylic cavity on the measured accelerations.
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Figure 6. Triboelectric sensors for acceleration measurements. (A) Self-powered and extremely
sensitive triboelectric acceleration sensor that is made of a liquid metal mercury droplet and a
nanofiber-networked polyvinylidene fluoride film (Reprinted with permission [87], copyright 2017,
American Chemical Society). (B) Self-powered multifunctional triboelectric motion sensor (MFMS),
which is capable of concurrently sensing motion characteristics such as direction, speed, and accel-
eration of linear and rotating motions (Reprinted with permission [88], copyright 2018, American
Chemical Society). (C) Self-powered triboelectric high-g acceleration sensor (Reprinted with permis-
sion [89], copyright 2017, Elsevier). (D) Self-powered multifunctional triboelectric sensor based on
PTFE and PU for vibration and motion sensing (Reprinted with permission [90], copyright 2020, John
Wiley and Sons). (E) Multifunction sensor based on elastic-beam triboelectric nanogenerator. It con-
sists of copper and polytetrafluoroethylene layers that are glued on an acrylic plate (Reprinted with
permission [91], copyright 2018, John Wiley and Sons). (F) Inertial triboelectric motion sensor with
optimized parameters (Reprinted with permission [92], copyright 2021, Elsevier). (G) Self-powered
and high-sensitivity triboelectric acceleration sensor. It is composed of transparent outer shell and
inner mass and silk fibroin patches (Reprinted with permission [93], copyright 2019, Elsevier).

This self-powered acceleration sensor consists of an internal mercury droplet and
external acrylic shell. In the acrylic face, there is a hemisphere cavity with a deposited
copper film that acts as an electrode. The nonstick mercury droplet was put in the cavity
as a free moving electrode, and the face of the cavity is made from a copper layer coated
with nn-PVDF which acts as a TENG layer. The working mechanism of the self-powered
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acceleration sensor is shown in Figure 6A. At the initial state, the mercury sticks on the
bottom of the cavity with no electric charge on the surface of the nn-PVDF layer. When
the sensor moves up, the mercury will contact the nn-PVDF layer. Since, they are different
in their triboelectric polarity, positive and negative charges are generated on the mercury
and on the PVDF layer surface, respectively. When there is no contact between the mercury
and the PVDF layer while the sensor is moving down, the equilibration of the electric
field is changed, and then an electric difference is created between the electrodes. The
electrons will flow from the top electrode to the bottom electrode until the equilibrium of
the collected charges.

Wu et al. [88] presented a self-powered multifunctional motion sensor that can detect
acceleration of linear and rotary motions, as shown in Figure 6B. The dimension of the
device are 40 mm diameter and 19 mm height. The body is made from acrylic. The TENG
is composed of a magnetic disk and PTFE as a friction layer, with copper electrodes stuck
onto it. There are an inner circle electrode, an outer circle electrode, and arc electrodes
between them. By increasing the number of electrodes, the sensitivity increases. For the
sake of design, the number of electrodes in this device are stated as four. The four arc
electrodes are referring to as north, east, south, and west.

Measuring the linear acceleration is experimentally checked. When the magnetic
disk moves linearly in any direction, crossing the inner and outer circle electrodes, the
electrostatic potential of the two circle electrodes reach each peak. The voltage waveforms
of the inner and outer circle electrodes show the relationship between the voltage and
the motion position. When the magnetic disk is at the center, the open-circuit voltages of
the two electrodes equal 0 V. When the magnetic disk is moving far from the inner circle
electrode, its open-circuit voltage will reach a certain value. After that, with the magnetic
disk moving away from the inner circle electrode and toward the outer circle electrode, the
open-circuit voltage of the inner circle electrode will reach a peak value. To determine the
acceleration, the time is recorded, and the derivation of its value can be done.

In Figure 6C, a self-powered high-g acceleration sensor based on a triboelectric nano-
generator is proposed for the first time [89]. It has a volume of (14 x 14 x 8) mm?, a
measuring range of up to 1.8 x 10* g, and sensitivity of 1.8 mV /g with a good linearity. The
structure of this sensor is shown in Figure 6C. The positive electrode is made of aluminum
foil in a beam shape having hinged weight. The negative electrode is made of a PDMS
film that is bonded to the face of the copper plate. When there is no high-g acceleration,
a contact between the positive and negative electrodes will occur and there is no voltage
output. As high-g acceleration occurs, the aluminum beam will deform away from the
positive electrode due to the hinged mass. When the deformation reaches the maximum, a
potential difference between positive and negative electrodes occurs and reaches its peak
due to the distance between charges. After the impact of acceleration, the deformation of
the aluminum electrode is restored, which, in turn, causes the voltage to drop back to zero.

A multifunction sensor based on an elastic-beam triboelectric nanogenerator is in-
troduced [90]. As shown in Figure 6D, the sensor consists of a copper (Cu) layer and a
polytetrafluoroethylene layer. Both are glued to an acrylic plate. One end of an arc-SSF is
fixed on the acrylic plate that holds the copper and the polytetrafluoroethylene layers. The
working principle of the sensor is as follows: by contact-separation between the SSF and
the PTFE that is caused by external force, the SSF gains a positive charge and the PTFE
gains a negative charge. These charges stay on both layers due to the open-circuit state and
the dielectric properties of the PTFE layer. Increasing the pressing would not change the
amount of charge, but it changes the capacitance, which is related to the contacting area and
the separation distance. At the full pressing, the maximum contact area and the minimum
separated distance occur. When releasing, the SSF will return to the initial position to
complete the cycle. This sensor can be used as a force sensor, acceleration sensor, sensitive
scale, and intelligent keyboard with good performance with sensitivity of 30-900 V /N [90].

Another self-powered multifunctional triboelectric sensor based on the PTFE and PU
for vibration and motion sensing is proposed [91]. It is made up of a hollow cylindrical
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structure with a movable cover and a resin frame (Figure 6E). Seven copper electrodes
with 0.1 mm thickness are stuck to the inner walls of the frame. One electrode is placed on
the top cover. A center electrode and a ring electrode are placed on the bottom, and four
directional electrodes are attached to the side wall of the cylinder. All electrodes are coated
with the PTFE layer. A PU ball is inserted in the inner hallow cylinder. The working flow
of the sensor (Figure 6E) appears in two working modes. The sensor can achieve multiple
sensing functions, due to the different combinations of the ball and the electrodes. The
sensor can sense speed, acceleration, and direction.

Adly et al. [92] presented a study on the modeling and optimization of an inertial
triboelectric motion sensor. The proposed sensor consists of a U-shaped frame with an
elastic beam mounted on its ends (Figure 6F). A counterweight is attached to the beam,
with aluminum layer pasted on it as a triboelectric layer. The other triboelectric layer is
made of Teflon and is fixed on the bottom of the U-shaped frame, with a rubber layer in
between. This device is based on the contact-separation mode between the aluminum
layer and the dielectric Teflon layer. As shown in Figure 6F, the system is selected to have
a resonant frequency of 30 Hz based on an optimization, and it has been tested under
different accelerations ranging from 0.4 g to 1.2 g. The focus of this work is to optimize all
the device parameters.

Liu et al. [93] came up with an idea for a self-powered and high-sensitivity TENG
acceleration sensor. It is composed of a proof mass attached to an arch-shaped triboelectric
layer (Figure 6G). The sensor has a transparent outer shell with the mass inside and
silk fibroin patches. The arch layer supports the mass. The working principle of the
sensor is based on a contact-separation mode TENG. It has two working phases: when
the acceleration is upwards, and when the acceleration is downwards. For upwards
acceleration, the proof mass tends to move downwards, forcing the triboelectric arch layers
to be in full contact. The electron charges will then transfer from the ITO/PET/SF layer to
the ITO/PET layer and meet electrostatic equilibrium. For downward acceleration, the mass
will then separate the triboelectric layers, and a potential drop will occur, forcing electrical
signal to be generated through the two electrodes. This TENG is highly recommended to
serve as wearable devices with an alarm and vibration monitoring systems, which require
high sensitivity. It exhibits a high sensitivity of 20.4 V/(m/s?) and a power density of
371.8 mW/m?.

5. TENGs for Both Vibration Energy Harvesting and Vibration Sensing

Some TENGs can work effectively as self-powered vibration sensors as well as energy
harvesters. Their designs are suitable for certain sensing applications with sufficient
sensitivity. In addition, they have an enhanced output power, which allows them to work
effectively as energy harvesters. One example is that presented by Xu et al. [38]. They
proposed a bidirectional spring-based triboelectric nanogenerator (S-TENG), as shown
in Figure 7A. The spring-based TENG was previously presented, but it can benefit from
motion in a single direction. Benefiting from motion in more than one direction at the
same time remains a big challenge. Xu et al. succeeded in integrating a spring into a
TENG and gaining use of two-directional vibration modes, which come from its bendable
property. It has great potential to serve as a self-powered active sensor for acceleration and
in harvesting arbitrary vibrational energy generated from buildings, ocean waves, wind, etc.
As shown in Figure 7A, the helical structure of the S-TENG is composed of two elastomeric
conductive layers, which serve as electrodes. With the aid of wire spring and silicone
rubber and through external vibration triggering, both vertical and horizontal vibrations
will decrease the adjacent distance between the helical coil, forming a contact-separation
mode in the TENG. The S-TENG shows great performance under vertical and horizontal
resonant frequencies of 16 Hz and 8.5 Hz, respectively. The average maximum power
density was found to be 240 and 45 mW /m?, respectively.
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Figure 7. TENGs that can work as energy harvesters as well as self-powered sensors. (A) Soft and
resilient spring-based triboelectric nanogenerator that scavenges vibrational energy from horizontal
and vertical excitations (Reprinted with permission [38], copyright 2019, Advanced Energy Materials).
(B) Honeycomb-structure vibration sensor for monitoring motors conditions (Reprinted with permis-
sion [94], copyright 2019, Advanced Energy Materials). (C) Hybridized triboelectric and piezoelectric
nanogenerator with a tunable resonant frequency (Reprinted with permission [95], copyright 2020,
Nano Energy). (D) The structure and mechanism of spherical triboelectric nanogenerator, which is
used in drilling process (Reprinted with permission [36], copyright 2020, MDPI).

Another example of enhancing sensing and harvesting performance is presented by
Xiao et al. [94]. They proposed a honeycomb-structure-inspired triboelectric nanogenerator
(HIS-TENG). It is composed of two flexible copper electrodes and an intermediate hon-
eycomb frame, which is fabricated using 3D printing (Figure 7B). The overall structure is
then framed by two acrylic plates. Each groove in the honeycomb structure, has a poly
tetrafluoroethylene ball, which acts as the triboelectric layer. Compared to the square grid
structure, the honeycomb structure increases the maximum power density by 43.2% and
has an advantage of strong frequency adaptability compared to a spring-assisted TENG.
By applying this HIS-TENG on the block of a diesel engine of a real sailing ship, it was
found that the HIS-TENG can work as an effective self-powered sensor used for monitor-
ing engine condition; in addition, it has a remarkable performance and great potential in
vibration energy harvesting.
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The working mechanism of the HIS-TENG simply depends on the motion of the small
ball inside each groove. When the PTFE ball is in contact with the lower copper film,
electrons are transferred from the bottom electrode to the PTFE ball, which in return will
achieve positive and negative triboelectric charges on the PTFE ball and the surface of the
electrode layer. As the structure is subjected to any external source of vibrations, the PTFE
ball will move upward and separate from the bottom electrode, while hitting the upper
one. During this separation, electrons are transfered from the bottom electrode to the top
electrode, resulting in a current and charged signals transfer to be generated in the external
circuit. This work proved that the HIS-TENG exhibited a robust performance, and it can
serve as a self-powered engine condition monitor and may have a great impact on machine
monitoring in the future [94].

We all know that autonomous wireless sensor nodes play an important role in the field
of industry and Internet of things. That’s why a self-sustained power supply for sensors
is highly recommended. Wang et al. [95] proposed a self-sustained autonomous wireless
sensing based on a hybridized TENG and PEG vibration mechanism. Their proposed
mechanism is shown in Figure 7C. It has a broadband behavior and tunable resonant
frequency, which can be applied for various ranges of vibration frequencies. What makes
the hybridization of a TENG and a PEG so perfect in this device is that the PEG generates
a high current and is more suitable to act as energy harvester, while the TENG has a
high voltage output and is preferred to be a self-powered accelerometer, as it has good
sensing capability. This hybrid WSN is composed of one PEG and two TENGs. There is a
Lead Zicronate Titanate (PZT) bimorph, which is hinged-hinged mounted. There are two
T-shaped copper proof masses, in which they are bonded with the PZT bimorph through
a piece of foam. This piece of foam will reduce the concentrated stress. The bolt and nut
fixed at the side of the outer package give an axial force to tune the resonant frequency of
the PZT bimorph. The two TENGs work as energy harvesters as well as act as stoppers
for PEG overload, protecting it. The triboelectric positive electrode is a nickel fiber, while
ecoflex with a pyramidal synaptic array is selected to act as a negative electrode. This
material is selected for its soft stiffness, which ensures sufficient contact in the contact-
separation mode and generates more triboelectric charges. Its working mechanism depends
on the strength of the vibration excitation. As with stronger vibration and acceleration,
more output voltage and current would be generated. When the outer package receives
an ambient vibration, the proof mass will force the bimorph PZT to strain, and this will
generate electricity to power the acceleration sensor. When the proof mass hits the nickel
fabric and full contact occurs, triboelectric charges are transferred to the ecoflex material
through the contact-separation mode. This separation is translated to an electric signal
through the triboelectrification process. This mechanism can be applied on a train cabin to
monitor the conditions and overload status through the vibrations exerted by the moving
cabins. It produces an output power of 6.5 mW at 25 Hz and 1.0 g [95].

Another TENG for vibration measurements and energy harvesting from mechanical
drilling was invented by Wu et al. [36]. They proposed a spherical triboelectric nanogenera-
tor (S-TENG) for scavenging and measuring mechanical vibrations during the traditional
downhole drilling process (Figure 7D), which can be used for exploitation applications
such as the exploitation of petroleum, gas, or other mineral resources. Drill string vibra-
tions inevitably occur during any drilling process. With excessive vibrations, the drilling
tool would be damaged, and accidents may occur. To avoid that hazard, there must be a
method for real-time vibration measurements of the downhole drill string. The traditional
methods used for drilling vibrations measurement (using cables and batteries) increase the
drilling cost and decrease the drilling efficiency. However, the S-TENG brings hope for
solving these problems. The S-TENG consists of a fixed ball, a freely moveable ball, and a
supporting seat. The fixed ball is attached to the supporting seat and the moveable ball is
embedded inside the fixed ball, as shown in Figure 7D. On the upper and lower sections of
the fixed ball there are copper, and polytetrafluoroethylene (PTFE) pasted layers. The Cu
serves as the electrode, while the PTFE is used as the friction layer for generating electric
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charges. When the drill string vibrates, the moveable ball moves up and down relative
to the axial vibration of the drill string, generating charges due to the triboelectric effect
and electrostatic induction. When the moveable ball separates from the lower seat/lower
friction layer, electrons flow through the external load and form electric current. When the
moveable ball contacts the upper friction layer (negatively charged) and separates again,
electrons move through the external load in reverse, and a reverse current is generated.
This S-TENG generates an electrical output of 70 V, 33 pA, and 10.9 nW at a maximum
frequency value of 8 Hz [36].

6. Conclusions

Mechanical vibrations are an abundant source of motion in the surrounding environ-
ment. They appear almost everywhere: in manufacturing machines, cars, trains, household
equipment, turbines, etc. That is why researchers have thought about mechanical vibrations
as a sustainable energy source for wireless sensors associated with IoT and sensor network
applications. Other renewable energy sources are employed such as solar and wind ener-
gies. Nevertheless, mechanical vibrations are preferred when the sensors are placed in deep
and dark environments. In the past few decades, EMGs and PEGs have shown success in
vibration energy harvesting for a wide range of applications. However, the prosperous
development of the TENG shows its great potential for vibration scavenging. The TENG
has a high energy conversion efficiency, low cost, simple fabrication method, and the ability
to match low frequency vibrations. For vibration to electrical energy conversion, the TENG
utilizes a spring-mass system or other elastomeric mechanisms that can provide a restoring
force. Such a restoring force mechanism guarantees a sustained internal oscillation with
the input vibration, which is converted into electricity through one or more of the TENG
modes of contact. TENG-based energy harvesters can rely on only triboelectric as a mech-
anism of energy transduction or a hybrid with other transduction technologies such as
electromagnetic and piezoelectric. Hybridization of the TENG is proposed to increase the
system power density, the output power, the operating bandwidth, and/or provide a better
environmental adaptability and applicability. Some recent developed TENGs and hybrid
TENGs are reviewed in this paper. The development of the TENG for vibration scavenge de-
pends on increasing the system output power, widening the frequency bandwidth, having
better applicability with certain applications, and/or matching lower frequencies. Those
are achieved by utilizing innovative system designs, and, in some cases, by boosting the
triboelectrification performance [68]. There is still a potential for the future development
of the TENG for vibration scavenging. Some vibration mechanisms, such as a bistable
compliant mechanism [96], and variable stiffness [97] mechanisms can be employed with
the TENG to enhance its harvesting performance.

The effectiveness of the TENG for vibration energy harvesting encourages researchers
to consider it as a self-powered vibration sensor. The TENG converts a mechanical vibration
trigger into an electrical signal. So, it can sense vibrations directly without applying a power
unit to the device. The TENG shows many advantages when utilized as a vibration sensor,
such as high output voltage, high efficiency, low cost, stability, and robustness. Due to the
four different TENG modes of contact, it has also great design adaptability and different
design possibilities. One of the most important applications of vibration measurement is the
machine condition monitoring. Machine condition monitoring helps to detect early signs of
deterioration, and it is the core element of machine predictive maintenance. In this work, the
recent progress in the development of a TENG for vibration measurements is reviewed as
well. Vibration measurements can be achieved by measuring either vibration displacement
or vibration acceleration. Unlike a TENG for vibration energy harvesting, other criteria are
considered when a TENG is utilized for vibration measurement. Sensitivity, resolution,
measuring range, and linearity are among the main criteria. Researchers are trying to
improve the performance of a TENG as a self-powered vibration sensor, according to those
criteria. Among challenges that are faced when utilizing a TENG as a vibration sensor are
the nonlinearity and low resolution. To overcome the nonlinearity problem, the system
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should be designed with a lateral dimension much larger than their vertical-separation
distance. For example, the electricity generation has a linear relationship with the moving
distance of the freestanding layer when working in contact-separation mode. Moreover,
using grated structures can introduce high-resolution vibration sensing.

Although, high output power is the main criterion for a TENG as a vibration scavenger,
some TENG vibration sensors can produce high output power. They can work as effective
self-powered sensors as well as energy harvesters. Some of them are reviewed in this work.
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Abstract: Natural sources of green energy include sunshine, water, biomass, geothermal heat, and
wind. These energies are alternate forms of electrical energy that do not rely on fossil fuels. Green
energy is environmentally benign, as it avoids the generation of greenhouse gases and pollutants.
Various systems and equipment have been utilized to gather natural energy. However, most tech-
nologies need a huge amount of infrastructure and expensive equipment in order to power electronic
gadgets, smart sensors, and wearable devices. Nanogenerators have recently emerged as an alterna-
tive technique for collecting energy from both natural and artificial sources, with significant benefits
such as light weight, low-cost production, simple operation, easy signal processing, and low-cost
materials. These nanogenerators might power electronic components and wearable devices used in a
variety of applications such as telecommunications, the medical sector, the military and automotive
industries, and internet of things (IoT) devices. We describe new research on the performance of
nanogenerators employing several green energy acquisition processes such as piezoelectric, electro-
magnetic, thermoelectric, and triboelectric. Furthermore, the materials, applications, challenges, and
future prospects of several nanogenerators are discussed.

Keywords: energy harvesting; green energy; hybrid nanogenerators; piezoelectric nanogenerator;
thermoelectric nanogenerators; triboelectric nanogenerator

1. Introduction

The internet of things (IoT) gadgets, smart sensors, internet of medical things (IoMT)
for healthcare systems, and consumer electronics devices have seen significant expansion
in recent years. These devices often employ traditional batteries, which have drawbacks
owing to their huge size, finite lifetime, and harmful components that contaminate the
environment [1-3]. This issue with traditional batteries may restrict the efficiency of future
IoT gadgets, smart sensors, and wearable devices. Thus, new eco-friendly alternative
technologies to power these gadgets are current and future research challenges. Recent
studies [4-8] have described nanogenerators capable of harvesting green energy by several
transduction methods such as the piezoelectric, triboelectric, electromagnetic, and thermo-
electric effects. The nanogenerators can harvest green energy from natural and artificial

45



Nanomaterials 2022, 12, 2549

sources from wind, water, thermal, solar, mechanical vibrations, and motions of the human
body [9-13]. These nanogenerators have unique features such as light weight, low-cost
fabrication, tiny size, simple performance and signal processing, high power density, and a
longer lifetime when compared to conventional batteries. Thus, nanogenerators provide
a cost-effective alternative for powering future IoT devices, smart sensors, and consumer
electronics products based on green energy harvesting from the environment. Further-
more, nanogenerators may be used to drive self-powered sensors for applications ranging
from telecommunications to health monitoring, the automotive and military industries,
agriculture, aerospace, and smart cities [14-19].

Most commercial low-power electronic devices require rectifier circuits to convert the
variable output current of nanogenerators into direct current (DC). In addition, several
researchers have used rectifiers coupled with antennas to design rectennas, which can
harvest radio frequency (RF) energy and convert it to direct current [20-25]. Supercapacitors
can also be integrated into nanogenerators to store their output power [26,27]. Thus, rectifier
circuits and supercapacitors can enable the nanogenerators to have a consistent output
power. In addition, hybrid nanogenerators may gather multiple green energy sources
using two or more acquisition processes [28-31]. Due to this performance characteristic,
hybrid nanogenerators can increase their output power densities in comparison to a single
nanogenerator. The hybrid nanogenerators can power electronic devices for longer periods
of time by utilizing various green energy sources (e.g., wind, heat, rain, solar radiation, and
mechanical vibrations). These hybrid nanogenerators may be capable of harvesting a mix
of green energies to continuously power electronics and sensors. This might enable the
conversion of accessible green energy sources into electricity both during the day and at
night, as well as in both indoor and outdoor environments.

More research is needed to increase the performance, stability, and reliability of
nanogenerators. For instance, optimization methods may be utilized in the design of
nano-generators for each individual application to forecast the best electrical and structural
configurations and material selection. This optimized nanogenerator design can increase
output power density and service time. Another idea is to employ wearable and flexible
materials to create nanogenerators that are adaptive to the human body and gather biome-
chanical energy [32,33]. Additionally, effective packaging solutions for nanogenerators
are necessary to improve their wear resistance and resistance to high temperature and
humidity fluctuations. Better packing materials and the usage of long-lasting materials for
nanogenerators can improve their reliability. The sensitivity of rectification circuits used
in nanogenerators can be improved in the electronic section to produce a higher output
DC power. Furthermore, these circuits may be manufactured utilizing microelectronic
technology to reduce their size [34,35].

We present new research on nanogenerators that transform various green energy
sources into electricity. This review looks at the principles of operation, materials, per-
formance, and applications of several nanogenerators, including multiple green energy
acquisition processes. The performance advantages of hybrid nanogenerators are also
explored. We also consider the problems and views of nanogenerators, including their
design phase, materials, energy storage, fabrication method, and dependability. Nanogener-
ators technology is an alternative solution for replacing traditional batteries and powering
future electronic devices and sensors in the IoT and military industries, IoMT for healthcare
systems, consumer electronics, telecommunications, automotive sector, robotics, wearable
optoelectronics, and other fields.

2. Operation Principle
2.1. Vibration Energy

The vibration energy from the environment can be harvested using nanogenerators
with transduction mechanisms such as piezoelectric, electromagnetic, triboelectric, and
piezotronic effects. For instance, these nanogenerator types can convert mechanical vibra-
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tions caused by the wind effect, sound, water waves, human body motion, machines, and
vehicles into electrical energy.

2.1.1. Piezoelectric Nanogenerators

The piezoelectric nanogenerators (PENGs) use the piezoelectric effect to capture green
energy from ocean water waves, wind, biomechanical movements, and environmental
mechanical vibrations. The output voltage of this type of nanogenerator is affected by me-
chanical deformations and the parameters of its piezoelectric layer. Mechanical vibrations
in the environment can induce varied deformations in the piezoelectric nano-generators
that generate the AC output voltage. A piezoelectric layer, a substrate, and two electrodes
make up these nanogenerators. PENGs feature a basic structural design, easy performance,
a simple construction method, high stability, and a low cost [36—44].

2.1.2. Electromagnetic Nanogenerators

Electromagnetic generators (EMGs) employ magnetic materials and coils to function
according to the Faraday law. These generators may convert the kinetic energy of flowing
water into electricity [45]. This wave flow is utilized to vary the location of the magnet
material relative to the coil, resulting in a changing magnetic field that induces a voltage
in the coil. However, as compared to triboelectric nanogenerators, these generators can
have a larger volume and weight. Furthermore, EMGs require support structures that let
them float on the water’s surface [46]. The performance of electromagnetic nanogenerators
is determined by the rate of change of the magnetic flux. EMGs can be made to function
at frequencies comparable to those of ocean waves to scavenge energy from them. Ocean
waves move randomly at low frequencies of roughly 1 Hz [47]. The EMGs’ performance
is limited by their low frequency. Due to wind sources and environmental mechanical
vibrations, which may function at higher frequencies, EMGs are ideal for scavenging
green energy.

2.1.3. Triboelectricity Nanogenerators

Triboelectric nanogenerators (TENGs) may gather green energy from irregular sur-
roundings at low frequencies by connecting contact electrification with electrostatic in-
duction. Blue energy, for example, may be extracted from ocean wave motion, which is
fundamentally random and travels at low frequencies (near to 1 Hz) [48-60]. The benefits
of triboelectric nanogenerators are their small weight, low cost, simple operation prin-
ciple, and lack of sophisticated production [61-64]. To attain the highest performance,
the triboelectric materials and electro-mechanical designs of the nanogenerators must be
optimized [65-71]. As a result, optimizing the design of triboelectric nanogenerators is
critical for improving the conversion of green energy into electric energy.

TENGs may be configured to function in four basic modes (Figure 1): vertical contact-
separation (CS), lateral sliding (LS), single-electrode (SE), and freestanding triboelectric-
layer (FSTL). TENGs usually require two triboelectric surfaces and two electrodes. Electron
attraction between two triboelectric surfaces creates an electrostatic charge transfer from one
surface to another in these operational modes. The displacement of the triboelectric layers
changes their initial electrostatic state, resulting in an electric potential difference between
the layers. The potential difference drives the current through the external load to balance
the electrostatic state. The movement of the triboelectric layer in the opposite direction will
generate a difference in the current flow. TENGs can therefore have alternating current
(AC) voltages between their two output electrodes, depending on the triboelectric material
type, operating mechanism, and green energy source.

2.1.4. Piezotronic Nanogenerators

The piezotronic nanogenerators harvest low-frequency vibration/friction energy into
electricity by using the linked piezoelectric and semiconducting capabilities of nanowires/
nanobelts, as well as the influence of a Schottky barrier at the metal-semiconductor [73,74].
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These nanogenerators might be incorporated into textile strands to recycle energy generated
by human movement. Thus, the piezoelectronic nanogenerator is a potentially useful
technology for harvesting/recycling energy from the environment to power self-powered
nanodevices that may be operated wirelessly and remotely. This technique will enable self-
powered wireless nanosystems and nanodevices to have a sustained energy supply [75].

CT—— . (b)

/| Vertical contact-separation N Linear sliding mode
mode

~
¥\ Freestanding triboelectric-layer
mode

Figure 1. Several potential applications of TENGs using different operational modes: (a) vertical
contact-separation, (b) linear sliding, (c) single-electrode, and (d) freestanding triboelectric-layer.
Reprinted with permission from [72]. Copyright ©2014, Royal Society of Chemistry.

2.2. Thermal Energy

Thermoelectric and pyroelectric nanogenerators can transform thermal energy from
the environment into electrical energy to power electronic devices.

Thermoelectric and Pyroelectric Nanogenerators

Another sort of green energy that may be obtained from the environment is thermal
energy. This energy may be transformed into electric energy and used to power low-power
electronic devices employing thermoelectric nanogenerators (TEGs) [76]. TEGs produce
electricity by using the Seebeck effect to scavenge thermal energy caused by tempera-
ture differences between two thermoelectric (TE) materials (Figure 2). This temperature
differential causes charge carriers to migrate from a high-temperature TE material to a low-
temperature TE material [77,78]. A TEG’s voltage output is proportional to the temperature
gradient. TEGs, on the other hand, need significant temperature gradients across TE mate-
rials. TEGs are classified into two types: rigid thermoelectric nanogenerators and flexible
thermoelectric nanogenerators, with the latter depending on their deformation properties.
Stretchable, compressible, collapsible, lightweight, tiny in volume, affordable, and simple
are advantages of TEGs [79-81]. Flexible TEGs have the potential to be employed in waste
heat recovery [82-84], portable electronics [85-87], and human health monitoring due to
their properties [88-90].

Pyroelectric nanogenerators (PyENGs) use the variation in spontaneous polarization
inside pyroelectric materials to transform heat energy into electric energy. This is generated
by oscillations of electric dipoles caused by a change in time-dependent temperature [91,92].
The creation of electric current through materials having a non-center symmetrical crys-
talline structure when subjected to a time-dependent temperature gradient is referred to as
the pyroelectric effect [93,94].
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Figure 2. Reduced graphene oxide poly(3,4-ethylenedioxythiophene): poly (styrenesulfonate) (rGO-
PEDOT:PSS) film-coated fabric of the flexible and washable thermoelectric nanogenerator fabricated
by Khoso et al. [78]. This nanogenerator has potential application for harvesting green energy from
human body heat. FESEM images with magnifications of (a) 500 um and (b) 250 um rGO-coated
fabric and (c) 200 um of rGO-PEDPT:PSS coated fabric. (d-f) Color mapping of SEM images’ infrared
rendering. Reprinted with permission from [78]. Copyright ©2021, Royal Society of Chemistry.

Pyroelectric nanogenerators have been identified as the energy collectors of the future,
with the potential to be a viable energy technology for scavenging thermal energy in
everyday life [94]. Thus, PyENGs and TEGs may have significant uses in powering future
intelligent electronic sensors and IoT-connected wearable devices. More investigations on
inorganic and organic materials, structure, performance, and reliability are required for the
development of these nanogenerators.

2.3. Hybrid Nanogenerators

In the meantime, hybrid nanogenerators may harvest/recycle green energy from the
environment by using several energy acquisition mechanisms or numerous connected
nanogenerators with the same energy acquisition method (Figure 3). In hybrid nano-
generators, for example, piezoelectric, pyroelectric, triboelectric, and electromagnetic
phenomena can be used. In comparison to individual nanogenerators, this nanogen-
erator type can provide high and efficient power density [95]. Recent research has led to
the development of hybrid nanogenerators based on piezoelectric—pyroelectric [96-98],
triboelectric-piezoelectric [31,99-117], electromagnetic—triboelectric [118-132], triboelectric—
piezoelectric-pyroelectric [133-136], triboelectric-piezoelectric-electromagnetic [137-148],
and photovoltaic-triboelectric effect [149-154].
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Figure 3. Potential applications of hybrid nanogenerators.

3. Performance and Applications

Hu et al. [155] designed an eco-friendly fabric-based TENG for converting biomechani-
cal energy into electric energy, which can then be utilized to drive self-powered gadgets and
wearable electronic sensors. This energy may be acquired by everyday human movements
including leaping, jogging, walking, arms lifting, arms bending, and leg lifting. This TENG
is made up of cellulose-based conductive macrofibers with key properties such as being
super-strong, biodegradable, and washable. As illustrated in Figure 4, these microfibers
were created by wet-stretching and wet-twisting bacterial cellulose (BC) hydro-gel with
polypyrrole (PPy) and carbon nanotubes (CNTs). The microfibers were woven into a nylon
fabric to generate the cellulose-based /nylon macrofiber. In this scenario, nylon serves
as a positive triboelectric material, and a silver thin membrane is attached to a PDMS
thin membrane to form a PDMS/silver film. As a result, the TENG features a cellulose-
based /nylon macrofiber fabric that acts as a friction layer/electrode and a PDMS/silver
layer that acts as a second friction film/electrode. The proposed microfibers demonstrated
great tensile strength (449 MPa), strong electrical conductivity (5.32 Scem~!), and good
stability. The highest open-circuit voltage of the TENG is 170 V, the short-circuit current is
0.8 pA, and the output power is 352 pW. (Figure 5). Furthermore, these TENG may function
as self-powered devices for tracking human body motions (Figure 6).

Zhao et al. [156] produced a triboelectric—electromagnetic hybrid nanogenerator
(TEHG) that can gather wind energy while also powering electronic gadgets. This nano-
generator is made up of a TENG that operates in the sliding independent triboelectric-layer
mode and an EMG that operates in the rotating mode. Figure 7 depicts the structure and
materials of the TEHG, which is made up of a rotor and a stator. The stator has a cylindrical
shell that is sealed, while the rotor has a disk and a projecting cylinder. This cylinder fea-
tures an inside cylinder that can accommodate wind cups to convert environmental wind
energy into mechanical energy. The cylindrical magnets of the EMG are positioned in ten
cylindrical grooves on the upper surface of the rotor disk. The completed TEHG structure
has an outside diameter of 80 mm and a height of 20 mm. The TENG employs PTFE and
nylon as triboelectric layers that are in touch with one another. The PTFE functions as a
0.3 mm thick negative friction layer, while the nylon acts as a positive friction substance. Six
aluminum electrodes are joined as interdigital electrodes on the nylon layer. Furthermore,
the bottom of the shell has nine grooves for installing the copper coils of the EMG. These
coils are wired in series to boost the output signal. The rotation of the TEHG structure
caused by the wind source causes surface charge transfer between the two triboelectric
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layers. During the TEHG rotation process, an alternating current with a changing direction
is produced. Figure 8 displays the TEHG’s output open-circuit voltage and short-circuit
current readings at various rotation speeds. Peak-to-peak voltage and peak-to-peak current
of the TENG grow from 106 V to 190 V and 2.27 pA to 14.6 uA, respectively, with rotation
speeds ranging from 100 rpm to 900 rpm (14 m/s of wind speed). The output response of
the EMG is determined by the relative rotation of the magnet and coil based on electromag-
netic induction (Faraday’s law). The peak-to-peak voltage and peak-to-peak current rise
from 5V to 38 V and 3.3 mA to 20 mA, respectively, as the rotation speed increases from
100 rpm (5 m/s of wind speed) to 900 rpm. The TENG has a maximum average output
power of 0.33 mW at an ideal load resistance of 12 M(). The EMG, on the other hand, has a
maximum average output power of 32.87 mW and a maximum load resistance of 1.25 KQ.
The TEHG was evaluated for its ability to provide energy to wireless sensor network nodes.
For this, Zhao et al. designed a circuit that incorporates a test device for measuring voltage
changes and a cell phone for receiving data from the node (Figure 9). The TEHG was used
to light up 200 LEDs in tandem and power an ambient humidity and temperature sensor at
a rotation speed of 400 rpm (9 m/s of wind speed).

BC/CNT Hydrogel BC/CNT/PPy Hydrogel

Polymerization
=== = ‘

@ Wet-stretching

I @ Wet-stretching @ Wet-stretching
@ Wet-twisting [\ @ Wet-twisting (@ Wet-twisting

BC macrofiber

§

PPy particle o

(d)

BC/CNT macrofiber BC/CNT/PPy macrofiber

Figure 4. (a) Schematic view of the fabrication process of BC, BC/CNT/PPy macrofibers used in
the fabric-based TENG developed by Hu et al. [155]. Images of (b) BC macrofibers, (¢) BC/CNT
macrofibers, and (d) BC/CNT /PPy macrofibers. Reprinted with permission from [155]. Copyright
©2022, Springer Nature.
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Figure 5. (a) Schematic view of the main components and materials of the fabric-based TENG
designed by Hu et al. [155]; (b) two operating modes of the fabric-based TENG, (i) contact-separation
mode and (ii) single electrode mode. Response of the (c) short-circuit current, (d) open-circuit voltage,
and (e) transferred charges of the fabric-based TENG under different frequencies. (f) Results of the
instantaneous power in relation to external load resistance, measurements of the output voltage of
the fabric-based TENG considering (g) several impact forces at 1 Hz, (h) relative humidity variations,
(i) before and after washing, (j) contact-separation mode with a frequency of 1 Hz during 100 s, and
(k) mechanical strains with repetition of 100 cycles. Reprinted with permission from [155]. Copyright
©2022, Springer Nature.
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Figure 6. Applications of the fabric-based TENG were reported by Hu et al. [155]. (a) Diagram of
the fabric-based TENG with rectifier bridge circuit for charging capacitors and powering electronic
devices. (b) Response of the charging process of three commercial capacitors when the TENG
is working in contact-separation mode with a frequency of 1 Hz. (c) Real-time measurements of
the capacitor voltage, which is used for powering an electronic watch. (d) An electronic watch,
(e) a temperature-humidity meter, and (f) a calculator powered using the fabric-based TENG with
capacitors of 22 uF, 47 uF, and 100 puE respectively. (g) Photographs and output voltages of the fabric-
based TENG working as a self-powered device fixed to different sections of the human body for
monitoring the body motion, (i) walking, (ii) running, (iii) jumping, (iv) arm lifting, (v) arm bending,
and (vi) leg lifting. Reprinted with permission from [155]. Copyright ©2022, Springer Nature.
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Figure 7. The TEHG structure developed by Zhao et al. [156]. (a) Schematic view of the main
components and materials of the TEHG. (b) Image of the sealing cover of the cylindrical shell.
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(c) Image of the rotor disk. (d) Image of the cylindrical shell. (e) Image of the assembled structure of
the TEHG. Reprinted with permission from [156]. Copyright ©2021, John Wiley and Sons.
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Figure 8. The output response of the TEHG was reported by Zhao et al. [156]. (a,b) The output open-
circuit voltage of the TENG and EMG under several rotation speeds. (c,d) The output short-circuits
current under several rotation speeds. (e,f) The output voltages and currents of the TENG and EMG
as a function of external load resistance at a rotation speed of 400 rm. (g/h) The average output
power of the TENG and EMG as a function of external load resistance at a rotation speed of 400 rpm.
Reprinted with permission from [156]. Copyright ©2021, John Wiley and Sons.
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Figure 9. The application of the TEHG was proposed by Zhao et al. [156]. (a) Schematic view of the
designed circuit for continuously supplying energy for the wireless sensor network node. (b) Mobile
phone display to receive sensor data. (c) Mobile phone display to receive voltage data. (d) The test
circuit of the TEHG to power the wireless sensor network node. (e) TEHG used to light up 200 LEDs.
(f) TEHG supplies power to the thermometer and hygrometer device. (g) TENG is used to charge
different capacitors. (h) TEHG is employed to charge several capacitors. (i) Relationship between the
output voltage frequency, wind speed, and rotation speed. Reprinted with permission from [156].
Copyright ©2021, John Wiley and Sons.

Wu et al. [157] introduced a hybrid energy cell (Figure 10) that combines a TENG, an
electrochemical cell (EC), and eight amorphous silicon-based solar cells (SCs) to gather
wind, chemical, and solar energies from the environment simultaneously or independently.
This hybrid energy cell might power low-power electronic devices such as wind speed
sensors and temperature sensors. The key benefit of this technology is its capacity to
scavenge three separate energy sources at the same time, which improves the usage of
energy from the environment. A polytetrafluoroethylene (PTFE) film and an Al film are
bonded to two acrylic tubes to form the TENG. The periodic contact/separation between
the PTFE film and the Al film can generate charge transfer between the Al electrode and
the ground by utilizing the coupling between the triboelectric effect and the electrostatic
effect (Figure 11). First, both the Al and PTFE films are in an aligned position, where the
two surfaces are completely in touch with one other. The two films have opposing charge
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polarities and are entirely balanced in this configuration, resulting in no electron flow
across from Al film to PTFE film. This sequence is completed, and the mismatch between
the two films is obtained. Since the relative rotation of both films continues, the PTFE
film travels back to touch the Al film, creating electrons that flow from the Al electrode
to the ground. This electrostatic induction action can lead the TENG’s output signals to
increase, indicating that the charges are entirely balanced. An alternating electric shape
output is obtained during a TENG operation cycle. Figure 12 depicts the manufactured
TENG'’s output signals. This TENG has an open-circuit voltage approaching 90 V, a short-
circuit current density close to 0.5 mA/ m?2, and a maximum power density of 16 mW/ m2,
allowing it to power up 20 blue light-emitting diodes directly (LEDs). For charging a
capacitor, the hybrid energy cell outperformed separate energy units significantly. The
hybrid device’s gathered energy can be stored in a Li-ion battery as a controlled power
module for powering electronic equipment. Increasing the surface roughness and effective
surface area of the triboelectric material induces a higher triboelectric charge density and
improves TENG output performance.

(a)
@ rie

§ |
. Solar cell
. Cu

Figure 10. (a) Schematic view of the main components of the hybrid energy cell developed by
Wau et al. [157]. (b) Image of the fabricated hybrid energy cell that includes solar cells and electro-
chemical cells placed on and in the TENG, respectively. (c) SEM image of Al film surface of the TENG,
which was modified using nanostructures. Reprinted with permission from [157]. Copyright ©2014,
Tsinghua University Press and Springer-Verlag Berlin Heidelberg.

The collagen fibrils of vegetables, fruits, and plants may be the responsible constituents
of these natural materials’ piezoelectricity. The piezoelectricity in collagen fibrils is caused
by intermolecular hydrogen bonding, which results in a uniaxial orientation of the molecu-
lar dipoles [158]. Tomato peels (TPs), for example, include 16 different amino acids [159]
and non-centrosymmetric properties due to their low symmetrical orthorhombic and mono-
clinic space groups, which might contribute to the piezoelectric effect [159]. Furthermore,
the TPs feature structures with significant porosity, which causes additional displacement
owing to applied external stresses, boosting the TPs’ piezoelectricity [160,161]. Further-
more, the hydroxyl groups in TPs’ lutein and zeaxanthin contribute to their piezoelectricity.
Hydrogen bonding occurs in the hydroxyl group due to the extremely electropositive
hydrogen and electronegative oxygen atoms [160]. According to the findings of these
studies, TPs can be employed to generate piezoelectric energy.
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Figure 11. Stages of the operation principle of the TENG used in the hybrid energy cell fabricated by
Wu et al. [157]. Reprinted with permission from [157]. Copyright ©2014, Tsinghua University Press
and Springer-Verlag Berlin Heidelberg.
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Figure 12. (a) Experimental results of the open-circuit voltage and short-circuit current density of
the TENG using one strip unit. (b) Output voltage and current density of the TENG with one strip
unit considering a load resistance of 100 MQ. (c) Variation in the output voltage and current density
of the TENG as a function of load resistance. (d) Response of the power density as a function of
load resistance. (e) Output voltage and current density of the TENG with two strip units. Reprinted
with permission from [157]. Copyright ©2014, Tsinghua University Press and Springer-Verlag
Berlin Heidelberg.

57



Nanomaterials 2022, 12, 2549

Saqib et al. [160] examined the triboelectric and piezoelectric action of tomato peel (TP)
in order to build a hybrid nanogenerator (TP-TPENG) with bio-organic nature materials
for collecting green energy with potential applications in pollution-free and self-powered
devices. The tomato’s very porous structure boosts the TP-output TPENG’s responsiveness.
The open-circuit voltage, short-circuit current, and highest instantaneous power of a TP-
based piezoelectric nanogenerator (TP-PENG) are 24.5V, 2.5 pA, and 19.5 uW, respectively.
The open-circuit voltage, short-circuit current, and highest instantaneous power of the
TP-based triboelectric nanogenerator (TP-TENG), on the other hand, are 135V, 81 uA, and
3750 pW, respectively. The combination of triboelectric and piezoelectric effects resulted in
an enhanced TP-TPENG output response with a rectifier circuit. The rectified open circuit
voltage, short circuit current, and maximum instantaneous power of this TP-TPENG are
150 V, 84 pA, and 5400 uW, respectively. Thus, TPs may be used to create unique non-
toxic and eco-friendly hybrid nanogenerators based on their piezoelectric and triboelectric
capabilities. This hybrid nanogenerator powered 141 commercial LEDs while also charging
a 10 uF capacitor. Figure 13 depicts the primary components and materials of the hybrid
nanogenerator. The TPs” hydroxyl and carbonyl groups contribute to their piezoelectric
and triboelectric characteristics. Furthermore, TPs offer high flexibility and robustness.
Figure 14 depicts the electrical output behavior of the TP-based nanogenerator when
the piezoelectric and triboelectric effects are taken into account. The electrical output
performance of the TP-TENG is superior to that of the TP-PENG. On the other hand, the
combined responsiveness of TP’s piezoelectric and triboelectric capabilities allows for a
TP-TPENG with more superior electric output response than both TP-PENG and TP-TENG.
The alternating output signal of the hybrid nanogenerator is rectified using two rectifier
circuits. In addition, the hybrid nanogenerator was used to charge four different capacitors
(0.22 uF, 10 pF, 50 pF, and 100 uF). The three nanogenerators were used to power several
commercial LEDs. In addition, TP-TENG and TP-TPENG with rectifier circuits were used
to power many commercial stopwatches (Figure 15).

Gokana et al. [91] developed a pyroelectric nanogenerator (PyNG) capable of produc-
ing electric energy from waste heat in the environment. As illustrated in Figure 16, this
PyNG is made using a screen-printed serpentine electrode (SRE) that has been modified
with cesium tungsten bronze (Csy 33WO3). Furthermore, Csy33WO3 was applied to both
the electrode and the PVDF sheets. With a load resistance of 20 QOM, the PyNG with 7 wt%
Cs0.33WO3 can reach a temperature of 121 °C and electrical output voltage, current, and
power density of 4.36 V, 214 nA, and 23.38 W /m?, respectively. A liquid crystal display
(LCD) and four LEDs were powered by the proposed PyNG. This PyNG is an alternate
source for capturing solar energy and powering low-power electrical gadgets. Figure 16
depicts the various materials and components utilized in the fabrication of the PyNG, as
well as the temperature values of its electrodes determined by IR thermographic imaging.
The thermoelectric conversion behavior of the PyNG was evaluated by measuring its
thermal and electrical output responses during heating and cooling at 8 mHz switching
frequency. Under near-infrared (NIR) radiation, the PVDF PyNG with 7 wt% Cs33WO3
quickly registered 75 °C and reverted to 29 °C after 60 s of radiation removal. Using the
same experimental conditions, PVDF PyNG without Cs( 33WO3 reached 58 °C and reverted
to 29 °C. As a result, the rate of temperature changes of PVDF/Cs(33WO3 PyNG was
increased by over 27% when compared to pure PVDF PyNG. Furthermore, as compared to
the pure PVDF PyNG, the electrical output voltage and current of the PVDF/ Csy33WO3
PyNG increased by around 26% and 16%, respectively (Figure 17). The PyNG’s better
performance might be attributed to its high photothermal conversion behavior and NIR
light absorption. When NIR light is shone on the improved PyNG with a 10 uF capacitor,
the PyNG may activate four LEDs and display an LCD, as illustrated in Figure 18.
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Figure 13. (a) Images of (i) peeling of a tomato, (ii) unfolded TP, (iii) folded TP, and (iv) rolled TP.
(b) Schematic view of the main elements and materials used in the hybrid nanogenerator. (c) Struc-
tures of the three amino acids (alanine, glycine, and lysine) of the TP that allow the presence of C,
O, N, and H. (d) Schematic view of the carbonyl and hydroxyl groups in the chain of the TP pectin
structure. (e) Response of TP ferroelectric hysteresis considering a frequency of 20 Hz. Reprinted
with permission from [160]. Copyright ©2021, John Wiley and Sons.
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Figure 14. Electric output performance of the TP-PENG, TP-TENG, and TP-TPENG fabricated by
Saqib et al. [160]. (a) Open circuit voltage and (b) short circuit current of the TP-based nanogenerator
without considering the combination of both piezo and triboelectric effects. Output current and
instantaneous power of the (¢) TP-PENG and (d) TP-TENG as a function of the load resistance.
(e) Schematic view of the main elements and materials of the hybrid nanogenerator. (f) Open circuit
voltage and (g) short circuit current of the TP-TPENG. (h) Variation in the generated output current
and instantaneous power of the TP-TPENG related with several external load resistances. (i) Charging
curve of four different capacitors employing TP-TPENG. (j) The charging and discharging behavior
of capacitor using hybrid nanogenerator. Reprinted with permission from [160]. Copyright ©2021,
John Wiley and Sons.
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Figure 15. Application of the TP-based nanogenerators reported by Saqib et al. [160]. (a) Schematic
diagram and (b) application of the TP-TPENG with rectifier circuit to light up LEDs. Lighted LEDs
using (c¢) TP-PENG, (d) TP-TENG, and (e) TP-TPENG, respectively, under a simple hand pressing
force. (f) Schematic diagram of the TP-TPENG with rectifier circuit and energy storage unit. Different
stopwatches are powered using (g) TP-TENG and (h) TP-TPENG, respectively. Reprinted with

permission from [160]. Copyright ©2021, John Wiley and Sons.
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Figure 16. The main components and materials of the PyNG were reported by Gokana et al. [91].
(a) Schematic diagram of the elaboration of the serpentine electrode (SRE) using screen-printing.
(b) Schematic diagram of structural design and materials of the SRE PyNG. (c¢) Dimensions of the
SRE pattern. FESEM images of (d) surface and (e) cross-sectional view of the PyNG. (f) Temperature

response of the PyNG using IR thermographic. Reprinted with permission from [91]. Copyright
©2022, Elsevier B.V.
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Figure 17. The thermal and electrical output performance of the PyNG developed by
Gokana et al. [91]. (a) Temperature variation, (b) rate of temperature shift, (c) output voltage, and
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PVDF/Cs(33WO3; PyNG as a function of load resistance. Reprinted with permission from [91].
Copyright ©2022, Elsevier B.V.
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Figure 18. Application of the PVDF/Cs(33WO3 PyNG designed by Gokana et al. [91]. (a) Experi-
mental setup of the PyNG to turn on (b) four lighted LEDs and (c) display LCD. (d) Charging and
discharging voltage of 10 pF capacitor using the PVDF/Cs( 33WO3; PyNG. Reprinted with permission
from [91]. Copyright ©2022, Elsevier B.V.
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Table 1 reported the comparison of the main characteristics of various nanogenerator
types, including the transduction mechanism, energy source, materials, advantages, and
weaknesses. For a single transduction mechanism, the triboelectric nanogenerators have
important characteristics such as high electrical output performance, good stability, simple
structure, and cost-efficient fabrication. In addition, this nanogenerator can be designed
to convert different energy sources (e.g., biomechanical, water waves, environmental
vibrations, and wind) into electrical energy. On the other hand, the hybrid nanogenerators
present an enhanced electrical output performance in comparison with nanogenerators
based on a single transduction mechanism. The hybrid nanogenerators that include the
triboelectric effect have the best operation parameters such as compact and simple structure,
good flexibility, stability, low-cost manufacturing, and high electrical output performance.

Table 1. Summary of the main characteristics of several nanogenerators used to harvest different
green energy sources.

. Energy .
Transduc.tlon Source and Advantages Weaknesses POte,ntlf‘I Reference
Mechanism . . Application
Main Materials
High electro-mechanical
Biomechanical performance, large-area Self-powered sensory
. . Performance depends on - -
Piezoelectric compliant, long-time the Glv-MoS systems, biomedical [37]
PVDE/Gly-MoS, output signal stability, 4 2 monitoring, and
o nanosheet’s content .
composite film and low-power wearable electronics
manufacturing
Biomechanical -
Low-cost fabrication and Self-powered
Piezoelectric flexible and Performance depends on biocompatible [38]
PDMS/PPy . the PPy content npatit
L robust devices electronic devices
composite film
Biomechanical Biowaste materials,
simple fabrication Performance power Biomedical devices
Piezoelectric PVDE/coconut husk process, and good depends on the CHP and sustainable [39]
powder (CHP) electromechanical content sensors
composite film stability
Biomechanical . . Electromechanical Self-powered blood
. . Flexible materials and . . pressure sensors and
Piezoelectric L behavior requires [42]
. low-cost fabrication wearable
PVDF film more tests . . .
biomedical devices
Biomechanical
Flexible materials and . . .
Piezoelectric 3D PPy/PVDF-poly- good performance Performance depends on Flexible b%omedlcal [44]
o1 the 3D PPy content devices
hexafluoropropylene stability
(PHFP) composite film
Water waves and wind High output power Output power is highly Ship attl?ude sensors,
density, simple structure dependent on the multi-module
Triboelectric Cu electrodes, deionized Y p ’ p . devices, and [50]
. and easy acceleration of 1
water, and fluorinated .. . ultra-sensitive
fabrication process water motion
ethylene—propylene tube sensor systems
Water waves High surface charge Self-powered marine
density, high output sensors, ocean buoys,
Triboelectric . ! Wear of film by friction and self-powered [51]
Stainless steel electrodes power, and low L.
) AN distributed energy
and PTEFE film friction-induced loss .
for the marine IoT
Water waves Compact structure, ease Output performance Oceaq l?uoys and
. . . . cost-efficient beacon
Triboelectric of integration, and depends on the wave L. . . [52]
Cu electrodes and simple operation direction and amplitude ™ night time marine
PTFE balls pieop P operations
Water waves High electrical output ii;gzzgig;ﬁ;g
Triboelectric . performance for any Complex structure I [55]
Spring steel sheet and s distributed power
. direction of movement .
PFTE film systems in oceans
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Table 1. Cont.

. Energy .
Tl\r; ns}ih:ih:;n Source and Advantages Weaknesses APotleintt?ln Reference
echams Main Materials ppiicatio
Biomechanical, Self-powered flexible
environmental vibration . . sensors, health
and wind Biodegradable materials, monitoring of subtle
Triboelectric simple and cost-efficient Performance depends on o5 sgu res [64]
Ae electrod fabrication, and high the chitin concentration non- p ntact s 1:1 in
§ electrodes, output performance On-contact Sensing,
commercial VHB 4905 and human-machine
and Chitin films interfaces
Biomechanical Flexible electronic
Triboelectric Cu electrodes, flourinated Simple operation and Wear of film by friction deVl.ces .for real-time [67]
ethylene propylene easy fabrication process monitoring of human
(FEP) film physiological states
Self-powered,
wireless, and
Biomechanical Stable electric behavior, moni tlcigﬂlgl%?guman
Triboelectric Cu and Ni fabrics and ultra.-ﬂex1b1hty., . Complex fabrication motions, portable [71]
PDMS with BaTiO, mechanical durability, ower sources, and
. 3 and cyclic washing ability P . .
nanoparticles multifunctional
human-machine
interfaces
Human body heat Improved thermoelectric Complex manufacturing Self-powered flexible
. efficiency, high flexibility, =~ process and performance P
Thermoelectric rGO and devices and wearable [78]
PEDOT:PSS-coated textile breathable, washable, and depends on the rGO o-textiles
’ fabric bendable textile fabric concentration
Human body heat
. Good flexibility and high ~ Complex manufacturing  Self-powered flexible
Thermoelectric Cu, PET, Biy(Tej_xSex)3, output power density process and wearable sensors [80]
and (BiXSbl,X)zTe3
Thermal Complex manufacturing
Thermoelectric ITO,/PET, PEDOT-PSS Ultra-flexible and process and performance Self-powered 83]
and Moé- Jora Hene ! shape-adaptive depends on the temperature sensors
comzpc;gsitgJ MoS, /graphene content
Thermal and human
body heat Complex manufacturing
. . . : High flexibility and good  process and performance Wearable electronic
Thermoelectric Wiig?;ggi/n s;ﬁilelbe bending durability depends on the devices [85]
(SWCNT) SWCNT content
composite fibers
Human body heat Self-powered
Thermoelectric PDMS /boro nitride Portable and good Complex manufacturing r‘ggﬁ?&ﬁ?&?ﬁiﬁ; [90]
n-BipTes, and p-Sb,Te; flexibility process physiological signals
composite films and body motions
Near-infrared light High output performance S tilanEll;::) ;al:;}ie h
Pyroelectric and high Performance depends on sensitivit s,ens%)rs [91]
y PVDF/Cs(33WO3 charge/discharge the Csy33WO3 content Y ’
i o and self-powered
composite film stability . .
electronic devices
Thermal
Au and ITO electrodes Performance depends on
Pyroelectric and ferroelectric Simple fabrication the size and Pyroelectric sensors [92]

antimony sulfoiodide
(SbSI)-TiO,
composite film

process

concentration of the TiO,
nanoparticles
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Table 1. Cont.

. Energy .
Tl\r; ns}ih:ih:;n Source and Advantages Weaknesses APotleintt?ln Reference
echants Main Materials pplicatio
Biomechanical . . Complex manufacturing Biomedical sensors
. . High electrical output . )
Piezoelectric— erformance and high process and performance integrated with IoT [96]
pyroelectric MWCNT doped PVDF pmechano-sensitivitg depends on the and remote care of
nanofibers Y MWCNT content infectious diseases
Biomechanical
. . Graphene oxide (GO), Improved electrical Complex manufacturing . .
Piezoelectric— process and performance =~ Wearable biomedical
. graphene (Gr), and output performance and . [97]
pyroelectric ) - depends on the content of devices
halloysite (HNT) thermal stability GO. Gr. and HNT
nanofillers and PVDF L
nanofibers
Self-supported structure,
. . Biomechanical high electrical output For low-frequency and Self-powered flexible
Triboelectric— performance, low-cost .
- - low amplitude pressure sensors and [31]
piezoelectric Ag and Cu electrodes, and large-scale mechanical vibrations electronic devices
PTFE, Nylon, PVDF films  fabrication process, and
high stability
Mechanical vibrations Self-powered SENsors
for body motion
Al electrodes and Large deformghgns, monitoring,
. . o low-cost fabrication Performance depends on  functional keyboards,
Triboelectric— polyvinylidene . . .
. . P process, high electrical the concentration of and self-powered [99]
piezoelectric fluoridetrifluoroethylene . .
; output performance, and PVDE-TrFE and BTO electronic devices
(PVDEF-TrFE), barium . . . .
. stable electrical behavior placed in vehicles,
titanate (BTO), and bicvcles, and
PDMS composite yees,
pavements
. . . Self-powered sensors
Biomechanical Large deformation, for bodv motion
Triboelectric— stretchable, and high Performance depends on monitori}r’1 e-skin [101]
piezoelectric BTO/silicon rubber (SR) electrical output the BTO content g !
o and flexible wearable
composite film performance -
electronics
Mechanical vibrations
Triboelectric— Au electrodes, antimony ~ Simple and cost-effective Low-output Low—powgr
. . 1 s . consumption [111]
piezoelectric selenoiodide (SbSel) fabrication process power density . .
- electronic devices
nanowires, and
Kapton film
Mechanical vibrations
Self-powered flexible
Triboelectric— Cu foil electrode, Improved electrical Large volume of magnets gas and motion
. ' X o [120]
electromagnetic polypropylene (PP) film, output performance and coils monitoring, and
six magnets and charge smartphones
nine coils
Wind
Trlboelectrlc—. Cu electrodes, FEP film, High electrical output Large Volu'me of Self—ppwerec} [129]
electromagnetic performance electromagnetic module electronics devices
two magnets, and four
Cu coils
Mechanical vibrations .
. . Self-charging power
and biomechanical svstems for autdoor
Triboelectric— High electrical output Performance depends on Y
. search and rescue, [27]
electromagnetic Al electrodes, performance the BTO content .
. . and electronic
BTO/PVDF film, five . X
; A devices in the IoT
magnets, and five coils
Mechanical vibrations,
Triboelectric— wind, and thermal
iezoelectric— Highly transparent Complex fabrication Self-powered [134]
P . PVDF nanowires-PDMS and flexible process electronics
pyroelectric

composite film and
ITO electrodes
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Table 1. Cont.

. Energy .
Tl\r;:cs}ii:;itsl;n Source and Advantages Weaknesses APotleiz\at:?;n Reference
Main Materials PP
Mechanical vibrations Self-powered
and biomechanical powe
Small structure, portable deV{ces for
Triboelectric— NdFeB magnet array ultra-low-frequency, Complex assembly of the mor]?i(igl?,ir?ozfr?sors
piezoelectric— structure, Cu coils, multi-stable, portable, three nanogenerators for deteiion of [142]
electromagnetic beryllium bronze and high electrical output modules . .
. bridge motions, and

electrodes, lead zirconate performance construction safet

titanate (PZT) sheets, FEP monitorin y

films, and Cu electrodes 8

Wind
Self-powered
Triboelectric-  PVDF/PET film, PTFE Compactandsmall - 1o assembly of the wireless
. . . . structure, and high .
piezoelectric— film, PVDF film, PET electrical output three nanogenerators environmental [146]
electromagnetic sheet, Al electrodes, and or formanzpe modules monitoring system in
eight NdFeB magnets P subway tunnels

and six Cu coils

4. Challenges and Perspectives

This section discusses the main difficulties and prospects for nanogenerators in terms
of design, materials, output performance, reliability, and prospective applications.

4.1. Design

The nanogenerator’s design phase is critical to achieving the greatest performance for
certain applications. This stage of design must take into account the various requirements
and working circumstances of the prospective application of the nanogenerators. Thus,
nanogenerator designers should investigate the required electric power, size and weight
limitations, working time, and environmental conditions (relative humidity, temperature,
pressure, radiation, wind, vibrations, dust, and so on), green energy acquisition mecha-
nisms, materials more suitable for nanogenerator electromechanical behavior, fabrication
process, packaging type, minimum electronic components, and so on. Analytical and nu-
merical modeling may be utilized in the design of nanogenerators to find the best operation
principle, materials, and electromechanical configuration that allow for the safety and
reliability of the nanogenerators under various working conditions.

Furthermore, numerical simulation tools such as ANSYS, COMSOL, NASTRAN,
ABAQUS, and MATLAB may be used to evaluate the performance of nanogenerators. As
a result, the designers may create bidimensional or tridimensional models of the nano-
generators, complete with their major components, materials, and operating conditions.
However, due to errors in the selection of the materials’ characteristics, load values and
analysis types, boundary conditions, and mesh size, the findings of the analytical and
numerical simulation models of the nanogenerators might have a large error percentage
in comparison to experimental results. To reduce this error percentage, designers should
evaluate the important elements that determine the performance of the nanogenerators,
such as genuine values of material characteristics, the right selection of load and boundary
conditions, and the mesh quality and type of the suggested models.

4.2. Materials

The appropriate material selection for nanogenerators is critical for improving their
performance and reliability for each prospective application. Each nanogenerator applica-
tion necessitates unique performance characteristics in order to maximize the green energy
collecting process from various natural sources and under varying climatic conditions.
Thus, the design of a specific nanogenerator requires superior materials to meet the electri-
cal signal requirements and performance stability for future applications. Nanogenerators
for biomechanical applications, for example, may need stretchable, lightweight, and flexible
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materials to improve their output electrical responsiveness and mechanical behavior [162].
These materials must have the structural strength to minimize wear and mechanical fail-
ures in this application, as well as low density to reduce the weight of the nanogenerators.
Furthermore, the operation of nanogenerators might be harmed by environmental damp-
ness. The application of hydrophobic materials or materials to nanogenerator packing
can be used to solve the humidity problem. For instance, nanogenerators for blue energy
harvesting are built with specific packaging made of low-density materials that are resistant
to corrosion and solar radiation. Nanogenerators that operate under mechanical vibra-
tions, on the other hand, should be designed with materials that have adequate structural
strength to reduce structural failures caused by cracks, wear, fatigue, or fracture. Recent
nanogenerator research [39,63,64,160,163-169] has focused on organic or waste materials
from the environment, such as tomato, chitin, eggshell, fish swim bladder, spider silk,
peanut shell, sunflower husks, rice paper, garbage soda cans, silk fibroin, coconut husk,
and so on. However, measuring the piezoelectric and triboelectric properties of these
materials is extremely difficult. Another significant constraint is the analytical modeling of
the piezoelectric and triboelectric response of organic materials. More research is needed to
determine the piezoelectric and triboelectric effects of organic or waste materials employed
in nanogenerators for green energy harvesting.

4.3. Energy Storage and Electrical Interfaces

The electrical output performance of nanogenerators can be impacted by changes in
ambient circumstances and green energy stability, which can vary over time and exhibit
erratic behavior. Due to these circumstances, the output electrical signals of nanogenerators
might exhibit erratic behavior. In addition, most electronic equipment must be powered
by DC voltage and current. The nanogenerators require rectifier circuits to convert their
AC output electrical impulses into DC signals in order to power these devices. These DC
signals must also be stored in capacitors or batteries in order to power electronic devices
with controlled electrical signals. The development of effective energy storage devices is an
intriguing research problem for nanogenerators.

Another important challenge of the nanogenerators is the development of electrical
interfaces that achieve high efficiency with minimum power consumption [170-172]. For
instance, these electrical interfaces could be self-powered and consider cold-start circuit
architectures [173,174]. To reduce the size of the nanogenerators, the electrical interfaces
should have a small footprint. It could be obtained using the Application-Specific Integrated
Circuit (ASIC) implementation. Moreover, the electrical interfaces could be adaptive in
order to maximize the harvested power, considering low-power maximum power point
tracking (MPPT) algorithms [174-177].

4.4. Fabrication

To create nanogenerators for commercial uses, large-scale manufacture should be
enabled. Alternatives to this difficulty include no-complex manufacturing procedures
and new infrastructure with flexible phases for new nanogenerator designs and use. Fur-
thermore, a low-cost production technique with few processing steps is critical for the
market feasibility of nanogenerators. Another possibility to reduce nanogenerator manu-
facture costs is to re-use inorganic or organic materials from trash [63]. Furthermore, future
nanogenerator manufacturing processes may contain biodegradable and environmentally
benign materials.

4.5. Reliability

Future studies will focus on the stability and reliability of the electromechanical
behavior of nanogenerators. For commercial applications, nanogenerators must provide
output electrical signals that are stable throughout time. During the life of a nanogenerator,
its electrical and structural components may have performance issues owing to abrasion,
mechanical impact, crack development, fatigue, humidity, radiation, high temperature,
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environmental pollution, and other factors. To extend the life of nanogenerators, basic
structural layouts with the fewest number of electrical and mechanical components should
be considered. Electrical or mechanical failures of some of these components can affect
the operation of nanogenerators with complicated structural designs that involve multiple
components. To decrease the possibility of electrical and mechanical failures in the various
nanogenerator components, the use of robust materials and appropriate packaging might
increase the service life of nanogenerators.

5. Conclusions

The most recent advances in nanogenerators for green energy harvesting via various
transduction processes were discussed. Triboelectric, piezoelectric, electromagnetic, and
thermoelectric effects were all explored in these processes. The principles of operation
and materials of several nanogenerators are reviewed. In addition, the behavior of the
output electrical signals (voltage, current, and power) of multiple nanogenerators was
considered, taking into account the combination of green energy acquisition processes. It
was stated that nanogenerators were used to power several commercial electronic products.
This review also discussed the problems and perspectives of nanogenerators in design,
materials, energy storage, fabrication, and reliability.
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Abstract: As one of the promising non-volatile memories (NVMs), resistive random access memory
(RRAM) has attracted extensive attention. Conventional RRAM is deeply dependent on external
power to induce resistance-switching, which restricts its applications. In this work, we have de-
veloped a self-powered RRAM that consists of a Prg7Cag3MnO3 (PCMO) film and a triboelectric
nanogenerator (TENG). With a traditional power supply, the resistance switch ratio achieves the
highest switching ratio reported so far, 9 x 10”. By converting the mechanical energy harvested by
a TENG into electrical energy to power the PCMO film, we demonstrate self-powered resistance-
switching induced by mechanical movement. The prepared PCMO shows excellent performance of
resistance switching driven by the TENG, and the resistance switch ratio is up to 2 x 10°, which is
higher than the ones ever reported. In addition, it can monitor real-time mechanical changes and
has a good response to the electrical signals of different waveforms. This self-powered resistance
switching can be induced by random movements based on the TENG. It has potential applications in
the fields of self-powered sensors and human-machine interaction.

Keywords: self-powered; resistance-switching; triboelectric nanogenerator

1. Introduction

With the advantages of fast switching speed, high storage density, and low power con-
sumption, resistive random access memory (RRAM) has been considered a promising can-
didate for the next generation of non-volatile memories (NVMSs) storage technology [1-4].
The RRAM cell has a capacitor-like structure composed of insulating or semiconducting
materials sandwiched between two metal electrodes. In 1962, Hickmott first reported
hysteretic current-voltage (I-V) characteristics in the metal-insulator-metal (MIM) structure
of Al/Al,O3/Al [5], indicating that resistive switching occurs as a result of applied electric
fields, i.e., the resistive switching phenomenon. RRAM switches back and forth between
a high resistance state (HRS) and a low resistance state (LRS) by the action of an applied
electric field. A recent study has shown that the switching speed was faster than 5 ns [6].
In addition, I.G. Baek et al. showed that the metal oxide-based RRAM reached up to 10'?
read cycles [7], proving that oxide-based RRAM has excellent memory performance. Mean-
while, due to the simplicity of the RRAM structure, the highest-density integrated array
could be realized. The RRAM-based intersection structure reported by ShuKai Duan et al.
demonstrated the feasibility and effectiveness of this scheme [8,9]. Besides, T. Kawauchi
et al. reported the resistive switch-based artificial synaptic devices [10-12], indicating the
great potential of RRAM for the development of highly networked and neuromorphic
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circuits. Various studies have demonstrated that RRAM has great prospects in the appli-
cation of NVMs. Currently, with the intensification of the energy crisis, reducing energy
consumption has become a consensus, and developing self-powered devices has become
a research front. RRAM driven by traditional external power sources will consume huge
energy in large-scale applications. Therefore, self-powered non-volatile memory devices
are highly desirable.

Recently, the triboelectric nanogenerator (TENG) has attracted extensive interest as
a novel energy collector. It converts mechanical energy into electrical energy based on
the coupling between triboelectrification and electrostatic induction [13,14]. With the
advantages of simple structure and high output in low frequency and low cost, TENG
has been widely used in the development of self-powered sensors. Lots of self-powered
sensors have been successfully demonstrated, such as pressure sensors [15], displacement
sensors [16], acceleration sensors [17], vibration and acoustic sensors [18,19], multi-function
sensors [20,21], and so on. The TENG that works in mechanical motion mode also supplies
a new concept to prepare a self-powered RRAM. The TENG collects external mechanical
signals and converts them into electrical signals for driving resistive switching, writing, and
storing data without an external power supply. It can also monitor in real-time mechanical
changes in the environment. Bo-Yun Kim reported a resistive switching memory Integrated
with a nanogenerator, the switching ratio of (Nag 5K 5)NbOs is greater than two orders of
magnitude [22]. Zhengchun Yang designed a self-powered RRAM based on Ga,O3 with
a switching ratio of about 10? [23]. Although very few self-powered RRAMs have been
reported, their performance is relatively low. The property of self-powered RRAM is crucial
and can be further improved.

In this work, we report a self-powered RRAM and its self-driven resistive switch-
ing (RS) performance based on the TENG. We have prepared a sandwiched structure of
Pt/PCMO/Ag, in which the PCMO film acts as a resistive switching layer. The TENG
harvests the kinetic energy of movement and converts it into electrical energy to induce
resistive switching in PCMO films. With a traditional power supply, the resistance switch
ratio achieves the highest switching ratio reported so far, 9 x 10”. The self-powered RRAM
demonstrates a switching ratio of up to 2 x 10° in self-powered mode, which effectively
converts external stimuli into electrical signals to realize resistive switching. The perfor-
mance is 1000 times higher than the existing reported values. Meanwhile, this device
exhibits a good response to electrical signals of different waveforms. The constructed
device exhibits excellent sensitivity to mechanical movement and records each mechanical
change in real-time. The self-powered RRAM shows an excellent response and good sta-
bility over multiple switching cycles. Besides the application in non-volatile memory, this
self-powered RRAM has potential applications in the fields of self-powered sensors and
human-machine interaction.

2. Materials and Methods

Preparation of RRAM: First, the Pt/SiO,/Si substrate is cleaned with acetone and
ethanol, followed by ultrasonic treatment in pure water. The PCMO thin films are de-
posited on a Pt/SiO, /Si substrate by means of radio-frequency (RF) magnetron sputtering.
The growth temperature is 383.15 K, and the base pressure of the sputtering chamber
is 3 x 10~* Pa. The working pressure is 0.43 Pa and is maintained by a gas mixture of
oxygen and argon with a flow of 1 sccm and 24 sccm, respectively. After the fabrica-
tion, X-ray diffraction (XRD) and scanning electron microscope (SEM) are used to assess
the crystalline quality of PCMO films. In addition, a 30-nm-thick Ag top electrode is
deposited on the PCMO by vacuum evaporation with a shadow mask. The resistance
switching performances of Pt/PCMO/Ag are measured by Keithley 2612B Source Meter at
room temperature.

Fabrication of TENG: The TENG consists of a conductive sponge attached to a poly-
methyl methacrylate (PMMA) substrate and a Polytetrafluoroethylene (PTFE) membrane
with a conductive tape attached to another PMMA substrate. The conductive sponge
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and the conductive tape are purchased from Guangzhou Beilong Electronics Co., Ltd.,
Guangzhou, China. The size of the TENG is 4 cm by 4 cm. It can work in both contact-
separation and sliding modes. The output voltage and current of TENG are measured by
an electrometer (Keithley 6514). The TENG is driven by a mechanical linear motor to work.

3. Results and Discussion

Figure 1a shows the schematic of the self-powered RRAM. The RRAM has a vertical
sandwiched structure of Pt/PCMO/Ag. The two electrodes of the RRAM are connected
with those of the TENG to form a current loop. Meanwhile, the TENG harvests the kinetic
energy of motions to induce the resistive switching (RS) of RRAM.
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Figure 1. (a) Schematic illustration of self-powered RRAM; (b) XRD patterns of PCMO films deposited
on Pt/Si0, /Si substrates at room temperature, and three main diffraction peaks are shown in (i), (ii),
and (iii); (c—f) Cross-sectional SEM images of the four samples with PCMO of different thicknesses,
(c) 110 nm, (d) 250 nm, (e) 300 nm.

Firstly, the properties of PCMO thin films are characterized by using the XRD, and
the XRD patterns of four samples are shown in Figure 1b. Three main diffraction peaks
can be clearly observed at about 33.1°, 47.8°, and 56.4° in the XRD pattern, respectively,
corresponding to (121), (202), and (113) diffraction peaks of the face-centered cubic structure
of PCMO [24]. In order to measure the thicknesses of PCMO films prepared under different
sputtering times, the cross-sectional images of four samples are observed by SEM, as shown
in Figure 1c—f. Samples with a sputtering time of 0.5h, 1 h, 1.5 h, and 2 h are labeled as S1,
52, S3, and 54, respectively. The thickness of the PCMO layer in each sample is designed as
110 nm, 250 nm, 300 nm, and 500 nm, respectively.

Figure 2 shows the RS characteristics of the PCMO memory cells measured through
a Keithley 2612B Source Meter with a traditional power supply. The inset shows typical
I-V curves of a PCMO memory device. In order to avoid the dielectric breakdown of
the device, the limiting current is set to 100 mA during the measurements. Applying a
dc voltage cycle from positive to negative OV —+25V -0V = —25V — 0 V) to the
PCMO memory device, four samples exhibit similar I-V features. When a positive dc
voltage scan is applied to the PCMO memory devices, samples S1, 53, and 54 are in a low
resistance state (LRS), and sample S2 is in a high resistance state (HRS). When a negative
dc voltage scan is applied to the PCMO memory device, the samples are in the HRS at first
and then produce a SET-process-induced resistance shift from the HRS to the LRS. As the
applied reverse bias increases to a certain value (SET voltage), the device switches from
an HRS to an LRS. There is an abrupt increase in the current at the SET voltage. The SET
voltages of the four samples are —2.2V, —0.6 V, —2.1 V, and —1.7 V, respectively. The SET
voltages of the samples are relatively low, which is conducive to reducing the requirement
of the TENG output and making them easier to realize self-powered RRAM. In Figure 2,
the I-V curves of the four samples show obvious hysteresis characteristics, and a large
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hysteresis window indicates that there is a large switching ratio of HRS/LRS, namely, a
high resistance-switching ratio. The switching ratio of the four samplesis 9 x 107,2.5 x 103,
1.2 x 10% and 1 x 10°, respectively. Among them, sample S1 achieves the highest switching
ratio reported so far.
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Figure 2. The resistive switching characteristics of (a) S1, (b) S2, (c) S3 and (d) S4. The insets show
the I-V curves of each sample.

Retention performance is an important factor in evaluating the RS behavior for an
RRAM device. Thus, we measured the retention performance of the device in the HRS
and the LRS at a reading voltage of 0.1 V. As shown in Figure 2, the PCMO memory unit
had excellent retention characteristics during the 103 s testing. In the absence of other
electrical stimulation, the device will remain in its original state. No significant change is
observed in the HRS and LRS; the resistance states of the resistors are also not reversed.
The results indicate that the Ag/PCMO /Pt resistive storage structure has good retention
characteristics. Furthermore, we investigate self-powered resistance properties driven by
the TENG.

To evaluate the feasibility of TENG inducing the RS, its electrical output properties are
measured. Among the four working modes of TENG, the vertical contact-separation mode
and the sliding mode can generate higher output. The TENG working in these two modes
is chosen to apply in four RRAM samples. The TENG is operated by a mechanical linear
motor to contact and separate periodically, and its electrical outputs are measured using an
electrometer (Keithley 6514). The typical open-circuit voltage (Vo) and short-circuit current
(Isc) of TENG working in the vertical contact-separation mode are shown in Figure 3, which
are alternating pulse outputs. As the movement amplitudes are 10 mm, 20 mm, 30 mm,
and 40 mm, the peak values of V, are 152V, 16.1V, 18.0 V, and 21.1 V, respectively, as
shown in Figure 3a. The peak values of Is. are 380 nA, 403 nA, 458 nA, and 469 nA, as
shown in Figure 3b. The outputs of V. and I of the TENG are increased with the variation
of amplitudes.
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Figure 3. Output performance of the TENG. (a) Open-circuit voltage and (b) short-circuit current
with a cyclic contact force of different amplitudes based on contact mode. (c) Open-circuit voltage
and (d) short-circuit current of the TENG based on lateral sliding mode.

Figure 3c,d shows the V. and I;c of TENG working in lateral sliding mode. When
the top layer slides away about 5 mm, there is a 1.17 V potential difference between the
two electrodes of the TENG. With an increase in the sliding amplitudes from 5 mm to
20 mm, the V. is gradually increased from 1.17 V to 13.4 V, as shown in Figure 3c. In
addition, the Is. of the TENG are 11 nA, 20.4nA, 35.7 nA, and 40.5 nA, as shown in Figure 3d.
The outputs of the TENG increase with the sliding amplitudes.

It is noted that whether in the vertical contact-separation mode or the lateral sliding
mode, the electrical outputs of the TENG are alternating cyclic signals with a change of
0V — positive peak Voltage — 0 V — negative peak voltage — 0 V, which are exactly the
required stimulation signal of RS. Such a pulse alternating electric signal is very suitable
for the application of RS. Due to the sensitive response to external forces, the RRAM with
TENG has great potential in the application of self-powered sensing and human-machine
interaction. Moreover, TENG is a high efficient energy harvester in low frequency by
converting mechanical energy to electricity. It is an excellent candidate for developing a
self-powered RRAM device.

By utilizing a TENG working in the vertical contact-separation mode to our four
PCMO samples, as shown in Figure 4a, the RS properties are measured. With an amplitude
of 13 mm of linear motor motion, the TENG successfully induces resistance switching in
four PCMO films. It is observed that the RS of PCMO synchronously changes with the
movement state of the TENG. While the TENG is being separated and outputs a positive
electrical pulse, the PCMO exhibits the initial HRS. With the TENG moving from the
separation state to the contact state, the positive electrical pulse becomes a negative pulse,
and the RS of PCMO correspondingly shifts from the HRS to the LRS. In turn, as the TENG
moves from the contact state to the separation state, the PCMO returns to the HRS. The RS
of PCMO successfully switches with the movement state of TENG. The switching ratios
of four samples, S1, S2, S3, and S4, are 2 x 10°, 588, 9.6 x 103, and 1.8 x 10°, respectively.
Compared with the switching ratios induced by the electric field powered by a Source
Meter, sample 54 shows the same switching ratio, while the switching ratios of samples 51,
52, and S3 are slightly lower. The HRS of sample S1 is more affected by TENG transient
output in the switching resistance state. Samples 52, S3, and 54 are relatively stable in HRS.
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Figure 4. RS in an Ag/PCMO/Pt cell at room temperature. By applying voltages from TENG, the
resistance of the cell changes reversibly between HRS and LRS. (a) RS characteristics of four samples
based on contact mode TENG. (b) RS characteristics curves of samples S2 and S4 based on sliding
mode TENG. (c¢) Endurance of switching behavior in the contact-separation mode. (d) Endurance of
switching behavior in the sliding friction mode.

As the output of the TENG in the sliding mode is lower than that in the contact-
separation mode, only samples S2 and 5S4 with lower set voltages are observed. The
induced resistance switching effect, when the sliding amplitude of the TENG is 30 mm, is
shown in Figure 4b. While the upper friction layer slides outward, a positive peak voltage
of 28 V is generated, and the resistance value of the PCMO decreases and switches to
the LRS. When the upper friction layer slides inward, a reversely increasing voltage is
generated to make the PCMO return to the HRS. The switching ratios of the samples 52
and S4 are in the order of 10 and 2.4 x 10?, respectively. The switching ratios are the same
as those measured by a Source Meter at that time.

Figure 4c shows the stability of the switching ratio test over 50-cycles for the device
as the TENG is working in contact-separation mode. During the test, the switching ratios
of S2 and S3 slightly decrease. The switching ratios of samples S2 and S3 are about 844
and 1.8 x 10* at the beginning. Then they decrease slightly and stabilize at about 500 and
1 x 10*. The switching ratio of the sample S1 fluctuates between 3 x 10° and 1.6 x 10°.
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Sample 54 is similar to S1. All the samples demonstrate good stability in the retention test,
which means the self-powered RRAM devices all have the perfect capability to store data
and keep the data quite stable. This approach shows good reliability since it can ensure the
correct switching of the device in each cycle.

Figure 4d shows the stability of the switching ratio test over 50-cycles for the device as
the TENG is working in the sliding mode, exhibiting a slight change in the switching ratio.
In this mode, the pulse signal with narrow width can also excite RS, while the HRS and
LRS fluctuate within a certain range due to the fluctuation of TENG output. The TENG
working in the contact-separation mode is more likely to stably drive RS, while the TENG
working in the sliding-friction mode is not easy to drive the stable RS phenomenon due to
the asymmetric output voltage.

As shown in Figure 5, the possible mechanism is a summary to explain the effect of
TENG on the RS behaviors. In p-type oxide semiconductors, it is generally considered
that the migration of oxygen vacancies induces resistance switching [25,26]. In the contact-
separation mode, when the conductive foam and PTFE approach, the negative charges
on the PTFE films induce the positive charges in the conductive tape, which produces
the current from the conductive tape to the conductive foam through RRAM, leading to
the migration of positively charged oxygen vacancy and forming conductive filaments.
Therefore, the PCMO switches from the HRS to the LRS. As the conductive foam and
the PTFE are being separated, the negative charges on the PTFE film appeal to a number
of positive charges in the conductive tape, which produces a current flowing from the
conductive foam to the conductive tape through RRAM. The filaments are ruptured, and
the PCMO is back to the HRS.
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Figure 5. Schematic illustration of the underlying mechanism of the self-powered RRAM.

In sliding mode, when the conductive foam is slid backward, the redundant transferred
charges on the electrodes will flow from the conductive tape to the conductive foam with an
increase in the contact area. Therefore, the PCMO switches from the HRS to the LRS. When
the conductive foam starts to slide outward, triboelectric charges are not fully compensated
at the mismatched areas, resulting in the potential difference across the two electrodes,
which produces a current flowing from the conductive foam to the conductive tape and
forms conductive filaments. The filaments are ruptured, and the PCMO is back to the HRS.

4. Conclusions

In summary, we demonstrate a self-powered RRAM based on the PCMO film and
the TENG. The TENG collects external mechanical energy and converts it into electrical
energy to provide an electric field in PCMO, and the electric field successfully induces the
RS effect. The prepared PCMO exhibits excellent self-powered RS performances, and the
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largest switching ratio is up to 2 x 10°, which is the highest self-powered performance
of RRAM reported at present. The self-powered RRAM effectively responds to external
mechanical motions to achieve resistance switching. The constructed device exhibits
excellent sensitivity to mechanical movement and records each mechanical change in real-
time. We find that the TENG working in the contact-separation mode is more likely to
drive the RS effect. In addition, the switching ratios maintain good stability in multiple
switching cycles. The results are of significance for applications of RRAM in fields such as
self-powered sensors and human-machine interaction. All authors have read and agreed to
the published version of the manuscript.
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Abstract: Implantable biomedical devices (IMDs) play essential roles in healthcare. Subject to the
limited battery life, IMDs cannot achieve long-term in situ monitoring, diagnosis, and treatment.
The proposal and rapid development of triboelectric nanogenerators free IMDs from the shackles of
batteries and spawn a self-powered healthcare system. This review aims to overview the development
of IMDs based on triboelectric nanogenerators, divided into self-powered biosensors, in vivo energy
harvesting devices, and direct electrical stimulation therapy devices. Meanwhile, future challenges
and opportunities are discussed according to the development requirements of current-level self-
powered IMDs to enhance output performance, develop advanced triboelectric nanogenerators with
multifunctional materials, and self-driven close-looped diagnosis and treatment systems.

Keywords: implantable biomedical devices; triboelectric nanogenerator; energy harvester; self-powered
biosensor; nerve stimulation; muscle stimulation

1. Introduction

Implantable biomedical devices (IMDs) have received rapid development in recent
decades, effectively improving patients’ life quality and prolonging lifespan [1-3]. Nu-
merous IMDs have been developed in medical monitoring and treatment tools such as
pacemakers [4,5], in situ blood pressure sensors [6], cardio-aid defibrillators, cochlear
prosthesis, and deep brain electrical stimulators, as well as that of peripheral nerve and
muscles, etc. [7-12]. The IMDs have contributed significantly to deepening the reorga-
nization of the human body’s biological processes, including the complex mechanisms
of neural communication and the formation of memory [13-15]. Since the birth of the
first implanted pacemaker in 1958, the fabrication and application of IMDs have made
significant progress but still face many challenges [16-18]. On the one hand, IMDs need
to be more miniaturized and lightweight to weaken the impact on daily life and improve
comfort [19,20]. On the other hand, the battery life is typically 3 to 5 years, and then it must
be surgically removed to replace the battery, which further increases the risk and cost of
patients [21,22].

Harvesting energy from human activities and physiological environments to power
the operation of IMDs provides a feasible solution to miniaturize implantable biomedical
systems [23-33]. Researchers have demonstrated that various bioenergy, from a tempera-
ture gradient, glucose oxidation, muscle contraction, et al., can be harvested and converted
into electricity [34-46]. Among all bioenergy sources, biomechanical energy from hu-
man movements, including blood circulation, and the contraction and relaxation of the
heart/lung, is considered the most abundant and effective [47].

87



Nanomaterials 2022, 12, 1366

Numerous efforts have been devoted to pushing forward the development of biome-
chanical energy harvesting technologies, mainly including piezoelectric nanogenerator
(PENG) and triboelectric nanogenerator (TENG) [26,28,30,40-42,44,48]. Researchers have
reported a piezoelectric ZnO nanowire that successfully converted the periodic vibrational
energy from respiration and heartbeat into electricity, relying on the mechanical-electrical
coupling effect [49]. The first in vivo biomechanical energy harvester using a TENG was
proposed in 2014, which outputted the power density of 8.44 mW/m? from a rat’s normal
respiration. Among them, the TENGs stand out as the biomechanical energy harvesters
with the most potential for better biological compliance, high energy conversion efficiency,
larger material sources and easier fabrication [50,51].

The triboelectric generator was first proposed by Zhong Lin Wang in 2012 [52], based
on the principles of electrostatic induction and charge coupling, and was carried forward in
the field of energy harvesting [53-60], wearable electronic devices [61-69], the Internet of
Things [70-80], human-computer interaction [71,81-84] and security monitoring [71,85-88].
For instance, a self-powered and self-functional sock enabled by TENGs exhibited outstand-
ing energy harvesting efficiency and multiple physiological signals monitoring performance
(including gait, contact force, sweat level, et al.) [89]. The triboelectric self-powered wear-
able, flexible patch made applications as the 3D motion control interface in the robotic
manipulator [90]. Notably, a series of implantable TENGs which demonstrated its potential
for in vivo physiological signal sensors and biomechanical energy harvesting from heart
rate, blood pressure, and respiration were developed [91-99]. The biomimetic membrane
sensors (BMS) based on TENGs could identify the high-frequency vocal vibrations and the
low-frequency fluctuations from human pulse [100,101].

In this review, we introduced the research progress of implantable medical devices
enabled by advanced triboelectric nanogenerators incorporating self-powered biosensors,
in vivo energy harvesters, and electrical stimulation, as shown in Figure 1. In Section 2,
we introduced the TENG’s working principle and four working modes. Section 3 sum-
marized the self-powered biosensors and their applications in the real-time monitoring
of blood pressure, heart rhythm, and bladder pressure. Section 4 reviewed the biome-
chanical energy harvesters and in vivo ultrasound-driven energy harvesting devices based
on TENGs. Section 5 introduced the research about directly electrical stimulators with
TENGsS as current sources, including electrical nerve and muscle stimulation. Section 6
summarized the advanced TENGs with biodegradable and self-healing properties. In the
last section, we talked about the challenges and opportunities of the self-powered IMDs
mainly from three aspects: improving output performance, developing advanced materials
with multifunction, and a self-powered close-looped IMDs system.
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Figure 1. Overview of the implantable biomedical devices based on triboelectric nanogenerators
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(TENGsS) incorporating self-powered biosensors, in vivo energy harvesters, and electrical stimulation.
Reprinted with permission from Ref. [102]. Copyright 2016 American Chemical Society; Reprinted
with permission from Ref. [103]. Copyright 2018 John Wiley & Sons; Reprinted with permission from
Ref. [104]. Copyright 2018 American Chemical Society; Reprinted with permission from Ref. [105].
Copyright 2018 American Chemical Society; reprinted with permission from Ref. [3]. Copyright 2016
American Chemical Society; reprinted with permission from Ref. [106]. Copyright 2019 American
Association for the Advancement of Science; reprinted with permission from Ref. [107]. Copyright
2017 Elsevier.; Reprinted with permission from Ref. [108]. Copyright 2019 Published by Elsevier.;
Reprinted from Ref. [109]. Copyright 2018 Springer Nature.

2. Triboelectric Nanogenerators

Triboelectric nanogenerators are based on triboelectric and electrostatic coupling
effects [110-117]. In general, contact electrification occurs between two materials in different
polarities. As shown in Figure 2a, during the contact process, the electrons transferred
from the atom of material A to that of material B with their electron cloud are forced
to overlap [118]. After separation, these two materials are equipped with equal positive
charges and negative charges, respectively. At the same time, induced charges are generated
on the electrodes under the electrostatic force from the triboelectric charges [119]. When
the relative position of the two friction layers changes under the external force, the induced
charges flow out and into the electrodes according to the corresponding change in the
electric field [120-123]. By connecting with an electrical loading between two electrodes,
the electrical pulses could be recorded, related to the change rate of induced charges, and
satisfy the equation of Maxwell’s displacement current [124].

[y 2D _ OE R
D=8 — %t " ot

where [p is the density of free conduction current density in space due to charge flow, D is
the electric displacement vector, ¢ is time, E is the electric field, P; is the polarization created
by the electrostatic surface charges.

Triboelectrification or contact electrification exists widely in our lives, enabling an
extensive selection of friction materials [125-128]. The structure of TENG could be de-
signed according to the application scenario requirements [70,71,129-133]. As shown in
Figure 2b-e, there are mainly four working modes, including a vertical contact-separation
(CS) mode, single electrode (SE) mode, lateral sliding (LS) mode, and freestanding (FS)
mode [124,134-136].

2.1. Vertical Contact-Separation Mode

The CS mode is first reported as the most basic TENG mode, which usually consists of
two dielectric materials as the friction layers and the metal deposited on their back surface
as electrodes (Figure 2a). Under external force, the two friction layers continuously contact
and separate from each other. Meanwhile, the induced charges in the electrodes flow across
the external circuit driven by the electrical field. The TENGs based on CS mode possessing
the advantages of simple structure, easy preparation, and good output performance have
substantial applications in wearable sensors. In particular, it has unique advantages as
implantable devices attributed to easy, full-encapsulation, robustness, and high energy
conversion efficiency in vivo.

2.2. Lateral Sliding Mode

The LS mode TENGs have the same structure as that of CS mode TENG but triggered
triboelectric charges by the relative lateral sliding of the two friction layers. During periodic
sliding separation and contact, the electrostatic field drives electrons to flow between two
electrodes horizontally to realize a periodic alternating output. Compared to the CS mode,
the TENGs based on LS mode possess higher charge transfer efficiency due to the sufficient
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contact of friction layers, but poor durability. In particular, when combined with the disc
rotation or cylindrical rotation, the TENGs based on LS mode can realize up to several
thousand volts [135,136], which shows significant potential in wind and ocean energy
harvesting [134,137].
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Figure 2. The working principle of triboelectric nanogenerators (TENGs). (a) Contact-electrification
mechanism explained by electron cloud potential well model. Reprinted with permission from Refer-
ence [118]. Copyright 2018 John Wiley & Sons. Four modes of TENGs, including (b) vertical contact-
separation mode, (c) single electrode mode, (d) lateral sliding mode, and (e) freestanding mode.

2.3. Single Electrode Mode

There are two electrodes connected by an external load of both CS and LS mode TENGs,
while SE mode has only one friction layer and a single electrode, which is grounded. The
proposal of the SE mode greatly broadens the application potential of TENG, for some
moving objects operated directly as the second frictional layer, like the energy harvester
driven by raindrops [138]. In addition, one of the disadvantages of the SE mode TENG is
the relatively small output due to the reduced efficiency of charges transferred between
two triboelectric materials.

2.4. Freestanding Mode

TENGs based on the FS mode consist of a charged moving object and two fixed
triboelectric layers. The electrodes near triboelectric layers are connected with external
loading. The reciprocating moving of the charged object between the two friction layers
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will cause a potential change between two electrodes, which drives the electrons to flow
back and forth in the external circuit loop. It is considered as the most effective mode
because the FS-TENGs can generate maximum power output and the highest energy
conversion efficiency compared with other modes [139]. Meanwhile, the TENGs based on
the noncontact FS mode exhibit the highest robustness, since the moving charged objects
do not need to contact the fixed friction layers directly. The material abrasion can be greatly
reduced, which significantly improves the durability of devices.

3. Self-Powered Biosensors

Accurate identification and long-term monitoring of the health status of various
organs in the body is the most important and basic function for in vivo medical devices,
which provide original support for subsequent targeted treatment plans. Organs and tissue
dysfunction often accompanied by abnormal tissue morphology and respiratory action, like
cardiovascular disease related to blood pressure that is too high or too low, can be judged
by monitoring physiological differences. Self-powered sensors based on TENGs show high
sensitivity to slight force, pressure, and mechanical deformation in thousandth or millionth
magnitude, making them ideal for in vivo health monitoring [140,141]. At the same time,
the cross fusion of functional materials and advanced manufacturing technology with
TENGs enables active biosensors to have better accuracy, durability and biocompatibility,
and flexibility [142,143].

For instance, Ma et al. proposed a multifunctional biomedical sensor (iTEAS) for
providing real-time, accurate, and continuous monitoring of multiple physiological and
pathological signs (Figure 3a) [102]. The iTEAS was designed in a core-shell structure with a
50 um surface-nanostructured polytetrafluoroethylene film service as one triboelectric layer,
and the 100 um aluminum foil as both the other triboelectric layer and electrode. When
driven by the small animals’ breath and breathing, the iTEAS guarantees output of 10 V
(Voc) and ~4 pA (Isc). Meanwhile, the events of atrial fibrillation and premature ventricular
contractions can be accurately recognized in real-time through analyzing changes in iTEAS’s
output peak, which achieved a high measurement accuracy of 99% in large animals. The
iTEAS can also estimate blood pressure and calculate blood flow velocity with the help
of an arterial catheter. The test two weeks after the implanting operation claims good
durability and bidirectional biocompatibility of the iTEAS in vivo.

Endocardial pressure status monitoring has important clinical significance for heart
failure patients with impaired cardiac function. Liu et al. reported a transcatheter self-
powered endocardial pressure sensor (SEPS) integrated with a surgical catheter for min-
imally invasive implantation [103]. As shown in Figure 3b, the oversize of SEPS was
1 x 1.5 x 0.1 cm® with nano-PTFE and Al film as frictional layers. After the surface nanos-
tructure and corona discharge process of one frictional layer, the open-circuit voltage of
SEPS was enhanced from 1.2 V to 6.2 V. In the in vitro testing system, the SEPS demon-
strated outstanding linearity (R? = 0.997) with a sensitivity of 1.195 mV mm/Hg at a wide
pressure range from 0 to ~350 mmHg. In an adult Yorkshire pig model, SEPS was im-
planted into the left ventricle for monitoring intracardiac pressure and diagnosing clinical
conditions such as arrhythmias, ventricular fibrillation and premature ventricular con-
tractions. On this basis, Ouyang et al. reported a completely bioabsorbable triboelectric
sensor (BTS), which could directly convert blood pressure changes into electrical signals
(Figure 3c) [93]. The BTS demonstrated excellent sensitivity (11 mV/mmHg), linearity
(R? = 0.993), and good durability (450,000 cycles) with an air-gap structure. In large ani-
mals (dogs), BTS successfully identified abnormal vascular occlusion events and could be
completely degraded and absorbed after maintaining stable output for five days.

Another group, Hassani et al., developed the self-control system for neurogenic un-
deractive bladder (UAB) by integrating a TENG sensor with a bistable micro-actuator [104].
As shown in Figure 3d, the TENG sensor was designed with PET, copper, PDMS, and wet
sponge, assessed layer by layer. With the 1 mm-thick wet sponge layer as an effective
spacer, the TENG sensor well-identified 0 to 6.86 N force with output increased from

91



Nanomaterials 2022, 12, 1366

35.6 mV to 114 mV, covering the bladder pressure range. The TENG behaved as the sensing
component in the self-control system for detecting the fullness status of the bladder for the
consequent activation of the actuator. In the in vivo experiment, the constant output of the
sensor when the bladder was almost fulfilled activated the actuator to give an extrusion
force on bladder and sensor. Then, the voltage-gated shape bistable actuator empties 78%
volume of an anesthetized rat within 20 s relay on memory alloy components integrated
on biocompatible polyvinyl chloride sheets. The as-proposed self-control bistable actuator
system helps improve the quality of life and reduce pain and severe complications for
UAB patients.
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Figure 3. TENGs for implantable active sensors. (a) TENG as implantable self-powered cardiac
sensors (iTES). The working principle (left) and structure (right) of the iTEAS. Reprinted with
permission from Ref. [102]. Copyright 2016 American Chemical Society. (b) TENG as an implantable
self-powered endocardial pressure sensor (SEPS). (i,iii) The SEPS implanted into an Adult Yorkshire
swine’s heart. (ii) Schematic structure of the SEPS. Reprinted with permission from Ref. [103].
Copyright 2018 John Wiley & Sons. (c) TENG as a blood pressure sensor (BTS). The schematic
diagram of BTS used for abnormal cardiac event identification (i) in a large animal and its structure
(ii). Reprinted with permission from Ref. [93]. Copyright 2021 John Wiley & Sons. (d) TENG as a
bladder pressure sensor. The schematic diagram about the structure (i) and working principle (iii) of
the bladder pressure sensor. (ii) The bladder pressure sensor in vivo. Reprinted with permission
from Ref. [104]. Copyright 2018 American Chemical Society.
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The implantation sites of these advanced self-powered biosensors were mainly con-
centrated inside/outside the heart, blood vessels, bladder and other places with large
mechanical energy, as shown in Table 1. Adult Yorkshire pigs are ideal implantation ani-
mals for their similar characteristics of the cardiovascular system and weight to humans,
enabling the larger electrical output. Some tissues or organs with less mechanical defor-
mation that is still significant, such as vocal cords, tendons, ligaments, etc., should also
be paid attention to for their in-situ monitoring and health status analysis. This requires
IMDs to put forward higher requirements in terms of output performance, packaging
technology, implantation technology and signal acquisition. At present, the long-term mon-
itoring of most implantable self-powered biosensors relies on indwelling conductive wires,
which easily leads to tissue inflammation and instability of implants. Equipping a wireless
transmission module into the integration with the sensing unit and dates analysis module
should be taken into consideration. Furthermore, the waveform, phase, amplitude, and
change rates of the sensing dates contain rich biological health information. The in-depth
analysis of these sensing dates is very important, which could be potentially realized by
the rapidly advancing deep learning technologies.

Table 1. The summary of the self-powered biosensors.

Implant Site Animal Model = Output In Vitro Size Application Implantation Time Ref.
Heart (out wall) Adult pig 14V, 5 uW 25 x 1 x0.15cm? Heart rate, 72h [3]
Heart/respiratory rate, atrial
Heart (out wall) Adult pig 10V, 4 pA 3 x2x01cm? fibrillation, ventricular 2 weeks [102]
premature contraction
Heart (LV) # Adult pig 62V 10 x 5 x 1 mm? Endocardial pressure — [103]
Bladder Adult rat 114 mV 14 x 2.2 cm? Bladder pressure — [104]

a LV: left ventricular.

4. In Vivo Energy Harvesters

Their direct role as bioenergy harvesters to power other implantable electronic medical
devices is another important branch of the implantable TENGs. Although the self-powered
biosensors are free from the constraints of bulky batteries, other components, such as
the dates transmission unit, still require power sources. TENGs have been developed to
harvest bioenergy from various human activities. The potential power from the shoulder
movements is 2.2 W, and the corresponding power from the knee joint and ankle joint
movements can reach 36.4 W and 66.8 W. Other biomechanical energy, involving heartbeat
(0.93 W) and respiratory muscle (0.41 W) movement during breathing, is also potentially
harvestable [38].

4.1. Bioenergy Harvester

In recent years, TENGs for bioenergy harvesting have sprung up. In 2014, Zheng et al.
first demonstrated an implanted TENG (iTENG) in a living rat to harvest bioenergy from its
periodic breathing [144]. As shown in Figure 4a, the iTENG was designed to be 2 x 2 cm?
for the small rat thorax implantation. In one breath, the magnitude of the voltage and
current signals was about 3.73 V and 0.14 pA, respectively. Then, the electrical energy
was stored in a capacitor to power the pacemaker prototype. According to theoretical
calculations, the energy obtained from five breaths can generate a pulse that regulates rat
heart rate, which is a breakthrough in the research on self-driving implantable medical
systems. The output of iTENG was further promoted by Zheng et al. by introducing a
memory alloy as “keel structure”, which facilitates the contact and separation of frictional
layers in complex living environments (Figure 4b) [3]. Driven by the heartbeat of an
adult Yorkshire pig, the V. and Is. reach 14 V and 5 pA, which are 3.5-fold and 25-fold
higher than the previous one, respectively. After 72 h of implantation, the iTENG exhibited
excellent stability. By connecting the iTENG within an implantable wireless transmitter,
a self-powered data transmission system was fabricated for a real-time remote cardiac
monitoring system.
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Figure 4. TENGs as in vivo energy harvesters. (a) In vivo power source for pacemaker driven by
breathing. (i) The structure diagram of the implanted TENG (iTENG). (ii) Schematic diagram of
iTENG for powering a pacemaker. Reprinted with permission from Ref. [144]. Copyright 2014 John
Wiley & Sons. (b) In vivo self-powered wireless cardiac monitoring driven by heartbeat. (i) Structure
diagram of the implanted TENG (iTENG). (ii) The self-powered wireless transmission system based
on the iTENG. Reprinted with permission from Ref. [3]. Copyright 2016 American Chemical Society.
(c) In vivo breath energy harvester. (i) Structure diagram of the implantable generator (i-NG). (ii) The
i-NG for in vivo breath energy harvesting. Reprinted with permission from Ref. [105]. Copyright
2018 American Chemical Society. (d) TENG integrated with a hybrid biofuel cell (EHES) for bioenergy
harvesting. (i) Conception graph of an implanted HEHS for biomechanical and biochemical energy
in body. (ii) Structure diagram of the TENG and biofuel cell. Reprinted from Ref. [51]. Copyright
2020 Springer.

The low frequency (<5 Hz) of human activities, such as breathing and heartbeat, leads
to the discrete output of implanted TENGs, which is impractical to use directly as a power
source. As shown in Figure 4c, Li et al. designed a sliding mode implantable NG (i-NG)
based on grating electrodes to convert low-frequency biomechanical motions into continu-
ous electrical signals [105]. With 200 um of each finger in the grating-electrode, the i-NG
generated seven peaks within one envelope of 0.1 s, corresponding to a frequency of 70 Hz.
In an adult SD rat, the i-NG generated 7-8 voltage peaks with Vp,, of 0.8 V (two electrode-
units) during one respiration cycle. Connected with the rectifier and capacitor, i-NG could
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stably power a green LED without blinking. Li et al. developed a hybrid energy-harvesting
system (HEHS) for both biomechanical energy and biochemical energy simultaneously
collecting with the integration of an implantable triboelectric nanogenerator (TENG) and
glucose fuel cell (GFC) [51]. As shown in Figure 4d, driven by pressing and hand flapping,
TENG realized 22 V (Vo) and 0.24 pA (Is), respectively. Meanwhile, GFC generated a
stable output voltage of 0.6 V and 10.5 pA at three times glucose loading. After integration
in parallel, HEHS obtained a superimposed current of 1.2 pA and voltage of 21.7 V, stating
a higher efficiency hybrid bioenergy harvesting system.

4.2. Ultrasound-Driven Energy Harvester

The above demonstrations show that directly harvesting energy from in vivo organ
movements has been achieved with highly sensitive and compliant TENGs [145-149].
Though in vivo organs such as the heart and lung can exert regular vibrations as the
internal energy sources, they generally have low frequency, low acceleration, and low
amplitude that are difficult to be harvested. Especially for small animal models, the
generated energy from the implantable TENGs may not be sufficient to power medical
implants. On the other hand, wireless energy delivery using external sources to transfer
energy to implantable energy harvesters offers an alternative approach that is more stable,
adaptable, and provides power-on-demand [150]. The acoustic wave has been widely used
in medical applications, including monitoring, diagnosis, and in vivo imaging. It can also
penetrate deep tissue with low attenuation, and thus it is a safe and good medium for
wireless energy delivery [151]. In the past few years, several implantable piezoelectric
energy harvesters, as well as TENGs, have been proposed to study the performance and
efficiency of acoustic energy transfer (AET) [106,132,152-154].

In 2019, Hinchet et al. developed a vibrating and implantable triboelectric generator
(VI-TEG) to harvest the wirelessly delivered ultrasound energy from a controllable external
source (Figure 5a) [106]. The VI-TEG mainly consists of a thin perfluoroalkoxy (PFA)
membrane (~50 um) and an Au/Cu electrode with an airgap of 80 um to collect the
charges when the membrane vibrates under ultrasound pressure. This working mechanism
triggered by the incoming ultrasound eliminates the influence of implanted site, in vivo
environment, and usage scenarios. The whole device is sealed with melt adhesive and
further integrated with a power management circuit and a Li-ion battery on the backside.
Operated in a single-electrode mode, the VI-TEG can produce a peak output voltage of
25V (at 40 MQ) impedance) and current of 1.3 mA (at 1 (2 impedance), when it is tested in a
grounded water medium 5 mm away from a 3-cm-diameter ultrasound probe (20 kHz and
3 W/cm?). In an ex vivo AET experiment (20 kHz and 1 W/cm?) through a 0.5 cm porcine
tissue, the generated outputs are more than 2.4 V and 156 A, which are high enough as
power supplies for small medical implants.

Later in 2020, Chen et al. reported a micro-structured triboelectric ultrasonic device
(LTUD) based on the technology fusion of TENG and microelectromechanical systems
(MEMS) [155]. As indicated in Figure 5b, the pTUD is composed of an array of micro
capacitors that has a suspended membrane over a vacuum cavity. Silicon oxide is adopted
as the friction layer, while a highly conductive doped silicon layer is used as the electrode
and another friction layer. When ultrasound pressure is applied to the uTUD, the sus-
pended membranes vibrate and contact the oxide layer periodically, generating triboelectric
outputs in a contact-separation mode. Ex vivo AET measurements are then performed
through an oil medium (30 mm distance) without and with a sound-attenuation medium
(porcine tissue). In an incident acoustic wave of 63 kPa atl MHz, the generated output
voltage reaches 16.8 mV and 12.7 mV, respectively. Even though the output power of
the demonstrated pTUD is currently low, theoretical analysis by the authors shows that
the device’s output power could be enhanced by 10,000 times through optimizations in
material selection, geometry structure, management circuit, etc.
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Figure 5. Ultrasound-driven energy harvester. (a) Ultrasound energy harvesting under skin based
on triboelectric effects. Illustration of US energy harvesting under skin using the vibrating and
implantable triboelectric generator (VI-TEG, left). The structure diagram and working principle of
the VI-TEG (right). Reprinted with permission from Ref. [106]. Copyright 2019 American Association
for the Advancement of Science. (b) Micro triboelectric ultrasonic device for acoustic energy transfer.
Reprinted from Ref. [155]. Copyright 2020 Springer Nature.

From direct biomechanical energy harvesting to ultrasonic-driven in vivo energy
harvesting based on the triboelectric effect, IMDs have been put forward to better output
performance and longer operation time, but there is still a long way to go to fully realize self-
sustained and real-time IMDs. Many significant factors should be taken into consideration,
and we will give a summary and discussion in Section 7.1.

5. Electrical Stimulation Therapy
5.1. Nerve Stimulation

The rapid development of flexible implantable bioelectronics has opened up a new way
to enable electroceuticals to more sensitively and accurately record and modulate the bio-
signals [155-158]. In this regard, neuromodulation has been widely adopted as a reversible
and non-destructive therapeutic strategy to manipulate various bodily functions by stimu-
lating or interfering with the neurophysiological signals in the neural network [159,160].
More specifically, neural signals transmitted in the nerve fibers can be tuned via stimulation
on the targeted fibers for therapeutic intervention, such as restoring the sensory /motor func-
tion of neuro-prosthesis, controlling bodily functions, treating diseases, etc. [133,161-168].
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Benefited by the self-generated characteristics and wearable/implantable compatibility,
TENGs have been integrated with neural interfaces and explored for nerve stimulation,
using the directly generated outputs from mechanical actuation [18,81,107,109,169-172].

As shown in Figure 6a, Zhang et al. first applied a high-performance TENG for a
dissected frog leg [169]. The TENG is operated in the contact-separation mode, with Al
and PDMS (produced with micro/nano structure and treated with fluorocarbon plasma) as
the two triboelectric materials. Actuated by a 5 Hz external force, it can generate outputs of
265V and 18.3 pA/cm? in terms of voltage and current density, respectively. The outputs
are then applied to the sciatic nerve of a frog leg via a 3D microneedle electrode array (MEA)
toward the realization of the self-powered neural prosthesis. The two electrodes of the
MEA are directly connected to the outputs from the TENG without the use of any external
circuits. With force applied to the TENG, the sciatic nerve is successfully stimulated by the
instantaneous outputs from the TENG, leading to the muscle actuation of the frog leg.

To obtain effective obesity treatment, Yao et al. proposed an implanted system that
can respond to stomach movement and perform vagus nerve stimulation to regulate food
intake (Figure 6b) [109]. The implanted system only consists of a flexible and biocompatible
TENG, with its body is attached to the stomach surface while the output electrodes are
directly connected to the vagus nerve. With food intake, the peristalsis motion of the
stomach induces cyclic contact and separation on the TENG, which then generates biphasic
electrical signals (~0.05 to 0.12 V recorded on a 1 M() load) to stimulate the vagal afferent
fibers for food intake reduction and weight control. This strategy is then verified using
rat models, and the results show that the average body weight of the stimulation group
is 38% less than the control groups, indicating the effectiveness of nerve stimulation in
weight control and obesity treatment. On the basis of frog leg stimulation, Lee et al. took
one step forward and investigated the feasibility of using TENG for sciatic nerve and
common peroneal nerve stimulation in a rat model (Figure 6c) [107]. The adopted TENG
has a stacked-layer structure, with five contact-separation TENGs (micro-pyramid PDMS
and Cu as the triboelectric layers) connected in parallel to enhance the output performance.
After optimizing the TENG’s confinement height, it can generate a peak-to-peak voltage of
160 V and a current of 6.7 pA. The outputs are then directly applied for nerve stimulation
through a flexible sling electrode as the designed neural interface. The experimental results
show that direct stimulation of the rat’s sciatic nerve and the common peroneal nerve is
achieved, as proven by the corresponding EMG signals being successfully recorded.

To further investigate the efficacy, selectivity, and controllability of direct stimulation
on peripheral nerves, Lee et al. developed a water—air TENG array with optimized force
sensitivity and sensing range, as shown in Figure 6d [170]. The suspended thin PDMS
in the middle can greatly improve the generated outputs of the liquid involved TENG
under pressure, i.e., from the mV range to tens of volts. Meanwhile, the adopted water-
filled sponge enables a much higher sensing range compared to the hydrogel. Using the
multiple pixels in the TENG array and flexible neural clip interfaces, selective stimulation
of plantar flexion (PF) and ankle dorsiflexor (DF) via tibial and common peroneal nerve
branches are realized on rats, with controllable muscle activation by the pressing force. The
exponentially decreasing waveform from TENGs is also compared with the traditionally
used biphasic square waveform, demonstrating the high effectiveness of using TENG
for direct nerve stimulation. In addition to muscle control, nerve stimulation can also be
used for controlling bladder function. Lee et al. from the same group investigated the
direct stimulation of the autonomic pelvic nerve by a stacked-layer TENG and a flexible
neural clip interface for bladder function control (Figure 6e) [171]. The study of stimulation
dependence on frequency and number of pulses reveals that only two pulses (~29.5 nC
per pulse) of 0.83 Hz from the TENG are sufficient to induce the micturition response in
rats. These in vivo results are also compared with the stimulation results by a commercial
stimulator, showing once again that the direct stimulation waveforms from TENG are more
effective than the biphasic pulses.
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Figure 6. TENGs for nerve stimulation. (a) High-performance TENG for frog sciatic nerve stimulation.
(i) The structure diagram and image of the high-performance TENG. (ii) The high performance TENG
for frog sciatic nerve stimulation. Reprinted with permission from Ref. [169]. Copyright 2014 Elsevier.
(b) Effective weight control via nerve stimulation (VNS). The schematic diagram of VNS system
(i) and the working principle of VNS devices (ii). Reprinted from Ref. [109]. Copyright 2018 Springer
Nature. (c¢) Modulated control of tibialis anterior muscle via common peroneal nerve stimulation
based on TENGs. (i) The TENG in a compressed state and a released state, outputting voltage
pulse. (ii) The TENG for tibialis anterior muscle controlling via common peroneal nerve stimulation.
Reprinted with permission from Ref. [107]. Copyright 2017 Elsevier. (d) Peripheral nerve direct
stimulation based on TENGs. Reprinted with permission from Ref. [170]. Copyright 2018 Elsevier.
(e) Direct stimulation of autonomic pelvic nerve for restoring bladder functions. Schematically
showing the working principle (i) and applications as nerve stimulation power sources (ii) of the
TENG. Reprinted with permission from Ref. [171]. Copyright 2019 Elsevier.

5.2. Muscle Stimulation

Muscle function loss exhibits the symptoms of abnormal muscle movement and/or,
more seriously, paralysis. In terms of treatment, electrical muscle stimulation to restore
muscle functions is feasible as a therapeutic method. Compared to nerves that are nor-
mally concentrated in a small nerve bundle, muscles contain numerous excitable mo-
toneurons distributed sparsely within the muscle tissues. Thus, the threshold current
for muscle stimulation is much higher than that for nerve stimulation. In this regard, to
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achieve direct muscle stimulation from TENGs, more effective neural interface designs or
higher output-performance TENGs are required, which then have been investigated by
researchers [173-176].

To realize a more controllable and effective electric field in muscle stimulation, Wang et al.
developed a flexible multi-channel intramuscular electrode powered by a staked-layer
TENG (Figure 7a) [177]. The 12 channels (6 channels from each side) of the intramuscular
electrode allow the mapping of stimulation efficiency with different channel combinations,
from which a more effective stimulation can be determined even with a relatively low
short-circuit current of 35 pA from the TENG. Based on the in vivo experiment on rats,
it is concluded that the efficiency of electrical muscle stimulation is mainly affected by
the applied waveform polarity and the electrode-motoneuron position. Therefore, when
implanted in muscle, the multi-channel electrode offers great tunability in the stimulation
polarity and position by connecting the outputs from the TENG to different channels,
leading to a more effective direct muscle stimulation.
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and a multi-channel intramuscular electrode. The working principle (i) and in vivo experiment
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Copyright 2019 American Chemical Society. (b) Muscle stimulation method using a switching
operation TENG to achieve higher efficiency. (i) Device working principle. (ii) The current amplified
principle during muscle stimulation. Reprinted with permission from Ref. [108]. Copyright 2019
Elsevier. (c) A soft fabric-based thin-film TENG for selective and controllable muscle stimulation.
(i) The fabrication process and (ii) working principle of the thin-film TENG. Reprinted from Ref. [178].
Copyright 2019 John Wiley & Sons.

Along with the neural interface optimization, the performance-enhancing strategy
of TENGs has also been proposed to improve muscle stimulation efficiency. Wang et al.
reported a new TENG configuration, called diode-amplified TENG (D-TENG), with en-
hanced TENG outputs for direct muscle stimulation using a similar multi-channel neural
interface (Figure 7b) [108]. As indicated, the D-TENG integrates a diode and a switch
on the original stacked-TENG; thus, charges can be released instantaneously, generating
a higher output current with uni-polarity (~40 pA). In vivo demonstrations show that
the more efficient muscle stimulation by the D-TENG can be attributed to three aspects:
(1) improvement in the current amplitude; (2) exponential waveform of the current pulse;
(3) frequency increment with a shorter pulse that matches the resonance frequency of
motoneurons (~500 Hz). Hence, the authors concluded that the D-TENG design is one of
the most optimal configurations of TENGs for direct muscle stimulations.

To directly use the harvested energy from body motions for muscle stimulation,
wearable TENG devices based on thin and soft textiles are more convenient to be worn
on various body parts. In this regard, He et al. developed a narrow-gap diode-enhanced
textile-based TENG (D-T-TENG) coupled with textile switches for enhanced output currents
(>100 pnA), as shown in Figure 7c [178]. The D-T-TENG is fabricated using conductive
textile as the electrode and Ecoflex/nitrile as the negative/positive triboelectric materials.
The enhanced output currents from the D-T-TENG are then applied for direct stimulation
of the anterior tibialis muscle and gastrocnemius muscle through stainless-steel wire
electrodes, corresponding to leg movements of forward kicking and backward kicking a
rat model. The kicking direction and force can be controlled by selecting the switches and
controlling the activation area of the D-T-TENG, indicating its great applications in future
prosthesis control.

5.3. Cardiac Pacemaker

Artificial pacemakers provide electrical impulses to regulate the heartbeat, playing a
significant role in the treatment of sick sinus syndrome, atrioventricular block, and some
bradycardia-type conditions. Due to the limited life span, the battery of the artificial
pacemaker needs to be surgically removed and replaced every 3-5 years, which brings
great pain and surgical risks to patients.

In 2014, Zheng et al. developed an implantable triboelectric nanogenerator iTENG) in
a living rat to harvest energy from periodic breathing and to be used as the direct power
source in powering a prototype pacemaker for the first time. After that, as shown in
Figure 8, Ouyang et al. further designed a fully implanted symbiotic pacemaker (SPM),
which made progress in terms of optimizing output performance of the energy harvesting
unit iTENG), integrating the power management unit (PMU) and the pacemaker unit
all in one system [179]. The iTENG was designed in a core-shell multilayer structure,
with hydrophobic PDMS serving as the encapsulation and memory alloy used as the
support layer. The iTENG achieved high biomechanical-electrical conversion efficiency
with the electrical output of 97.5 V (Vy), 49.1 nC (Qsc), and 10.1 pA (Is) in vivo, as well
as the superior stability after 10° times in liquid, moist (humidity of 45-50%), and dry
environments. In a big animal model, driven by the heartbeat, the iTENG harvested 0.495 pJ
during one cardiac cycle, which is higher than the energy required for one heart pacing
(0.262 yJ).
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Figure 8. An implantable TENG for a symbiotic pacemaker. (a) Illustration of the symbiotic cardiac
pacemaker system and structure diagram of the iTENG. (b) The implantation pictures of iTENG in
a big animal experiment. (c) Illustration of a symbiotic cardiac pacemaker system in vivo. (d) The
symbiotic cardiac pacemaker system is used to correct arrhythmia events. Reprinted from Ref. [179].
Copyright 2019 Springer Nature.

For the cardiac pacing in a large animal model, the PMU managed the charging and
peacemaking process through a wireless triggered switch. Electrical energy from iTENG
was stored in a 100 uF commercial capacitance, powering the peacemaking unit to produce
a 3V, 0.5 ms electrical pulse in regulating heart rate after a wireless controller outside the
body activated the control switch. Furthermore, the PMU validated the diagnosis and
correction of sinus arrhythmia events in an adult Yorkshire pig. The authors created a sinus
arrhythmia model using ice cubes to create sinus node hypothermia. When the abnormal
ECG is detected, the pacing module starts to work, and the sinus arrhythmia is converted
into a pacing rhythm. After about one minute, the SMP stopped working, and the pacing
rhythm snapped back to a normal rhythm.

The above research progress has demonstrated the TENGs as the direct electrical
stimulation source for muscle function recovery, weight control, and cardiac pacing. Further
neuromodulation applications, such as deep brain stimulation, vagus nerve stimulation
and human functional electrical stimulation, still remain challenges. On the one hand,
the frequency of the current pulses (no more than 2 Hz) generated by TENGs could not
reach the requirement for neuromodulation applications, which is usually higher than
10 Hz [168]. On the other hand, direct current pulses from the TENGs need to be further
amplified to a suitable magnitude for neural stimulation. Thus, the power management
switches and amplifiers should be integrated into the neuro-stimulation system.

6. Advanced IMDs Based on Functional TENGs
6.1. Biodegradable and Absorbable TENGs

IMDs play significant roles in patient care and disease management [49,180-183].
However, after their service, almost all implantable electronic devices need to be removed
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or replaced by invasive, complicated surgery [184-187]. IMDs that are degradable and
absorbable in the body provide a feasible solution to avoid secondary invasive proce-
dures [23,188-190]. In 2016, Zheng et al. reported a biodegradable triboelectric nanogenera-
tor (BD-TENG) for in vivo energy harvesting with the fully bio-degradable polymers (BDPs)
as the friction and encapsulation layer, the resorbable Mg as electrodes (Figure 9a) [180].
A series of TENGs based on several pairs of BDPs as friction layers compared BDP’s relative
ability to gain or lose electrodes during the triboelectric process, which achieves a voltage
output ranging from 20-40 V and different degradable rates at the same time. In an adult
SD rat model, the PLGA-encapsulated BD-TENG output voltage decreases from 4 Vto 1V
within 2 weeks, failed in about 4 weeks, and completely lost its structure after 9 weeks,
indicating the feasibility of degradable in vivo. After that, in the same group, Jiang et al.
further developed fully bioabsorbable natural-materials-based triboelectric (BN-TENG)
nanogenerators based on cellulose, chitin, silk fibroin (SF), rice paper (RP), and egg white
(EW) (Figure 9b) [189]. The authors verified the triboelectric series of these five materials
as EW > SF > Chitin > Cellulose > RP, which provides a reference for future BN-TENGs
in materials selection and structure design. With different pairwise combinations, the
as-fabricated BN-TENG realized a large range of output performance with V. ranging
from 8 to 55 V and Is. ranging from 0.08 to 0.6 pA. The degradation rate of BN-TENG can
be regulated by adjusting the fibroin crystallinity with methanol, achieving device failure
time in vivo ranging from 24 h to 11 d, and then complete degradation within 84 days.

In addition, active sensors with biodegradable and absorbable properties also made a
breakthrough. As shown in Figure 9¢, Ouyang et al. designed a bioresorbable dynamic
pressure sensor based on the triboelectric effect (BTS), which can convert biological pressure
signals into electrical signals [93]. The BTS has excellent sensing characteristics, achieving
sensitivity up to 11 mV/mmHg and good linearity of R?> = 99.3%. In the large animal
model (dog), BTS achieved accurate monitoring of pleural pressure, vascular pressure,
and identification of vascular occlusion events. In addition, the poly(lactic acid)-(chitosan
4%), which serves as both friction and adhesion layer, equipped the BTS outstanding
antibacterial ability of 99% sterilization, making the implantable BTS free from the risk
of tissue infection. The implanted BTS can be completely degraded after its service and
completely be absorbed within 21-84 days.

The development of implanted TENGs based on degradable materials has strongly
promoted the progress of next-generation customizable IMDs [191,192]. Since degradable
materials were first applied to TENGs, more than a dozen degradable materials have been
developed [193,194]. They have been applied in energy harvesting, mechanical sensing, and
even implantable electrical stimulation [195,196]. In the future, the design of degradable
materials and the performance optimization of degradable TENGs are still full of challenges,
and more research and exploration are needed.

6.2. Self-Healing TENGs

The performance of TENGs relies on the dynamical process of converting bio-mechanical
energy into electrical energy [197,198]. At the same time, the long-term repeat mechanical
deformation also led to different mechanical and functional damages of TENG: including
cracks, mechanical fatigue, degradation of friction surface structure [199,200]. Developing
advanced material with self-healing ability helps damaged TENGs recover their mechanical
morphology and functions, which contributes to prolonging their service life and usage
safety [201-203].

In 2013, Lee et al. demonstrated the first self-healing TENG based on a shape memory
polyurethane (SMPU) triboelectric layer, with an original output of 80 V and 3 pA, respec-
tively (Figure 10a) [204]. A series of compression forces were applied on the SMPU-TENG
to investigate the degradation of the micropatterned triboelectric layer. With a high com-
pression force of 10 kgf for 15 min, the performance of SMPU-TENG reduced by about
90%. By raising the temperature to Tg = 55 °C to trigger the healing process, the SMPU
micro-pyramid pattern recovers its initial shape and performance to its original state.
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Figure 9. Degradable and absorbable TENGs. (a) Biodegradable TENG (BD-TENG) as a lifetime
designed implantable power source. The structure diagram (i) and in vitro degradation process (ii) of
the BD-TENG. Reprinted from Ref. [180]. Copyright 2016 American Association for the Advancement
of Science. (b) The structure of fully bioabsorbable natural-materials-based TENGs (i) and the in vivo
biodegradation process (ii). Reprinted with permission from Ref. [189]. Copyright 2020 American
Chemical Society. (c) A bioresorbable dynamic pressure sensor based on TENG. Reprinted with
permission from Ref. [93]. Copyright 2021 John Wiley & Sons.
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Figure 10. Self-healing TENGs. (a) Shape memory polymer-based self-healing TENG. Reprinted
with permission from Ref. [204]. Copyright 2013 Royal Society of Chemistry. (b) Vitrimer elastomer-
based jigsaw puzzle-like healable TENG for self-powered wearable electronics. Reprinted with
permission from Ref. [200]. Copyright 2018 John Wiley & Sons. (c) Highly transparent, stretchable,
and self-healing ionic skin for energy harvesting and touch applications. Reprinted with permission
from Ref. [201]. Copyright 2017 John Wiley & Sons. (d) Structure of the stretchable, self-healing,
and skin-mounted muscle sensor for muscle function assessment. Reprinted with permission from
Ref. [205]. Copyright 2021 American Chemical Society.

Deng et al. then developed a self-healing vitrimer elastomer and successfully used
it in the single-electrode mode TENG (Figure 10b) [200]. Based on the break and reform
of dynamic disulfide bonds, the vitrimer elastomer realized 100% self-healing efficiency
after extreme damage when exposed to 90 °C high temperatures within 20 min and intense
pulsed light within the 30 s. Embedded with silver wires, the elastomer demonstrated
superior conductivity and was utilized as a matrix to construct TENG, which performs
outstanding output with Is. reaching 350 nA and V. reaching 26 V. The self-healing ability
of the vitrimer elastomer not only helps TENG recover from accidental injury but also
provides a simple method to assemble TENGs into desired 2D and 3D structure free of
glue with the mechanism of jigsaw puzzles and building blocks toys. At the same time, the
VTENGsS in 3D structure increased to about 450% charging efficiency as the unit increased
from one to nine and showed satisfactory sensitivity to external motion when used as
sensing elements and wearable electronics.

Compared with other components, the electrode of flexible TENGs is more vulnerable
to damage, for they are mostly based on a thin layer of metal deposition or conductive
composite. In 2017, Parida et al. reported a highly transparent, stretchable, and self-healing
TENG (IS-TENG) for energy harvesting and touch application, using a slime-based ionic
conductor as the self-healing electrode for the first time (Figure 10c) [201]. The IS-TENG
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based on the ionic conductor as current collector achieved a charge collecting efficiency
12 times higher than that based on silver, which exhibited 92% transparency and over 700%
stretchability at the same time. The IS-TENG behaved with excellent self-healing ability and
recovered its performance in energy harvesting and powering small wearable electronic
devices after 300 times complete bifurcation and self-healing at room temperature.
Furthermore, Wang et al. designed an ultra-stretchable and fast self-healing ionic
hydrogel based on PVA /PEI/LiCl (Figure 10d), which acts as a current collector in the
active muscle sensor based on a single electrode mode TENG (TSAS) [205]. The ionic
hydrogel exhibited superior self-healing ability at room temperature, achieved complete
recovery within 30 min, and further afforded more than 2000% tensile deformation without
breaking. At the same time, the conductivity recovered 98.57% within 4 min after bringing
damaged samples together and maintained over 96% healing efficiency after 10 times
extreme damage. The as-fabricated TSAS performed outstanding sensing properties with a
detection limit of 0.2 mN, a response time of 1 ms, and cycle stability of up to 10°. In the
in vitro experiments, the authors set up a quantitative relationship between muscle force
and output of TSAS, and they developed a real-time muscle function monitoring system
through combining TSAS with wireless transmission and visualization terminal.
Self-healing TENG plays an important role in improving the service life and safety of
the IMDs [206-209]. The 2D and 3D modular assembly of the IMDs, with the help of self-
healing ability, greatly simplifies the tedious fabrication process [210,211]. However, the
current self-healing TENGs mainly focus on wearable electronic devices and remain blank
for implantation scenarios [212-215]. The self-healing efficiency in liquid environments,
compatibility with other components, and the development of fully self-healing systems
are major challenges affecting in vivo applications [216-218]. Therefore, optimizing the self-
healing performance in vivo and rationally designing the self-healing devices’ structure are
feasible solutions for the expanding application scenarios of self-healing TENGs in vivo.

7. Discussion and Challenges

Despite implantable TENGs having made significant progress in self-powered sensors,
in vivo energy harvesters, and direct electrical stimulators, aided by improved materials,
structural design, performance, and applications, some unsolved challenges still require
continuous attention. Here, we discuss the optimization directions of IMDs and their
prospects mainly from three aspects of performance, advanced functional materials and
the close-looped IMDs system.

7.1. Output Performance

Higher output performance is a key factor for IMDs. We summarized the output
of TENG-based implanted energy harvesting devices [102-104,219-222]. As shown in
Figure 11, the electrical output is not only related to the performance of the device but
also affected by the implanted animal, and implantation site. To increase the output,
a variety of methods were proved to be effective, increasing the surface charge density
as well as the contact area of two friction materials. Two frictional materials with a large
difference in triboelectric sequence generate more triboelectric charges and transfer charges
more efficiently [223-225]. The surface charge density could be increased by injecting
charges into the friction layers using the corona discharge method [179]. Increasing the
relative contact area between two friction layers proved to be another effective method,
such as grinding the fractional surface by sandpaper, ICP to form pillar-shaped, pyramid-
shaped, and origin-shaped surface structures [226]. The connection of multiple devices
is considered a common and effective method to increase output [144]. In addition to the
above-mentioned, matching external loads and effective energy management modules
should also be considered for better output performance. Furthermore, considering the
liquid environments in the human body, the electrostatic shielding effect should be reduced
during the design of the IMDs.
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Another important point is the implantation site. For cardiac function monitoring,
the IMD output varied when implanted on the right ventricular, the auricle of the left
atrium, the cardiac base, the lateral wall of the left ventricular, and the inferior wall of
the left ventricular, for different motion amplitude and volume of the interspace of these
implantation sites. Therefore, a reasonable implantation site is suggested to optimize the
output of IMDs and reduce the organism damage as much as possible.

7.2. Advanced Materials with Multifunctions

Another significant issue is the safety, reliability, and high efficiency of IMDs. Signif-
icances should be taken into consideration for the large differences among the different
application scenarios [48,56,227,228]. In Table 2, we summarized the IMDs based on
advanced TENG with various friction materials and made a comparison about their perfor-
mance and applications. For IMDs working in the stomach, acid-resistant encapsulation
is required to resist gastric acid erosion and better tissue-matched modulus because the
stomach is constantly peristaltic [109]. Biosensors used for blood pressure monitoring
must have anti-hemolytic properties to reduce the impact on the monitoring site [103].
Meanwhile, almost IMDs are generally subject to mechanical losses and accidental damage
during operation, resulting in mechanical fatigue and material wear of the device, thereby
affecting its service life. Others need surgical removal after service, which increases patient
suffering and the risk of infection. Developing functional materials with better mechanical
performance, biodegradable and self-healing ability, antibacterial ability, may provide
promising solutions.
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Table 2. Performance comparison of TENGs with different triboelectric materials.

Property Friction Materials Electrodes Optimal Output Size Application Ref.
Robust PTFE/ caption Cu/Al 70V, 0.8 uA, 10.5nC 6 x 4 x 0.15cm3 Energy harvesting [188]
PTFE Cu/Ti 70V, 0.55 A, 25 nC - In vivo cancer [184]
therapy
PFA Au/Cu 9.71V, 427 uA 4 x4cm? Ultrasound driven [106]
energy harvesting
Breath energy
PTFE Cr/Cu 22V,0.1 uW — harvesting [105]
PTFE Cu/Al 14V, 5 yW 25x 1 x0.15cm? Cardiac monitoring [3]
caption Cu/Al 22V,03 uA — Energy harvesting [51]
Implantable i
p silicone Au 16.8 mV, 54.4 nW — Ultrasound driven [155]
energy harvester
PTFE Au/Al 62V 10 x 5 x 1 mm? Endocardial [103]
pressure sensor
caption Au/Al 12V,0.25 A 1.2 x 1.2 cm? Powering prototype ;)
pacemaker
caption Au/Al 187V, 195 1A, 802nC 39 x 6.1 x 0.099 cm® L oering cardiac [179]
pacemaker
15 mm in radius Powering cardiac
a _ 3 4 g
PVA-NH, /PFA Au/Cu 136 V, 2 pA/cm 2.4 mm in height pacemaker [5]
° cellu- M 55V, 0.6 1A, 12 nC — Energy harvestin. [189]
lose/chitin/SF/RP/EW & PO HA erey harvesting
b -
BA-TENG dPLA/C Mg 30V . Blood pressure (93]
sensor
¢ PLGA/PCL/PLA Au 28V, 220 nA 1.2 x 1.2 cm? Tissue repair [190]
SH-PCL/PVDF Cu/AgNWs 800V, 28 uA 3 x 3cm? Energy harvesting [197]
Parylene- ¢ 7844V, 1.42 uA, 2 Muscle strength
C/silicone SH-IH 47.48 nC 3 x5 cm sensor [205]
Energy harvesting,
vitrimer elastomer Al/AgNWs 26V, 350 nA, 10 nC 10 x 3 cm? pressure/tactile [200]
f gH- senser
SHAENG silicone slime 50V, 65 pA/cm?, 2 x 2. cm? Energy harvesting [201]
17 nC/cm?
shape memory Al 100V, 15 uA 4 x 2.5 cm? Energy harvesting [204]
polymer
100 V, 4 pA/cm? ) .
- g -SE- ’ ’
SH-PUA /latex PUA-SF-LM 12'nC /em? 3 x 3cm Energy harvesting [209]

2 PVA-NH2: Amine-functionalized poly (vinyl alcohol); PFA: Perfluoroalkoxy. ® BA: biodegradable and absorbable.
¢ SF: silk fibroin; RP: rice paper; EW: egg white. 9 PLA/C: poly (lactic acid)~(chitosan 4%); ¢ PLGA: poly
(L-lactide-co-glycolide); PCL: poly (caprolactone). f SH: Self-healing; TH: ionic hydrogel. & SF: silver flakes; LM:
liquid metal.

7.3. Close-Looped IMDs System

A complete close-looped IMDs system that starts with accurate real-time physiological
information collection and gives corresponding feedback and guidance is growing as the
main development demand of modern intelligent electronic medicine [227]. Various health
monitoring devices and treatment tools emerge in an endless stream but mainly work
independently as active biosensors, power sources, and other functional units [22]. On the
other hand, the development of self-powered technology has made IMDs break through
the limitation of service life and realize long-term real-time monitoring/treatment of the
human body [28]. With the gradually reduced power consumption of electronic devices
and the continued development of advanced integration technologies, it is possible to
develop a self-driven close-looped bioelectronic system with the human body as the energy
source to power the continuous working of the whole system [48,78].

In a close-looped IMDs system, the energy harvesting units collect the various types of
bioenergy from the human body and convert them into electrical energy, which is further
rectified by the power management module and then stored in the power storage unit or
directly supplied to other energy-consuming units. Without additional energy supply, the
self-powered sensors perceive the real-time physiological states of the human body and
deliver the sensing dates to the processing unit through a wireless transmission module.
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Once the dates are diagnosed as anomalous, instructions from the controller will be sent
to the relevant downstream functional units so as to perform feedback adjustment on the
corresponding tissues, organs, or nerves of the human body until the physiological states
are back to normal. With the help of the close-looped IMDs system, the physiological state
of the human body can be automatically adjusted to the optimal state, and when a disease
occurs, the physiological system can be actively and intelligently repaired.

8. Conclusions

Biomedical systems and advanced nanotechnology are sparking a new revolution in
the field of healthcare. The continuous reduced power consumption of microchips and the
continuously improved working efficiency of micro-nano energy harvesting devices have
made fully self-charged implantable biomedical devices (IMDs) possible. Freeing the IMDs
from the bulk batteries is a key step during this process. In this review, we summarized the
recent progress of advanced IMDs driven by TENGs and reviewed the research progress of
self-powered biosensors, bioenergy harvesting devices, and electrical stimulation therapy
devices. For the self-charged IMDs, it is important to improve the output performance of the
implantable TENGs and optimize the energy management module. The flexible packaging
technology with high stability and high biosafety is required to ensure high performance in
liquid environments. Besides, the good adaptability of these IMDs to the shape of human
tissues or organs will improve sensor performance and energy harvesting efficiency.

The rapid development of advanced electronic materials and fabrication technology
has ushered in a new opportunity to develop a fully self-charged IMD system. The integra-
tion of multi-functional components of the whole system is currently the main challenge.
Advanced self-charged IMDs with self-healing properties enable a longer lifetime in de-
vices in accidental damage, and also help achieve 3D expansion of multiple functional
devices, which breaks the fabrication process limitations of traditional integrated sys-
tems [205,229]. At the same time, the proposal and development of the body net provides
another distributed integrating method [157,230-233]. Each functional unit communicates
through a local wireless network to realize a close-looped system integrating in suit sensing,
data analysis, and treatment, which will make the implantable electronic medical system
more intelligent.
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Abstract: With the rapid development of wireless communication and micro-power technologies,
smart wearable devices with various functionalities appear more and more in our daily lives. Never-
theless, they normally possess short battery life and need to be recharged with external power sources
with a long charging time, which seriously affects the user experience. To help extend the battery life
or even replace it, a non-resonant piezoelectric—electromagnetic-triboelectric hybrid energy harvester
is presented to effectively harvest energy from low-frequency human motions. In the designed
structure, a moving magnet is used to simultaneously excite the three integrated energy collection
units (i.e., piezoelectric, electromagnetic, and triboelectric) with a synergistic effect, such that the
overall output power and energy-harvesting efficiency of the hybrid device can be greatly improved
under various excitations. The experimental results show that with a vibration frequency of 4 Hz
and a displacement of 200 mm, the hybrid energy harvester obtains a maximum output power of
26.17 mW at 70 k() for one piezoelectric generator (PEG) unit, 87.1 mW at 500 () for one electromag-
netic generator (EMG) unit, and 63 uW at 140 MQ) for one triboelectric nanogenerator (TENG) unit,
respectively. Then, the generated outputs are adopted for capacitor charging, which reveals that
the performance of the three-unit integration is remarkably stronger than that of individual units.
Finally, the practical energy-harvesting experiments conducted on various body parts such as wrist,
calf, hand, and waist indicate that the proposed hybrid energy harvester has promising application
potential in constructing a self-powered wearable system as the sustainable power source.

Keywords: triboelectric; piezoelectric; electromagnetic; self-powered; hybrid

1. Introduction

In recent years, with the advancement of sensing and fabrication technologies, nu-
merous micro-power Internet of Things (IoT) sensors and electronic devices have been
developed rapidly [1,2], but how to achieve sustainable energy supply to such a large
number of devices remains a grand challenge. The bulky size, limited service life, and
environmental pollution issue of traditional chemical batteries have gradually become the
bottlenecks restricting the further development of micro-power devices. In this regard,
scavenging ambient energies such as light, heat, wind, and mechanical vibration using
energy harvesters appears to be a promising alternative [3,4]. At present, researchers across
the world have performed detailed investigations of using energy harvesters to power
wearable devices. In 2011, Yun et al., proposed a self-powered wireless sensor node based
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on solar energy harvesting, and the output power can reach 20 mW under outdoor condi-
tions [5]. Although the output of solar energy harvesting is relatively large, it is also easily
affected by the environmental parameters, leading to no electrical output in the absence
of light. In addition, another form of energy—thermal energy—has also been studied by
researchers for energy harvesting. For example, Wang et al., connected 4700 thermocouples
in series and attached them to the human body, which can produce 0.15 V open-circuit
voltage and 0.3 nW output power at room temperature [6]. Although the collection of
thermal energy could be weather independent, the output power is too low due to the
limited temperature difference between the human body and the environment, which is
normally insufficient to power wearable devices. The above-discussed two mechanisms
exhibit high dependence on the ambient conditions and could be greatly influenced by
external factors; thus, they are not ideal as a steady power supply for wearable devices. In
this regard, a lot of researchers have turned to use mechanical vibration energy, which is
more ubiquitous in the environment and human activities for electrical energy generation.
This could be an ideal approach, since it is not easily interfered with by other external
factors such as weather and temperature. Thus, it exhibits a broad application prospect in
supplying energy for wearable and/or microscale electronics.

To effectively harvest the mechanical energy existing in the base excitations, biological
motions, and flow waves [7,8], a large variety of vibrational energy harvesters have been
proposed based on different mechanisms, e.g., piezoelectric [9-14], electromagnetic [15-19],
electrostatic [20,21], triboelectric [22-26], and magnetostriction energy harvesters [27].
Moreover, two or more mechanisms can also be synergistically combined, which is called a
hybrid mechanism [28-30]. With optimized design, the integrated mechanisms can work
synergistically and complementarily, leading to an improvement in the output performance,
transducing efficiency, and device’s adaptability [31,32]. To realize a hybrid mechanism,
the triboelectric mechanism is usually adopted to be integrated with other mechanisms due
to its great advantages of simple structure, easy fabrication, broad materials choice, diverse
operation modes, low cost, and high scalability [33-35]. In 2012, the first triboelectric
nanogenerator (TENG) was invented by Wang’s team based on the coupling of contact
electrification and electrostatic induction between two different materials [36]. After that,
TENG has received tremendous research efforts and has been proven as a promising technol-
ogy for energy harvesting and self-powered sensing [37—41], for the application scenarios
involved with body motions [42,43], wind [44,45], water waves [46,47], vibrations [48,49],
rotations [50,51], and even acoustic waves [52,53].

In 2015, Li et al., designed a triboelectric—piezoelectric composite energy harvester
on clothes containing several carbon fibers for human energy harvesting, with zinc oxide
nanorods as the piezoelectric material and polydimethylsiloxane (PDMS) as the triboelectric
material [54]. In 2020, Rahman et al., reported a miniaturized freestanding hybrid generator
based on TENG and an electromagnetic generator for harvesting the human vibrational
energy during motions [55]. Then, Li et al., proposed a flexible motion monitoring device
based on a magnetic microneedle array [56]. The magnetic microneedles in this structure
not only act as the curved magnetic poles of the electromagnetic generator but also act
as a triboelectric friction layer. The closed and curved characteristics of the microneedles
are used to complete the energy-harvesting action. These examples have proven that the
hybrid strategy is feasible and effective for output performance and efficiency enhancement.
Yet, most of them only utilize two mechanisms, and a more efficient way to harvest the
low-frequency human motions is still highly desirable.

In order to harvest the mechanical energy from human motions more efficiently and
improve the output performance, the synergistic effect between the adopted mechanisms
in the hybrid energy harvester should be carefully designed. Generally speaking, piezo-
electric and triboelectric energy harvesters can generate large output voltage with large
internal impedance, and electromagnetic energy harvesters can produce large output
current with low internal impedance. Therefore, these three energy-harvesting mech-
anisms can complement each other and improve the overall output performance of a
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hybrid device. Herein, we propose a novel non-resonant hybrid energy harvester with
the piezoelectric—electromagnetic-triboelectric mechanism for effectively harvesting the
low-frequency energy from various human activities. The structure of the device is con-
figured into a cylindrical shape, which is convenient to be held in the hand or fixed to
a certain part of the body. When the human body moves, the Al-coated magnet in the
cylindrical structure starts to reciprocate inside the cavity, inducing power generation on
the polyvinylidene fluoride (PVDEF) piezoelectric elements at the two ends, the triboelectric
element on the cavity sidewall, as well as the electromagnetic element winding around
the middle part simultaneously. Under the conditions of an excitation frequency of 4 Hz
and a movement displacement of 200 mm, each mechanism achieves the following output
voltage and current: 9.4 V and 21.4 mA for the electromagnetic generator (EMG); 95 V
and 106 pA for the piezoelectric generator (PEG); and 150 V and 1.4 pA for the TENG.
Then, the generated outputs are regulated through an energy-harvesting circuit and finally
stored in a capacitor for powering IoT sensors. The integrated outputs from the hybrid
energy harvester can charge a 2.2 pF capacitor up to 13 V in only 1 s. Therefore, this hybrid
structure proposed in this work shows great potential as a sustainable power source for
various IoT sensor nodes and wearable devices in the 10T era.

2. Results and Discussion
2.1. Device Structure

Figure 1a shows the 3D schematic view of the hybrid energy harvester, i.e., a hybrid
generator, which is mainly a symmetrical cylinder structure. Two lightweight and hollow
half-cylinders with a dimension of 117 mm X 36 mm (length x diameter) are prepared by
3D printing and used as the supporting frame. Two caps with whorls are also fabricated
for covering both ends of the tunnel with the same 3D printing method. Overall, the
hybrid generator consists of one EMG at the middle, two PEGs at the two ends, and
one TENG along the inner surface. A cylindrical NdFeB permanent magnet (with a
diameter of 10 mm and height of 30 mm) is adopted as the proof mass to respond to
environmental perturbations and trigger all three energy-harvesting units with synergistic
output generation. To construct the EMG unit, the middle part of the hollow cylinder is
wound with copper (Cu) wires (with a diameter of 70 um) for 1000 turns, forming the coil
structure to capture the magnetic flux variation. In terms of the PEG unit, two commercially
available PVDF thin films with high piezoelectric coefficient and high durability are used.
In order to make use of the large mechanical impact from the magnet more efficiently, PVDF
films are attached to the top and bottom of the cylinder frame with both ends fixed, forming
the suspended membrane configuration that is more sensitive to impact force. The PVDF
film is coated with silver on both sides as upper and lower electrodes, which is further
encapsulated with polymer films for insulation and protection. When subjected to external
vibration, the cylindrical magnet oscillates and impacts the PVDF films, causing structural
deformation, thereby generating piezoelectric outputs accordingly. To construct the TENG
unit, two aluminum (Al) electrodes are first attached to the upper part and the lower part
of the hollow cylinder, which is followed by the attachment of a poly tetra fluoroethylene
(PTFE) thin film as the negative triboelectric material. To improve the triboelectric output
performance by the magnet friction, a more positive Al foil is attached to the surface of the
magnet, acting as the positive triboelectric material. Figure 1 shows a digital photograph of
the assembled device, while its diameter (=36 mm) and length (=117 mm) are indicated in
Figure le,f, respectively.
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PLA PVDF  Coil Aluminum PTFE Magnet
tape

Figure 1. Structure of the piezoelectric—electromagnetic-triboelectric hybrid energy harvester.
(a) TENG-EMG unit. (b) PEG unit simply supported beam structure. (c) Three-dimensional (3D)
schematic diagram of the proposed hybrid energy harvester. (d) Photograph of the hybrid energy
harvester. (e f) The diameter and length of the hybrid energy harvester.

2.2. Working Principle

According to the structural design of the hybrid generator, synergistic outputs could
be generated by the three integrated units: EMG, PEG, and TENG. The EMG unit uses
the movement of the magnet to change the magnetic flux of the Cu coil and generates
current based on Faraday’s law of electromagnetic induction. When the permanent magnet
moves to the ends and impacts the PVDF films, a piezoelectric current is generated from
the PEG unit based on the piezoelectric effect. Meanwhile, the triboelectric charges on the
magnet surface induce potential difference on the two triboelectric electrodes during this
reciprocating movement, leading to current generation on the TENG unit. All these three
units are triggered by the magnet movement simultaneously, generating synchronized
outputs that can be further regulated to increase the overall output power of the device.

As shown in Figure 2, the detailed working principle of the hybrid generator is
illustrated. When the overall structure of the device is not subject to external vibration,
it is in an equilibrium state and has no output. As shown in Figure 2a, when the device
is shaken to the right, the permanent magnet hits the PVDF film on the left end due to
inertia, which deforms the PVDF film and generates a corresponding piezoelectric current.
Meanwhile, due to the electrostatic equilibrium of triboelectric charges, there is no current
generated from the two Al electrodes. Similarly, the magnetic flux through the coil does
not change, and there is no corresponding electromotive force and induction current in
the Cu coil. When the external force changes direction, the magnet separates from the
PVDF film at the left end and moves toward the right end, as shown in Figure 2b. Upon
separation, a small piezoelectric current is generated when the PVDF film restore to its
original state. Then, during this movement of the magnet, the magnetic flux of the Cu
coil changes significantly. According to Faraday’s law of electromagnetic induction, an
electromotive force is generated, giving rise to an induction current in the Cu coil. In the
TENG unit, the movement of the magnet breaks the previous electrostatic balance and
induces potential difference on the two Al electrodes. Thus, the current flows from the high
potential end (right) to the low potential end (left), generating a corresponding triboelectric
output. When the magnet continues to move to the right, it finally hits the other PVDF film,
as shown in Figure 2c. At this time, a corresponding piezoelectric current is generated, and
the outputs of the EMG unit and the TENG unit come to rest due to electromagnetic and
electrostatic balance. Then, with the applied force changing direction again, the magnet will
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move away from the right PVDF film toward the left end, as shown in Figure 2d. Similar to
the process in Figure 2b, a small piezoelectric output current is first generated, which is
followed by the generation of EMG and TENG outputs in a reverse direction, until a new
equilibrium is achieved. After that, another new cycle of output generation starts. With the
reciprocating movement of external force, this output generation process from these three
units will repeat and continue.
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Figure 2. Schematic diagrams showing the operation mechanism and the corresponding current
flow from the three generator units, i.e., EMG, PEG, and TENG. (a) The magnet on the left end and
impacting the left PVDF film. (b) The magnet moving from left to right. (c) The magnet on the right
end and impacting the right PVDF film. (d) The magnet moving from right to left.

2.3. Output Characterization

In this section, the output performance of the developed piezoelectric—electromagnetic—
triboelectric hybrid generator is analyzed quantitatively. When the magnet moves, all the
three generator units can generate synchronized outputs, which will be investigated one by
one. As shown in Figure 3, with a vibration frequency of 4 Hz and a vibration displacement
of 200 mm, the output performance of the TENG unit is measured when using magnets
with different lengths.
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Figure 3. Output characteristics of the TENG unit. (a) Triboelectric output voltage corresponding to
different stages within one cycle. (b) Output voltages and (c) output currents of the TENG unit under
different magnet lengths. (d) Performance comparison of the output voltage and voltage per unit
weight for different magnet lengths.
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Under this excitation condition, it can be seen from Figure 3a that the triboelectric
output voltage can reach 125 V. In order to further investigate the output characteristics of
the TENG unit during this process, the output voltage in one cycle is analyzed. It can be
divided into the following five stages. (1) The t; stage is the initial stage. At this stage, the
movement direction of the magnet is vertically upward, while the upper end of the magnet
is still within the lower triboelectric electrode range. Thus, there is no charge transfer
between the two triboelectric electrodes due to electrostatic balance, leading to zero output
voltage. (2) In the t; stage, the magnet continues to move upward, beginning to cross the
electrode boundary and enter the upper electrode range. Hence, charge transfer occurs due
to the arising potential difference, and a positive voltage signal is then produced. (3) At
the t3 stage, the magnet fully enters the upper electrode range, reaches the top, and moves
downward. Similar to the t; stage, there is no charge transfer and output voltage before
the magnet reaches the lower electrode range. (4) At the t4 stage, the magnet continues to
move downward and begins to enter the lower electrode range. At this moment, charge
transfer occurs in the opposite direction, producing a negative voltage signal. (5) During
the t5 stage, the magnet fully enters the lower electrode range and returns to the original
position as in the t; stage, ready for another new cycle to start. The charge transfer and
output generation process will continue if the excitation is repeated.

According to the output characteristics of TENG, the length of the magnet could be
an important factor affecting the output performance; thus, it is investigated here. As
shown in Figure 3b, it can be found that as the length of the magnet increases, the positive
voltage peak first increases and then decreases, with a maximum value of 163 V achieved
at 40 mm length. For the negative voltage peak, it gradually increases. The corresponding
current outputs can be seen in Figure 3c. Based on the overall outputs of the voltage and
current, the appropriate magnet size should be 40 mm. In order to further determine the
appropriate magnet length, we introduce a new comparison parameter, i.e., Vpp/G (unit:
V/N), which is the ratio of the peak-to-peak output voltage to the device weight in gravity.
As shown in Figure 3d, the output voltage per unit weight of the TENG shows a trend of
first increasing and then decreasing. Although the peak-to-peak output voltage is 288 V
when the magnet length is 40 mm, the output voltage per unit weight of 30 mm is greater,
63.168 V/N. Since the device aims at wearable applications, a higher output voltage per
unit weight will be more efficient in energy harvesting and more convenient for users, and
thus, the most suitable length of the magnets for the TENG unit is 30 mm.

As shown in Figure 4, the output performance of the EMG unit is measured with the
same vibration frequency of 4 Hz and displacement of 200 mm. Here, the influence of
the length of the magnet on the output performance of the EMG unit of the device is also
discussed. Figure 4a shows the output voltage of the EMG unit from 0.1 to 1.1 s, where
the positive voltage is 9.4 V, and the negative voltage is —11 V. This asymmetric output
is because in the adopted manual excitation, the magnet is accelerating from one end to
the other, meaning that the approaching speed toward the Cu coil is less than the leaving
speed. Thereby, the negative peak due to the magnet leaving is relatively larger than the
positive peak due to the magnet approaching.

To further study the output characteristics of the EMG unit, the output waveforms
are investigated in detail. In the magnet movement process from one end to the other, the
output signal of the EMG unit can be divided into the following four stages. (1) In the t;
stage, the magnet has just started to move and is far from the position of the coil, and thus,
there is no signal output due to the barely changing magnetic field. (2) During the t, stage,
the magnet is gradually approaching the coil, and the induced magnetic flux in the coil is
increased, leading to the generation of the positive peak. (3) In the t3 stage, the magnetic in
the coil reaches the largest, and the output current thus gradually comes to zero. After that,
the magnet starts to leave the coil, resulting in a decrement in the magnetic flux. Then, an
opposite output, i.e., the negative output peak, is generated. (4) At the t4 stage, the magnet
is far from the coil again; thus, there is no signal output as well. When the magnet moves
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from right to left, a similar positive-negative output will be generated due to the same
increment-decrement trend of the magnetic flux.
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Figure 4. The output characteristics of the EMG unit. (a) The output voltage corresponding to
different stages within one cycle. (b) Output voltages and (c) output currents of the EMG unit under
different magnet lengths. (d) Performance comparison of the output voltage and voltage per unit
weight for different magnet lengths.

Under the premise of the same conditions, the change of the magnetic flux will be
affected by the length of the magnet. Thus, the influence of different magnet lengths on the
induced outputs of the EMG unit is studied. The output signals using different magnet
lengths are measured at the same vibration frequency of 4 Hz and displacement of 200 mm,
as shown in Figure 4b,c. It can be seen that for the positive voltages, it first increases slightly,
reaching a maximum of 9.8 V at 30 mm, and then decreases. For the negative voltages, it
reaches a maximum of 15 V at 40 mm. When the length is 20 mm or 30 mm, the body of the
magnet at the ends is not overlapping with the coil position in the initial position (t; stage).
The main influencing factor here is the magnetic flux difference when the magnet is at the
middle position and the initial position. Since the magnet is not overlapping with the coil
in the initial position, the magnetic flux can be considered very small for both the 20 mm
and 30 mm cases. Then, at the middle position, the 30 mm magnet produces a stronger
magnetic flux, which leads to a higher output. When the length of the magnet is 40 mm,
50 mm, or 60 mm, the magnet has begun to overlap with the coil. The initial magnetic flux
increases with the magnet length, and thus, the magnetic flux difference will be decreased.
Moreover, the acceleration time of the longer magnet is also reduced, resulting in a smaller
moving speed, so that the output will gradually decrease.

Similarly, the output voltage per unit weight is also used to evaluate the EMG’s
working efficiency of magnets with different lengths. As indicated in Figure 4d, when the
magnet length is 30 mm, the output voltage is the largest (22.4 V), followed by 40 mm.
However, as far as Vpp/G is concerned, when the length of the magnet increases, the output
voltage per unit weight shows a gradually decreasing trend. The maximum output voltage
per unit weight is 7.718 V/N for the 20 mm magnet, which is followed by 5.611 V/N for
the 30 mm magnet. Therefore, in terms of the EMG output, the optimal length is 20 mm,
followed by 30 mm.

As shown in Figure 5, the output performance of the PEG unit is analyzed. As
discussed above, to ensure that the TENG and EMG units have larger outputs, the magnet
length is determined to be 30 mm. The voltage signal of the PEG unit measured under 4 Hz
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and 200 mm displacement is shown in Figure 5a, while Figure 5b shows the movement of
the magnet in one signal generation period of the PVDF film. It can be divided into four
stages. (1) During the t;—t, stage, the magnet is not in contact with the PVDF film, and thus,
no signal is generated. (2) In the t,—t3 stage, the magnet collides with the PVDF film and
deforms it in a very short time, inducing a sharp positive output. (3) At the t3—t4 stage, the
magnet is separating from the PVDF film, which gradually restores to its original state by
its own elastic force, resulting in the generation of a small negative output. (4) During the
t4—t; stage, the magnet moves downward and starts to prepare to collide with the other
PVDF film.
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Figure 5. The output characteristics of the PEG unit. (a) The output voltage corresponding to different
stages within one cycle. (b) Magnet movement and PVDF status in different stages.

Through the above investigations, it can be concluded that the most suitable magnet
length for the hybrid generator is 30 mm. Since the device is mainly used in light activities
such as human walking, it is necessary to analyze the device’s output performance with
varying frequencies and displacements. From Figure 6a,d,g, it can be observed that the
outputs of the TENG, PEG, and EMG units all increase with the vibration frequency. This is
because when the frequency increases, the period for charge transfer and output generation
is shortened, leading to the increment of output currents and voltages. Then, as shown in
Figure 6b,e h, the influence of movement displacement on the output performance is inves-
tigated. A similar increment trend can be observed, which is because larger displacement

induces a higher moving speed of the magnet. As a result, the output performance of each
generator unit is increased.
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Figure 6. The output voltages of the TENG unit at (a) different frequencies and (b) different dis-
placements, and (c) the output voltage and power curve under different external loads. The output
voltages of the EMG unit at (d) different frequencies and (e) different displacements, and (f) the
output voltage and power curve under different external loads. The output voltages of the PEG unit
at (g) different frequencies and (h) different displacements, and (i) the output voltage and power
curve under different external loads.
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Figure 6¢,f,i show the output voltage and power curve for each generator unit when
connecting to different external loads, with a magnet length of 30 mm, vibration frequency
of 4 Hz, and displacement of 200 mm. The output power is calculated from the output
voltage, using the following equation:

LIZ
P= = )

Among them, R refers to the resistance of the external load, Up refers to the output
voltage on that load, and P is the corresponding output power. It can be seen that all the
output voltage curves first increase continuously with the external resistance and finally
stabilize. This phenomenon leads to a maximum output power when the internal resistance
of the TENG, EMG, or PEG unit matches the external resistance. By comparison, the
internal resistance of TENG is the largest, which is followed by the PEG, and finally the
EMG. It is calculated that under this excitation condition, the hybrid generator obtains the
maximum output power of 63 uW at 140 MQ) for one TENG unit, 87.1 mW at 500 () for one
EMG unit, and 26.17 mW at 70 kQ) for one PEG unit.

2.4. Device Application

The hybrid generator is designed to harvest kinetic energy from the human body, so
it is necessary to investigate its performance under various human activities. As shown
in Figure 7, four positions at the wrist, hand, calf, and waist are selected to wear the
hybrid generator for testing, following the exercise conditions: wrists and hands in situ
swinging; calf in situ stepping; and waist in situ twisting. Under these conditions, the
peak-to-peak output voltages at each position are summarized in Table 1. According to
the results, the hybrid generator can effectively capture the kinetic energy from the body’s
routine movements.

Voltage (V) Voltage (V) Volige (V)

Voltge (V) Valtage (V)
2 et

E

x ;

T : E

Voltage (V)
E=h u53
<4
\'
|
)

\

T =
3
|
: H
£

S e
Z
< m2
= F3 si
3 z ¢
H L
Lk 0.0 05 L0 15 20
£ R Time (5) T
& & 3§
H 5
4 T
00 s 10 15 20
g > Thug () S
Z H A’

S

0.0 05 10 15 20
Time (5)

44

Figure 7. Practical implementation of the hybrid generator to harvest the human activity energy on
various body parts: (a) wrist; (b) hand; (c) calf; (d) waist.

Table 1. Output voltage generated from each wearing position (Vpp is the peak-to-peak voltage
in volts).

Position PEG (Vpp) EMG (Vpp) TENG (Vpp)
Wrist 21 22 180
Calf 20 24 200
Hand 120 15 220
Waist 14 17.5 140

In practical applications, constant current and voltage from a power source are more
usable for driving electrical sensors and other components. Therefore, the pulse-like
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outputs generated from the hybrid generator need to be regulated and stored in an energy
storage unit first, such as a capacitor or chemical battery [57-59].

A customized circuit is designed for the hybrid generator. The outputs from each
generator unit are first rectified, which are then connected in parallel to the inputs of a
commercial power management chip (LTC3588). The outputs from the chip are further
connected to a capacitor for energy storage, as shown in Figure 8a. The capacitor charging
capability of each generator unit and their combination is compared using a 2.2 uF capacitor.
As illustrated in Figure 8b, the charging speed of the three-unit combination is remarkably
faster than that of a single unit. It indicates that the hybridization of multiple mechanisms
is indeed a good strategy to improve the energy-harvesting efficiency. The voltage of the
capacitor at 100 s when charging with the TENG unit is only 10.5 V, while 11-13 V can
be achieved when other units or combination are used. This can be attributed to the fact
that TENG normally has a large inner impedance and low output current, hindering its
charging capability. In this regard, the EMG and PEG units with relatively large output
current can be good complements to the TENG unit, enhancing the charging capability
when configured in a hybrid generator.
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Figure 8. (a) Power management circuit for the hybrid generator. (b) Charging a capacitor of 2.2 pF.
(c—e) Powering a wireless IoT module by the hybrid generator.

After the power management circuit, the stored energy in the capacitor can be used to
drive IoT sensors. Here, a wireless temperature /humidity sensor is used as an example
to show the capability of the hybrid generator. As depicted in Figure 8c—e, the sensor is
successfully powered by the outputs from the hybrid generator when it is subjected to a
vibration frequency of 4 Hz. The sensor starts to work in about 10 s after the generator
device is actuated, and it feeds back the temperature and humidity signal to the mobile
phone interface through Bluetooth in a real-time and intermittent manner. The entire
process can last for 18 s.

3. Conclusions

In this work, a piezoelectric—electromagnetic—triboelectric hybrid generator is devel-
oped to harvest energy from various human activities. Benefited by its facile structure,
non-resonant nature, and broad responsiveness, the hybrid generator is able to perform
effective energy harvesting even with low-frequency human motions. The hybrid generator
has a small dimension of @36 mm x 117 mm and a light weight, which is suitable to power
intelligent mobile devices and wearable electronics. The design integrates three energy-
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harvesting mechanisms in a synergistic manner to achieve greater output performance. In
addition, it also shows good adaptability for wearable applications; for example, it can be
worn on a person’s wrist, calf, waist, etc., to effectively harvest the kinetic energy from
human activities. The dynamic response and performance of each mechanism, as well as
the optimal conditions such as magnet length, have been analyzed in detail. Furthermore,
the output performance of capacitor charging has been measured for every single unit
and three-unit combination. The results reveal that the charging performance of the unit
combination is remarkably higher than that of an individual unit, showing the feasibility
and advantages of using the hybrid design. Benefited by the superior output performance,
the hybrid generator can drive a wireless IoT module in real time, which can collect both
the temperature and humidity information and send it to a mobile phone via Bluetooth.
The designed hybrid generator in this work demonstrates a promising strategy to inte-
grate multiple working mechanisms into a hybridized structure, for more effective energy
harvesting and self-powered monitoring in wearable and IoT applications.

Author Contributions: Conceptualization, G.T., Q.S. and C.L.; methodology, G.T., ZW. and X.H.;
software, S.W.; validation, X.H. and Z.W.; formal analysis, Z.L., EX. and B.X,; investigation, G.T.
and Z.W.; data curation, Z.W., X.H., S.W. and D.Y.; writing—original draft preparation, G.T. and
Z.W.; writing—review and editing, G.T., C.L., Q.S. and Z.W.; project administration, G.T., B.X., Z.L.,
PL. X.Y. and D.Y;; funding acquisition, G.T., B.X. and X.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 62064008, 51565038 and the Science and Technology Project of Jiangxi, grant number
20202BABL204041, GJJ170987, GJJ180936, GJJ180938 and GJJ211939.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The data of our study are available upon request.

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

References

1.  Wu, Y, Li Y, Zou, Y,; Rao, W,; Gai, Y.; Xue, ].; Wu, L.; Qu, X;; Liu, Y;; Xu, G.; et al. A multi-mode triboelectric nanogenerator for
energy harvesting and biomedical monitoring. Nano Energy 2022, 92, 106715. [CrossRef]

2. He, T,; Lee, C. Evolving Flexible Sensors, Wearable and Implantable Technologies Towards BodyNET for Advanced Healthcare
and Reinforced Life Quality. IEEE Open |. Circuits Syst. 2021, 2, 702-720. [CrossRef]

3. He, X.;; Wen, Q.; Sun, Y.; Wen, Z. A low-frequency piezoelectric-electromagnetic-triboelectric hybrid broadband vibration energy
harvester. Nano Energy 2017, 40, 300-307. [CrossRef]

4.  Guo, X,; Liu, L.; Zhang, Z.; Gao, S.; He, T.; Shi, Q.; Lee, C. Technology evolution from micro-scale energy harvesters to
nanogenerators. J. Micromech. Microeng. 2021, 31, 093002. [CrossRef]

5. Danesh, M,; Long, ].R. An Autonomous Wireless Sensor Node Incorporating a Solar Cell Antenna for Energy Harvesting. IEEE
Trans. Microw. Theory Technol. 2011, 59, 3546-3555. [CrossRef]

6. Wang, Z.; Fiorini, P.; Leonov, V.; Van Hoof, C. Characterization and optimization of polycrystalline Siyy,Gesge, for surface
micromachined thermopiles in human body applications. J. Micromech. Microeng. 2009, 19, 094011. [CrossRef]

7. Yun, Y.; Jang, S.; Cho, S.; Lee, S.H.; Hwang, H.].; Choi, D. Exo-shoe triboelectric nanogenerator: Toward high-performance
wearable biomechanical energy harvester. Nano Energy 2021, 80, 105525. [CrossRef]

8.  Yang, Z.; Zhou, S.; Zu, J.; Inman, D. High-Performance Piezoelectric Energy Harvesters and Their Applications. Joule 2018, 2,
642-697. [CrossRef]

9. Liu, H.; Zhong, J.; Lee, C.; Lee, S.-W.; Lin, L. A comprehensive review on piezoelectric energy harvesting technology: Materials,
mechanisms, and applications. Appl. Phys. Rev. 2018, 5, 041306. [CrossRef]

10. Liu, H.; Lee, C.; Kobayashi, T.; Tay, C.J.; Quan, C. Investigation of a MEMS piezoelectric energy harvester system with a
frequency-widened-bandwidth mechanism introduced by mechanical stoppers. Smart Mater. Struct. 2012, 21, 035005. [CrossRef]

11.  Wu, M,; Ou, Y;; Mao, H; Li, Z,; Liu, R.; Ming, A.; Ou, W. Multi-resonant wideband energy harvester based on a folded asymmetric
M-shaped cantilever. AIP Adv. 2015, 5, 077149. [CrossRef]

12.  Hwang, G.-T.; Park, H.; Lee, ].-H.; Oh, S.; Park, K.-I.; Byun, M.; Park, H.; Ahn, G.; Jeong, C.K.; No, K,; et al. Self-Powered Cardiac

Pacemaker Enabled by Flexible Single Crystalline PMN-PT Piezoelectric Energy Harvester. Adv. Mater. 2014, 26, 4880-4887.
[CrossRef]

129



Nanomaterials 2022, 12, 1168

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

Shi, Q.; Wang, T.; Kobayashi, T.; Lee, C. Investigation of geometric design in piezoelectric microelectromechanical systems
diaphragms for ultrasonic energy harvesting. Appl. Phys. Lett. 2016, 108, 193902. [CrossRef]

Shi, Q.; Wang, T.; Lee, C. MEMS Based Broadband Piezoelectric Ultrasonic Energy Harvester (PUEH) for Enabling Self-Powered
Implantable Biomedical Devices. Sci. Rep. 2016, 6, 24946. [CrossRef]

Takahashi, T.; Suzuki, M.; Nishida, T.; Yoshikawa, Y.; Aoyagi, S. Vertical capacitive energy harvester positively using contact
between proof mass and electret plate-Stiffness matching by spring support of plate and stiction prevention by stopper mechanism.
In Proceedings of the 2015 28th IEEE International Conference on Micro Electro Mechanical Systems (MEMS), Estoril, Portugal,
18-22 January 2015; IEEE: Piscataway, NJ, USA, 2015; Volume 2015, pp. 1145-1148.

Le, C.P; Halvorsen, E.; Serasen, O.; Yeatman, E.M. Microscale electrostatic energy harvester using internal impacts. J. Intell. Mater.
Syst. Struct. 2012, 23, 1409-1421. [CrossRef]

Liu, H.; Zhang, J.; Shi, Q.; He, T.; Chen, T.; Sun, L.; Dziuban, J.A.; Lee, C. Development of a thermoelectric and electromagnetic
hybrid energy harvester from water flow in an irrigation system. Micromachines 2018, 9, 395. [CrossRef]

Liu, H.; Ji, Z.; Chen, T.; Sun, L.; Menon, S.C.; Lee, C. An Intermittent Self-Powered Energy Harvesting System from Low-Frequency
Hand Shaking. IEEE Sens. ]. 2015, 15, 4782-4790. [CrossRef]

Liu, H.; Gudla, S.; Hassani, F.A.; Heng, C.H.; Lian, Y,; Lee, C. Investigation of the nonlinear electromagnetic energy harvesters
from hand shaking. IEEE Sens. |. 2015, 15, 2356-2364. [CrossRef]

Qiu, J.; Liu, X.; Chen, H.; Xu, X;; Wen, Y; Li, P. A Low-Frequency Resonant Electromagnetic Vibration Energy Harvester
Employing the Halbach Arrays for Intelligent Wireless Sensor Networks. IEEE Trans. Magn. 2015, 51, 8600604. [CrossRef]

Qiu, J.; Chen, H.; Wen, Y.; Li, P. Magnetoelectric and electromagnetic composite vibration energy harvester for wireless sensor
networks. J. Appl. Phys. 2015, 117, 17A331. [CrossRef]

Huang, L.-B.; Bai, G.; Wong, M.-C.; Yang, Z.; Xu, W.; Hao, J. Magnetic-Assisted Noncontact Triboelectric Nanogenerator
Converting Mechanical Energy into Electricity and Light Emissions. Adv. Mater. 2016, 28, 2744-2751. [CrossRef]

Tang, G.; Cheng, F; Hu, X,; Huang, B.; Xu, B.; Li, Z,; Yan, X.; Yuan, D.; Wu, W,; Shi, Q. A Two-Degree-of-Freedom Cantilever-Based
Vibration Triboelectric Nanogenerator for Low-Frequency and Broadband Operation. Electronics 2019, 8, 1526. [CrossRef]

He, T.; Wang, H.; Wang, J.; Tian, X.; Wen, E; Shi, Q.; Ho, ].S.; Lee, C. Self-Sustainable Wearable Textile Nano-Energy Nano-System
(NENS) for Next-Generation Healthcare Applications. Adv. Sci. 2019, 6, 1901437. [CrossRef]

Liu, L.; Shi, Q.; Ho, ].S.; Lee, C. Study of thin film blue energy harvester based on triboelectric nanogenerator and seashore IoT
applications. Nano Energy 2019, 66, 104167. [CrossRef]

Shi, Q.; Wang, H.; Wu, H.; Lee, C. Self-powered triboelectric nanogenerator buoy ball for applications ranging from environment
monitoring to water wave energy farm. Nano Energy 2017, 40, 203-213. [CrossRef]

Mizukawa, Y.; Ahmed, U.; Zucca, M.; BlaZevi¢, D.; Rasilo, P. Small-signal modeling and optimal operating condition of
magnetostrictive energy harvester. . Magn. Magn. Mater. 2022, 547, 168819. [CrossRef]

Hou, C,; Chen, T; Li, Y,; Huang, M.; Shi, Q.; Liu, H.; Sun, L.; Lee, C. A rotational pendulum based electromagnetic/triboelectric
hybrid-generator for ultra-low-frequency vibrations aiming at human motion and blue energy applications. Nano Energy 2019,
63, 103871. [CrossRef]

Gupta, RK; Shi, Q.; Dhakar, L.; Wang, T.; Heng, C.H.; Lee, C. Broadband Energy Harvester Using Non-linear Polymer Spring
and Electromagnetic/Triboelectric Hybrid Mechanism. Sci. Rep. 2017, 7, 41396. [CrossRef]

Gao, S.; He, T.; Zhang, Z.; Ao, H,; Jiang, H.; Lee, C. A Motion Capturing and Energy Harvesting Hybridized Lower-Limb System
for Rehabilitation and Sports Applications. Adv. Sci. 2021, 8, 2101834. [CrossRef]

Liu, L,; Shi, Q.; Lee, C. A hybridized electromagnetic-triboelectric nanogenerator designed for scavenging biomechanical energy
in human balance control. Nano Res. 2021, 14, 4227-4235. [CrossRef]

Liu, L.; Shi, Q.; Lee, C. A novel hybridized blue energy harvester aiming at all-weather IoT applications. Nano Energy 2020,
76, 105052. [CrossRef]

Shi, Q.; Sun, Z.; Zhang, Z.; Lee, C. Triboelectric Nanogenerators and Hybridized Systems for Enabling Next-Generation IoT
Applications. Research 2021, 2021, 6849171. [CrossRef] [PubMed]

He, T.; Guo, X.; Lee, C. Flourishing energy harvesters for future body sensor network: From single to multiple energy sources.
IScience 2021, 24, 101934. [CrossRef] [PubMed]

Zi, Y.; Guo, H.; Wen, Z.; Yeh, M.-H.; Hu, C.; Wang, Z.L. Harvesting Low-Frequency (<5 Hz) Irregular Mechanical Energy: A
Possible Killer Application of Triboelectric Nanogenerator. ACS Nano 2016, 10, 4797-4805. [CrossRef] [PubMed]

Fan, ER,; Tian, Z.Q.; Lin Wang, Z. Flexible triboelectric generator. Nano Energy 2012, 1, 328-334. [CrossRef]

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]

Zhu,].; Zhu, M; Shi, Q.; Wen, F; Liu, L.; Dong, B.; Haroun, A.; Yang, Y.; Vachon, P; Guo, X,; et al. Progress in TENG technology—A
journey from energy harvesting to nanoenergy and nanosystem. EcoMat 2020, 2, 1-45. [CrossRef]

Shi, Q.; He, T.; Lee, C. More than energy harvesting-Combining triboelectric nanogenerator and flexible electronics technology
for enabling novel micro-/nano-systems. Nano Energy 2019, 57, 851-871. [CrossRef]

Chen, L.; Shi, Q.; Sun, Y.; Nguyen, T.; Lee, C.; Soh, S. Controlling Surface Charge Generated by Contact Electrification: Strategies
and Applications. Adv. Mater. 2018, 30, 1802405. [CrossRef]

130



Nanomaterials 2022, 12, 1168

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Wang, J.; He, T.; Lee, C. Development of neural interfaces and energy harvesters towards self-powered implantable systems for
healthcare monitoring and rehabilitation purposes. Nano Energy 2019, 65, 104039. [CrossRef]

Kim, K.N.; Chun, J.; Kim, J.W.,; Lee, K.Y,; Park, J.-U.; Kim, S.-W.; Wang, Z.L.; Baik, ].M. Highly Stretchable 2D Fabrics for Wearable
Triboelectric Nanogenerator under Harsh Environments. ACS Nano 2015, 9, 6394-6400. [CrossRef] [PubMed]

Shi, Q.; Wu, H.; Wang, H.; Wu, H.; Lee, C. Self-Powered Gyroscope Ball Using a Triboelectric Mechanism. Adv. Energy Mater.
2017, 7, 1701300. [CrossRef]

Chen, B.; Yang, Y.; Wang, Z.L. Scavenging Wind Energy by Triboelectric Nanogenerators. Adv. Energy Mater. 2018, 8, 1702649.
[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]

Su, Y.; Wen, X.; Zhu, G; Yang, J.; Chen, |.; Bai, P; Wu, Z,; Jiang, Y.; Lin Wang, Z. Hybrid triboelectric nanogenerator for harvesting
water wave energy and as a self-powered distress signal emitter. Nano Energy 2014, 9, 186-195. [CrossRef]

Chen, J; Yang, J.; Li, Z; Fan, X.; Zi, Y.; Jing, Q.; Guo, H.; Wen, Z.; Pradel, K.C.; Niu, S.; et al. Networks of Triboelectric
Nanogenerators for Harvesting Water Wave Energy: A Potential Approach toward Blue Energy. ACS Nano 2015, 9, 3324-3331.
[CrossRef]

Wen, X.; Yang, W.; Jing, Q.; Wang, Z.L. Harvesting broadband kinetic impact energy from mechanical triggering/vibration and
water waves. ACS Nano 2014, 8, 7405-7412. [CrossRef]

Yang, W.; Chen, ] ; Jing, Q.; Yang, J.; Wen, X.; Su, Y.; Zhu, G.; Bai, P.; Wang, Z.L. 3D stack integrated triboelectric nanogenerator for
harvesting vibration energy. Adv. Funct. Mater. 2014, 24, 4090-4096. [CrossRef]

Zhu, J.; Wang, H.; Zhang, Z.; Ren, Z.; Shi, Q.; Liu, W.; Lee, C. Continuous direct current by charge transportation for next-
generation IoT and real-time virtual reality applications. Nano Energy 2020, 73, 104760. [CrossRef]

Xie, Y,; Wang, S.; Niu, S.; Lin, L.; Jing, Q.; Su, Y.; Wu, Z.; Wang, Z.L. Multi-layered disk triboelectric nanogenerator for harvesting
hydropower. Nano Energy 2014, 6, 129-136. [CrossRef]

Hinchet, R.; Yoon, H.].; Ryu, H.; Kim, M.K.; Choi, E.K.; Kim, D.S.; Kim, S.W. Transcutaneous ultrasound energy harvesting using
capacitive triboelectric technology. Science 2019, 365, 491-494. [CrossRef] [PubMed]

Yang, J.; Chen, J.; Liu, Y,; Yang, W.; Su, Y.; Wang, Z.L. Triboelectrification-based organic film nanogenerator for acoustic energy
harvesting and self-powered active acoustic sensing. ACS Nano 2014, 8, 2649-2657. [CrossRef] [PubMed]

Li, X;; Lin, Z.H.; Cheng, G.; Wen, X.; Liu, Y.; Niu, S.; Wang, Z.L. 3D fiber-based hybrid nanogenerator for energy harvesting and
as a self-powered pressure sensor. ACS Nano 2014, 8, 10674-10681. [CrossRef] [PubMed]

Toyabur Rahman, M.; Sohel Rana, S.; Salauddin, M.; Maharjan, P.; Bhatta, T.; Kim, H.; Cho, H.; Park, J.Y. A highly miniaturized
freestanding kinetic-impact-based non-resonant hybridized electromagnetic-triboelectric nanogenerator for human induced
vibrations harvesting. Appl. Energy 2020, 279, 115799. [CrossRef]

Li, Y;; Chen, Z.; Zheng, G.; Zhong, W.; Jiang, L.; Yang, Y.; Jiang, L.; Chen, Y.; Wong, C.P. A magnetized microneedle-array based
flexible triboelectric-electromagnetic hybrid generator for human motion monitoring. Nano Energy 2020, 69, 104415. [CrossRef]

Yang, Y.; Zhang, H; Liu, Y,; Lin, Z.-H.; Lee, S.; Lin, Z.; Wong, C.P.; Wang, Z.L. Silicon-Based Hybrid Energy Cell for Self-Powered
Electrodegradation and Personal Electronics. ACS Nano 2013, 7, 2808-2813. [CrossRef]

Xing, L.; Nie, Y.; Xue, X.; Zhang, Y. PVDF mesoporous nanostructures as the piezo-separator for a self-charging power cell. Narno
Energy 2014, 10, 44-52. [CrossRef]

Kim, W.J.; Vivekananthan, V.; Khandelwal, G.; Chandrasekhar, A.; Kim, S.J. Encapsulated triboelectric-electromagnetic hybrid
generator for a sustainable blue energy harvesting and self-powered oil spill detection. Acs Appl. Electron. Mater. 2020, 2,
3100-3108. [CrossRef]

131






@ nanomaterials

Article

Physical Operations of a Self-Powered IZTO/3-Ga,0O3 Schottky
Barrier Diode Photodetector

Madani Labed ¥, Hojoong Kim %3, Joon Hui Park 2, Mohamed Labed *, Afak Meftah 1, Nouredine Sengouga !

and You Seung Rim 2*

Citation: Labed, M.; Kim, H.; Park,
J.H.; Labed, M.; Meftah, A.;
Sengouga, N.; Rim, Y.S. Physical
Operations of a Self-Powered
1ZTO/ 3-Ga, O3 Schottky Barrier
Diode Photodetector. Nanomaterials
2022, 12,1061. https://doi.org/
10.3390/nano012071061

Academic Editors: Qiongfeng Shi,

Jianxiong Zhu and Uro$ Cvelbar

Received: 29 December 2021
Accepted: 21 March 2022
Published: 24 March 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/).

1 Laboratory of Semiconducting and Metallic Materials (LMSM), University of Biskra, Biskra 07000, Algeria;
madani.labed@univ-biskra.dz (M.L.); af. meftah@univ-biskra.dz (A.M.); n.sengouga@univ-biskra.dz (N.S.)
Department of Intelligent Mechatronics Engineering, and Convergence Engineering for Intelligent Drone,
Sejong University, Seoul 05006, Korea; hkim3023@gatech.edu (H.K.); julia980406@gmail.com (J.H.P.)
George W. Woodruff School of Mechanical Engineering, Institute for Electronics and Nanotechnology,
Georgia Institute of Technology, Atlanta, GA 30332, USA

High Collage of Food Sciences and Food Industries, Algiers 16200, Algeria; labed@essaia.dz
Correspondence: youseung@sejong.ac.kr

Abstract: In this work, a self-powered, solar-blind photodetector, based on InZnSnO (IZTO) as a
Schottky contact, was deposited on the top of Si-doped (-Ga,O3 by the sputtering of two-faced
targets with InSnO (ITO) as an ohmic contact. A detailed numerical simulation was performed by
using the measured J-V characteristics of IZTO/ 3-Ga,;O3 Schottky barrier diodes (SBDs) in the dark.
Good agreement between the simulation and the measurement was achieved by studying the effect
of the IZTO workfunction, 3-Ga,Oj3 interfacial layer (IL) electron affinity, and the concentrations of
interfacial traps. The IZTO/3-GayO3 (SBDs) was tested at a wavelength of 255 nm with the photo
power density of 1 mW/cm?. A high photo-to-dark current ratio of 3.70 x 10° and a photoresponsivity
of 0.64 mA /W were obtained at 0 V as self-powered operation. Finally, with increasing power density
the photocurrent increased, and a 17.80 mA /W responsivity under 10 mW/cm? was obtained.

Keywords: IZTO/ 3-Gay;O3 Schottky diode; solar-blind; self-powered; photodetector; modeling

1. Introduction

Gallium oxide (Ga;O3) is an oxide semiconductor material with a long, rich history [1-3].
It has an ultra-wide bandgap (UWBG) of ~4.8 eV, a high breakdown electric field of
~8 MV/cm, and a high saturation velocity of 1 x 107 cm/s, and these properties have
brought Ga,Oj3 to the fore once again [1,2,4]. Ga;O3 has six polymorphs, ie., &, B, v, §, ¢,
and k, with 3-GayOj; being the most stable [1]. Unipolar devices based on (3-Ga;Os3, such
as the metal-oxide-semiconductor field-effect transistor (MOSFET) [5], thin film transistor
(TFT) [6], field emission (FE) [7], and Schottky barrier diode (SBD) [14,8,9], have been
studied extensively. It is also used for deep ultraviolet (DUV) photodetectors (PDs) for solar-
blind applications [10,11]. DUV PDs work in the solar-blind spectrum with wavelengths
shorter than 280 nm, which means that they can be applied to optical communication, chem-
ical analysis, missile tracking, and harsh environmental monitoring [12]. Different types
of solar-blind PD structures based on -Ga,Oj3, such as metal-semiconductor-metal [13],
heterojunction [14], and Schottky [15], have been reported. The Schottky barrier diode
solar-blind has some advantages, including low dark current and low cost in comparison
with heterojunctions [11,16]. Self-powered solar-blind PDs are of special interest, because
they can work in the absence of an external power supply. A strong built-in electric field
ensures that this high-performance, self-powered, solar-blind Schottky barrier diode pho-
todetector can operate at zero bias voltage [14]. Different metals have been used as the
Schottky contacts of 3-GayO;3, e.g., Au, Ti, Ni, Pt, Cu, and Pb [17]. For example, Chen
et al. [18] reported a self-powered photodetector based on a Au/[3-Ga,O3 nanowire array
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film Schottky, in which the responsivity reached 0.01 (mA /W) during 254 nm light illumi-
nation with 2 mW/cm? at a bias of 0 V. Zhi et al. [19] studied the Au/B-Ga,O; Schottky
solar-blind photodetector, and they achieved a responsivity of 0.4 (mA /W) for 0 V bias
and 254 nm illumination. Peng et al. [10] reported a Pt/ 3-GayO3 Schottky barrier diode
solar-blind photodetector with nearly a 10* of light to dark current ratio at 0 V bias and
a wavelength of 254 nm. Liu et al. [20] studied a Ni/{3-Ga;O3 Schottky barrier diode
solar-blind photodetector tested under 254 nm light, and they obtained responsivities of
about 806.02 (A/W) and 1372.92 (A/W) under —5 V and 5 V, respectively. In the publi-
cations mentioned above, various metals were used, such as Pt, Ni, and Au, for Schottky
contact formation with 3-Ga;Oj3. In addition, transparent materials and oxides are used
for the formation of the Schottky contact with 3-Ga,O3;. However, these types of mate-
rials formed a low Schottky barrier height with 3-GayO3. For example, Zhuo et al. [14]
reported a MoS, / 3-GayOs heterojunction self-powered photodetector with a 670 ratio of
light current to dark current at 0 V, and this result was achieved because of the very low
value of the Schottky barrier. Chen et al. [17] studied a self-powered MXenes/3-Ga;O3
photodetector under 254 nm wavelength with a light illumination of 115.1 pW.cm~2 and
a 1.6 x 10* ratio of light current to dark current at 0 V and an extracted Schottky barrier
height of about 0.9 eV. Then, Cui et al. [21] published a flexible solar-blind amorphous
-Gay O3 photodetector with an indium tin oxide (ITO) transparent conducting electrode,
with a photocurrent that is less effected at 0 V and under 254 nm when it is exposed to
an oxygen flux of 0.14 SCCM,; this result was related to the low Schottky barrier height
of about 0.97 eV. In addition, Kim et al. [11] used InZnSnO (IZTO) for Schottky contact
formation with 3-GayOs, and a Schottky barrier height greater than 1.06 eV was obtained;
these results indicate that this photodetector can work in the absence of an external power
supply.

Here, we constructed simulation—-experiment combination of ITZO/3-Ga;O3; SBD-
based UV photodiodes under the illumination to reveal the physics behind the behavior of
the ]-V characteristics in terms of workfunction, IL electron affinity and interfacial traps.
The different conduction mechanisms we performed were taken into consideration either
collectively or individually. Their parameters were scanned over a physically acceptable
range so that an acceptable comparison of measurement to simulation was achieved. Good
agreement between simulation and experiment was observed clearly with the consideration
of the effect of different IZTO workfunctions, IZTO/ 3-Ga,Oj3 interfacial layer electron
affinity, and the effect of interfacial traps. Additionally, the IZTO/3-Ga,O; self-powered
solar-blind PDs were tested and compared with measurements at the photo power density
of 1 mW/cm? and the wavelength of 255 nm.

2. Experiment

The Solar-blind Schottky photodetector was fabricated on a 650 um, Sn-doped, bulk
B-Ga,O; single-crystal wafer (Ng—N,) =1 x 10'® em 3, Novel Crystal Technology, Inc.,
Saitama, Japan) with (001) surface orientation. The epitaxial layer of Si-doped 3-GayO3
(10 um thick, 1 x 10'8 cm~3) was grown by halide vapor phase epitaxy (HVPE). Si-doped -
Gay O3 was used as the active layer in this solar-blind Schottky photodetector, as it provides
a high purity and a low resistance [2]. The ITO electrode was deposited by sputtering
on the bottom of Sn-doped 3-Ga,O3 as an ohmic contact. IZTO was deposited on the
top of the Si-doped (3-GayOj3 as a Schottky contact by two-faced target co-sputtering with
ITO (InpO3:5n0O = 9:1) and IZO (InpO3:Zn0O = 9:1) at room temperature. Figure 1 shows
a schematic representation of this SBD structure. After the deposition of the layers, the
device was annealed at 600 °C in Ar for 1 min using rapid thermal annealing. The electrical
J-V in dark and light was measured using a semiconductor analyzer and a source meter
(SCS-4200A and 2410 Source meter, Keithley, Beaverton, OR, USA). Further details can be
found in our previous publication [11].
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L (Cathode)

Figure 1. A schematic representation of the 3-Ga,;O3 Schottky barrier diode (SBD) structure.

3. Simulation Methodology

For the simulation, we considered thermionic emission, Shockley—Read-Hall, Auger
recombination, and image force lowering models. The physical parameters of different
layers and related traps are presented in Tables 1 and 2, respectively.

SILVACO TCAD (Version 5.24.1.R, Silvaco Inc.: Santa Clara, CA, USA) was used to
model the above structure. It solves the basic drift-diffusion semiconductor Poisson and
continuity equations, which are [2,3,22]:

Table 1. Properties of each layer of the studied SBD [2,3,23].

Parameters Sn: 3-Gay O3 Si: B-Ga, 03
Bandgap (eV) 48 4.8
Affinity (eV) 4 4
Hole mobility (cm?V~1s~1) 10 10
Electron mobility (cm?V~1s~1) 172 300
my /myg 0.28 0.28
m /mo 0.35 0.35
Relative permittivity 12.6 11
N; (em™3) 3.7 x 1018 3.7 x 1018
Ny (em™3) 5 x 1018 5x 1018
N, (em™3) 1x10'8 3 x 1010
Minority carrier diffusion length (nm) 450 450
Saturation velocity (cm s™1) 107 107

Table 2. Characteristics of the Sn-doped and Si-doped 3-GayOj3 traps considered in this work [1-3,24].

Traps Trap Level Concentration Capture Cross o lo
p (E.—E) (eV) (cm3) Section o, (cm?) wer
0.55 3 x 1013 2x 10714 100
Sn-doped B-Ga,O
n ggfk 1'2 e:2 3 0.74 2 % 1016 2% 10714 100
Y 1.04 4% 1016 2x10 4 10
0.60 3.6 x 1013 2x 10714 100
Si-doped 3-Gay O3 0.75 4.6 x 1013 2 x 10714 100
thin layer 0.72 4.6 x 1013 2x 10714 100
1.05 1.1 x 1014 2 x 10714 10
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Poisson equation is given by [2,3,22]:
div(eVp) = —q(p —n+ Ny £ N;7) (1)

where ¢ is the electrostatic potential, ¢ is the permittivity, p and n are the concentrations of
the free holes and electrons, respectively, and N;* is the density of the ionized traps (cm~2).

The continuity equations for electrons and holes as defined in steady states are given
by [2,3,22]:

1 —
0= gdiv]n +Gy— R, @)

1 —

where G, and G, are the generation rates for electrons and holes, respectively, and R, and

— —
R, are the recombination rates for electrons and holes, respectively. ], and ], are the
electron density and the hole current density, respectively, which are given in terms of the
free electron and hole density (n and p), electric field (E) and mobility (y, and py) [25]:

N
Jn = qunnE + uy KgTVn (4)

N
] p = quppE — upKpTVp ®)

Traps are represented by their ionized density, Ni°. The sign + depends on whether
the trap is an acceptor or a donor, so that N;” = fN; and N, = (1— f)N;, f is the

Onh+0pp
on(ntng)+op(p+pr)’ and Tn(p

section for electrons (holes). The recombination rate is related to traps through the well-
2
p?’l*?‘li _ . .
o P pe) oy () where n; = njexp(—(E; — E¢) /kT)
and p; = njexp(—(E; — E;)/kT), and 1o, and 1o, are the minority carrier lifetimes which

are also related to the traps through 75,(,) = W
(p)Yn(p

occupancy function given by f = ) is the trap capture cross-

known SRH formula, i.e., Ry, =

, where vy, is the thermal

velocity of electrons (holes).

According to several publications [11,26,27], ITO forms an Ohmic contact with f3-
GayO;3. In this simulation, an ideal ohmic contact was considered for ITO/3-Ga,Oj3 inter-
face. A low ITO/(3-GayOj3 barrier was achieved when highly doped (3-GapO3 substrate
was used.

4. Results and Discussion
4.1. Optical and Electrical Properties of IZTO Thin Film

The obtained resistivity, carrier concentration, workfunction, and mobility of IZTO
were 4.86 x 1074 Q) cm, 2.80 x 1020 cm—3,4.79 eV, and 10.83 cm?2/V s, respectively. Figure 2a
shows the optical transmission (T'(A)) of IZTO thin film as a function of the wavelength
in the 250-1200 nm range. The average transmittance of the IZTO films in the visible
wavelength range was over 87%.
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Figure 2. (a) The transmittance of IZTO thin film; (b) (x (A).hv) 2 of the IZTO thin film.

For direct bandgap semiconductors, the absorption can be obtained from the following
Equation [15]:

(ahv)* = C-(hv — Eg) (6)

where « is the absorption coefficient, C is a constant, / is Planck’s constant, and v is the
frequency of the incident light. By plotting (« (A)-hv)? versus hv, the optical bandgap of the
IZTO thin film was determined to be 3.5 eV, as shown in Figure 2b. This value agrees with
the published value [28]. The refractive index has a significant importance in the design of
optical devices. It reflects the crystallinity and optical quality of thin films. The extinction
coefficient (k) and the refractive index (1) of IZTO thin film are calculated by [29]:

k) =22 @)
_ (1-R(®)) 4R(A)
MM_41+MM)+¢1—RmkoY ®)

where R(A) is the reflectance of the thin film, which can be calculated by the following
Equation [30]:

R(A) =1—/T(A)e% )
where ¢ is the IZTO thin film thickness, which is evaluated by ellipsometry at ~300 nm.
The extracted refractive index (1) and the extinction coefficient (k) are presented in Figure 3.

As mentioned above, the photodetector consisted of 300 nm IZTO deposited on the
top of Si-doped p-GayOj3, and the ITO layer was considered as an ohmic contact on the
bottom of the Sn-doped (3-Ga, O3 (Figure 1). Before simulating the proposed photodetector,
the measurement of the dark output current density of SBD was reproduced, and details
are provided in the next section.
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Figure 3. The extracted refractive index (n) and the extinction coefficient (k) of IZTO thin film.

4.2. Modeling the Dark Current of IZTO/B-Ga;O3 SBD

As presented in Figure 4, when the tunneling transport mechanism was not considered,
the shape of the IZTO/3-Ga;O3 SBD current is parallel to the measurement current; this
indicates that the thermionic transport mechanism dominates in the forward bias. However,
when the properties presented in Table 1 and the traps presented in Table 2 were considered,
a huge disagreement was obtained between the simulation and the measurement. This
disagreement is related to the IZTO workfunction, i.e., the IZTO/-GapO3 IL electron
affinity (conduction band minimum), in addition to the effect of the surface traps between
IZTO and the 3-GayOs drift layer.

10°

10t
10t

1073

O Measurement

—— With tunneling
=== Without tunneling

Current density (A/cm?)
8
v

00 02 04 06 08 10 12 14 16 18 2.0
Voltage (V)
Figure 4. 1ZTO/(3-GayO3 SBD forward current density with and without the tunneling model
compared to measurement.
4.3. Effect of IL Electron Affinity

Next, an IL (10 nm thickness) between Si-doped (3-Ga,O3 and IZTO was considered
for modeling the effect IZTO/ 3-GayO3 conduction band offset on the SBD performance.
The effects of the IL electron affinity on the SBD J-V characteristics were studied, and
these effects are shown in Figure 5. Experimentally, the IL electron affinity is related to the
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chemical composition of the surface [2] and surface polarization [31] as well as external
effects, such as argon (Ar) bombardment, plasma, etc. The current density decreases with
decreasing IL electron affinity of Si-doped (3-Ga;Os, i.e., from 4 to 3.5 e V [32], but the
IL electron affinity has a more pronounced effect in the high voltage domain. This is
due to the increase in the height of the Schottky barrier (¢pg) with decreasing IL electron
affinity according to the Schottky—Mott rule and the increase in the series resistance [2].
As presented in Figure 6, with decreasing IL electron affinity, the barrier between IZTO
and -GayOs increases. An agreement between measurement and simulation occurs for
voltages higher than 1 V for a 3.556 eV IL electron affinity. However, a disagreement
between simulation and measurement was noticed in the low-voltage domain, and this
is related to the effect of the IZTO workfunction and the concentrations of the interfacial
traps, which are addressed in the next two subsections.
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Figure 5. Effect of the IL electron affinity on the simulated J-V characteristics compared to measurement.
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Figure 6. Equilibrium band diagram variation with the IL electron affinity.
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4.4. Effect of the IZTO Workfunction

In addition to the IL electron affinity, the IZTO workfunction will have an effect. As
shown in Figure 7, when the IZTO workfunction decreases from 5 to 4.5 eV [33,34] the
current density increases. This increase in the current density is related to the decrease
in ¢p as presented in Figure 8; the formed barrier between IZTO and Si-doped 3-GayO3
increased. The best agreement between simulation and measurement was achieved for
¢1zro = 4.6 eV. The small deviation from measurement, i.e., in the range of 0.4-0.8 V, was
due to the parameters of the traps that are considered (Table 2), which may not be accurate.
It also may be related to the effect of the different compositions of the materials (In, Zn, and
Sn) [35].
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Figure 7. Simulated J-V characteristics for different IZTO workfunctions compared to measurements.

2 T T T

1ZTO workfunction (eV):

—_—5 4.85 470 —— 4.55 |
14 —— 4.95=——— 4.80 = 4.65 = 4.5 _|

——— 4.90 —— 4.75=—— 4.60

® o o °
. o ® 00y
0 - Increasing IZTO =
workfuncion
1ZTO

Energy (eV)

; . , ; ;
0.0 0.1 0.2 0.3 0.4

Depth (um)
Figure 8. Equilibrium band diagram variation with the IZTO workfunction.

4.5. Effect of the Concentration of Traps at the IL

We studied the effect of the concentration of the (E.—1.05) traps at IL on the charac-
teristics of the SBD J-V. The traps that we considered were the most affected, especially
given that the surface of the 3-Ga,Oj3 is exposed to plasma and Ar bombardment [2]. For
the four traps, these effects are shown in Figure 9a—d, respectively. First, all of the defects

140



Nanomaterials 2022, 12, 1061

10

1072

10—4

10°¢

10—8

Current density (A/cm?)

10—10

10—12

102

10—4

10°¢

10—8

Current density (A/cm?)

10—10

10—12

that were considered have a significant effect on the current density of the SBD. Among
the defect concentrations that were considered, those that gave the best comparison with
the measurements were 3.6 x 10%¢, 4.6 x 10%, 4.6 x 10'® and 1.1 x 10'®> cm~3, respectively.
The dark current was affected at high trap densities, and this result was related to electrons
being captured by the traps. Figure 10 shows the effect of traps on the equilibrium band
diagram. When traps were considered with the concentration mentioned above, the dif-
ference of conduction band and Fermi level (E. — E¢) increased, and this meant a decrease
in the free electron density. A good comparison between simulation and measurement
is obtained as presented in Figure 11 and the extracted SBD parameters are presented
in Table 3. The Schottky barrier height (¢g) and the Rs were extracted using the Sato
and Yasumura method [3,36]. A high ¢p was obtained with a low ideality factor close to
unity in addition to the low densities of the interfacial traps, as expected in our previous
publication [11]. In addition, a very low saturation current was obtained.
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Table 3. Output parameters from simulation and measurement.

Parameter n ¢p (eV) R (Q) cm?) Roy (Q cm?) Ts (A/cm?)
Simulation 1.02 1.25 1.78 1.01 1.72 x 10712
Measurement 1.03 1.29 1.91 1.04 111 x 10711
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4.6. The Effect of 255 nm Wavelength Illumination on Forward Current

The simulated SBD J-V characteristics were successfully compared to measurements
made at room temperature. This good agreement was achieved by modeling the effect
of IL electron affinity, IZTO workfunction, and the concentrations of the IL traps. As
shown in Table 3, a low dark saturation current was obtained, so this SBD is proposed as
a high-performance solar-blind PD. The IZTO/3-Ga;O3 SBD was illuminated at 255 nm
with a light intensity of ImW /cm?. To evaluate the performance of the IZTO/3-GayO3
solar-blind SBD under 255 nm, the forward photocurrent was extracted with the consider-
ation of the previous IZTO workfunction, the IL electron affinity, and the concentrations
of the interfacial traps. As presented in Figure 12, good agreement was demonstrated
between the simulation results and the actual measurements. The solar-blind SBD ex-
hibited a high rectifying characteristic after illumination at 255 nm in forward voltage
(Jphoton / Jaark = 3.70 x 10°) under 0 V. The responsivity reached 0.64 (mA/W). The re-
sponsivity was estimated as follows [37]:

R,\ _ ]Photonp_ ]dark (10)

where Jpyoton, Jaark, and P are the photocurrent at a given voltage, the dark current, and
the power density, respectively. With zero bias voltage, the photodetector had good
responsivity under 255 nm light illumination with intensity of 1 (mW/ cm?). In addition, a
decrease in ¢p from 1.25 eV in dark to 1.18 after illumination was observed.
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Figure 12. Comparison between simulation and measurement (under incident light power density of
1 mW/cm?2) of J-V characteristics of IZTO/ 3-Ga,Oj3 at 255 nm wavelength.

In this solar-blind PD, the built-in electric field in the depletion region of the 3-GayO3
and IZTO interface was enough to separate the photogenerated electron-hole pairs toward
corresponding electrodes. In this structure, a high built-in potential is related to the high
¢p. In addition, the effect of light power density on simulated J-V characteristics was
studied. As presented in Figure 13, with increasing power density, the photocurrent
increased, and a responsivity of 17.80 mA/W under 10 mW/cm? was achieved. This
increase in photocurrent is related to the increase in photo-excited, separated, and collected
carriers [38]. This result agrees with the result obtained by Wu et al. [39].
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Figure 13. Effect of light power density on the simulated J-V characteristics. The inset is the variation
of photocurrent with light power density at 0 V.

5. Conclusions

The J-V characteristics of an IZTO/ 3-Ga;O3 Schottky barrier diode was simulated
by SILVACO-Atlas and compared with measurements. The effects of the IZTO workfunc-
tion and the interfacial layer electron affinity and trap concentrations were studied for
further agreement with measurements made in the dark. Then, we demonstrated the
IZTO/ 3-Gay O3 self-powered Schottky photodetector with a high photo-to-dark ratio and
responsivity of 3.70 x 10° and 0.64 (mA /W) under 255 nm illumination with 1 mW /cm?
for 0V, respectively. Finally, with increasing power density, the photocurrent increased,
and a 17.80 mA /W responsivity under 10 mW/ cm? was obtained.
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Abstract: Energy-harvesting devices based on a single energy conversion mechanism generally have
a low output and low conversion efficiency. To solve this problem, an energy harvester coupled
with a triboelectric mechanism and electrostatic mechanism for biomechanical energy harvesting
is presented. The output performances of the device coupled with a triboelectric mechanism and
electrostatic mechanism were systematically studied through principle analysis, simulation, and
experimental demonstration. Experiments showed that the output performance of the device was
greatly improved by coupling the electrostatic induction mechanisms, and a sustainable and enhanced
peak power of approximately 289 uW was produced when the external impedance was 100 M(,
which gave over a 46-fold enhancement to the conventional single triboelectric conversion mechanism.
Moreover, it showed higher resolution for motion states compared with the conventional triboelectric
nanogenerator, and can precisely and constantly monitor and distinguish various motion states,
including stepping, walking, running, and jumping. Furthermore, it can charge a capacitor of 10 uF
to 3 V within 2 min and light up 16 LEDs. On this basis, a self-powered access control system, based
on gait recognition, was successfully demonstrated. This work proposes a novel and cost-effective
method for biomechanical energy harvesting, which provides a more convenient choice for human

motion status monitoring and can be widely used in personnel identification systems.

Keywords: energy harvesting; triboelectric mechanism; electrostatic mechanism; human motion
status monitoring

1. Introduction

To realize the intellectualization and miniaturization of wearable electronics, the
requirements of their power devices have been raised, such as long life, small volume, high
energy density, and easy integration [1-5]. Traditional chemical batteries cannot satisfy
the requirements of the fast development of wearable electronics due to their fatal defects,
such as their large size, non-flexible structure, limited lifetime, and potential hazards to
environments [6]. Biomechanical energy is generated in our daily life all the time, including
arm swinging, walking, running, and heart beating [7-10]. If this energy is converted into
electricity, it can meet the power consumption for part of wearable electronics [11-17].
As an emerging energy conversion technology, triboelectric nanogenerators (TENG) have
been widely used in the field of self-powered wearable electronics because of their low
cost, environmental friendliness, and flexibility [18-20]. A TENG can provide an effective
approach to converting such biomechanical energy into electrical energy to provide power
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for part of wearable electronics, thus constructing a self-powered human motion signal
monitoring and recognition system [21-23].

However, there are two main problems for current devices to harvest biomechanical
energy: (1) Most of the devices are based on a single conversion mechanism, leading to
low energy conversion efficiency [24-29]; and (2) the energy is usually harvested from a
single source. The movements of the human body are coordinated by many parts. For
example, leg movements are accompanied with arm movements when walking. If the
device is integrated onto the human leg, it is difficult to harvest the energy generated by
arm movements. Therefore, in order to improve the efficiency of biomechanical energy har-
vesting, a variety of energy harvesting strategies should be combined to achieve efficiently
cooperative work.

To solve this problem, we propose an energy harvester coupled with a triboelectric
mechanism and electrostatic mechanism for biomechanical energy harvesting. By exposing
the electrodes of the bracelet which is integrated onto the arm, the energy of the swinging
arm and the energy generated by the separation and contact between the foot and the
ground during movement can be obtained simultaneously. Traditional walking energy
acquisition requires the integration of the insole with the power generation function, which
has a short lifetime and will induce a certain level of discomfort during use. The scheme
proposed in this paper does not need special processing of the sole and can realize the
efficient acquisition of triboelectric energy between the sole and the ground when walking,
which has the advantages of comfort, low cost, and long lifetime. Moreover, the device,
when coupled with a triboelectric mechanism and electrostatic mechanism, showed higher
resolution in the sensing of motion states, which provided a more convenient choice for hu-
man motion status monitoring and can be widely used in personnel identification systems.

2. Results and Discussion
2.1. Working Principle

An energy harvester coupled with a triboelectric mechanism and electrostatic mecha-
nism for biomechanical energy harvesting, as illustrated in Figure 1, is proposed in this
paper, which consists of two main parts: a wristband-type triboelectric nanogenerator
(W-TENG) worn on the wrist, and an electrostatic nanogenerator (EENG) formed by the
friction of the sole against the ground. The structure of the W-TENG, shown in the il-
lustration, mainly consists of three parts: a 3D-printed resin ring, some cross-fingered
copper foil electrodes, and a polytetrafluoroethylene (PTFE) ball. Fluorine has the highest
electronegativity among almost all the elements, so the material of the ball was PTFE,
which contains lots of fluorine [30]. Due to its strong electronic attraction, a PTFE ball can
easily capture a large amount of triboelectric charges when rubbed against other materials.
Meanwhile, is copper at a more positive direction than precious gold and silver in the
triboelectric sequence [31]. Therefore, a PTFE ball and copper electrode will accumulate
opposite charges after contact [32]. The whole device can be realized with a simple process
and cheap materials which are suitable for mass production. One end of the forked-finger
electrode was placed in contact with the human wrist. When the human body moved, the
PTFE ball would roll on the cross-fingered electrodes in the 3D-printed resin ring with the
swing of the arm, resulting in a triboelectric effect with the cross-fingered electrodes. The
EENG was built by the shoe and the floor. In this structure, the sole of the shoe was not
installed with any triboelectric materials. The sole and the ground produced a periodic
contact—separation process with walking, and opposite charges were accumulated on
each other’s surfaces. The surface of the skin can generate electric charges by electrostatic
induction because of the contact with the electric shoe. By exposing one end of the electrode
of the W-TENG to the human body, the triboelectric charges on the skin are transmitted to
the electrode of the W-TENG. The scheme proposed in this paper does not need to place
any material in the sole, and can realize the efficient acquisition of triboelectric energy
between the sole and the ground when walking, which has the advantages of comfort, low
cost, and long life.
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The coupled nanogenerator

R + + + + —

Figure 1. Schematic diagram of the energy harvester coupled with the triboelectric mechanism and
electrostatic mechanism for biomechanical energy harvesting.

For the traditional triboelectric nanogenerator (W-TENG), its electrodes were generally
shielded inside the shell, as shown in Figure 2a,b. The amount of charges accumulated
on the equivalent capacitance Cy_rpng was Qg after the PTFE ball contacted with the
electrodes, and the open-circuit voltage can be expressed as [33]:

0,

Voc =R
dt  Cw_TENG

@
Due to the motion process of the human body, the sole produces a “contact—separation”
process with the ground all the time, and the mechanical energy is converted to electric
energy along with this process. The means of capturing this energy effectively is very im-
portant. In this work, a mechanism of triboelectric and electrostatic double-effect coupling,
to achieve efficient collection of this energy, was proposed. By touching one end of the
W-TENG electrode to the human body, the electric charges of the EENG was transmitted
to the electrode of the W-TENG through the human body, and the coupled nanogenerator
(C-ENG) was built. Indeed, the polarity of the triboelectric charge depends on the polarity
of the triboelectric material. Therefore, the charge-transfer processes in two cases were
analyzed respectively. When the material of the shoe had more electronegativity than the
ground, the shoe accumulated negative charges when it made contact with the ground.
Meanwhile, the ground accumulated positive charges, as shown in Figure 2d. When the
foot was lifted, the surface of the skin of the human body generated positive charges
through electrostatic induction. Due to the fact that the human skin was connected to
one electrode (such as electrode one in Figure 2d) of the W-TENG, some of the negative
charges were repelled all the way to electrode one. It created a potential difference between
electrode one and electrode two of the W-TENG, resulting in a current from electrode
two to electrode one in the external circuit. The other case was that the ground had more
electronegativity than the material of the shoe, as shown in Figure 2e. As the shoe accu-
mulated positive charges during its contact with the ground, the surface of the skin of the
human body generated negative charges through electrostatic induction and some of the
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(@)

W-TENG =

positive charges were repelled all the way to electrode one, resulting in a current from
electrode one to electrode two in the external circuit. By comparing the two cases, only the
direction of the current in the outer circuit changed with the change of the polarity of the
material. It should be noted that the soles are usually made of chemical-resistant viton or
polyvinyl chloride (PVC), and the floors are usually made of wood (marine-grade plywood)
or wear-resistant garolite. Therefore, the soles of the shoes are usually more electronegative
than the floors [32].
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Figure 2. Analysis of the working principle: (a) the working principle of the W-TENG; (b) the circuit
equivalent model of the W-TENG; (c) the simulation result of the output of W-TENG; (d,e) the
analysis of charge-transfer direction for different materials; (f) the working principle of the C-ENG;
(g) the circuit equivalent model of the C-ENG; and (h) the simulation result of the output of C-ENG.

The working principle of the C-ENG is shown in Figure 2f, and its circuit equivalent
model is shown in Figure 2g. As the sole rubbed against the ground, the amount of charge
accumulated on the equivalent capacitance (Cggng) of the EENG was Q5. Since the amount
of triboelectric charge was positively correlated with the friction area, Q; was much larger
than Q; because the sole had a larger area. When the electrode made contact with the
human body, part of the charge on Crpng flowed to Cy_renG. Assuming that the transferred
charge was (3, the open-circuit voltage of the device was:

_gAQ+Qs) Qi +0Qs

Voc
dt Cw-TENG

@
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Therefore, the output performance of the device is improved.

COMSOL 5.4 was employed in the simulation analysis, and the results are illustrated
in Figure 2¢,h. Figure 2c is the simulation result of the output of the W-TENG. In this figure,
the circle represents the PTFE ball that accumulated negative charges, and the rectangles
represent the adjacent electrodes that accumulated positive charges. Take the situation in
Figure 2d as an example; the simulation result of the output of the C-ENG is shown in
Figure 2h. Compared with Figure 2¢, Figure 2h added two rectangles at the far right. The
top rectangle represents the skin, which accumulated positive charges through electrostatic
induction. The bottom rectangle represents the ground, accumulating negative charges.

2.2. Electrical Characterization

Firstly, in order to analyze the influence of the relationship between the diameter of
the PTFE ball and the width of the electrode on the electrical performance of the C-ENG
in the state of a human walking with swinging arms, PTFE balls with diameters of 6 and
8 mm were selected as test objects. The output voltages and currents of different electrode
widths (4 mm, 6 mm, 9 mm, 11 mm, and 13 mm), with a PTFE ball with a diameter of 6 mm,
were measured respectively, as illustrated in Figure 3a. The output voltages and currents of
different electrode widths (6 mm, 8 mm, 10 mm, 12 mm, and 14 mm), with a PTFE ball with
a diameter of 8 mm, are illustrated in Figure 3b. Figure 3c further analyzes the maximum
voltage and current in Figure 3a. Its abscissa represents the ratio of electrode width (d) to
PTFE ball diameter (D), and the ordinates on both sides represent the maximum voltage
and current under different electrode widths. It can be seen that, when the ratio approached
one, both the voltage and current reach their maximum values. The same result is obtained
in Figure 3d. These results show that the best electrical properties were obtained when the
electrode width was approximately the same as the PTFE ball diameter. After obtaining the
above results, the electrical properties in jumping state were analyzed. The voltage and
current values were measured when the electrode was not in contact with the human body
(W-TENG) and when it was in contact with the human body (C-ENG) respectively. As seen
in Figure 3e, when the electrode width was 6 mm and the diameter of the PTFE ball was
6 mm, the output voltages of the W-TENG and C—TENG were 42 V and 545 V respectively.
It proves that the output voltage increased by, approximately, 12.98 times by coupling
the mechanism of electrostatic. The maximum current correspondingly increased from
0.43 to 5.5 pA. Similarly, it can be seen from Figure 3f that when the electrode width was
8 mm and the diameter of the PTFE ball was 8 mm, the output voltage showed the same
increasing trend. The results show that coupling the electrostatic mechanism can effectively
improve the energy conversion efficiency of the nanogenerator, which is the same as in
the theoretical analysis. In addition, all tests were conducted on the dry ground. This is
because, in a dry environment, the sole and the ground can generate more triboelectric
charges, which was conducive to verifying the coupling enhancement theory proposed in
this paper.

In order to further study the influence of the diameter of the PTFE ball on the outputs,
other sizes (7 mm, 9 mm, and 10 mm) were measured, under the condition that the size of
the PTFE was equal to the width of the electrode, and the measured results were compared
with those obtained previously at 6 mm and 8 mm, as illustrated in Figure 4a,b. As seen
in the two figures, the diameter of the PTFE ball had no obvious effect on the outputs.
This may be because, although the diameter of the ball changed, the total triboelectric area
did not significantly change. Through the analysis of the measured experimental data,
it can be concluded that the size combination of 7 mm is more suitable for subsequent
experiments. As the signals generated in different motion states were different and the
corresponding application occasions were also different, the signals in different motion
states were recorded, such as walking without swinging arms, walking with swinging
arms, running, jumping, and swinging arms only (as illustrated in the accompanying
Supplementary Video S1). The voltage and current signals of the W-TENG (Figure 4c,d)
and C-ENG (Figure 4e,f) were measured respectively. It can be seen from Figure 4c—f
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that both voltage and current show the maximum amplitude in the jumping state. The
frequency of outputs measured in the running state are obviously higher than that in other
states, but the amplitude of outputs decreased to a certain extent. This is because the
triboelectric area of the sole with the ground was reduced in the running state. Through
a comparison, it can be seen that the detection ability of the C-ENG for the five states is
significantly better than the W-TENG. This is because the output performance of the device
was greatly improved by coupling the electrostatic induction mechanism. The experiment
proved that the C-ENG showed higher resolution for motion states compared with the
conventional triboelectric nanogenerator and can precisely and constantly monitor and
distinguish various motion states, including stepping, walking, running, and jumping.
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Figure 3. The effects of the coupling electrostatic energy and the relationship between PTFE ball
diameter and electrode width on the output of the C-ENG: (a) the effect of cross-finger electrode width
on the output of the C-ENG at the PTFE ball diameter of 6 mm; (b) the effect of cross-finger electrode
width on the output of the C-ENG at the PTFE ball diameter of 8 mm; (c) a curve fitted according
to Figure 3a; (d) a curve fitted according to Figure 3b; (e) a comparison of output characteristics
between W-TENG and C-ENG at the PTFE ball diameter of 6 mm; and (f) a comparison of output
characteristics between W-TENG and C-ENG at the PTFE ball diameter of § mm.
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Figure 4. The influence of the diameter of the PTFE ball on the outputs and the outputs of the device
under different motion modes: (a) the influence of the diameter of the PTFE ball on the output voltage;
(b) the influence of the diameter of the PTFE ball on the output current; (c) the output voltages of
W-TENG under different motion modes; (d) the output currents of W-TENG under different motion
modes; (e) the output voltage of C-ENG under different motion modes; and (f) the output currents
of C-ENG under different motion modes.

2.3. The Applications

According to the previous results, it is evident that the ouput voltages and currents of
the C-ENG were greatly improved compared with those of the W—-TENG. The enhance-
ment in peak output power was further studied in walking condition. As illustrated in
Figure 5a,b, the peak output power of the W-TENG and C-ENG were measured respec-
tively, and the maximum values and corresponding impedance were marked. A sustainable
and enhanced peak power of approximately 289 uW was produced for the C-ENG when
the external impedance was 100 M(), which gave over a 46-fold enhancement to the con-
ventional single triboelectric conversion mechanism (6.25 pW for W-TENG). Subsequently,
the charging rates for different capacitors (1.0 uF, 2.2 pF, 4.7 uF and 10 uF) were studied to
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verify the excellent output of the C-ENG, as presented in Figure 5c. It is evident that the
larger the capacitance, the longer the charging time, which is consistent with the theoretical
basis. Furthermore, 16 LEDs were lit in a series to verify the excellent electrical output of
the C-ENG, as illustrated in Figure 5d and Supplementary Video S2.
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Figure 5. The power and charging characteristics of C-ENG: (a) the output power of the W-TENG;
(b) the output power of the C-ENG; (c) the charge curves of the C-ENG for different capacitors; and
(d) the experiments on lighting LED lights by the C-ENG.

To demonstrate that the C-ENG can serve as a sensing device for actual scenarios, a
self-powered switching system was invented. The system was constructed of the coupled
nanogenerator, an electrometer 6517B, a DAQ data acquisition card, and an online monitor-
ing system, which is expressed in Figure 6a. To demonstrate this function, the C-ENG was
worn on the wrist to record the voltage waveform output by different people swinging their
arms on foot, while simultaneously measuring the maximum and minimum voltage values
and calculating the corresponding peak to peak voltage values. The measurement process
is illustrated in Figure 6b—e. When the system recognized that the gait information of a
person was passable, the information was retrieved from the library and the access control
was opened to allow the person to enter, as illustrated in Figure 6b,c, and Supplementary
Video S3. In contrast, if the system recognized that the gait information of the personnel
was not in the passable range, it called up the blocking command, so as to prevent the
invasion of foreign personnel, as illustrated in Figure 6d,e, and Supplementary Video S4. It
is worth noting that this part was only a general functional demonstration and the specific
application of C-ENG in switching systems needs to be further improved.
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Figure 6. Self-powered switching system: (a) the block diagram of the self-powered switching
system; (b,c) the demonstration results of passable personnel; and (d,e) the demonstration results of
impassable personnel.

In order to verify the application prospect of the C-ENG in the field of self-powered
wearable electronics, a self-powered heart rate testing system was built, as illustrated in
Figure 7a,b, and Supplementary Video S5. Electric energy was generated by the walking
state excitation device, and the generated electrical signal was stored in a 100 pF capacitor
after rectification. It transpired that after about 10 min, the capacitor voltage reached 6 V,
which is illustrated in Figure 7c. Afterwards, the heart rate test device was connected and
the capacitor charging switch was closed. The voltage of the capacitor dropped sharply,
as illustrated in Figure 7c. By observing the collected waveform, the single heartbeat can
be clearly observed, including the diastolic (D) wave, tidal (T) wave, and percussion (P)
wave. This proves that the C-ENG powered the pulse sensor successfully, and the normal
working time of the device was two seconds, as illustrated in Figure 7d.
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Figure 7. Self-powered heart rate testing system: (a) the electronic photo of system; (b) the block
diagram of system composition; (c) the voltage changed at both ends of the capacitor before and after
fast closing. After the switch was closed, the electric quantity in the capacitor began to power the
heart rate sensor, and the voltage dropped sharply); and (d) pulse waveform collected.

3. Conclusions

In summary, a biomechanical energy harvesting device combining triboelectric and
electrostatic mechanisms has been demonstrated. Aiming at the low output of energy
acquisition devices based on a single conversion mechanism, a scheme of coupling elec-
trostatic energy with triboelectric energy was proposed. The circuit-equivalent model of
the coupled energy nanogenerator was constructed and the principle of output lifting was
analyzed. Afterwards, the output characteristics of the coupled energy nanogenerator were
demonstrated systematically through simulation and experiment. The results show that
the output performance of the device was greatly improved by coupling the electrostatic
induction mechanism. The best output performance was obtained when the electrode
width and spacing were approximately the same as the PTFE ball diameter. The open
circuit voltage increased by approximately 12.98 times, while the short circuit current
increased by 12.79 times, when the human jumped, when the diameter of the PTFE ball
was 6 mm. It is worth emphasizing that when people were walking, a sustainable and
enhanced peak power of about 289 uW was produced when the external impedance was
100 MQ), which gave over a 46-fold enhancement to the conventional single triboelectric
conversion mechanism. Moreover, it showed higher resolution of motion states compared
with the conventional triboelectric nanogenerator, and can precisely and constantly monitor
and distinguish various motion states, including stepping, walking, running, and jumping.
Furthermore, the charging rates and power supply features were studied to verify its
excellent output, and the result show that it can charge a capacitor of 10 pF to 3 V within
2 min and light up 16 LEDs. After that, a self-powered access control system based on gait
recognition was successfully demonstrated. This work provides a more convenient choice
for human motion status monitoring, and provides diversified perspectives for personnel
identification systems, simultaneously.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano12060933/s1: Video S1: the demonstration of gait recognition by the C-ENG; Video
52: the demonstration of lighting 16 LEDs by the C-ENG; Video S3: the demonstration of accessible
personnel in access control systems; Video S4: the demonstration of inaccessible personnel in access
control systems; and Video S5: the power supply process in a heart rate testing system.
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Abstract: Arsenic is extremely abundant in the Earth’s crust and is one of the most common environ-
mental pollutants in nature. In the natural water environment and surface soil, arsenic exists mainly
in the form of trivalent arsenite (As(Il)) and pentavalent arsenate (As(V)) ions, and its toxicity can
be a serious threat to human health. In order to manage the increasingly serious arsenic pollution
in the living environment and maintain a healthy and beautiful ecosystem for human beings, it is
urgent to conduct research on an efficient sensing method suitable for the detection of As(III) ions.
Electrochemical sensing has the advantages of simple instrumentation, high sensitivity, good selectiv-
ity, portability, and the ability to be analyzed on site. This paper reviews various electrode systems
developed in recent years based on nanomaterials such as noble metals, bimetals, other metals and
their compounds, carbon nano, and biomolecules, with a focus on electrodes modified with noble
metal and metal compound nanomaterials, and evaluates their performance for the detection of
arsenic. They have great potential for achieving the rapid detection of arsenic due to their excellent
sensitivity and strong interference immunity. In addition, this paper discusses the relatively rare
application of silicon and its compounds as well as novel polymers in achieving arsenic detection,
which provides new ideas for investigating novel nanomaterial sensing. We hope that this review
will further advance the research progress of high-performance arsenic sensors based on novel
nanomaterials.

Keywords: As(III) detection; electrochemical sensing; nanosensing; biosensing

1. Introduction

In China and the rest of the world, environmental pollution has always been an urgent
problem that threatens the living environment and health of human beings. A variety of
forms of environmental pollution exist at the same time, including soil, air, radioactive
elements, water pollution, and so on. Among the most direct and obvious causes of harm
to human beings, the heavy metal pollution of water environments, the toxicity of heavy
metal-like arsenic (As) ions, and the degree of difficulty in detecting and removing them
constitutes one of the most important forms of environmental pollution. Arsenic is an
element that is widely distributed in soil, minerals, the aquatic environment, and the
atmosphere. In terms of arsenic abundance, it ranks 20th in the Earth’s crust, 14th in
seawater, and 12th in human systems when comparing all elements [1]. Widespread in
nature, arsenic and its compounds are mobile in the environment and, when dissolved in
the water species of arsenic, contamination will even enter the biosphere through the food
chain. As early as the 1970s, in a study by the U.S. National Pesticide Monitoring Program
targeting the detection of mercury, arsenic, lead, cadmium, and selenium residues in fish,
the results show that more than 95% of the combined samples have detectable residues
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of all metals. This number is increasing year by year [2]. In natural water bodies, arsenic
is usually present as arsenite (As(IIl)), arsenate (As(V)), monomethylarsenic acid (MMA),
and dimethylarsenic acid (DMA). Inorganic forms of arsenite (As(Ill)) and arsenate (As(V))
have stronger circulation and are more likely to be enriched in the food chain, which is the
main form of arsenic present in nature and has a great impact on human survival.

Heavy metals are a very important class of carcinogens, especially nickel, chromium,
and arsenic, which are recognized as human carcinogens [3]. Radon and arsenic exposure
were recognized as major risk factors in a cohort of Chinese tin miners with lung cancer [4].
Additionally, in China, Y ] Lu et al. studied mineral dust deposition in the lungs of tin
miners in Yunnan Province, and data obtained in lung tissue provided evidence for arsenic
as a cause of lung cancer [5]. Exposure to inorganic arsenic in drinking water has the
potential to cause changes in left ventricular geometry and cardiomegaly in adult males [6].
There are many ways for humans and animals to be exposed to arsenic (mainly through
drinking water and the accumulation of arsenic in the food chain). Long-term exposure
to arsenic ions may lead to a series of physiological diseases, including neurological,
physiological, reproductive, kidney, liver, and even genetic conditions [7]. There is serious
arsenic contamination of water and soil in many countries around the world, including
China, and there was a large-scale arsenic ion poisoning incident in Bangladesh [8,9].

It is on account of these characteristics of arsenic that the detection of trace amounts
of arsenic is very important. As early as the nineteenth century, John Bostock realized the
importance of detecting traces of arsenic and observed different methods of doing so [10].
In 1901, S Delepine applied arsenic detection technology to life, detecting arsenic in beer
and brewing materials [11]. In the following years, various techniques were applied to
arsenic detection, and these techniques are divided into two main categories according to
the instruments used: one is the use of traditional instrumentation techniques, including
atomic absorption spectrometry, atomic emission spectrometry, inductively coupled plasma
mass spectrometry, etc. The second is the use of new sensor methods, mainly biosensor
methods, electrochemical detection, and the ultraviolet—visible spectroscopy (UV-Vis),
colorimetric method, etc. In this paper, electrochemical detection methods will be intro-
duced. Electrochemical detection has a series of advantages such as simple instrumentation,
simple operation, high sensitivity, high selectivity, being easy to carry, and being easy to
use for rapid detection. Electrochemical detection methods are an effective alternative to
traditional ion detection methods.

2. Principles of Electrochemical Detection of As(III)

Probably one of the oldest measurement techniques, the electrochemical method, is an
analytical method based on electrochemical principles and founded on the electrochemical
properties of a substance in solution, which implies the transfer of charge between the
electrode and the liquid or solid phase [12]. During the detection, the solution to be tested
is usually used as part of a chemical cell, which reacts to the concentration of the substance
being detected by means of the electrical parameters of the chemical cell. Compared with
other arsenic detection methods, electrochemical detection is considered to be user-friendly
and achieves a more desirable detection result, while the detection process is simple and
cost effective. After a long period of development, electrochemical detection techniques to
detect arsenic have become more mature, and there are many commonly methods based on
various electrical signals used in the detection of heavy metals. Electrochemical techniques
are divided into amperometric, voltammetric, potentiometric, impedance measurements,
coulometric, and electrochemiluminescent techniques [13]. The general apparatus for
electrochemical detection is shown in Figure 1 and usually consists of an electrolytic cell in
which the heavy metal ions or other classes of heavy metal ions to be detected act as the
electrolyte. A chemical reaction occurs in the cell, partly at the working electrode, resulting
in a change in the electrical parameters that establish a link with the concentration of the
target element for the purpose of quantitative analysis.
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Voltammetry is considered the most versatile of the arsenic ion assays and has been
further advanced with the development of potential and current modulation techniques,
such as differential pulse voltammetry (DPV), square-wave voltammetry (SWV), stripping
chronopotentiometry (SCP), etc. Voltammetry is based on the voltage—current time relation-
ship generated in a three-electrode cell; the position of the peak is reflective of the specific
chemical, and the density of the peak is related to the concentration of the substance being
detected. The combination of electrode modification and pre-concentration techniques
further increases the selectivity and sensitivity of voltammetry.

3. Electrochemical Detection Electrodes for As(III)

During decades of research, electrodes have often been modified in order to improve
the sensitivity and selectivity of the electrochemical detection of ions. In the beginning,
the excellent electrical properties of precious metals (e.g., gold and silver) were taken
into account and a large number of electrodes made of precious metals were used for
electrochemical detection. Later, there were considerations of cost constraints, reducing the
amount of precious metals, and modifying the working electrodes with precious metals and
their nanoparticles to achieve the same detection results. To further reduce costs, a range
of materials including carbon nanomaterials, non-precious metal oxides, and bimetallic
nanoparticles have been used for detection, again well below the WHO (World Health
Organization) detection limit of 10 ppb. Additionally, in today’s interdisciplinary world,
there are many biotechnologies used for electrochemical detection, with examples of
bioreceptors such as DNA or proteins being used for modified electrodes.

3.1. Precious Metal Electrodes and Precious-Metal-Modified Electrodes

The excellent electrical properties of precious metals with good conductivity make
them the preferred choice for electrode materials and their modifications in electrochemical
detection. They show distinct advantages over the conventional macroelectrodes, such
as increased mass transport, decreased influence of the solution resistance, low detection
limit, and better signal-to-noise ratio [14]. In addition, precious metal particles can easily
be deposited onto the electrode surface by electrochemical means, thus modifying the
electrode and improving its overall surface properties.
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3.1.1. Gold Electrodes and Gold-Modified Electrodes

Gold electrodes in various forms and gold-modified materials have long been a popu-
lar topic in electrochemical detection. Agnese Giacomino et al. achieved a low detection
limit of 0.060 ppb in the range of 1-15 ppb for the determination of As(IIl) by anodic
dissolution voltammetry using a lateral gold electrode [15]. The electrochemical behavior
of gold electrodes is closely related to their crystal orientation, and single-crystal Au(111)
electrodes with clean, well-defined, and ordered surfaces can provide a more defined
electrochemical behavior for As detection and are suitable for studying deposition mecha-
nisms. Mohammad Rezaur Rahman et al. reported a simple method for the fabrication of
Au(111)-like poly-gold electrodes, achieving a low detection limit of 0.28 ppb by square-
wave anodic solvation voltammetry (SWASV) [16]. In addition, there are different sizes
and forms of gold electrodes, including solid-disc gold electrodes [17], thin-film gold elec-
trodes on glass carbon electrodes [18], graphite electrodes [19], platinum electrodes [20],
microfilament gold electrodes [21], etc. Lijuan Bu et al. proposed the first method to
electrically generate H; to reduce As(Ill) and improve As(0) preconcentration on a gold
disc electrode for the determination of As(IIl) by anodic stripping voltammetry, which
improved the sensitivity of As(IIl) detection and achieved a detection limit of 1.0 nM or
0.075 ppb [22]. Gold wire microelectrodes are also a common class of gold electrodes and
ChiZhou was able to detect As(Ill) down to 2.6 ppb in 0.5 M H,SO4 by square-wave anodic
dissolution voltammetry using electrochemically etched gold wire microelectrodes [23].
S. Laschi et al. tested a disposable gold screen-printed working electrode for arsenic detec-
tion in aqueous solutions using square-wave anodic dissolution voltammetry (SWASV) and
achieved a detection limit of 2.5 ppb after 60 s of deposition [24]. A self-made nanoporous
gold microelectrode by Dario Xavier Orellana Jaramillo et al. had a high sensitivity of
29.75 pA (ug L~1)~! em~2 and a low detection limit of 0.62 ppb [25]. More comparisons of
different gold-based electrodes are given in Table 1.

Table 1. Comparison of gold electrodes.

Electrode Method Sensitivity (LA/ppb) Linear Range(ppb) LOD (ppb) Reference
composite gold electrode DPASV 0.32 [26]
gold side disk .
rotating electrode DPASV 580 271
gold screen-printed electrode SWASV 0.03 0-200 2.5 [24]
gold film Scp'! 0.022 [28]
gold nanoelectrode ensembles SWASV 3.14 0.02 [29]
gold nanofilm Lsv? 0.2-375 0.04 [17]
Au(111)-like polycrystalline 1 2 g
gold electrode SWASV 0.097 pA ppb™" cm 0-1123.8 0.28 [16]
vibrating gold ] 11
microwire electrode DPASV 0.014 pAppb™ " mm™— V 0.07-3.0 0.07 [21]
lateral gold electrode ASV 9.15 0.1-15 0.06 [15]
MEA-modified Au electrode DPASV 0.0366 0.2-300 0.02 [30]
Au-MEE LSASV 1-10 0.09 [31]
Au disc electrode ASV 18.69 0.75-299.68 0.075 [22]
nanoporous gold LSV 1.74 x 1074 1.50-14,984 1.50 [32]
microelectrode
two gold electrodes ASV 0.0374-0.7492 0.0097 [33]
Au-wire electrode ASCP 3 0.42 [34]
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Table 1. Cont.

Electrode Method Sensitivity (LA/ppb) Linear Range(ppb) LOD (ppb) Reference
porous gold electrode SWvV 0.1-14 0.1 [35]
gold electrode ASV 0—5000 850 [36]
nanoporous gold 1 2 2-30 and
microelectrode SWASV 29.75 uA ppb~" cm 10-200 0.62 [25]
gold wire microelectrode ASV 6.8 LA ppb*1 cm 2 2.6 [23]
arsemte—sel.ectlve ionophore ASV 10-100 1.10 [37]
film-Au
gold nanotextured electrode ASV 39.54 uA ppb_1 cm 2 0.1-9 0.1 [38]
gold nanostar SWSV 4 2.5-764.2 0.8 [39]

1 stripping chronopotentiometry; ? linear sweep voltammetry; > anodic stripping chronopotentiometry; 4 square
wave stripping voltammetry.

Additionally, due to the detection cost of using gold as an electrode, there has been
increasing amounts of research on gold nanoparticle-modified conventional macroscopic
electrodes, such as modified graphite electrodes [19], glassy carbon electrodes [40], screen-
printed electrodes [41], gold electrodes [17], solid carbon paste electrodes [42] or boron-
doped diamond electrodes [43], etc. Forsberg et al. tested three different materials (plat-
inum, mercury, and gold) for modified electrodes [44], using anodic solvation voltammetry
(ASV) and differential pulse anodic solvation voltammetry (DPASV), and found that the
gold-modified electrodes were the most sensitive to the electrical signal generated by
arsenic oxidation (which is one of the reasons why gold nanomaterials became the first
material for modified electrodes). In addition to various forms of nanogold, other materials
of composite-modified electrodes for the electrochemical detection of arsenic are a hot topic
of research.

Supunnee Duangthong et al. developed a flow injection differential pulsed anodic
dissolution voltammetry (FI-DPASV) method for the detection of arsenic, using a gold film-
modified glassy carbon electrode as the working electrode and optimizing the parameters
to achieve a low detection limit of 0.81 ppb in the linear interval 1.0-30 ppb for As(III) [45].
Syeda Sara Hassan et al. synthesized gold nanoflower structures by heating a mixture of
ibuprofen and gold chloride (HAuCly) at a constant temperature for about 30 min. The SEM
images are shown in Figure 2. Ibu-AuPNFs modified screen-printed electrodes, followed
by Nafion as a binder and stabilizer, were used in the 0.1-1800 ppb range, observed for
As(III) with a linear calibration plot with a lower limit of detection of 0.018 ppb [46].
Tran Ngoc Huan proposed a three-dimensional (3D) gold (Au) nanodendritic network
porous structure constructed by a simple electrochemical synthesis method, the SEM images
of which in different views are shown in Figure 3, allowing for the more sensitive detection
of As(Ill) due to its larger surface area [47]. Dao Anh Quang successfully synthesized and
stabilized gold nanorods (GNR) using cetyltrimethylammonium bromide (GNR-CTAB)
and poly(sodium-4-styrenesulfonate) (GNR-PSS); the TEM image and the diameter and
length distribution of the synthesized nanorods are shown in Figure 4. The GNR-modified
glassy carbon electrode showed an excellent response with a limit of detection (LOD) of
0.72 ppb and a linear concentration of As(IlI) between 0.90 and 38.99 ppb [48]. Dingnan
Lu et al. reported a square-wave anodic dissolution voltammetry (SWASV) method using
a new gold nanostar-modified screen-printed electrode (AuNS/SPCE) as the working
electrode; the TEM image of the gold nanostar is shown in Figure 5. Electrochemical
impedance spectroscopy tests showed that the charge transfer resistance of AuNS/SPCE
(0.8 k) was significantly lower compared with bare SPCE (2.4 k(}), achieving a sensitivity
of 0.2213 pA/ppb in the linear detection interval of 0-100 ppb for As(IlI) detection [49].
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Figure 2. SEM images of Ibu-NSs at (a) 1, (b) 10, (c) 20, and (d) 30 min of heating time. (Reprinted
with permission from [46], Copyright 2012, Elsevier B.V.)

b

3pm

300 nm

Figure 3. SEM images of porous structures of 3D Au nanodendritic networks with four different
fields ((a) 100 um, (b) 5 um, (c) 3 um, and (d) 300 nm) of view. (Reprinted with permission from [47],
Copyright 2011, Elsevier B.V.)
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Figure 4. TEM images, diameter, and length distribution of GNR-CTAB (a—c) and GNR-PSS (d-f).
(Reprinted with permission from [48], Copyright 2022, Springer Nature Switzerland AG.)
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20 nm 20 nm 20 nm

Figure 5. Representative TEM images of AuNS. (Reprinted with permission from [49], Copyright
2022, Springer Nature Switzerland AG.)

Among the many gold nanomaterials, gold nanoparticles and composites of gold nanopar-
ticles on various materials are the absolute favorites in the field of electrochemical detection.

Anamarija Stankovi¢ et al. modified glassy carbon electrodes with gold nanoparticles
and crystalline violet [50]. The electron impedance spectroscopy results show that the elec-
tron transfer resistance of the nanogold crystalline violet film was lower than that of the bare
glassy carbon electrode, thus enhancing the electron transfer kinetics. The sensitivity of the
modified electrode for the detection of As(III) was 5.6 A/puM cm?, the detection limit was
0.8 uM, and it had a good linear response in the range of 2.0-22.0 pM. Connor Sullivan et al.
used a screen-printed electrode modified with nanogold to detect As(III) in commercial
apple juice by square-wave dissolution voltammetry. The sensitivity of the method was
0.1007 pA ppb~! and the detection limit was 16.73 pug L~!. The results of voltammetry
were compared with those of graphite furnace atomic absorption spectrometry, with no
systematic deviation and an R2 of 0.939 [51]. In recent years, electro-membrane extraction
(EME) and anodic stripping voltammetry (ASV) combined with gold nanoparticle-modified
glassy carbon electrodes (AuNPs/GCE) have also been used to detect As (III) in water,
with a detection limit of 0.18 pg L~ for this method [52]. The application of electromag-
netic radiation before electrochemical determination improves the selectivity and cleaning
ability of the sample, which can increase the lifetime of the working electrode and reduce
surface passivation.

A simple and easy method for synthesizing bentonite (bt) clay-supported gold nanopar-
ticles (AuNPs) composites has been reported [53], and the test plots are shown in Figure 6.
The AuNPs were successfully synthesized and doped into bt clay, as shown by spectro-
scopic, microscopic and electrochemical methods, and the synthesized Au-bt material was
used to modify the glassy carbon electrode (GC). The GC/Au-bt electrode was used to
detect As(IIl) in neutral solution by cyclic voltammetry. The GC/Au-bt electrode showed
a wide linear range with good reproducibility and stability in As(III) solutions in the
range of 1-1700 uM. The detection limit was 0.1 pM with high sensitivity. In addition,
it had good selectivity for the determination of As(IIl) in the presence of Cu(ll) and other
interfering ions, providing an effective new route for the measurement of As(IIl) under
neutral conditions. Qian Tang et al. prepared Au-PANI-Fe-CNFs composites by forming
polyaniline (PANI) nanosheet arrays on Fe-CNFs substrates followed by the self-deposition
of Au nanoparticles; the process is shown in Figure 7, using the composite-modified glassy
carbon electrode as a sensing platform for As(Ill) measurements [54]. Polyaniline showed
a uniform array structure on the surface of carbon fibers (CNFs), and the presence of Fe in
CNFs promoted the formation of polyaniline nanosheets and the adsorption of As(Ill) in
the subsequent sensing process. The detection of As(Ill) in water has good electrochemical
performance, and the SWASV response plot is shown in Figure 8. The electrode has a wide
linear range (5400 ppb) and high sensitivity with a detection limit of 0.5 ppb, which
provides a new route for the electrochemical analysis of arsenic in water.
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Figure 6. Cyclic voltammetric response of GC/Au-bt to 100.0 uM As(III) oxidation at different scan
rates. Inset (i) shows the plot of the oxidation peak currents against the square root of scan rates and
inset (ii) shows the plot of the oxidation peak potential against the log of scan rate. (Reprinted with
permission from [53], Copyright 2016, Springer Nature).
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Figure 7. Schematic diagram of the preparation process of Au-PANI-Fe-CNFs. (Reprinted with
permission from [54], Copyright 2020, Elsevier B.V.)
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Figure 8. (A) SWASV response of different concentrations of As(IIl) on Au-PANI-Fe-CNFs/GCE.
(B) Linear calibration curve of peak current versus As(IIl) concentration (0—400 ppb). (Reprinted with
permission from [54], Copyright 2020, Elsevier B.V.)

Besides composites of gold nanomaterials with carbon materials, metal oxide nano-
materials and certain polymers have also received much attention. More pairs of gold
nanomaterial-modified electrodes are shown in Table 2.
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Table 2. Gold-trimmed electrodes.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
Au-ITO LSV 5 [55]
AuNPs ASV 0.400 pA-V ppb~! 0.5-15 0.25 [40]
AuNPs-PANI SWV 0.4 [56]
A“&?gﬁii;‘t’;‘i’iﬁﬁ’ed DPASV 0.01-40 0.005 [57]
AuCNT ASV 26.49 0.1 [58]
ne’?v]\?(;?lil gsgolieifiictfure bPsv 0-1-70 01 471
AuNPs/Fe30y SWASV 13.55 0.01-1 0.00097 [59]
Nafion-Ibu-AuNSs cv 0.1-1800 0.018 [46]
citrate stabilized AuNPs SWV 0.05-1 and 1-15 0.025 [60]
PDDA-AuNPs DPV 0.017 0-7492 4.36 [61]
NF (Au nano) SWV 0.32 0.1-12.0 0.047 [62]
ERGO-AuNPs ASV 0.16 0.75-374.6 0.20 [63]
AuNP-SPE LSAdSV ! 0.014 0.75-749.2 [64]
Au/Te SWASV 6.35 0.0026 [65]
3D porous Au /TiO, SWASV 0.064 7.49-599.36 3.00 [66]
CB-AuNPs/SPE ASV 0.63 2-30 0.4 [67]
MnOx-AuNPs LS-ASV 2.73 pA ppb~! em 2 0.5-80 0.057 [68]
AuNP DPASV 4-1498 0.9 [42]
TTCN-AuNPs aY 0.0019-2.55 0.0006 [69]
gold film FI-DPASV 1.0-30 0.81 [45]
AuNPs EME 2-ASV 0.5-10 and 10-600 0.18 [52]
AuNPs-C films ASV 0.026 1-100 0.55 [70]
EG-AuNPs SWASV 0.58 [71]
AuNPs-bt cv 74.92-127,364 7.49 [53]
Au@Fe;0,-RTIL SWASV ;‘gggg ﬁi ggj EE:E 0.1-1/1-10 0.0022 [72]
np-Au SWASV 0.60 0.5-15 0.0315 [73]
MnFe;O4/Au hybrid SWASV 0315 3.37 [74]

nanospheres

AuNpCuF DPV 0.9 [75]
GCE-AuNPs SWASV 10-12,000 0.15 [76]
AuNPs-PCWEs chronoa rﬁ;mme try 0.083 22 [77]
AuNPs-RGO ASV 0.092 1-20 0.13 (78]
AuNPs-PpyNW LV 0.0029 and 0.0585 77';13_2519_%32 ;gf 23.97 [79]
Au/SiO, SWV 0.1-40 0.07 [80]
ZrF-8CAu cv 5-700 1 [81]
3D-rGO/AuNPs EIS 38 x 107730 x107* 14 x 1077 [82]
SPE/CNF-CHIT@Au nano FIA-ECD 0.2181 100-100,000 11.4 [83]
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Table 2. Cont.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
AuNP/BDD SWASV 100-1500 20 [84]
AuNPs/CeO,-ZrO, SWASV 0.976 0.5-15 0.137 [85]
AuNPs-SPCE ASV 0.11 30-150 8.9 [41]
BuCkY};}aypgN“I‘f’diﬁed LSASV 0.75-750 0.75 [86]
AuNP-Au film ASLSV 0.027 uA ppb_1 cm 2 1-150 0.42 [87]
eAuNP-SPE DPASV 0.5-20 0.22 [88]
gold film—plastic DPSV 10-500 5 [89]
rGO-Au nano SWASV 1.0-50.0 0.08 [90]
AuNPs/gC3Ny LSASV 3.07 0.375-74.921 0.22 [91]
3D NPG-ITO DPASV 9.837 0.1-50 0.054 [92]
SiNPs/AuNPs LSASV 10-100 5.6 [93]
MCPTH-AuNPs Ccv 1 [94]
AuNS/SPCE SWASV 0.2213 0-100 0.8 [49]
gold nanoparticles and DPV 0.075 wA ppb~! em~2 149.84-1648.24 59.94 [50]
crystal violet
gold nanostar SWV 0.101 0-100 29 [95]
Au-PANI-Fe-CNF SWASV 0.04 5-400 0.5 [54]
quasi-hexagonal DPASV 0.075-30 0.11 [96]
gold nano
GNR DPASV 0.90-38.99 0.72 [48]
AuNP-rLA-Lcyst SWV-ASV 0.1 3-25 3 [97]
AuNPs-Co30;4 SWASV 12.1/3.7 0.1-1/1-20 0.09/0.79 [98]
Pﬁgffz%\% SWASV 5-500 0.15 [99]
AuNPs SWSV 0.1007 16.73 [51]
Au nano/Fe-MOF SWASV 4.708 2-30 0.0085 [100]
GC-AuNP-ArOx Ccv 46.05 0.75-749.21 0.37 [101]

! Linear sweep adsorptive stripping voltammetry; ? electromembrane extraction.

3.1.2. Platinum Electrodes and Platinum-Modified Electrodes

In addition to gold, there are other precious metals used in the electrochemical detec-
tion of arsenic. Platinum wires are not only used as counter electrodes in many electro-
chemical detection systems, but there are also many working electrodes made of platinum
or modified with platinum nanoparticles. Tung Son Vinh Nguyen et al. determined the
As(III) ion concentration in water samples by the anodic solvation voltammetry (ASV)
technique using a Nafion film-modified platinum electrode and obtained a wide linear
range from 0 ppb to 40 ppb with a detection limit below 10 ppb [102]. He Xu, on the other
hand, used a Pt nanotube array electrode, the SEM in cross-sectional view of which is
shown in Figure 9, achieving a low detection limit of 0.1 ppb. Electrochemical experiments
demonstrated that platinum-nanotube array electrodes (PtNTAEs) exhibited better per-
formance for As(Ill) analysis than Pt nanoparticle-coated GCE (Pt nano/GCE) or Pt foil
electrodes [103]. In addition, the modification of other electrodes with Pt nanoparticles and
their composites is also a promising approach [104-108]; the detection limit is mostly below
10 ppb. Of interest is a Pt single-atom-anchored catalyst on MoS; (Pt; /MoS;) developed
by Pei-Hua L et al. to catalyze the determination of As(Ill). Pt; /MoS; of 4% exhibited
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excellent stability and interference resistance, with a sensitivity of up to 3.31 pA /ppb for
the detection of As(Ill) under near-neutral conditions, due to the Pt single atoms activated
close to S atoms, greatly enhancing the catalytic activity of S atoms in the MoS, plane [109].
Dong-Dong Han et al. demonstrated a size-dependent effect of 2-5 nm Pt nanoparticles on
the electrochemical behavior of arsenic (As(IlI)), with a decrease in sensitivity as the size of
Pt nanoparticles increased from 2.3 nm to 5.5 nm [110].

Figure 9. SEM image of cross-sectional view of PtNTAEs. (Reprinted with permission from [103],
Copyright 2008, Elsevier B.V.)

3.1.3. Silver Electrodes and Silver-Modified Electrodes

Several papers have reported on the silver-based electrochemical sensing of arsenic.
Among them, Maria del C. Aguirre used a silver wire electrode (SWE) for the electro-
chemical detection of arsenite with a minimum detection limit of 0.09 ppb, indicating that
SWE can be used for the detection of trace arsenic in alkaline and neutral media [111].
Baudelaire Matangouo Sonkoue generated silver nanocolloids by the chemical reduction
of silver salts using citrate in aqueous solution and used a gold electrode modified with
silver nanoparticles as the working electrode in linear sweep voltammetry for the detection
of arsenic ions. Under optimal conditions, calibration curves were plotted over a concen-
tration range of 0.05-0.2 uM and the limit of detection was estimated to be 13.8 nM [112].
In addition, composites of silver nanomaterials with chitosan and graphene are also of
interest for the electrochemical detection of arsenic. Silver nanoparticles (AgNPs) with
chitosan (CT)-modified glassy carbon electrode (GCE) prepared by S. Prakash were used
for the detection of As(Ill) by differential-pulse anodic dissolution voltammetry (DPASV),
which has high sensitivity for the detection of As(IIl) in water due to the unique three-
dimensional network and powerful adsorption capacity, and the designed nanostructured
electrode has a wide linearity range (10-100 ppb), high sensitivity (0.309 pA ppb~!) and
a detection limit of 1.20 ppb (16.2 nM) [113]. Riyaz Ahmad Dar used cyclic voltammetry and
anodic dissolution voltammetry measurements to evaluate the electrochemical properties
of B-cyclodextrin-stabilized AgNPs-GO/GCE for As (III) detection with an approximately
threefold increase in peak current compared with GO films alone, showing a wide lin-
ear range (13.33-375.19 nM) and high sensitivity (180.5 pA pM 1), including a 0.24 nM
detection limit [114]. Shao-Hua Wen et al. described the multimodal determination of
arsenite (As(Il)) in environmental samples by the stimulated response of multi-ligand
functionalized silver nanoparticles (Ag NPs) in the electrochemical determination with
GSH/DTT/Asn-Ag NPs as the signal probe of the redox electrochemical As(III) sensor.
The As(IIl) concentration increased, the peak currents of Ag NPs in the DPV response
curves were recorded, and the calibration curves showed good linearity of peak current
intensity with As(III) concentration in the range of 0.01-40 ppb, with detection limits as
low as 5.2 ppt [115].
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3.1.4. Other Precious-Metal-Modified Electrodes

Agustiany studied the preparation of stable iridium-modified boron-doped diamond
electrodes by electrodeposition, and As(Ill) was detected by cyclic voltammetry [116].
The electrode showed a linear curve in the concentration range of 1-100 uM with a detection
limit of 4.64 uM and good stability and reproducibility, with a relative standard deviation
of 2.6% under the optimal conditions of a pH 3 phosphate buffer and a scanning speed of
50 mV/s. In addition, the electrode showed good linearity (R? = 0.998) and sensitivity for
the measurement of As(Ill) in both tap water and lake water samples. The test plots are
shown in Figure 10. Erfan Mafakheri electrodeposited iridium oxide (IrO;) nanotubes in
polycarbonate (PC) stencils to form IrO, nanotubes with a uniform diameter of 110 + 10 nm,
an estimated length of 1-3 um, and IrO; nanotube-modified glassy carbon electrodes for
the detection of As(III) [117].
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Figure 10. Cyclic voltammetry responses of different spike concentrations of arsenic (III) in (a) tap
water and (c) lake water samples; scan rate 50 mV/s at Ir-BDD prepared using complete step
deposition. (b) and (d) depict the dependence of current responses on arsenic (III) concentrations.
(Reprinted with permission from [116], Copyright 2020, Elsevier B.V.)

R Gupta et al. deposited metallic ruthenium nanoparticles (RuNPs) on a glassy carbon
electrode (GC) with a modified electrode with arsenite selectivity, schematically shown in
Figure 11, for the detection of arsenite in water [118]. The differential pulse voltammetry
(DPV) based on RuNPs/GC can determine the concentration of arsenite within minutes
with a detection limit of 0.1 ppb, a reproducibility of 5.4%, and a sensitivity of 2.38 nA ppb~!.
RuNPs can be anchored on different chemical platforms such as graphene, electrodes,
Fe;04, etc. to design robust and reusable electrochemical sensors for the detection of
arsenite in various aqueous solutions.
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Figure 11. Schematic diagram of RuNPs/GC-based As electrochemical detection. (Reprinted with
permission from [118], Copyright 2016, American Chemical Society.)

Sthitaprajna Dash investigated the electrodeposition of nanodendritic Pd on poly(3,4-
ethylenedioxythiophene) (PEDOT)-modified Pd nanodendritic electrodes for the electro-
analysis of As(Ill) in 1 M HCl solution. A wide detection range of up to 10 uM and a low
detection limit of 7 nM (0.52 ppb) can be achieved with a pre-deposition time of 120 s
under optimal conditions [119]. Md. Mahbubul Alam electrochemically immobilized Pd
nanoparticles on Pt surface in the presence of sodium dodecyl sulfate (SDS) molecules.
and its FE-SEM image is shown in Figure 12. The LOD of As(III) was determined to be
0.2 ppb using a Pt-Pdy4s sensor [120]. In addition, other noble-metal-modified electrode
comparisons are presented in Table 3.

Figure 12. FE-SEM image of Pd particles deposited on Pt surface. (Reprinted with permission
from [120], Copyright 2018, The Royal Society of Chemistry.)

Table 3. Other precious-metal-modified electrodes.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb)  Reference
Pt nano ASV 2.94 x 1073 74.92-3746.08 2.1 [121]
Pt nano SWV 0-100 0.5 [107]
PtNTAEs LSV 0.011 749.21-14,984.32 0.1 [103]
Pt nano/CNTs LSV 9.34 x 1073 374.61-74,921.6 0.12 [104]
Pt nano Ccv 5.68 [122]
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Table 3. Cont.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb)  Reference
Gr-nPt SWASV 0.75-7.49 0.082 [106]
Pt nano (2.3 nm) SWASV 0.356 0-1000 [110]
Nafion /Pt ASV 0.036 0-40 <10 [102]
Pt nano ASV 0-100 16.50 [105]
Pt; /MoS, SWASV 3.31 0.5-8 0.05 [109]
Pt nano ASV 63 x 1077 CuM~! 3.75-74.92 4 [123]
SWE LSASV 0.09 [111]
AgNPs/CT DPASV 10-100 1.20 [113]
AgNPs-GO ASV 2.41 1-28.11 0.018 [114]
Ag-GCE SWASV 0.98 10-60 4.2 [124]
Ag-SPCE SWASV 0.6 10-80 8.4 [124]
AgNPs DPASV 3.75-14.98 1.03 [112]
GSH/DTI/Asn-Ag DPV 0.01-40 52 x 1073 [115]

NPs

IrOx-BDD chronoamperometry 0.056 1.50-3746.08 0.15 [125]
Ir-BDD cv 1.24 x 1073 pA ppb~! ecm—2 15 [126]
IrO, nanotubes DPV 0-5993.73 7.49 [117]
Au-ItM SWASV 3.19 x 1074/2.64 x 1073 0.75-3.75/0.07-0.75 0.037 [127]
Ir-BDD Ccv 747 x 107* uA ppb~! cm 2 74.92-7492.16 347.63 [116]
Ru NPs DPV 2.38 x 1073 0.1 [118]
[Ru(bpy)3]>*-GO DPV 0.32 7.49-14.98 0.015 [128]
Ru(I)-tris(bipy)-GO Ccv 1.42 pA ppb~! em =2 3.75-59.93 2.25 [129]
Pd-PEDOT DPASV 19.78 uA ppb~! cm 2 0-749.21 0.52 [119]
Pt-Pdgs SWV 74.92-16,857.36 0.2 [120]

3.2. Bimetallic Particle-Modified Electrodes

Precious metal nanomaterials are good for electrode modification, but the cost of
modifying electrodes with gold is very high, so people choose to use gold composites for
detection, in addition to deriving other bimetallic particles, in order to ensure the detection
sensitivity and, at the same time, control the cost of detection. The bimetallic nanomaterials
containing gold are Au-Pd, Au-Pt, Au-Ag, Au-Cu, etc. In addition, Fe has an excellent
performance in arsenic ion detection, so it has also been studied in Fe-based bimetallic
particle-modified electrodes, where bimetallic FePt, FeAu, FePd, and AuPt nanoparticles
(NPs) are electrochemically deposited on Si(100) substrates and their electrochemical prop-
erties are investigated for As(Ill) detection. Trace amounts of As(III) can be determined by
anodic stripping voltammetry at neutral pH. The synergistic effect with Fe alloying leads
to the better performance of Fe precious metal NPs (Au, Pt and Pd) than pristine precious
metal NPs (without Fe alloying). Detection limits and linear ranges were obtained for FePt,
FeAu, and FePd NPs. The best performance was obtained for FePt NPs with a detection
limit of 0.8 ppb and a sensitivity of 0.42 pA ppb 1. The selectivity of the sensor was also
tested in the presence of large amounts of Cu(Il), the most detrimental interfering ion for
As detection. Thus, bimetallic NPs are expected to be an effective and high-performance
electrochemical sensor for the detection of ultra-trace amounts of arsenic [130]. More elec-
trodes modified with bimetallic materials and their detection performance are summarized
in Table 4.
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Table 4. Bimetallic modified electrodes.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
Au-Pd NPs SWV 1-25 0.25 [131]
Au-Pd NPs SWASV 3.9 0.024 [132]

Au/Te crystals SWASV 6.35 0.1-10 0.0026 [65]
Au-Pt NPs LSASV 0.37-224.76 0.28 [133]
Au-Cu SWASV 1.63 uA ppb~! em—2 2.09 [134]
Au-PtNPs/PANI SWASV 0.23 2.47-14.98 1.48 [135]
C-AuNPs SWv 0.5-100 0.092 [136]
Ag-Au CV/DPV 0.01-10 0.003 x 103 [137]
Fe304-Au SWASV 122 1-100 0.22 [138]
FePt SWvV 0.42 1-5 0.8 [130]

Pt-Fe ASV 0.064 0.75 [139]

3.2.1. Gold-Platinum Bimetallic Modified Electrodes

A novel and easy-to-use nanohybrid platform suitable for the electrochemical detection
of As(Ill) was prepared based on gold and platinum bimetallic nanoparticles (Au-Pt NPs)
and the conducting polymer polyaniline [135]. Good detection limits were obtained by
square-wave anodic dissolution voltammetry using modified screen-printed electrodes.
The SWASV of 0-15 ppb (As(Ill) concentration) was recorded (Figure 13a) and this sensor
was found to have good linearity in the range of 33-200 nM concentration of As(IlI) ions,
with an LOD up to 19.7 nM, as shown in its calibration plot (Figure 13b).

3.2.2. Gold—Copper Bimetallic Modified Electrode

Recently, a simple hydrothermal method for the preparation of Au and Cu bimetallic
nanoparticles of different compositions has been proposed [134]. The electrochemical
performance of Au-Cu bimetallic nanoparticles in the determination of As(IlI) particle
concentration was investigated using the square-wave anodic dissolution voltammetry
SWASYV method, and the SWASYV response for As(IlI) detection in different concentration
ranges is shown in Figure 14, where the Cu content in Au-Cu bimetallic nanoparticles is
crucial for the detection efficacy. Compared with gold nanoparticles and gold electrodes,
Au-Cu bimetallic nanoparticles exhibited better electrochemical performance with a lower
detection limit (2.09 ppb) and higher sensitivity (1.63 pA ppb~! cm~2). In addition, the Au-
Cu bimetallic nanoparticles also exhibited superb anti-interference performance for the
detection of As(III).
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Figure 13. (a) SWASV curves obtained at the Au-PtNPs/SPCE platform. (b) Corresponding calibra-
tion plots (Reprinted with permission from [135]).
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Figure 14. SWASYV response of (a) Au, (b) AugzCuy, (c) AuggCuyy, and (d) AuygCuy; bimetallic
nanoparticle-modified GCE for As(III) detection at different concentration ranges. (Reprinted with
permission from [134], Copyright 2016, Elsevier B.V.)

3.2.3. Silver—Gold Bimetallic Modified Electrode

Reetu Yadav reported a sensor with silver—gold alloy nanoparticles (i.e., silver and gold
alloy nanoparticles) modified with glassy carbon electrode and loaded with aptamer [137].
The bimetallic nanoparticles have a large surface area for adhesion with the aptamer, and
thus have a large number of binding sites. The detection method uses cyclic voltammetry
and differential pulse voltammetry, the electrode is used for the determination of As** in
actual water samples, and the curve is linear when the As®** concentration is 0.01-10 pg/L,
with a detection limit of 0.003 x 1073 pg/L. The sensor has good repeatability, stability,
and selectivity, and can be applied to the detection of arsenic ion concentration in real
water samples.

3.3. Other Metals and Their Compound-Modified Electrodes
3.3.1. Fe and Its Compound-Modified Electrodes

In the three-electrode-based electrochemical detection, the adsorption ability of the
electrode surface on the target element plays a crucial role in the electrochemical detection
performance, and the oxide nanoparticles of Fe become a hot spot for electrochemical detec-
tion due to their high adsorption ability and magnetic properties [140]. Pooja Devi et al. re-
ported a chemically reduced rGO/Fe30,4 nanocomposite-modified glassy carbon electrode,
which achieved a low detection limit of 0.12 ppb by square-wave anodic dissolution voltam-
metry [141]. Haibing Hu’s team prepared Fe;O4 nanomaterials using a co-precipitation
method, resulting in a Fe3Oy particle size of about 20 nm, which was then compounded
with reduced graphene oxide. Under the optimized experimental conditions, the FezOy-
rGO-modified glassy carbon electrode showed higher sensitivity (2.15 pA/ppb) for arsenic
and achieved low detection limits [142]. The rGO/Fe3;04 nanocomposite has been shown
to be a potential electrochemical and bioelectrochemical sensing material for the simultane-
ous detection of ascorbic acid, dopamine and uric acid, as well as for the electrocatalytic
determination of nitrite. Akajionu Benjamin Chimezie et al. used differential pulsed anodic
solvation voltammetry (DPASV) on a screen-printed electrode modified with reduced
oxidation. An electrochemical sensor for the determination of As(IIl) in water resources
was developed on the surface of graphene-magnetic nanocomposite (rGO-Fe;O4/SPEC)
using differential pulsed anodic dissolution voltammetry (DPASV) [143]. The schematic
diagram is shown in Figure 15. The electrode has a detection limit of 0.1 ug/L for As(Ill) in
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drinking water. The sensor has a wide operating range (2-300 ug L~!), good repeatability,
reproducibility and stability, and is virtually unaffected by common interfering ions.

® Fe,0,
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Figure 15. Schematic diagram of rGO-Fe3O,4/SPEC-based electrochemical analysis of arsenic ions.
(Reprinted with permission from [143], Copyright 2017, Elsevier B.V.)

Hong Cui et al. modified the glassy carbon electrode with a composite of magnetic
Fe3;04 nanoparticles and gold nanoparticles, and the detection limit was 0.00097 ppb
under optimal conditions [59]. Chao Gao et al. proposed an Fe304-RTIL (room temper-
ature ionic liquid) composite-modified screen-printed carbon electrode (SPCE) in order
to achieve ultra-low detection limits while reducing the dependence on precious metal
gold, and obtained an ultra-low detection limit of 8 x 10~% ppb by square-wave anodic
solvation voltammetry (SWASV) while achieving a high sensitivity of 4.91 uA ppb_1 [144].
Other ferrites also have great potential for electrochemical detection. Shaofeng Zhou et al.
reported Au nanoparticle-decorated mesoporous MnFe,O4 nanocrystal clusters for the
detection of As(Ill) in water samples by square-wave anodic dissolution voltammetry
(SWASV) with good reproducibility, stability and reproducibility, as well as interference
resistance [74]. In a recent study, Hong-QiHuang et al. proposed a successful electrochemi-
cal sensor driven by noble metal-free layered porous Fe3O4/Co0354 nanosheets for As(III)
analysis, and obtained a considerable sensitivity of 4.359 uA/ppb for the electrochemi-
cal detection of As(IIl) in 0.1 M HAc-NaAc (pH 6.0) by square-wave anodic dissolution
voltammetry (SWASV). The improved electrochemical performance of As(Ill) is attributed
to its nanoporous structure, the presence of oxygen vacancies and the strong synergistic
coupling effect between Fe;O4 and Co3S, species [145].

3.3.2. Manganese and Cerium Oxide-Modified Electrodes

Due to the synergistic effect, Mn;O3 /CeO, nanocubes have a high adsorption capacity
for As(Ill), so its detection sensitivity is higher than any kind of oxide. Combined with
the sensing properties of gold (Au) for As(III), a sensing material based on Mn,03/CeO,
nanocubes modified with gold electrode was fabricated [146], as shown in Figure 16. Under
the optimized conditions, the sensitivity of the sensor was 0.0414 mA ppb~! and the limit
of detection (LOD) was 3.35 ppb with good stability and reproducibility, and the electrode
had good selectivity for the presence of common interfering ions.

Manganese oxide (MnO,) can be used as an active electrode material due to its good
redox properties, porosity, low cost, and large specific surface area. In addition, the elec-
trocatalytic properties of the composites can be further improved through synergistic
effects by immobilizing metal oxides on the surface of polyhydroxytyramine (POT) and
graphene oxide (rGO) composites. Sathish Kumar Ponnaiah et al. used a novel manganese
dioxide/polyhydroxytyramine/reduced graphene oxide nanocomposite (MnO, /POT/rGO/
GCE) to fabricate sensing electrodes with a wide linear range (0.01-0.900 ppb) and minimum
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detection limit (42.0 ppt), and excellent selectivity, stability and reproducibility [147].
The process schematic is shown in Figure 17.
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Figure 16. Schematic diagram of electrochemical analysis of arsenic on Mn,;O3/CeO,/gold elec-
trode. (A) Adsorption, (B) pre-concentration, (C) stripping. (Reprinted with permission from [146],
Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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Figure 17. Synthesis of MnO, /POT/rGO nanocomposites and arsenic detection process. (Reprinted
with permission from [147], Copyright 2020, Springer Nature Switzerland AG.)

3.3.3. Cobalt Oxide-Modified Electrodes

An electrochemical sensor based on cobalt oxide nanoparticles was developed by
Abdollah Salimi et al. Cobalt oxide (CoOx) nanoparticles were prepared from an aqueous
buffer solution of CoCl, using cyclic voltammetry and deposited on the surface of a glassy
carbon electrode. Then, As(Il) was detected by cyclic voltammetry, and a detection limit
of 11 nM was achieved. The authors concluded that immobilizing cobalt oxide nanopar-
ticles on the surface of GC electrode seems to be an efficient method to develop a new
class of sensitive, stable and reproducible electrochemical sensors for As(III) [148]. Chun-
Yang Li combined the excellent catalytic properties of AuNPs with the high adsorption
capacity of Co3O,4 nanomaterials to construct an ultra-sensitive electrochemical sensor
for electrochemical analysis of As(III) by homogeneously assembling gold nanoparticles
on porous cobalt oxide (CozO4) microsheets to form nanocomposites [98]. The experi-
mental results show that the AuNPs/ CozO4 nanocomposite-modified SPCE achieved an
ultra-high sensitivity of 12.1 + 0.2 uA ppb~! and a detection limit of 0.09 ppb for As(III)
using the SWASV method. This excellent electrochemical performance was attributed to
the high adsorption capacity of the porous Co3O4 microporous sheet and AuNPs for the
favorable electrocatalysis of As(IIl) reduction. In addition, the method also exhibits good
anti-interference performance in the presence of other metal ions (Cu(Il), Pb(Il), Cd(I),
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etc.) with good stability and reproducibility. Most importantly, the electrochemical sensor
has been successfully applied to the electroanalysis of As(Ill) in water and human serum
samples, which provides a new approach to design sensitive and stable electrochemical
sensors. The schematic diagram of the electrochemical analysis is shown in Figure 18 below.
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Figure 18. Electrochemical analysis of arsenic ions in solution based on AuNPs/Co30,/SPCE.
(Reprinted with permission from [98], Copyright 2020, Elsevier Ltd.)

3.3.4. Tin Oxide-Modified Electrodes

Tin oxide (SnO,) has become the material of choice for arsenic (As3*) redox sensing
due to its high catalytic activity, environmental performance, wide band gap (3.64 eV) and
high specific surface area (nanoscale) [149]. Tian-JiaJiang et al. reported an ultrathin SnO,
nanosheet for the modification of gold electrodes, resulting in enhanced adsorption capacity
on the gold electrode surface [150]. Gaurav Bhanjana et al. synthesized SnO; nanopins
(particle size 60-80 nm) by the chemical precipitation method, characterized their elemental,
topological, morphological and structural features, and then coated these nanopins on the
surface of pencil cores (containing graphite/carbon(C)) to serve as working electrodes to
prepare nanomaterial sensors for the detection of arsenic ions [151]. By the electrochemical
determination of arsenic in real samples, the sensor has a detection limit of 10 ppb, a linear
range of 50-500 ppb, and a sensitivity of 28.13 nA ppb~! cm~2. The experimental results
provide a feasible method for the field detection of As®>* in environmental samples such
as food, beverages, industrial samples, and wastewater. The modified electrode current
response relationship under certain conditions is shown in Figures 19 and 20.
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Figure 19. (a) Current response to different concentrations of arsenic; (b) oxidation peak current
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calibration curve (Reprinted with permission from [151], Copyright 2018, Elsevier B.V.)
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3.3.5. Strontium Compound-Modified Electrodes

A. Karthika et al. reported a glassy carbon electrode modified with strontium titanium
trioxide (SrTiO3) and -cyclodextrin (3-CD)-based nanocomposite, for the determina-
tion of toxic As(Ill) ions in water and serum samples [152]. The prepared SrTiOsz/(3-CD
nanocomposite-modified glassy carbon electrode has a high specific surface area and a sen-
sitive electrochemical response. After testing, the oxidation peak current of As(Ill) increased
linearly with the concentration in the concentration range of 10-140 uM of As(IIl) particles,
and the detection limit was 0.02 M. The electrode is stable, sensitive and reproducible for
the detection of As(IIl) in water and serum.

3.3.6. Bismuth Compound-Modified Electrode

Thabile Ndlovu electrodeposited a bismuth film onto an exfoliated graphite (EG)
electrode at a potential of —600 mV. The modification of EG resulted in an increase in the
electroactive surface area of the electrode, and square-wave anodic dissolution voltammetry
using the modified electrode (EG-Bi) in As(III) solution was able to detect 5 ppb of As(III)
and was insensitive to many interfering cations except Cu(II) [153]. Potlako J. Mafa also
electrodeposited bismuth nanoparticles onto graphite electrodes and used square-wave an-
odic solvation voltammetry (SWASV) to co-detect heavy metal ions in water samples with
a detection limit of 0.014 ppb for As(III) under optimized experimental conditions [154].
In addition to bismuth nanoparticles, Lignesh Durai reported a novel and facile hydrother-
mal synthesis of bismuth vanadate (BiVO,) nanoflakes for the trace detection of arsenic
in biological samples by the electrodeposition of a screen-printed carbon electrode (SPCE)
coated with polyaniline (PANI), with the As(Ill) sensing mechanism as shown in Figure 21.
The sensor can detect As®* ions by the differential pulse dissolution voltammetry (DPASV)
technique with a significantly low limit of detection (LOD) of 0.0072 ppb and a sensitivity
of 6.06 pA ppb’1 cm 2 with a linear range of 0.01-300 ppb [155].

Stripping

Deposition

Figure 21. DPASV sensing mechanism of PANI@BiVO, /SPCE for As®>" ions. (Reprinted with
permission from [155], Copyright 2020, Elsevier B.V.)

PANI@BVO

3.3.7. Zirconium Compound-Modified Electrodes

Gaurav Bhanjana used gold electrodes modified with zirconia nanocubes synthesized
by a facile hydrothermal route, and electrochemical sensing of arsenic was achieved by
cyclic voltammetry (CV) and chronoamperometry with a sensitivity of 550 nA cm~2 ppb !
and a detection limit of 5 ppb (linear range of 5-60 ppb, response time below 2 s). The syn-
thesized nanoparticles are nanocubes, and from the CV plots under different conditions
(Figure 22) it can be seen that the peak oxidation current is more pronounced for zir-
conia nanocube-modified electrodes than for zirconia nanoparticle-modified electrodes,
which are used as effective electrocatalysts in the direct redox sensing of arsenic [156].
In addition, zirconia composites were used for the electrochemical detection of arsenic.
MengYang used AuNPs/CeO,-ZrO; nanocomposite-modified glassy carbon electrodes
(GCE) to fabricate a sensing interface for the sensitive and accurate analysis of As(IIl) in
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near groundwater pH values, and square-wave anodic dissolution voltammetry (SWASV)
was used to determine As(Ill) in real water samples. Thanks to the strong adsorption
capacity of CeO;-ZrO,, the electroanalytical sensitivity and theoretical detection limit of
As(TIT) were 0.976 pA ppb~! and 0.137 ppb, respectively, at the optimal parameters. In ad-
dition, the method has good anti-interference performance [85]. The performance analysis
of different electrodes modified with metals other than noble metals and their compounds
for the electrochemical detection of arsenic is given in Table 5.
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Figure 22. (a) CV curves of 50 ppm arsenic(IIl) ion standard under varying conditions for zirconia
nanocubes, x: blank (black line), y: bare gold electrode (red line), and z: after fabrication (blue line);
(b) CV curves of 50 ppm arsenic(III) ion standard under varying conditions for zirconia nanoparticles:
x: blank (green line), y: bare gold electrode (red line), and z: after fabrication (black line). (Reprinted
with permission from [156], Copyright 2016, Royal Society of Chemistry.)

Table 5. Other metal- and compound-modified electrodes.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
Au NPs/Fez0, SWV 13.55 0.01-1 0.00097 [59]
Fe-CB/PE ASV 0.4-20 0.16 [157]
Fe30,4-RTIL SWASV 491 1-10 0.0008 [144]
Chitosan-Fe(OH)3 ASV 8.39 2-100 0.072 [158]
Au @Fe;0,-RTIL SWASV 58.66 uA ppb~! cm 2 0.1-1 0.0022 [72]
rGO/Fe30, 1.922 2-20 0.3 [159]
rGO-Fe30, DPASV 2-300 0.10 [143]
rGO/Fe30, SWASV 0.281 0.12 [141]
@mii;%?@FmC EIS 7.49 x 1074-0.75 5.04 x 107% [160]
Fe Pc/Si-NP DPASV 0.20 3.66 [161]
CoPc/Si-NP DPASV 0.18 4.39 [161]
Au/Fe30y SWASV 9.43 0.1-10 0.0215 [162]
«-FeOOH Ccv 0.75-1498.43 0.37 [163]
Fe,V4O13—polypyrrole DPASV 0-500 0.3 [164]
ﬁﬁlosifééﬁg cv 52 0.1-20 0.01 [165]
C;E“Q:E’gle\?@;%m&?&e)d SWASV 41.08 1-60 0.0006 [166]
Fe30,4~rGO SWV 2.15 1-20 1.19 [142]
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Table 5. Cont.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
GO/Fe30,@PMDA / AuNPs SWSV 0.5-750 0.15 [99]
Fe304-Au-IL SWASV 122 1-100 0.22 [138]
Fe30,/Co3S, SWASV 4.359 1.0-10.0 0.691 [145]
MnOy/AuNPs LS-ASV 2.73 pA ppb~! em 2 0.5-80 0.057 [68]
MnFe,O4 NCs SWASV 0.295 1.95 [167]
rGO/MnO, SWASV 0.175 0.1-50 0.05 [168]
AuNPs/o-MnO, SWASV 0.828 1-10 0.019 [169]
MnFe;04/Au hybrid SWASV 0315 337 [74]

nanospheres

Mn,03/CeO, SWASV 0.0414 3.35 [146]
Nafion/a-MnO@PDA SWASV 0.13 10-150 3.2 [170]
MnO, /POT/rGO DPV 0.00163 0.01-0.9 0.042 [147]
Bi-NPs SWV 5 [153]
EG-Bi SWASV 0.014 [154]
PANI@BiVO, DPASV 6.06 pA ppb~! cm 2 0.01-300 0.0072 [155]
F-doped CdO thin films Y 5.747 x 1073 4.55-41 0.00455 [171]
CoOx cv 149 x 1073 0.82 [148]
Co-rGO ASV 0.31 [172]
AuNPs-Co30y SWASV 12.1/3.7 0.1-1/1-20 0.09/0.79 [98]
Fe304 /Co3S, SWASV 4.359 1.0-10.0 0.691 [145]
Ing 38Gag 6N /Si(111) SWV 10-50 9.27 [173]
Pt; /MoS , SWASV 3.31 0.5-8 0.05 [109]
PbO, /rGO 0.75 [174]
Au-ITO ASV 5 [175]
SnO, nanosheets SWASV 0.058 5-300 4.6 [150]
Nafion/SnO, nanoneedles Ccv 28.13 pA ppb~! ecm—2 50-500 10 [151]
3D NPG-ITO DPASV 9.837 0.1-50 0.054 [92]
Gemini-ITO SWV 1-100 0.88 [176]
SrTiOs /B-CD Amperometry 0.0053 A pM cm 2 749.21-10,489.02 1.50 [152]
CP-ThO, NP DPASV 0.54 3-180 0.1 [177]
3D porous Au/TiO, SWASV 0.064 7.49-599.36 3.00 [66]
TiO,-GSE LSV 1.10 10-80 10 [178]
ZrO»-nanocubes (&A% 5-60 5 [156]
ZrF-8CAu CV 5-700 1 [81]
Z{AGS(SgE DPV 1.36 0.10-40.0 0.12 [179]
AuNPs/Ce0,-Zr0O, SWASV 0.976 0.5-15 0.137 [85]

3.4. Carbon Nanomaterial-Modified Electrodes

In electrochemical sensing, carbon-based electrodes such as glassy carbon electrodes,
screen-printed carbon electrodes and graphite—carbon paste electrodes are widely used for
arsenic ion detection. In addition, due to the unique electronic properties of carbon-based

181



Nanomaterials 2022, 12, 781

nanomaterials, carbon nanomaterials have proven to be very suitable for the modification
of working electrodes in the electrochemical detection of arsenic. Carbon nanomate-
rials include single-walled carbon nanotubes (SWNT), multi-walled carbon nanotubes
(MWNT), graphene, nanodiamond, fullerene, and graphene quantum dots. The most
widely studied carbon nano-derivatives in electrochemical sensing are carbon nanotubes
and graphene [180]. The performance analysis of different carbon nanomaterials and their
composite-modified electrodes for the electrochemical detection of arsenic is statistically
presented in Table 6.

Table 6. Carbon material-modified electrode.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
ERGO-AuNPs ASV 0.16 0.75-374.61 0.20 [63]
Gr-nPt SWASV 0.75-7.5 0.082 [106]
Au/GO/Leucine/Nafion Ccv 0.03 pA ppb~! cm—2 500 [181]
NH,-GO SWASV 130.631 pA ppb~—! cm—2 0.162 [182]
3D-rGO/AuNPs EIS 3.8 x 1077-3.0 x 10~* 1.4 x 107 [82]
[Ru(bpy)3]>*-GO DPV 6.00-1123.83 1.57 [183]
Ru(II)-tris(bipy)-GO Ccv 1.42 pA ppb_1 cm 2 3.75-59.94 2.25 [129]
TTCA/rGO SWASV 0-10 0.054 [184]
Gr/MOF DPASV 0.2-25 0.06 [185]
RM-rGO SWASV 2.49 0.07 [186]
SPGE DPAV 0.0-5.0 0.28 [187]
Au-PANI-Fe-CNF SWASV 0.04 5-400 0.5 [54]
SH-SWCNTs LSV 1.33 0.008 [188]
DNA-SWCNT LSV 0.17 0-33.6 0.05 [189]
Pt nano/CNTs LSV 9.34 x 1073 374.61-74,921.6 0.12 [104]
CNTs/Leucine /Nafion Ccv 0.27 0.37-149.84 0.12 [190]
CNTs/Nafion/Glutamine 1.33 0.075-37.835 2.72 [191]
CNTs-GNPs LSASV 135 0.5 [192]
ssDNA/SWCNTs DPV 0.5-10 0.5 [193]
Eu-MGO/Au@MWCNT SWSV 0.99-100.0 0.27 [194]
BuCkyiaypgl\Ir;Odiﬁed LSASV 0.75-750 0.75 [86]
CQDs/f-MWCNTs/GO DPV 7.49 x 1073-0.82 0.037 [195]
MMWCNTs-D-NH, SWASV 0.5613 1.0-50.0 0.46 [196]

3.4.1. Carbon Nanotube-Based Detection of Arsenic Ions

Carbon nanotubes (CNT) are an excellent support structure due to their large effective
detection surface, fast electron transfer rate compared with bulk carbon electrodes, high
electrocatalytic activity and low electrode contamination, which can further help to improve
electrochemical analysis performance by immobilizing other chemical species, such as metal
NPs and organic molecules [14]. The main features of carbon nanotubes in electrochemical
sensors are a fast response and low detection limits.

He Xu et al. chose to form a composite with carbon nanotubes for the electrochemical
detection of arsenic using Pt nanoparticles, as shown by the TEM image of the composite
(Figure 23), where Pt nanoparticles are clearly decorated on carbon nanotubes, reflecting a
higher electroactive area than the Pt nanoparticle modification alone [104]. Yaxiong Liu et al.
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proposed a single-layer low-resistance single-walled carbon nanotube-modified glassy car-
bon electrode for the electrochemical detection of arsenic with non-covalent SH groups
sensitive to As(IlI), achieving an ultra-low detection limit of 0.008 ppb [188]. In addition
to compounding with metal particles, carbon nanotubes can also be combined with
biomolecules and with DNA. Yaxiong Liu’s team developed a layer-by-layer assembly
of DNA-functionalized single-walled carbon nanotubes that achieves a detection limit
of 0.05 ppb in a near-physiological environment and can be reused multiple times [189].
Subramanian Nellaiappan et al., on the other hand, proposed a gold nanoparticle/carbon
nanofiber/chitosan chemically modified carbon screen-printed electrode by simultaneously
combining carbon nanofibers with metal particle biomolecules, achieving comparable
results to inductively coupled plasma-emission spectroscopy [83].

Figure 23. TEM photograph of Pt nano/CNTs synthesized by microwave irradiation; the inset is
a higher magnification image of Pt/CNTs nanocomposite. (Reprinted with permission from [104],
Copyright 2008, Elsevier B.V.)

3.4.2. Graphene-Based Detection of Arsenic lons

Graphene is a new material in which carbon atoms are tightly packed into a single two-
dimensional honeycomb lattice structure. This material has excellent properties, with high
strength and good toughness, and good electrical conductivity, and can be used directly
as a modification material for electrodes. In addition, graphene has a characteristic that is
very favorable for loading other materials, which is that it has many smooth folds, so there
will be many graphene and other material composites to modify the electrode, so that the
characteristics of the loading material can be more obvious.

Haibing Hu’s team performed the electrochemical characterization of bare glassy
carbon electrode, rGO, Fe304, and Fe304-1GO nanocomposite-modified glassy carbon
electrode in a specific detection solution in the preparation of Fe;04-rGO nanocomposite,
and found that the electrochemical performance of glassy carbon electrode modified by
rGO or Fe3O4 only was not as good as that of bare glassy carbon electrode, although it
was better than that of bare glassy carbon electrode, while the electrochemical perfor-
mance of glassy carbon electrode modified by both composites was very good, which
indicated that the large surface area provided by rGO caused the Fe3zOy particles to ad-
here well to the surface [142]. In addition to metal oxides, graphene can also form com-
posites with metals [185], multi-walled carbon nanotubes [195], precious metals [114],
and biomolecules [197], among others.

Carbon nanoparticles and other carbon-based nanomaterials have been used for signal
enhancement in electrochemical sensors and biosensors due to their advantageous specific
surface area. An electrochemical sensor based on carbon nanoparticles (CNPs) and gold
nanoparticles (AuNPs) comprising an immobilized platform for As(Ill) detection in water
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was reported in 2019 [136]. The carbon—gold nanoplatform was prepared by drop coating
CNPs on a glassy carbon electrode (GCE), followed by the electrodeposition of AuNPs on
the CNPs-modified electrode under certain conditions. The sensor has a detection limit of
0.092 ppb and exhibits insensitivity to the interference of Cd?*, Cu?*, and Hg?*, providing
an interference reduction method for the electrochemical detection of arsenic.

3.5. Biomolecule-Modified Electrodes
3.5.1. Arsenic Detection Based on DNA-Modified Electrodes

DNA in DNA-based biosensors provides biologically recognizable components with
three modes of interaction [198], namely electrostatic interactions with negatively charged
phosphates, binding interactions with minor and major grooves of the DNA double helix,
and embedding between natural DNA stacked base pairs.

An advanced DNA biosensor was reported by J. Labuda et al. [199]. Using the Co(I1I)
complex with 1,10-phenanthroline, [Co(phen)3]**, as an electrochemical DNA marker and
the Ru(Il)complex with bipyridyne, [Ru(bipy);]**, as a DNA oxidation catalyst, calf thymus
DNA (CT-DNA) immobilized on the surface of a screen-printed electrode (SPE) was placed
in aqueous solutions of different concentrations of As(Ill), As(V), dimethylarsenic acid,
phenylarsenic and p-arsenic acid. Although this system was reported to have a poor detec-
tion limit (75 mg/L), it showed a successful correlation between DNA-labeling signals and
As(III) levels. Liu and Wei exploited the high electrical conductivity of carbon nanotubes
(CNTs) to construct electrochemical biosensors and explored the concept of the direct
oxidation of As(0) to As(Ill) on DNA-functionalized single-walled CNT-modified glassy
carbon electrodes [189]. The developed biosensor was operationally stable over a wide
pH range with a detection limit (S/N = 3) of 0.05 ug L~! at pH 7.0. and demonstrated
the ability to be reused 16 times. Shaohua Wen described a voltammetric method for the
determination of arsenite (As(Ill)) based on the specific binding of As(IlI) to probe DNA
(SBP DNA; single-stranded DNA) and the electrochemical indicator methylene blue (MB),
the fabrication of which is schematically shown in Figure 24. Upon addition of As(III),
it specifically binds to SBP DNA, which leads to conformational changes and the disso-
ciation of SBP DNA from the electrode into the solution. As a result, the amount of MB
remaining on the modified electrode is reduced, which decreases the peak MB current.
Under optimized conditions, As(Ill) was quantified by measuring the DPV response of MB
absorbed by the SBP/CP hybrid at the electrode surface, and the reduction peak current
was linearly related to the logarithmic value of As(Ill) concentration, yielding a linear
concentration range of 0.1-200 ppb and a detection limit as low as 75 ppt [200].
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Figure 24. Schematic diagram of the fabrication of an electrochemical method for As(III) detec-
tion based on As(II)-induced DNA conformational changes and the electrochemical indicator MB.
(Reprinted with permission from [200], Copyright 2017, Springer Nature Switzerland AG.)
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3.5.2. Aptamer Sensors for Arsenic Detection

An aptamer-based biosensor is a small device that assembles one or more biomate-
rials/nanomaterials onto an electrode transducer, and electrochemical impedance spec-
troscopy (EIS), differential pulse voltammetry (DPV), etc., are often used with aptamer
sensors for arsenic detection [201]. For example, Baghbaderani and Noorbakhsh con-
structed several aptamer sensors based on electrochemical signals for the determination of
As(III) [202]. They designed an unlabeled impedance aptamer sensor for highly sensitive
As(III) determination using a chitosan-Nafion(Chit-Naf) compound as an excellent con-
ductive surface platform and a novel carbon nanotube based on the signal amplification
process. The EIS experimental results show that the glassy carbon electrode (GCE) modi-
fied by Chit-Naf has higher electron transfer kinetics compared with bare GCE, GCE/Naf,
and GCE/Chit electrodes, which provides great feasibility for an effective platform for
biosensor design. In this work, based on a carbon nanotube-bovine serum albumin (CNT-
BSA) hybrid system, they also used a signal amplification process to achieve an LOD of
74 pM. Lin Cui et al. designed an electrochemical aptamer sensor for the detection of
As(III) based on gold-nanocoated screen-printed carbon electrodes (AuNPs/SPCE) [203],
and the detection schematic is shown in Figure 25. By immobilizing the Ars-3 aptamer on
AuNPs/SPCE, the Ars-3 aptamer is able to adsorb cations through electrostatic interac-
tions with polydiallyldimethylammonium chloride (PDDA) and repel other cations. In the
presence of arsenite, the Ars-3 conformation changes due to the formation of Ars-3/As(III)
complexes, which reduces the adsorption of more positively charged electrochemically
active indicator [Ru(NHj3)g]** on the surface of the PDDA adsorption electrode as a means
to achieve coupling, thus enabling detection.

L+t

Figure 25. Schematic diagram of AuNPs/SPCE-based detection with Ars-3 aptamer. (Reprinted with
permission from [203], Copyright 2016, Elsevier B.V.)

3.5.3. Arsenic Detection Based on Other Biomolecules

In addition to DNA with aptamers, certain proteins have been used as materials
for the electrochemical detection of arsenic, and most protein-based arsenic detection is
based on the inhibition phenomenon. Cytochrome-C (Cyt-C), an important component
of the mitochondrial electron transport chain, is sensitive to all toxic compounds and is
also used as a biorecognition element [204]. An electrochemical biosensor was constructed
using Cyt-C, immobilized on a boron-doped diamond electrode. Square-wave voltammetry
(SWV) and electrochemical impedance spectroscopy (EIS) were performed to investigate the
interaction of Cyt-C with arsenic and cyanide. Subtractive normalized Fourier transform
infrared spectroscopy (SNFTIR) was performed to confirm the effective protein adsorption
onto the electrode. UV-vis studies of Cyt-C with the analytes confirmed the correct binding.
The results indicate that their interaction was through the amino acids of the basic protein
structure rather than through the heme portion of Cyt-C. Jae-Hoon Hwang et al. developed
a novel As(Ill) sensor by depositing iron—chitosan complexes on screen-printed carbon
electrodes using electrodeposition [205]. Mine wastewater and soil leachate were tested
by square-wave anodic dissolution voltammetry. The detection limits of the Fe—chitosan-
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coated electrode were 1.12 ppb for mine wastewater and 1.01 ppb for soil leachate, both
of which were significantly lower than the WHO requirements. The interference of Cu?*
ions had little effect on the detection, indicating that the chitosan-coated iron carbon
could improve the stability. The sensor has high sensitivity and selectivity and provides
a reliable level of detection of As(III) concentration in leachate from actual wastewater and
contaminated sites. Suparna Saha et al. modified glassy carbon electrode with chitosan—
Fe(OH)s composite and reducing agent L-cysteine [158], and its detection schematic is
shown in Figure 26, under optimal optimized conditions, by differential pulse. The anodic
dissolution voltammetry achieved a detection limit of 0.072 ppb in the linear interval of
2-100 ppb and avoided the interference of common co-existing ions. More examples of
biomolecule-modified electrodes for the detection of arsenic are given in Table 7.
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Figure 26. Schematic diagram of the scheme for the detection of arsenic ions by Fe—chitosan compos-
ites. (Reprinted with permission from [158], Copyright 2016, Elsevier B.V.)

Table 7. Biomolecule-modified electrodes.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
SBP DNA DPV 0.1-200 0.075 [200]
(GT)Z;;];?@%%A and DPV 0.2-500 0.058 [206]
GH-APTES-Fe;04 NP SWvV 1.92/0.12 13.3-65.8/117-241 1.6 [207]
SAMs ASV 2-40 0.5 [208]
L-tryptophan SWASV 7.49 x 1073-7.49 0.90 x 1073 [209]
AuNP-rLA-Lcyst SWV-ASV 0.1 3-25 3 [97]
P. cruentum DPASV 2.5-20 1.08 [210]
MTs ASV 5-1000 13 [211]
AgNPs/CT DPASV 10-100 1.20 [113]
Chitosan-Fe(OH);3 ASV 8.39 2-100 0.072 [158]
SPE/ CNIEE;{IT@ALI FIA-ECD 0.2181 100-100,000 11.4 [83]
ACh-SPC chronoamperometry 2689.63 [212]
HCR and RedJf EIS 0.1-500 0.02 [213]

exonuclease
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Table 7. Cont.

Electrode Method Sensitivity (LA/ppb) Linear Range (ppb) LOD (ppb) Reference
AF / AuNPs-SPCE Ccv 0.500-1999.61 137.85 [214]
GC-AulNP-ArOx cv 46.05 0.75-749.21 0.37 [101]
Escherichia coli Ccv 0.94-3.75/3.75-30 0.8 [215]
Whole-Cell Biosensors Ccv 0-100 [216]
E. coli Ccv 0.122 1.5 [217]
Ars-3 DPV 0.015-7.49 0.011 [203]
;?;sr/isoD/ﬁz EIS 38x107-30x10%  14x107 [82]
ArsSApt EIS 50-10,000 59.94 [218]
C-AuNPs SWV 0.5-100 0.092 [136]
Ars-3/ AuNPs-GO-MB DPV 0.4-10,000 0.2 [197]

3.6. Others

3.6.1. Silicon and Its Compound-Modified Electrodes

Suhainie Ismail et al. developed an efficient electrochemical detection method for
arsenite using linear scanning anodic solvation voltammetry (LSASV) based on silicon
nanoparticles and gold nanoparticles (SiNPs/AuNPs/SPCE) modifying the screen-printed
electrode surface [93]. The electrode showed good linearity in the concentration range of
10-100 ppb with a detection limit of 5.6 ppb. Multiple co-existing ions—Pb?*, Ni%*, Zn?*,
Hg?* and Cu?*—in the water samples did not interfere with the detection of arsenite. The
method is highly sensitive and reproducible with a relative standard deviation of 4.52%,
which is promising for application. In addition, they also tried to detect As(III) using silicon
nanoparticles (5iNPs)-modified screen-printed electrodes (SPCE) and tested the electro-
chemical response of the electrode to arsenic using cyclic voltammetry (CV) and linear
scanning anodic solvation voltammetry (LSASV) [219]. Under the optimized conditions,
the peak anode current showed good linearity in the concentration range of 5-30 ug/L
As(III) with a detection limit of 6.2 ug/L. This method can effectively detect As (III) in real
water samples with low fabrication cost, good reproducibility and stability. In addition
to silicon nanoparticles, Feng Sun prepared nano-Au/SiO; modified GCE by a one-step
method. This nanohybrid material was used for the electrochemical detection of As (III).
The calculated LOD was 0.07 ug/L, with a linear detection range of 0.1-40 pg/L [80].

3.6.2. Novel Polymer-Modified Electrodes

Mohammed M. Rahman synthesized a new class of thermally stable hybrid poly(arylene)
(azomethanes) and copoly(arylene)(azomethanes) (PAAP) based on diarylidenecycloalka-
nes by solution polycondensation, combined with a conductive nafion (5%) coating agent-
modified glassy carbon electrode for the detection of arsenic by the I-V method, which ex-
hibits higher sensitivity and selectivity for As®>* ions. Based on the calibration curve, the sen-
sitivity and detection limits were calculated as 2.714 pA UM~ ecm~2 and 6.8 £+ 0.1 nM,
respectively, and this novel method provides a new route for the electrochemical detec-
tion of arsenic ions [220]. Wuwei Ma et al. proposed an electrochemical sensor based
on ion-imprinted polymers (IIPs) and nanoporous gold (NPG)-modified gold electrode
(IIP/NPG/GE) for the determination of arsenic ions (As>*) in different kinds of water,
which was prepared by the electrodeposition of nanoporous gold on the gold electrode,
and then a layer of IIPs with As*" as the template ion was synthesized in situ on the
NPG surface by electropolymerization. The IIPs/NPG/GE formation process is shown
in Figure 27. The linear range of As®* was obtained from 2.0 x 1071 t0 9.0 x 1077 M by
cyclic voltammetry, and the lower limit of detection was 7.1 x 10~!2 M after the calibration
curve [221].
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Figure 27. Schematic diagram of IIPs/NPG/GE formation process. (Reprinted with permission
from [221], Copyright 2020, Springer Nature Switzerland AG.)

4. Conclusions

Arsenic contamination has seriously endangered the living environment and health of
human beings, and achieving the efficient and reliable measurement of arsenic ions has
gradually become a popular research area in the scientific community. The electrochemical
detection method based on a nanomaterial-modified electrode has become a mainstream
analytical method for measuring inorganic arsenic, with many advantages, such as simple
operation, high sensitivity, good selectivity, low cost, and rapid portability. The working
electrode is modified by nanomaterials so as to improve the performance of the electro-
chemical sensor, as described in this paper. The use of noble metal materials to modify
the electrode can increase the mass transfer and reduce the effect of solution resistance;
due to the synergistic effect, the bimetallic materials can ensure the detection performance
while controlling the detection cost. Although noble metals show excellent performance in
the electrochemical detection of arsenic, no noble metal nanomaterials are considered to
be mainstream for the electrochemical detection of arsenic. The use of other metals and
their compounds can achieve low cost, high sensitivity, and strong interference resistance;
secondly, biomolecule-based electrochemical sensors for arsenic have better reproducibil-
ity and feasibility, and are increasingly being used in clinical diagnosis, food analysis,
and environmental monitoring.

Most electrochemical studies are conducted under acidic conditions (i.e., acidic buffer
solutions are used as solvents in sample preparation, along with the more common buffer
solutions such as phosphate, acetic acid, hydrochloric acid, nitric acid buffers, etc.). Pre-
cious metal nanoparticles, bimetallic nanomaterials, metal oxide nanomaterials, and other
modified electrodes show better performance and obtain better sensitivity in acidic environ-
ments. However, detection under ambient pH conditions has several advantages, such as
avoiding unexpected changes in As morphology during acidification and simplifying the
experimental procedures during field detection. In the operation of electrode preparation,
deposition techniques, including electrodeposition and chemical deposition, are mostly
used for metal nanoparticles, and drop casting is less frequently used. For metal oxide
nanoparticles, the drop-casting method is mostly used directly. In real water samples, there
may be interference from co-existing ions, such as Pb(Il), Cu(II), Ni(II), Co(II), Cr(III), Zn(II),
and NO3 ™. The electrodes in most of the previous studies showed high anti-interference
and selectivity, and also performed well when the concentration of interfering ions was
much higher than that of arsenic.

A method suitable for field analysis which can achieve a low detection limit (within
10 ppb) is urgently needed to detect arsenic in drinking water, and the use of a nanomaterial-
modified electrode electrochemical system for this purpose represents a great opportunity.
Research on new nanomaterials continues to make progress, such as reduced graphene
oxide (rGO) and other metal oxide composites, which have been shown to have good
detection performance, showing that metals and their compound nanomaterials for the
detection of arsenic ions in water have a bright future.
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Abstract: Bioelectronics, an emerging discipline formed by the biology and electronic information
disciplines, has maintained a state of rapid development since its birth. Amongst the various
functional bioelectronics materials, bacteriorhodopsin (bR), with its directional proton pump function
and favorable structural stability properties, has drawn wide attention. The main contents of the
paper are as follows: Inspired by the capacitive properties of natural protoplast cell membranes, a
new bio-capacitor based on bR and artificial nanochannels was constructed. As a point of innovation,
microfluidic chips were integrated into our device as an ion transport channel, which made the
bio-capacitor more stable. Meanwhile, a single nanopore structure was integrated to improve the
accuracy of the device structure. Experiments observed that the size of the nanopore affected the
ion transmission rate. Consequently, by making the single nanopore’s size change, the photocurrent
duration time (PDT) of bR was effectively regulated. By using this specific phenomenon, the original
transient photocurrent was successfully transformed into a square-like wave.

Keywords: bacteriorhodopsin; photoelectric conversion; bioelectronics; nanopore; microfluidic

1. Introduction

With the rapid development of bioelectronics [1-7], increasing numbers of bioelec-
tronic devices have been developed and widely used. Bacteriorhodopsin (bR) extracted
from Halobacterium halobium is a new type of biological material, which is widely used in
bioelectronic devices. Moreover, bR is a novel photosynthetic system with a more con-
trolled proton transport than chlorophyll in plants [8]. This consequently makes it easier
to utilize in bioelectronic devices. The proton pump function of bR is the biophysical
basis for designing novel bioelectronic devices. The pump function of bR would enable
protons to be actively transported from the intracellular space to the extracellular under
induced light [9,10]. Thus, an electrochemical potential difference inside and outside the
cell membrane is formed, realizing photoelectric conversion [11-18]. Moreover, bR has
many excellent material properties such as a higher light cycle stability [19], pH toler-
ance [20], thermal stability [19], and chemical stability [21], which improves its functional
activity in the fabrication of bioelectronic devices outside the cell. Based on these material
properties and the advantages of bR described above, it has been applied in a variety
of bioelectronic devices, such as artificial retinal prosthesis [22], optical storage [23-25],
photovoltaic cells [26], and pH sensors [27-29]. These applications are mainly based on
the sensing, collection, and conversion of bR intrinsic photocurrent, while there is limited
research on the shape regulation of photocurrent. The regulation of photocurrent shape
can be achieved by some basic electronic components (e.g., capacitors), which greatly
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expands the application field of bR-based bioelectronic devices and lays a foundation for
the construction of the next generation of intelligent bioelectronic systems.

As a typical electronic component, capacitors can easily output standard square waves
with a controllable duty cycle through electronic circuits. A square wave can be used as
the basic digital logic in a digital circuit, so it plays an important role in digital circuits [30].
However, in real life, most bio-photoelectric signals exist as a transient wave, resulting in
limited applications. Therefore, transforming the transient wave to generate square waves
by bio-capacitors will lead to the further development of bioelectronic digital logic and
many related applications [31]. Some studies have used rhodopsin to fabricate biological
capacitors to obtain waveform conversion functions. For example, Rao et al. used proteus
rhodopsin and artificial anodized aluminum nanochannels to construct a light-powered
bio-capacitor [32]; subsequently, they determined the influence of nanopore aperture on
the photocurrent duration time (PDT) of the photocurrent of the bio-capacitor. However,
the porous structure of the nanopore integrated into the device has a deviation from the
size of nanopores. The maximum deviation could reach about 30% (171.6 £ 25.1 nm),
which possibly makes the result inaccurate. An improved proposal is to replace the porous
structure with a single-pore structure by novel nanopore fabrication technology. Meanwhile,
in the bio-capacitor designed by Rao et al., the Ag/AgCl electrode used in the test system
was unstable under induced light. Integrating the microfluidic chip may be a potential
solution to enhance the device stability, and an electrode without light instability can make
a device more stable. The design of these integrated devices is expected to improve the
stability and accuracy of device performance and provide support for the performance
improvement of bio-capacitors.

In this work, microfluidic chip, bR, and Si/SiO,-based size-controllable SizNy single
nanopore are combined to construct a light-driven bio-capacitor. After that, a test system is
constructed to verify the capacitance properties of the entire system. It is found that the
PDT is affected by the change in the nanopore size. Quantitative theoretical analysis based
on the capacitor discharge process is proposed, as well as its capacitive property. Finally,
this bio-capacitor is used to successfully convert the transient spike signal waveform of
the bR into a square wave-like photocurrent waveform. This work is of great significance
for the development of novel bR-based electronic components and the development of
intelligent bioelectronics.

2. Materials and Methods
2.1. Modeling

Figure 1a shows a bionic schematic diagram of biological capacitance and it is the
basis of the biological model of our device with capacitor property. This biological model
consists of three parts: the membrane unit, ion pump protein (corresponding to the bR
in our bio-capacitor), and the ion channel protein (corresponding to the nanopore in our
bio-capacitor) [33-35]. Amongst them, the membrane unit (consisting of blue balls and
yellow curves) is used to construct the purple membrane skeleton and support ion pump
protein and ion channel protein. Ion pump proteins (yellow channel) can enable ions
to reach the outside of the cell through active transport, thus forming a transmembrane
electrochemical potential difference that is consistent with the function of bR. In addition,
this process can simulate the charging process of the capacitor (represented by the yellow
line in the voltage-time curve). The ion channel proteins (purple channel) and the nanopore
structure in the device are functionally the same. They both can maintain the balance of
ion concentration inside and outside the cell by transferring ions, exhibiting a discharging
feature (represented by the purple line in the voltage-time curve). Therefore, nanopores can
be analogous to ion channel proteins in the device. The cooperation of the ion pump protein
(yellow channel) and the ion channel protein (purple channel) leads to the capacitance
characteristic of the model. The purpose of the as-designed bio-capacitor is to simulate and
regulate this biophysical process.
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Figure 1. (a) The biological model of our device. The cooperation of ion-pump and ion-channel
proteins makes the membrane act as a capacitor. (b) Photocurrent—time image of bR. (c) As-designed
microfluidic chip. (d) Optical image of the device. (e) Schematic diagram of the complete test system.

Figure 1b depicts a basic photocurrent curve of bR and it can be seen that the shape of
the curve is in accordance with the charging process of the plasma membrane. Therefore, it
can be inferred that bR can be used to simulate ion pump protein by designing a reasonable
device structure. When the induced light is shining on bR, the retinal of bR is isomerized
(from the all-trans form to the 13-cis form). Through this process, H* ions are transferred
from the intracellular to the extracellular, thereby generating potential differences between
the inside and outside of the membrane. Based on this model and bR’s property, we use bR
as the part of the device structure that acts as an ion pump protein, while the fabricated
nanopore is used to act as an ion channel protein.

By designing the proper microfluidic chip, the nanopore can be integrated with the
bR purple membrane into one device. Figure 1c displays the structure and fabrication
process of the microfluidic chip, while Figure 1d demonstrates the optical image of the chip.
The entire structure is on the left, and the individual structure is on the right. The entire
chip is made up of three parts: the blue polydimethylsiloxane (PDMS) substrate, the red
Si3Ny wafer with a nanopore, and the green solution chamber. Amongst them, the PDMS
substrate contains a microfluidic channel (a semi-cylinder with a height of 1.8 cm and a
radius of 162 um), which links both sides of the solution to connect the outside electrode.
During testing, 0.05 mol/L of Na;SOy solution fills the microfluidic channel to make sure
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the ion can smoothly and stably transfer. The Si3sN4 wafer with a nanopore (3 nm or 8 nm
in diameter) can enable H" to transfer from one side to the other to simulate the discharge
process of ion channel proteins. The solution chamber has a hollow cylindrical structure
(0.5 cm in diameter x 0.5 cm in height), which is used to store the Na;SO4 solution so
that ITO glass with bR purple membrane can be in full contact with the solution. The
entire microfluidic device is used to provide channels for H* ion movement and support
the SisN4 window with good sealing. After the production of bio-capacitors, subsequent
testing and analysis can be carried out.

During the test, we first connected various test equipment to the system (shown in
Figure le). The inducing light provided by the light source (tungsten lamp PLX-SXE250)
in the test system was 86,600 W /cm? and this was cut off by a photo chopper with a
specific cutting frequency before shining on the bio-capacitor. A three-wire connection
method was adopted to link the bio-capacitor with an electrochemical workstation. The
green, yellow, and red lines in Figure 1e represent the working electrode, counter electrode,
and reference electrode, respectively. Under the excitation by a flicker of light at a specific
flickering frequency, bR transferred H* ions from the intracellular to extracellular space
and generated an electrochemical potential difference. Then, by controlling the size of the
nanopore, the ion diffusion rate was controlled to reduce the potential difference. The
photocurrent was collected by an electrochemical workstation (CHI660E, biasing condition
is 0 V) and the photocurrent-time (I-t) curve was obtained. The connection mode of the
electrochemical workstation was as follows: the working electrode was connected with the
ITO electrode deposited with bR and the counter/reference electrode was connected with
the pure ITO electrode.

2.2. Device Construction

It should be noted that the nanopores used in the experiment have two different
sizes: 3 nm or 8 nm diameter. This is of great significance for understanding the effect
of nanopores size on device performance, in addition to improving the device accuracy.
Figure 2a demonstrates the fabrication process used for nanopores: (1) deposition of Si3Ny
film on both sides of the silicon wafer by low-pressure chemical vapor deposition; (2) the
square area is lithographed and etched from the SizNj film on the back where the nanopore
needs to be drilled; (3) the Si in the specific area is removed with wet anisotropic etching
method; (4) a nano-scale hole in the SizNy film on the front is drilled with an electron beam.

a
(1)
N
! > ; .
M siN, Si
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d e ITO Microfluid channel
bR suspension Deposied bR film
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o P

(N ?2) ?3) NanGpore

Figure 2. (a) Process flow of nanopore production. (b) TEM image of an 8 nm-size nanopore. (¢) TEM
image of 3 nm-size nanopore. (d) Process of evaporative deposition. (e) Complete device schematic.
The PDMS substrate contains a microfluidic channel (a semi-cylinder with a height of 1.8 cm and a
radius of 162 um).
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The TEM characterization [36] of two devices with different sizes of nanopores is
shown in Figure 2b,c (the scale bar is 10 nm). Both holes appear to be quasi-circular. Two
parallel red lines are used to highlight the size of the nanopore (8 nm on the left and 3 nm
on the right). These two devices with different size nanopores are made to study the effect
of the size in a subsequent test.

While there is a three-wire connection method in our test system, an ITO glass deposited
with bR is used as a working electrode and the pure one is used as a counter/reference
electrode. Figure 2d shows the following process: In step (1), 12 pL of bR suspension
with a concentration of 1 mg/mL is dripped on the conductive side of ITO glass, which
is then heated at 40 °C in step (2) to cause the excess solution to evaporate. Furthermore,
step (3) demonstrates the modified electrode.

The manufacturing process of the microfluidic chip with a nanopore can be divided
into three parts: The first involves making the SU-8 mold, the second involves making
the microfluidic chip, and the third involves integrating the PDMS and SizNy wafer. The
specific steps are as follows:

1.  SU-8 mold making;:

(1) Prepare a clean silicon wafer with SU-8 photoresist spin-coating. Place the sus-
pended silicon wafer on the homogenizer. (2) Transfer the static silicon wafer to a heating
plate and then use a patterned glass chrome plate for UV exposure. (3) Transfer the exposed
silicon wafer to a heating plate to stabilize the model. (4) Soak the silicon wafer in the
developer for a while and then clean the remaining developer. (5) Heat the developed
silicon wafer to harden the film. At this time, the SU-8 mold can be obtained.

2. Microfluidic chip production:

(1) Mix the PDMS and the supporting coagulant aid in a specific ratio then stir. (2) Place
the processed container in the vacuum machine. (3) Use an aluminum paper box to keep
the vacuumed PDMS in, flatten the mold to make sure that it is in full contact with the
aluminum paper, then heat them. (4) Cut out the required cleaned model and perform
ultrasonic cleaning. (5) Use the PLASMA CLEANER to treat the ultrasonically cleaned
PDMS mold for viscous treatment. (6) Glue the mold components together and let them
stand overnight.

3. Integration of PDMS and SizNy wafer:

SizNy wafer is bonded onto PDMS by the O, plasma method. Turn the interface to be
bonded upward and put it into the plasma cleaner machine (Harric PDC-002-HP), then
work at 45 V power for one minute. After that, join the interface together, gently press, and
leave it overnight.

Construction of the test platform: (1) Cut out 1.5 cm x 5 cm ITO glass with a glasscutter
and have it cleaned. (2) Extract an appropriate amount of the bR solution, shake the
solution evenly on the vortex oscillator. (3) Transfer the 12 pm bR solution to the ITO glass
conductive surface. (4) Install in on the prepared microfluidic device. Subsequently, install
the entire device into the shield box. (5) Place an opaque partition between the shielding
box and the xenon light source. Thus, the whole test platform is constructed.

A complete schematic of the manufactured device is shown in Figure 2e, which shows
the bR, the microfluidic channel, and the nanopores as well as their functions. The bR
deposited in ITO is used as the working electrode in the test system and to simulate the
ion pump protein. A microfluidic channel is used to transport H* ions, while fabricated
nanopores are integrated into the device upon the microfluidic channel to control the rate
of diffusion of H" ions.

3. Results

Figure 3a demonstrates the comparison of two different fabricated devices” pho-
tocurrent curves. It is clear that the device integrated with 3 nm nanopores has a longer
sustainable photocurrent duration than another one (integrated with 8 nm nanopores).
To make the quantitative difference more intuitive, photocurrent duration time (PDT) is
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defined and shown in Figure 3b. Figure 4 demonstrates that the photocurrent has been
successfully converted.
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Figure 3. (a) The PDT is greatly affected by the changed nanopores. (b) The PDT in different indexes.
(c) The fitting curve of 3 nm with a decay time of 4.49 s. (d) Fitting curve of 8 nm with a decay time of
1.49s.
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Figure 4. The photocurrent waveform changes with the light flickering frequency. f represents the
flickering frequency of the induced light.
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PDT [32] contains the light cycle time of bR and the decay time of the photocurrent.
The decay time of the photocurrent reaches the seconds level, which is much longer than
the light cycle time of bR (microsecond level). Thus, PDT could be simply defined as the
decay time of the photocurrent. The decay time of the photocurrent shows a descending
tendency in the i-t image; hence, an exponential decay function is used to fit the line. In
addition, the time parameter (T) of the function is used to evaluate the PDT, which is
defined as the time when the fitting line descends 95 percent. This is demonstrated by the
following function:

Y=Yy +Ae XT

where Y represents the instantaneous photocurrent, Yy represents the initial photocurrent,
A represents the amplitude of photocurrent, X represents the X-axis (time), and T represents
the decay time. By this equation, the data from the peak photocurrent amplitude down to
5% photocurrent amplitude (the photocurrent amplitude descends 95 percent) are selected
for the fitting calculation as T. Then, the decay time (T) is obtained and PDT is calculated.
Figure 3c,d demonstrate that the fitting result is in accordance with the experimental results.

4. Discussion

Figure 5 illuminates the mechanism underlying the photocurrent. First, since the ion
pump function of bR protein can transport H* ions to the extracellular (EC) side, there will
be an ion concentration gradient on both sides of the nanopore. Then, the concentration
gradient descent rate is regulated by the size of the nanopore. H* ions passively diffuse to
the other side through the nanopore, and this charge movement process forms a current.
The size of the nanopore will influence the amount of H* ions passing through the pore
per unit time, affecting the equilibrium time of the potential difference at both sides. Then,
the PDT becomes larger under a smaller nanopore size, resulting in a slowly descending
photocurrent. Controlling the light flickering frequency causes the chopping to occur in a
period where the photocurrent changes are relatively flat, meaning that the photocurrent
waveform can be adjusted and converted from peak signal to square wave signal.

I
SiLN,
v
. “ Nanopore

- - Aa WO

Figure 5. Schematic diagram of the mechanism underlying the photocurrent.

It can be seen from Figure 3 that the smaller the nanopore is, the longer the PDT is,
which represents a longer charging and discharging time in the bio-capacitors under a
different process parameter. The decay times (that is, PDT) of different nanopore sizes are
4.49 s and 1.49 s, corresponding to 3 nm and 8 nm, respectively. As shown in Figure 3, the
PDT of a 3 nm device is about 3 times that of the 8 nm device. Compared with the previous
data [32], they both show the same linear relationship—that is, the PDT becomes longer as
the size of the nanopore decreases.

Since this study was conducted under a low frequency condition, bR has sufficient
time to complete its whole photocycle process [37]. Therefore, in our experiment, the
amplitude of the photocurrent varies little under different light flickering frequency, which
is also confirmed by previous studies [32].

Based on bR’s specific phenomenon, we believe that the PDT can also be regulated by
the light flickering frequency. Through this, the bio-capacitor’s charging and discharging
time can be regulated. As shown in Figure 4, the transient spike current waveform can
be successfully converted into a square wave-like waveform with the change in the light
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flickering frequency. In the bio-capacitor system, the photocurrent response changes with
the increase in the light flickering frequency; the main characteristic of this is the descending
tendency of the photocurrent to be flat. When the light flickering frequency reaches
0.5 Hz, the transient spike waveform is transformed into a square wave-like waveform.
Theoretically, this phenomenon will lead to a longer PDT, verifying the successful regulation
of the charging and discharging time of a build-up bio-capacitor.

The other potential application for regulating the photocurrent is that the square
waveform can be seen everywhere in digital electronic circuits and expressed as binary “0”
and “1” through analog-to-digital conversion. Simultaneously, because the bio-capacitor
can form a square-like waveform while the light is on, a selective filter can be made by
controlling the frequency of flickering illumination.

5. Conclusions

In this paper, the design and construction of a bR bio-photoelectric system is carried
out and a bR-based bio-capacitor system is built. The photocurrent-time curve of this
bio-capacitor system is measured in the electrochemical workstation and analyzed. The
system with 3 nm-diameter nanopores has a PDT of about 13.45 s, while another device
with 8 nm-diameter nanopores has one of about 4.47 s. Obviously, the PDT of the bR is
regulated by the changing of the size of the nanopore channel. The i-t curve proves that
bR has bio-capacitor properties. Finally, through optimizing the control parameters and
the light flickering frequency, the original transient spike photocurrent waveform of the
bR can be successfully converted into a square wave signal that is more suitable for the
combination of micro-device circuits. As a newly developed bio-device, the nano-channel
modulated bio-capacitor has shown great potential in the application of biological devices
in the future.
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