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Integrated Self-Powered Sensors Based on 2D Material

Devices

Ziwei Huo, Yichen Wei, Yifei Wang, Zhong Lin Wang,* and Qijun Sun*

With the development of the Internet of Things, there is an increasing need
for clean energy and large-scale sensory systems. Triboelectric/piezoelectric
nanogenerators (TENGs/PENGs), have attracted considerable attention as

a new type of power generation terminal, which can harvest surrounding
energy and convert it into electrical energy. To improve the output per-
formance of nanogenerators (NGs) and diversify related applications, 2D
materials with high carrier mobility and excellent piezoelectric properties can
be directly used or integrated as different types of self-powered sensors. In
this review, the authors first introduce the excellent piezoelectric and opto-
electronic properties of 2D materials, followed by the triboelectric series of 2D
materials used in TENGs. The categories of integrated self-powered sensors
based on 2D materials are then summarized according to their different
structures and compositions. We also discuss in detail the recent applications
of integrated self-powered sensors based on 2D materials from five aspects.
Finally, the challenges and outlooks in the research field of self-powered sen-
sors are featured. Given the continuous development of self-powered sensors
based on 2D materials, they are considered to have significant potential for
applications in biomedicine, environmental detection, human motion moni-

1. Introduction

With the rapid and continuous develop-
ment of the current economy and tech-
nology, traditional energy supply is facing
an increasingly serious shortage. The
continuous exploitation and utilization
of fossil fuels have caused serious harm
to the human living environment. There-
fore, the development and utilization of
new energy have become an important
issue that must be solved in the develop-
ment of human society.! The develop-
ment and utilization of renewable energy
have attracted more and more attention,
especially in these countries with energy
shortages. Some common renewable clean
energy such as solar energy, wind energy,
and ocean energy has been successfully
collected and converted into electricity.
However, these energy conversion devices
are mainly based on electromagnetic con-
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version or photovoltaic effect, and the
manufacture and maintenance of these
devices will consume a large amount of
manpower and financial resources.??! In
this context, nanogenerators (NGs) have
been applied due to their low cost, zero power consumption,
environmental friendliness, and strong stability.[*°]

Recently, the Internet of Things (IoT), as the core of the
worldwide information industry, has been rapidly developed.
The pursuit of high integration, simple, portable, and easy
commercialization has prompted the application of sensors
in life.[) With the development of 10T, it also faces more and
more challenges in the technical field. As an indispensable
part, sensors have become the biggest obstacle to the devel-
opment of the IoT. As the traditional energy source of sen-
sors, although the power consumption of each unit can be
reduced to the microwatt level, the total power consumption
is amazing when forming large-scale network applications,
which not only affects the sensor life but also brings environ-
mental pollution.”] In this regard, scientists try to solve this
problem with the self-powered sensor based on NGs, which
can work continuously without an external power supply. The
electrical signal generated by triboelectric/piezoelectric nano-
generators (TENGs/PENGs) can be readily used as both the
energy source of the sensor and the output signal detected by
the sensor, which has been intensively investigated as self-
powered sensors themselves or integrated into self-powered
systems.[8-10]

(1 0f 30) © 2022 Wiley-VCH GmbH
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Successful exfoliation of graphene (Gr) has inspired inten-
sive research on the 2D material family.™l In recent years,
related 2D materials have attracted the attention of scholars
due to their unique characteristics and functions. Specifically,
Wang et al. proved the piezoelectric properties of 2D van der
Waals semiconductor MoS, via experiment and introduced the
concept of piezotronics/piezo-phototronics into the 2D field for
the first time.'? As is known, due to the large internal resist-
ance of TENG and special materials required for PENG, the
total output power of the device is limited to a certain extent.!!3!
The excellent properties and high carrier mobility™1 of
2D materials can just make up for this problem. 2D materials
have also attracted much attention due to their advantages of
effectively regulatable charge transport inside the material and
improved charge carrier mobility. Therefore, the integration of
NGs and 2D materials with fantastic properties can not only
improve the energy conversion efficiency but also diversify
relevant applications, which can be better used in energy har-
vesting and self-powered systems. Cai et al. reported a TENG
sensor based on graphene oxide composite films, which could
efficiently collect external low-frequency mechanical energy and
convert it into electrical energy. Furthermore, when the load
resistance of the device is 400 MQ, the power density of the
sensor can reach 31.36 W m™2.l"] Wang et al. reported a TENG-
driven MXene-based self-powered sensor with a good response
to NO, at room temperature, which had potential applications
in environmental monitoring.[¥l

Here, we introduce in detail, the integrated self-powered
sensors based on 2D materials (Figure 1). First, we discuss
the typical piezoelectric and optoelectronic properties of 2D
materials, followed by the triboelectric series of 2D materials
used in TENG devices. Then, TENG/PENG self-powered sen-
sors based on different 2D materials are introduced in detail.
These 2D materials are graphene, graphene-like, transition
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Figure 1. Application of self-powered NG sensors based on 2D materials.
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metal dichalcogenides (TMDs), main group metal dichalcoge-
nides (MDCs), alloys, and heterostructures. Finally, we further
discuss the applications of TENG/PENG self-powered sen-
sors based on 2D materials in different fields: human motion
monitoring, energy harvesting, biomedical engineering, envi-
ronmental monitoring, Artificial Intelligence (Al), and neuro-
morphic devices.

2. Characteristics of 2D Materials for Self-Powered
Sensors

Following the footprint of 1D materials, the successful exfolia-
tion of a single atomic layer of graphene marked the birth of
2D materials in 2004.°! The thickness of 2D materials is only
a single or few atoms thick (typically less than several nanom-
eters), while electrons can move freely in two dimensions.
Besides, the carrier migration and heat diffusion are confined
in 2D plane, 2D materials exhibit greatly compelling proper-
ties.?% The structures and types of the 2D materials are greatly
abundant, including elemental 2D materials represented by
graphene, graphene-like materials represented by MXene, and
hexagonal boron nitride (h-BN), TMDs represented by MoS,,
MDCs, alloys, heterostructures, and other 2D materials. The
section mainly reviews the piezoelectric and photoelectric prop-
erties of 2D materials used in nanogenerators derived self-pow-
ered sensors as well as the triboelectric series of 2D materials.

2.1. Piezoelectric Properties

The piezoelectric effect was first discovered by French physicists
P. and J. Curie in 1880. When weight was placed on a quartz
crystal, an electric charge proportional to the pressure is gener-
ated on the crystal surface. Thus, there are positive and nega-
tive charges on the two opposite surfaces of the crystal to form
a voltage, which is defined as the piezoelectric effect. Since the
appearance of piezoelectric materials, they gradually became
an important part of the material field due to their unique pro-
perties. Traditional piezoelectric materials mainly include inor-
ganic piezoelectric crystals (e.g., quartz crystals), piezoelectric
ceramics (e.g., barium titanate), and organic piezoelectric poly-
mers (e.g., polyvinylidene fluoride). With the development of
electronics, piezoelectric materials are often used in various
sensors and energy converters. These traditional piezoelectric
materials are often ignored due to the interaction between elec-
tric fields and carriers. Wang et al. successfully constructed
the PENG with ZnO nanowires, for the first time proving that
semiconductor materials with a certain concentration of car-
riers can still maintain significant intrinsic piezoelectric pro-
perties.l?] Piezotronics and piezo-phototronics were proposed
in subsequent studies.

Graphene is composed of the most stable six-membered
carbon ring, which is connected one by one as basic units.
The carbon atom hybridizes in sp? mode and contributes an
electron to the remaining p-orbital, eventually forming a large
m-state where electrons can move freely between atoms. The
structure with an asymmetry is a necessary condition for piezo-
electric properties of materials. Therefore, graphene does not

© 2022 Wiley-VCH GmbH

85U017 SUOWILIOD BAIIER1D) 8|qeot|dde auyy Aq pausenob a8 Ssppie YO 8N JO S3|nJ 104 A%eiq1 78Ul UO A8]1M UO (SUOTHPUOD-PUe-SWLBYWO A8 | 1M AR1q | BUI UO//:SANY) SUORIPUOD pue SWB 1 843 89S *[220z/0T/yT] uo Arigiauliuo A8|im ‘ABojouyos 1 JO aimisu| elbices) Ag 006902202 WPe/Z00T OT/I0p/LLI0o" A3 1M Akeid 1 pul|uoy/Sdny wolj pepeojumod ‘Tt ‘220z ‘820£9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

have a piezoelectric effect. However, by properly manipulating
the structure and introducing asymmetric centers, it can pro-
duce piezoelectric properties. The piezoelectric properties of
2D graphene are usually achieved by surface modification engi-
neering or structural control engineering. Xu et al. reported the
positive piezoelectric effect of multilayer graphene films depos-
ited on Si/SiO, substrates with etched grooves after mechanical
exfoliation.!l Figure 2a depicts the optical microscope image of
a suspended bilayer graphene device (left) and the setup sche-
matic of pressure-modulated conductance microscopy (PCM,
right) that performs piezoelectric measurements on a sus-
pended graphene device. After exerting pressure on the device,
the opposite charges will be generated on the relative surfaces
as the deformation occurs, and the mechanical energy will be
converted into electrical energy. When the external pressure is
removed and the deformation disappears, the device will return
to its uncharged state again.

h-BN and MXene, as 2D graphene-like materials, were found
to have piezoelectric properties. Figure 2b shows that h-BN con-
sists of equal numbers of boron and nitrogen atoms arranged
in a hexagonal structure within each layer. The boron and
nitrogen atoms are bound by covalent bonds, while these layers
stack together by the weak van der Waals interaction.??l PAINE
et al. synthesized the h-BN and proved it was an attractive
ceramic material with good piezoelectric properties by experi-
ments.[}l MXene is a new kind of 2D material with a graphene-
like structure.? The MXene is produced by selective etching of
the precursor MAX phases with a general formula of M, ;AX,,
(n =1, 2, 3), where M is the transition metal element (Ti, Sc,
Zr, Nb, etc.), A is another element from group IIIA or IVA
(AL, Si, Sn, In, etc.), and X is carbon or/and nitrogen. The pre-
cursor MAX phase of MXene is a kind of ternary layered com-
pound with excellent properties of both ceramic and metal.[?’!
Tan et al. reported piezotronic effect of monolayer MXene for
nanogenerators and piezotronics.l?°l Figure 2c shows the defor-
mation of MXene hexagon structure in tensile state leads to
piezoelectric polarization and piezoelectric field. Notably, under
the typical piezotronic effect of MXene material, the current
changes under positive bias and negative bias are asymmetric,
that is, the piezoelectric potential is asymmetric to the Schottky
barrier height modulation.

In addition, TMDs represented by MoS, also have excellent
piezoelectric properties.' TMDs have a general chemical for-
mula: MX,. M is the transition metals, including IVy (Ti, Zr),
Vg (V, NDb, Ta), and VI; (Mo, W); X is chalcogenides element,
including S, Se, and Te. Wu et al. confirmed the theoretical pre-
diction that monolayer MoS, has strong piezoelectricity. The
coupling of mechanical and piezoelectrical properties enables
it as nano-scale devices to be used for sensing and energy har-
vesting.[”’l Han et al. reported a high-performance PENG based
on MoS, nanosheets.?®! Figure 2d shows the schematic illus-
tration of the PENG based on MoS,, composed of monolayer
MoS; nanosheet and Au electrodes on polyethylene terephtha-
late (PET) substrate. By reducing the carrier concentration of
MoS,, the shielding effect of free carriers on piezoelectric polar-
ized charge can be prevented. The maximum power of PENG
based on monolayer MoS, nanosheet increased by =10 times.
Zhu et al. reported the piezoelectricity of free-standing mono-
layer MoS,.1?l As shown in Figure 2e, a monolayer of MoS, is
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superimposed by S—Mo-S unit cell with a thickness of 0.6 nm
(left), and the Mo atom is in the center (middle left). Viewing
from the top (middle right), each unit cell (shaded in yellow)
consists of two S atoms occupying the same site in the hexag-
onal lattice, and the Mo atom locates on the opposite site, thus
breaking the mirror symmetry in the x—y-plane but preserving
in the z-direction. When the external electric field is directed
from the S to Mo (right), the unit cell is elongated, resulting
in compressive stress in the x-direction and tensile stress in
the y-direction. In addition to TMDs, other 2D MDCs (such
as SnSe, GeS, SnS, GaSe, Ga$S, and InSe) and transition metal
oxides (SnO, and MoO,) also have a good piezoelectric effect."]
Chang et al. reported piezoelectric properties of SnSe mon-
olayer grown on graphene.’! Figure 2f shows the schematic
illustration of ferroelectric switching achieved by applying bias
voltage pulse (Vp) at a point on the graphene substrate close
to the SnSe monolayer nanosheet. Manjula et al. reported the
simple and flexible PENG based on 2D ZnO nanosheet net-
works. As shown in Figure 2g, the 2D ZnO nanosheets bend
under external force and generate piezopotential. Negative and
positive potentials are induced in the compressed and stretched
states of the nanosheets, respectively.

2.2. Photoelectric Properties

The photoelectric effect was put forward by Hertz in 1887 when
he discovered that light irradiation on certain substances could
cause changes in their electrical properties. Einstein proposed
the photon hypothesis and successfully explained the photoe-
lectric effect according to the phenomenon of electrons emitted
from metal surfaces under the influence of light in 1905. Due
to the structural advantages of 2D materials, researchers have
gradually focused on their optical properties. The variation
of the optical properties of 2D materials with the number of
layers can be detected by various optical methods, such as
optical contrast spectrum, Rayleigh scattering, Raman spec-
trum, light absorption spectrum, photoinduced spectrum,
second harmonic generation, etc. With the increased layers of
2D materials, the peaks, intensity, and linewidth in the spectra
may change significantly, or some new optical features may
appear. Until now, various 2D materials have been fabricated
with remarkable optoelectronic characteristics, e.g., unique
optical nonlinearities, readily tunable light-matter interaction,
and ultrafast photo response from ultraviolet to radio waves.
As is known, the principle of the optoelectronic properties of
2D materials for electroluminescence is to utilize the injection
of electrons and holes in devices with p-n junction or Schottky
junction to recombine in the junction region to generate elec-
troluminescence. A strong local electric field is formed from
the n-region of the positively charged region to the p-region of
the negatively charged region in the junction. In contrast, when
the p-n junction or Schottky junction is illuminated, photo-
generated electrons and holes will move directionally under
the local electric field of the junction, resulting in a photo-
current.?233] Accordingly, the photodetectors based on p-n junc-
tion or Schottky junction exploit the built-in potential present
in the junction to achieve efficient separation and fast transfer
of photogenerated carriers, which enables them to detect optical

© 2022 Wiley-VCH GmbH
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Figure 2. Piezoelectric properties of 2D materials for self-powered sensors used in NGs. a) SEM image of a bilayer graphene device(left) and the
schematic of the piezoconductive measurements on graphene devices (right). Reproduced under terms of the CC-BY license.?! Copyright 2015, The
Authors, published by Springer Nature. b) Crystal structure of the h-BN. c), i) The tensile deformation of the simplified T,-T; hexagonal structure
(upper) and T;-C hexagonal structure (lower). ii) The characteristics of the piezoelectric effect in the Ti;C,T, MXene. Reproduced with permission.[2l
Copyright 2021, Elsevier Ltd. d) Schematic of the PNG based on monolayer MoS, nanosheets. Reproduced with permission.[28l Copyright 2018, Wiley-
VCH GmbH. e), i) A single layer of MoS, consists of S—-Mo-S stacking with a total thickness of 0.6 nm, ii) with the Mo atom centered in the trigonal
prism, each unit cell consists of two S atoms, with the Mo atom residing in the opposite site. iii) With an external electric field pointing from the S
site to the Mo site, the unit cell is elongated, resulting in compressive stress in the x direction and tensile stress in the y direction. Reproduced with
permission.?l Copyright 2014, Springer Nature. f) Schematic diagram of the realization of ferroelectric switching by SnSe monolayer on the graphene
substrate. Reproduced with permission.Bl Copyright 2020, Nano Letters. g) Proposed mechanism for the piezo voltage generation. Reproduced with
permission.2 Copyright 2020, Elsevier B.V.
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signals without an external bias voltage.3**] 2D materials have
unique optoelectronic properties of direct bandgap electronic
structure and strong exciton effect, which make them have
unique electrical and photonic performance and great potential
in the field of self-powered sensors with p-n junction, Schottky
junction, and photoelectrochemical structures.>¢!

Graphene is a 2D material that can transfer electrons faster
than any known conductor at room temperature. As a semi-
conductor material with zero band gap, graphene has excel-
lent carrier mobility and special transport characteristics, -
which has wide application in photovoltaic cells, photovoltaic
power generation, photodetectors, and other fields.***l Gra-
phene has excellent optical properties and a wide absorption
wavelength. Its absorption rate is =2.3% over a wide wave-
length range, which is almost transparent. Within a certain
range, the absorption rate increases by 2.3% with each addi-
tional layer thickness of graphene (Figure 3a). The red and
green lines are the ideal Dirac Fermion curve and theoretical
calculation curve respectively, and the gray area is the standard
deviation from the calculation result. With a rarely low-energy
electronic structure, graphene also has excellent optical prop-
erties. The optical absorption of graphene mainly depends on
the interbond transition (Figure 3bi). Photogenerated carriers
form thermal Fermi-Dirac distribution under the action of hot
carriers, reaching thermal equilibrium (Figure 3bii). At high
excitation intensity, it causes the edges of the conduction band
and valence band to be filled, which hinders further absorp-
tion (Figure 3biii). As a graphene-like material, h-BN also has
excellent optical properties.*?! Satawara et al. reported a visible-
blind ultraviolet detector based on h-BN.I*}! Figure 3c shows
that h-BN is transparent material in the visible region. Its
absorption and reflection only occur in the ultraviolet region.
The reflectivity is low in the infrared region and high in the
ultraviolet region.

TMDs have been widely used in electric and optoelectronic
devices due to their semiconductor properties and high absorp-
tion coefficients in the spectral range.l Hieu et al. studied the
optical properties of MoS, by density functional theory (DFT)
method.®! The comparison of refractive index between mon-
olayer and bulk MoS, shows that monolayer MoS, has high
photoluminescence intensity and high photoelectron-hole pair
recombination efficiency, which is suitable for optoelectronic
devices (Figure 3d). Sayan Roy et al. reported a mid-infrared
modulator with high modulation depth in a wide spectrum by
changing the carrier density of M0S,.*) 2D monolayer WS, has
also found to have great photoelectric properties.[’ ) Figure 3e
shows the introduction of monolayer WS, and ¢~-Si on the basis
of bulk WS, structure, which improves the band structure and
optical performance and increases the efficiency of device by
more than 23%.°% 2D ZnO, the representative material of
MDCs, has excellent optical properties due to its wide band
gap and high exciton binding energy.'=3 In recent years, the
continuous emergence of 2D materials with different physical
properties has led to the rise of another new class of materials,
namely 2D heterostructure materials. Wang et al. reported
the photoelectric conversion properties of 2D ZnO, graphene,
Si, Gr/ZnO, Gr/Si, and ZnO/Gr/Si heterostructures.’ The
absorption coefficient of ZnO/Gr/Si remains high over a wide
energy range and reaches the maximum in the visible light
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range (Figure 3fi). The 2D ZnO/Gr/Si vdW heterostructure has
high light absorption efficiency and can stably absorb photon
energy in a wide frequency range, resulting in more photo-
generated electrons and holes, which is beneficial to improving
the photoelectric conversion efficiency (Figure 3fii). Huang
et al. successfully prepared the WSe,-MoS, heterostructure
(Figure 3g) with high-quality planar heterointerface by physical
vapor transfer method,* and found that the photolumines-
cence properties of the heterostructure were higher than that
of the single material.

2.3. Triboelectric Series of 2D Materials

2D materials have a wide application prospect in the field of
ultra-thin solid lubrication at the molecular level due to their
ultra-high mechanical strength and extremely low nano friction
properties. Among NGs that convert mechanical energy into
electricity, TENGs are the most popular.’® Although people
have a certain understanding of the friction properties of gra-
phene-based 2D materials, how to systematically understand
the microscopic friction mechanism of such new materials
with only a few atomic layers of thickness, and how to regulate
and utilize its friction behavior has become a hot topic.l’’->%
Kim et al. for the first time reported the TENG using graphene
as a friction material in 2014.1° They prepared graphene-based
TENGs (Gr-TENGs) using large-scale graphene grown on
copper (Cu) and nickel (Ni) by chemical vapor deposition (CVD)
to obtain electrical energy from mechanical stress through gra-
phene. At the same time, the work function of graphene was
improved by increasing the number of graphene layers, thus
the output performance of TENG was improved. The discovery
of excellent tribological properties of 2D materials has further
stimulated people’s enthusiasm for the study of their friction
behavior, and the triboelectrification behavior and mechanism
of 2D materials have been reported successively.’ Minsu Seol
et al. reported a sliding TENG structurel®? in which the tribo-
electric series of MoS, was first obtained by rubbing MoS, with
six different materials (PTFE, PDMS, PC, PET, Mica, Nylon)
(Figure 4a). The triboelectrification characteristics of MoS,
are between PTFE and PDMS. In addition, the triboelectrifica-
tion properties of other 2D materials (MoSe,, WS,, WSe,, GR,
GO, AuCl;-doped MoS,, benzyl viologen (BV)-doped MoS,)
are tested by the same method. In order to determine the
exact order of other 2D materials in the triboelectric series, the
TENG output values based on the electrification between Nylon
and target materials are compared. Nylon is a typical positively-
charged material in the triboelectric sequence, while other 2D
materials are evaluated to exhibit negatively-charged properties
(Figure 4b).

3. Self-Powered TENG/PENG Sensors Based on
Various 2D Materials

In recent years, as a new type of mechanical energy conver-
sion technology, TENG/PENG has obvious advantages in self-
powered sensors/electronics, micro/nano energy sources,
distributed high-entropy energy harvesting, and other fields

© 2022 Wiley-VCH GmbH
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Figure 3. Photoelectric properties of 2D materials for self-powered sensors used in NGs. a) Transmittance spectrum of graphene over a range of
photon energies E from near-infrared to violet. Reproduced with permission.[22 Copyright 2008, American Association for the Advancement of Science.
b), i) Schematic excitation process responsible for absorption of light in graphene, ii) the photogenerated carriers thermalize and cool down within
subpicoseconds to form a hot Fermi-Dirac distribution and iii) the photogenerated carriers block further absorption at high excitation intensity(right).
Reproduced with permission.?%l Copyright 2009, Wiley-VCH GmbH. c) Reflectivity R(x) of h-BN. Reproduced with permission.[*] Copyright 2020,
Elsevier Ltd. d) Optical reflectivity R(w) of i) bulk and ii) monolayer MoS2. Reproduced with permission.l*’l Copyright 2018, Elsevier Ltd. e) Device
structure. Reproduced with permission.l’¥ Copyright 2017, Elsevier B.V. f), i) Absorption coefficient, ii) reflectivity of 2D ZnO, Gra, Si, Gra/ZnO, Gra/
Si, and ZnO/Gra/Si. Reproduced with permission.>¥l Copyright 2022, Elsevier Ltd. g) Schematic illustration of the epitaxial lateral heterostructures.
Reproduced with permission.®l Copyright 2014, Nature Publishing Group.

closely related to contact electrification. Compared with tradi- many reports about TENG/PENG based on 2D materials.[®371
tional materials, 2D materials have become the most potential ~ This part mainly reviews the self-powered TENG/PENG sen-

materials for technical applications due to unique piezoelectric,
photoelectric, and mechanical properties. There have been
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sors based on the following 2D materials: graphene, graphene-
like, TMDs, MDCs, alloys and heterostructures, etc.
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Triboelectric Series of 2D Materials for Self-Powered Sensors
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Figure 4. Triboelectric series of 2D Materials. a) Schematic showing the device structure and working principle of the MoS,—nylon TENG. Reproduced
with permission.’4 Copyright 2018, Wiley-VCH GmbH. b) Modified triboelectric series including 2D materials. The molecular structure is shown on
the right of the corresponding material. Reproduced with permission.®4 Copyright 2018, Wiley-VCH GmbH.

3.1. Self-Powered Sensors Based on Graphene

Graphene is the earliest 2D material discovered, in which the
carbon atoms are arranged in a hexagonal lattice. It is the thin-
nest and strongest material, which laid a foundation for subse-
quent research on 2D materials. Taisuke Ohta et al. report that
each carbon atom has four valence electrons, the carbon atom
in graphene is sp? hybrid, so each carbon atom contributes a
residual p-electron.”?) The remaining valence electrons form

Adv. Funct. Mater. 2022, 32, 2206900
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a large mbond, which is perpendicular to the plane, forming
bonding orbitals 7 and anti-bonding orbitals 7%, and forming
the valence band and conduction band of graphene. Therefore,
the Fermi surface of graphene is located at the intersection of
valence band and conduction band (Figure 5a).

Graphene has good flexibility and is one of the ideal mate-
rials for flexible energy storage devices. Xia et al. reported a self-
powered measurement-control system by combining flexible
pressure sensor based on reduced graphene oxide (rGO)-cloth
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Self-Powered Sensors Based on Graphene
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Figure 5. Self-powered NG sensors based on graphene materials. a) Electronic structure of a single layer of graphene. Reproduced with permission.”?
Copyright 2014, American Association for the Advancement of Science. b) Schematic diagrams and photos of rGO-cloth/LIG pressure sensor. The
preparation process of LIG/PI, rGO-cloth, and pressure sensor is displayed. Reproduced with permission.®l Copyright 2022, Elsevier Ltd. c) Schematic
for lasing a carbon precursor to synthesize LIG and the optical image of LIG on PI, which demonstrates the flexibility of the films. Reproduced with
permission.”l Copyright 2019, American Chemical Society. d) Photograph of the fabricated TSS device consisting of ten sensor units. Reproduced
with permission.”l Copyright 2019, Wiley-VCH GmbH. e), i) Photographs of a multi-channel 3D strain sensor under original conditions and ii) the
schematic diagram showing the structure of stretchable thermoelectric device based on graphene-ecoflex nanocomposite film (right). Reproduced
with permission./®l Copyright 2018, Elsevier Ltd. f), i) Schematic illustration of the mechanosensation-active matrix based on a tribotronic planar
graphene transistor array. ii) Schematic illustration of the triboelectric GFET with ion gel as friction layer. Reproduced with permission.®3l Copyright
2018, American Chemical Society.

and laser-induced graphene (LIG)/Nylon TENG on polyimide
(PI) substrate, which can detect tiny dynamic signals, and
has great applications in the future development of wear-
able devices, electronic skin, etc. (Figure 5b)73 The designed
sensor can be folded and bent with good flexibility. G. Stan-
ford reported a highly conductive LIG composite with PI which
can be used to fabricate TENG sensors with good mechanical
bending and contact properties." Charge transfer will occur
during the process of contact and separation between LIG/PI

Adv. Funct. Mater. 2022, 32, 2206900

2206900 (8 of 30)

and Al (or LIG/cork and PI), thus causing charge movement in
the external circuit (Figure 5c). Tang et al. reported the flexible
non-contact TENG sensor for the first time, providing a non-
contact design concept for the next generation of touch-screen
sensors.” The whole device consists of 10 sensing units, in
which the top layer, intermediate layer, and bottom layer of
each sensing unit are graphene, ITO PET dielectric substrates,
respectively (Figure 5d). The device is flexible, transparent,
and small size, which can be easily integrated into the smart
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electronic screen. It has made a breakthrough in the field of
human-computer interaction.

Due to high thermal conductivity and negative thermal
expansion coefficient, graphene can be used in thermal inter-
face engineering research. The study of its thermal properties
is gradually becoming an important branch of graphene-based
self-powered sensors. Zhang et al. reported a multi-channel 3D
self-powered ultrasensitive strain sensor system[%] based on gra-
phene and ecoflex thermoelectric composite films (Figure 5ei).
The system combines the good thermoelectric properties of
graphene and the tensile properties of ecoflex elastomer. It can
accurately detect the subtle movements of the human body and
achieve the sensing measurement range of high sensitivity,
high resolution, and long cycle life. Figure 5eii describes that
two parallel-connected Peltier thermoelectric modules are used
to establish the thermal gradient difference to study the ther-
moelectric properties of graphene-ecoflex nanocomposite films.
The sensitivity of the sensor can be further adjusted through
the temperature difference, so as to achieve high sensitivity.

It is well known that graphene has a strong field effect and
extremely high carrier mobility, and its current density is six
orders of magnitude higher than that of copper”-%2. Due to
its unparalleled electrical properties, graphene has always
been the focus of research. Meng et al. reported for the first
time a direct-contactmode mechanosensing active matrix®!
based on tribotronic planar graphene transistor arrays (4 x 4
graphene field effect transistors (GFETS) with planar geometry)
(Figure 5fi, single tribotronic GFET in the matrix is shown in
Figure 5fii). Ion gel in graphene transistors was used as the
dielectric medium and triboelectrification layer, which could be
well coupled with the triboelectric potential to achieve efficient
gating and sensory properties. The part of graphene in contact
with the ion gel acts as the transistor channel, while the rest
constitutes the layout lines and source drain. Different metals
or polymers can be used as the positive or negative friction
layer materials against the ion-gel dielectrics, outputting dif-
ferent signals and thereby constructing a material recognition
sensor. The sensing performance can be effectively regulated
by the triboelectric potential gating through the ion gel (dielec-
tric/triboelectric layer). The experimental results show that, the
designed tribotronic GFET has higher electrical performance
compared with separated coupling of TENG and GFET. The
mechanosensation matrix prototype is valuable and instruc-
tive for the future development of skin-inspired electronic
systems.

3.2. Self-Powered Sensors Based on Graphene-like Materials

Since the first report of MXene (Ti;C,T,, where T represents
the terminal of the surface, including OH, O, or F) in 2011, a
variety of MXene materials has been prepared successively in
the laboratory.?>#3% As shown in Figure 6a, MXene is a gra-
phene-like structure obtained by MAX phase processing. Since
M-X has strong bond energy and A is more chemically active,
A can be removed from the MAX phase by etching to obtain a
2D structure-MXene similar to graphene.’” Experiments and
studies have shown that such materials have excellent mechan-
ical, electrical, optical, and electrochemical properties.*-3]
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Recently, MXenes have attracted interest in gas sensing due
to their remarkable features such as graphene-like morphology,
comparable metallic electrical conductivity, large surface-to-
volume ratio, mechanical flexibility, and excellent affinity.
Wang et al. reported a self-powered NH; sensor fabricated from
Ti;C,T, MXene and metal-organic framework-derived CuO,4
which was driven by contact-separation-mode TENG based
on PTFE and latex (Figure 6b). The self-powered NH; sensor
driven by TENG exhibits a good response at room temperature,
while TENG can achieve a maximum peak power density of
0.84 W m~2 and can illuminate at least 480 LEDs. MXene is not
only widely used in the field of gas sensors, but its excellent
electrical properties are also often used in the research of other
types of self-powered sensors. 2D MXene is a class of conduc-
tive material that is more triboelectrically negative than PTFE
or Teflon.”! Cao et al. reported a strain sensor based on wrin-
kled MXene thin film,” in which MXene was brushed onto
a latex substrate to improve the tensile properties and surface
roughness of the film. As shown in Figure 6c¢, in order to verify
the performance of the conductive layer of the MXene film in
the TENG sensor application, the human hand was used as the
positive electrode of the friction layer, and the MXene film was
used as the negative electrode and conductive layer of the fric-
tion layer. In terms of strain sensing, the wrinkled MXene film
is demonstrated to have good sensitivity and cycle stability.

The invention of TENG is a landmark discovery in the field
of electromechanics and self-powered sensing. In terms of
energy conversion and energy harvesting, TENG has its unique
advantages.’”%) There have been many reports on energy
conversion and energy harvesting devices based on 2D mate-
rials. Figure 6d depicts a highly electronegative and conductive
TENG sensor based on MXene material, which can harvest
energy from human muscle movement and efficiently convert
mechanical energy into electrical energy. MXene not only has
the electronegativity induced by the -F group similar to PTFE
but also can break the limitation of electrodes and realize the
dual-electrode working mode, which provides a wider range
of TENG self-powered sensors based on MXene. As shown
in Figure 6e, MXene composited nanofibers serve as friction
layers for TENG sensors to improve triboelectric energy har-
vesting efficiency. The dielectric modulation of PVDF by 2D
MXene nanosheets increases the dielectric constant and surface
charge density of the entire device by 270% and 80%, respec-
tively. Figure 6f shows a highly flexible and efficient TENG
sensor based on MXene and PDMS composite film. Using LIG
as the electrode of the device and introducing MXene with con-
ductivity and electronegativity into PDMS to prepare porous
films can not only improve the conductivity but also improve
the tribo-electronegativity.

3.3. Self-Powered Sensors Based on TMDs

MoS, is the most typical and important 2D material among
TMDs. TMDs can display metallic, semi-metallic, and semi-
conducting behaviors depending on the polytype and the band
structure. MoS, is a typical van der Waals material with semi-
conducting properties.[0719] MoS, has a lower off-current and
high on/off ratio and has wider applications in semiconductor
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Self-Powered Sensors Based on Graphene-like Materials
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Figure 6. Self-powered NG sensors based on graphene-like materials. a) Crystal structure of MAX phase and corresponding MXene after selectively
etching. Reproduced with permission. Copyright 2017, Elsevier Ltd. b) Schematic illustration of self-powered NH; sensor driven by TENG. Repro-
duced with permission.®!l Copyright 2021, American Chemical Society. c) Schematic diagram of the self-powered sensor and the single electrode mode.
Reproduced with permission.®l Copyright 2021, Elsevier Ltd. d) The whole device of the MXene-based TENG sensor. Reproduced with permission.[204]
Copyright 2017, Elsevier Ltd. e) The schematic diagram and an optical photograph of the as-fabricated TENG. Reproduced with permission.?%°l Copy-
right 2020, Elsevier Ltd. f) Schematic diagram of Mxene-based TENG self-powered sensor. Reproduced with permission.2%l Copyright 2019, Elsevier

Ltd.

devices. In addition, MoS, can realize the regulation of the
band gap by adsorbing different molecules, and its special lay-
ered structure makes it have unique physical properties in pho-
toluminescence and light absorption.[10+-106]

Recently, the intrinsic charge accumulation and transport
properties of MoS, have become the focus of research. Maity
et al. reported an ultrasensitive PENG based on composite
nanofibers which could be readily tuned with the content of 2D
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MoS, nanosheets in PVDF.I%) Figure 7a depicts the fabrication
process of MoS,-PVDF composite nanofibers. As is known,
monolayer MoS, consists of three layers of S-Mo-S atoms, in
which each S atom and three Mo atoms are combined by cova-
lent bonds, and each Mo atom is combined with six S atoms
by covalent bonds. Strong planar chemical bonds ensure the
structural stability of MoS, (top left). In this work, few-layer
MoS, nanosheets can be obtained by saline exfoliation of MoS,
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Figure 7. Self-powered NG sensors based on TMDs materials. a) Schematic representation of MoS, nanosheets dispersed in DMF and the prepara-
tion of the PVDF-MoS, composite nanofiber. Reproduced with permission.'?”] Copyright 2017, Wiley-VCH GmbH. b) lllustration of the MoS,/PDMS
nanocomposite coating on a commercial stainless steel grid to harvest water flow energy. Reproduced with permission.[%] Copyright 2016, Elsevier Ltd.
c) Illustration of the vertical contact-separation mode TENG with a MoS2-monolayer film. The right panel shows a schematic diagram of the electron
transfer from the Pl layer to the MoS, monolayer. Reproduced with permission.[%? Copyright 2017, American Chemical Society. d) Schematics of MoS,-
based TENG sensor. Reproduced with permission."% Copyright 2019, Elsevier Ltd. e) lllustration of MoS,-based TENG device structures. Reproduced
with permission."l Copyright 2020, Elsevier Ltd. f) A physical photograph of the fabricated TENG. Reproduced with permission.["?l Copyright 2021,
Elsevier Ltd. g) Schematic of the BN—BP-BN heterostructure device fabrication process. Reproduced under terms of the CC-BY license."”! Copyright
2015, The Authors, published by Springer Nature.

powder, and then composite nanofibers can be obtained by elec-
trospun in PVDF stock solution (right). As shown in Figure 7b,
Lin et al. reported a self-powered piezoelectric catalytic purifica-
tion system based on MoS,/PDMS nanocomposite coating.[%®]
MoS,/PDMS composites were uniformly coated on metal grids
and cleaned with acetone, isopropanol, and deionized water.
The MoS, structure has abundant monolayers and odd layers,
which is the key components to enhance the piezoelectric
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catalytic effect. It is reported that self-powered piezoelectric cat-
alytic system can degrade organic pollutants in wastewater and
collect hydromechanical energy from water of different sources.

2D monolayer MoS, can be used as electron acceptors due to
a large specific surface area and quantum confinement effect.
Wu et al. reported an enhanced TENG based on MoS, mono-
layer nanocomposites acting as electron-acceptor layers.[%’]
Figure 7c shows the vertical contact-separation-mode TENG
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based on monolayer MoS,. Inset shows a schematic diagram
of electron transfer from the PI layer to MoS, monolayer. As
the electron acceptor in the TENG device, the monolayer MoS,
can efficiently capture electrons and significantly improve the
output performance of the whole device. Kim et al. reported
a flexible and bendable TENG self-powered sensor based on
MoS, due to its remarkable mechanical properties.!'% Figure 7d
shows the TENG sensor with a p-n junction structure based on
polypyrrole/MoS, p-n junction (MoS, with a direct band gap
of 1.8-1.9 eV). The reported TENG exhibits good rectification
behavior, which can improve the output performance.

To investigate the triboelectrification properties of 2D TMDs
nanomaterials, Park et al. reported a method to synthesize
atomically thin 2D MoS,; layers by direct one-step laser pro-
cessing with controlled morphology using a photonic thermal
decomposition mechanism. This direct-image-based laser syn-
thesis method in a non-vacuum environment can tune the sur-
face topography of 2D MoS, without any additional processing
and modification.! As Figure 7e illustrated, MoS, in different
surface morphologies paired with PDMS counter friction mate-
rial is used to study the TENG devices in contact-separation
mode. Zhao et al. reported a TENG self-powered sensor based
on PVC/MoS, composite film, which has the characteristics
of high-performance and long-cycle-life and can be used for
wind energy scavenging.'?! Figure 7f depicts the structure of
the TENG, in which PVC/MoS, composite films and polyamide
(PA) films were used as triboelectric materials, and aluminum
(Al) sheets with nanostructures were used as electrodes. The
excellent lubrication properties of MoS, can effectively improve
the surface charge density of the composite structure and the
wear resistance of the device, and thus improve the life and
output performance of the TENG. Similar to the structure of
TMDs, atomically thin black phosphorus (BP) has also attracted
interest due to its high theoretical mobility, tunable direct band
gap and unique bipolar properties, and has potential applica-
tions in electronic and optoelectronic devices.''3716] Chen et al.
reported the formation of stable BN-BP-BN heterostructure by
encapsulating BP with h-BN.'J Figure 7g shows the fabrication
process of BN-BP-BN heterostructure device with potential
self-powered sensing capacities. It provides important clues for
the practical application of BP-based nanoelectronic devices. 2D
TMDs nanomaterials are widely considered as next-generation
electronic materials, and also energy materials, for future flex-
ible, transparent, and wearable electronics and self-powered
systems.

3.4. Self-Powered Sensors Based on MDCs

MDCs (SnSe, SnS, ZnS, etc.) have attracted more and more
attention due to broadband gaps, excellent optoelectronic prop-
erties, and wide application prospects.'® SnS is a semicon-
ductor with a layered structure, the Sn and S atoms connect to
each other by strong chemical bonding in each layer, while these
layers stack together thorugh the weak van der Waals interac-
tion." Figure 8a shows the cross-sectional crystal structures
of SnS along the armchair direction with different stacking
sequences: non-centrosymmetric AA and centrosymmetric
AB staking (left). Besides, the top view of crystal structure of
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monolayer SnS shows biaxiality along the armchair direction.
The highlighted area shows thermodynamically stable facets
(right).

As the most representative material among MDCs, ZnS has
excellent acoustoelectric and photoconductive properties, and
can be used in a variety of applications. Besides, ZnS nano-
structures can be synthesized by a simple low-temperature
hydrothermal method without additional electrode deposi-
tion.l2%) ZnS nanostructures are very easy to grow on large-area
substrates, which are conducive to large-scale production. Qian
et al. reported a flexible and high-performance TENG based
on ZnS/ZnO nanosheets,?! the structure of which device is
shown in Figure 8b. ZnS/ZnO nanosheets were prepared by
a simple method and then combined with PDMS as the fric-
tion layer material of TENG. Ultrathin ZnS/ZnO nanosheets
can provide a larger contact area, and significantly improve the
charge transfer efficiency and output performance.

Mishra et al. reported a TENG self-powered sensor based on
2D ZnS nanosheets.??l As shown in Figure 8c, the introduc-
tion of ZnS nanosheets on the Al substrate increases the sur-
face area and roughness of the device. The self-powered sen-
sors based on 2D ZnS have been proven to drive low-power
electronic devices such as digital watches, thermometers, cal-
culators, and 64 LEDs. Gupta et al. reported an efficient energy-
harvesting sensor based on ZnS nanosheets, which could har-
vest biomechanical energy for next-generation flexible self-pow-
ered electronic devices.[??! Figure 8d shows the structure of the
self-powered TENG sensor. The ITO-coated PET film was cov-
ered on the surface of ZnS nanosheets, with a Schottky barrier
formed between ZnS and ITO electrode interfaces to facilitate
charge transfer.

In addition to chalcogenides, metal oxides have also made a
lot of research progress in 2D materials. Gupta et al. reported
a high-performance PENG based on 2D vanadium (V)-doped
ZnO nanosheets.'?Y Figure 8e shows the growth mechanism
of V-doped ZnO. The seed layer was deposited on a bare ITO/
PET substrate by spin coating. V(OH),™ ions are connected at
the Zn* terminated surface, which blocks the 1D growth of
V-doped ZnO (bottom middle). Through vanadium doping, the
vertically aligned ZnO nanorods were completely transformed
into 2D nanosheets, and the obtained 2D morphology could
be regarded as nanosheet network. The fabricated ZnO PENG
doped with vanadium exhibits ferroelectric behavior, charge
inversion phenomenon, and high output performance.

3.5. Self-Powered Sensors Based on Alloys and Heterostructures

2D alloys and heterojunctions make full use of the nano-scale
advantages of 2D materials in the vertical direction, showing
great application potential and scientific research value for
electronics and optoelectronics.'2>71%1 2D material heterostruc-
tures refer to heterojunctions formed by the close packing of
two or more different 2D materials, or the composite structures
formed by the close contact between 2D materials and other
nanomaterials. The two or more materials that constitute the
heterostructure have different band gaps, electrical properties,
doping types, optical absorption and luminescence, dielectric
constant, work function, etc. The electronic or optoelectronic
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Figure 8. Self-powered NG sensors based on MDCs materials. a) Cross-sectional crystal structures of SnS along the armchair direction with different
stacking sequences: non-centrosymmetric AA and centrosymmetric AB staking. Reproduced under terms of the CC-BY license.?”l Copyright 2020,
The Authors, published by Springer Nature. b) The schematic illustration structure of the bottom and top electrodes of the FTENG. Reproduced with
permission.2!l Copyright 2021, Elsevier Ltd. c) Fabricated TENG schematic. Reproduced with permission.'?2 Copyright 2022, Elsevier Ltd. d) Cross-
sectional view of the fabricated device. Reproduced with permission.['?3l Copyright 2021, Elsevier B.V. ) Schematic diagrams for the growth mechanism
of V-doped ZnO. The seed layer was deposited by spin coating on a bare ITO/PET substrate. V(OH)* ions are connected at the Zn* terminated surface,
which blocks the 1D growth of V-doped ZnO. Reproduced with permission.[?!l Copyright 2013, American Chemical Society.

performance of heterostructures is usually superior to those of
devices made from a single material.

The identification of harmful gases in the environment is
of great significance to people’s lives, which requires sensors
with low power consumption, portability, and high sensitivity.
Sardana et al. reported a novel MXene/TiO,/Cellulose-
nanofibers (C-NFs) heterojunction gas sensor for NH; detec-
tion, which is driven by an electrospun TENG. TENG used
two biodegradable cellulose films in different electronegativity
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as the friction layers (electronegative MXene nanofibers and
cellulose acetate nanofibers). The gas sensor exhibited great
reproducibility and high selectivity."?8! Figure 9a depicts the
possible mechanism of MXene/TiO,/C-NFs heterojunction-
based sensor and the electron transfer process between MXene
and TiO,. The electrons of n-type TiO, gradually migrate into
the conduction band of MXene until the Fermi levels of the
two materials flatten. In air, oxygen molecules will capture
electrons from the heterojunction surface, which may increase

© 2022 Wiley-VCH GmbH
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Figure 9. Self-powered NG sensors based on alloys and heterostructures materials. a) Schematic of the gas mechanism of the MXene/TiO,/C-NFs
heterojunction-based sensor and electron transfer process between MXene and TiO,. Reproduced with permission.[?8] Copyright 2022, American
Chemical Society. b) Fabrication process and schematic structure of a Si/n-CdS NWs heterostructure near-infrared photodetector. Reproduced with
permission.[®l Copyright 2017, Elsevier Ltd. c) The schematic diagram of the CdSe NB/graphene Schottky junction photovoltaic detector on a PET
substrate. Reproduced with permission.* Copyright 2013, Royal Society of Chemistry. d) Structural schematic diagram of the p-GaN/n-ZnO hetero-
junction-based photodetector and the I-V characteristics of GaN/ZnO heterojunction photodetector. Reproduced with permission.l*3 Copyright 2022,
Elsevier Ltd. e), i) Schematic of the CdSe nanowire device powered by an n-ZnO/p-GaN heterojunction photovoltaic unit. ii) Photoelectrical voltage
(logarithmic scale) of the heterojunction as a function of time while the incident UV-light is modulated by a chopper working at 800 Hz. Reproduced
with permission.[34 Copyright 2011, Wiley-VCH GmbH. f) Schematic of the piezoelectric energy harvester based on monolayer WSe,. Reproduced with
permission.”] Copyright 2017, Wiley-VCH GmbH.

the width of depletion layer. On the contrary, in the target gas,
NH; molecules interact with pre-adsorbed O%- anions and
release the captured electrons back to the heterojunction sur-
face. The conductive channel of MXene reduces the resistance
of the heterojunction and accelerates the redox reaction at room
temperature, which simultaneously plays an important role in
improving the selectivity of the heterojunction.

Since the discovery of graphene in 2004, the variety of 2D
materials has been increasing, and the research on 2D mate-
rials has been deepening. These novel 2D materials provide
new opportunities for the design of high-performance opto-
electronic devices, especially in photodetectors.?%13% Dai et al.
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reported a n-Si/n-CdS heterojunction near-infrared photode-
tector, with compression enhanced optical response due to
the piezo-phototronic effect,® which is the coupling effect
of piezoelectric, semiconductor, and light excitation in piezo-
electric semiconductors (e.g., CdS with wurtzite structure).
Figure 9b shows the fabrication process and structure diagram
of Si/CdS heterojunction near-infrared photodetector. This
report provides a facile and effective method for enhancing
the optical response of 2D-based materials in the near-infrared
band by piezo-phototronic effect. Gao et al. reported for the first
time a high-performance flexible transparent CdSe nanoribbon/
graphene as Schottky junction self-powered photodetector.[3%

© 2022 Wiley-VCH GmbH
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As depicted in Figure 9c¢, the graphene Schottky contact elec-
trode was fabricated on the other end of the CdSe nanoribbon,
and a 100 nm-thick Au ohmic contact electrode was fabri-
cated on graphene far away from the CdSe nanoribbon. CdSe/
graphene photodetectors show great potential in self-powered,
high-sensitivity, fast-tracking, flexible, and transparent optoelec-
tronic applications. Peng et al. reported a self-powered flexible
UV-photodetector based on p-GaN/n-ZnO heterostructures.[*?!
Since both GaN and ZnO are piezoelectric semiconductor mate-
rials, the piezoelectric charges generated on both sides of the
heterojunction interface under external strain will regulate the
separation, extraction, and recombination of photogenerated
carriers based on the piezo-phototronic effect. Figure 9di shows
the structure of p-GaN/n-ZnO heterojunction-based photo-
detector. As shown in Figure 9dii, the I-V curves under 325 nm
ultraviolet light illumination at different power densities show
typical rectification behavior. The photogenerated electron-hole
pairs can be effectively separated by the built-in electric field of
the p-n heterostructure even when no bias voltage is applied.
Therefore, the GaN/ZnO heterostructure photodetector can be
used as a self-powered photosensor. Bie et al. reported a device
integrating ZnO/GaN heterojunction and CdSe nanowire
which could be used for selective multiwavelength photodetec-
tors.13 CdSe is an important direct transition wide bandgap
semiconductor with excellent optical and electrical properties,
which is widely used in LEDs. Figure 9e shows the ZnO/GaN
heterojunction photodetector device (right) and the change of
photoelectric voltage (logarithmic scale) as a function of time.
When the incident UV light is modulated by a chopper oper-
ating at 800 Hz, the red line is a linear fit of the falling edge of
the voltage after the UV light is cut off. The optical response
speed of the ZnO/GaN heterojunction is much faster than that
of traditional ZnO photodetectors.

Recently, piezoelectricity has been observed in 2D atomically
thin materials such as h-BN, graphene, and TMDs.[29101:135,136]
However, due to the insufficient mechanical durability of
single-layer TMD materials, it cannot support its continuous
operation, so it is not suitable for practical piezoelectric devices.
Lee et al. reported the reliable piezoelectric performance of
WSe, bilayer film.'*] Figure 9f shows the schematic of PENG
based on monolayer WSe,, which consists of W, Se, Cr/Au
electrode, and PET substrate. The red and green spheres repre-
sent the W and Se atoms, respectively. The WSe,-based device
exhibits strong piezoelectricity and excellent mechanical dura-
bility over a large strain range and can harvest enough energy
to operate small liquid crystal displays (LCDs) without applying
any external bias.

3.6. Self-Powered Sensors with Piezoelectric/Triboelectric
Potential Driven Transistors

The emergence of transistors has created the prosperity of
electronic products today. Therefore, the transistors have been
called the greatest invention of the 20th century, which laid the
foundation for the generation of integrated circuits, micropro-
cessors, and computer memory. Nowadays, compared with con-
ventional transistors, triboelectric potential tuned transistors
based on TENG have superior output performance but lower
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energy.l38 1 At the same time, contact-electrification-con-
trolled transistors have potential applications in various fields,
such as neuromorphic computing, memory storage devices,
image recognition, and electronic skins.

Gao et al. reported for the first time a triboiontronic transistor
that combined triboelectric potential modulation with ion-con-
trolled semiconductor devices.*’! As shown in Figure 10a, the
TENG is composed of a mobile Al friction layer and a fixed
PTFE friction layer, and the Al electrode is stuck on the back-
side. A high-performance triboiontronic MoS, transistor with
a high current on/off ratio, low threshold, and steep switching
characteristics has been developed by using triboelectric poten-
tial instead of gate voltage to control the device. This provides
a low-power and high-efficiency method for tribo-modulating
semiconductor devices, which can provide unprecedented
physical properties that interact with mechanical motions.
Figure 10b shows the tunable dual-gate tribotronic logic device
composed of n-type MoS, and p-type BP FETs (left). The tri-
boelectric potential generated by TENG can effectively drive
transistors and logic devices, regulating the transport of charge
carriers. Furthermore, with the additional top gate structure
(right), the displacement of the TENG can tune the electrical
properties of FET and inverter, including threshold voltage,
inversion point, gain value, and static power dissipation.

Under the contact electrification effect, the induced tribo-
electric signal activates the ion-gel-gated MoS, postsynaptic
transistor, which enables the artificial afferent to have the adap-
tive ability of spatiotemporal recognition/sensation to external
stimuli (displacement, pressure, and touch patterns).* As
shown in Figure 10ci, tribopotential induced by contact elec-
trification activates synaptic transistors and transmits relevant
mechanical information to functional terminals. As Figure 10cii
depicted, dynamic logic can be reflected in the lighting
sequence of LEDs by identifying the different input signals
caused by contact electrification. The wide bandgap of 2D MoS,
can effectively reduce the source-drain driving voltage, improve
the transport characteristics of the channel, and achieve low
energy dissipation and high-performance neuromorphic signal
transmission.

TENGs, which can generate triboelectric potential, can also
be easily integrated with dual-gate transistors for a variety
of sensing applications. Tan et al. reported a device-level uni-
versal sensing platform based on triboelectric potential tuned
dual-gate IGZO transistors (with common bottom gates and air
dielectric top gates), which can be used as multifunctional sen-
sors (including distance/pressure/optical sensors and photonic
artificial synapse).'¥! Figure 10d shows the versatile sensing
platform based on triboelectric potential tuned dual-gate IGZO
transistor. Tribopotential tuned IGZO transistors, which can
realize synergistic pressure or optical sensing through mechan-
ical displacement modulation, show potential applications in
low-power multifunctional sensors, electronic skin, image rec-
ognition, and neuromorphic computing.

Mechanoplastic floating-gate neuromorphic transistors can
simulate multiple synaptic behaviors through the synergy of
friction-controlled gates and charge trapping, which are of great
significance to advanced Al and human-machine interfaces.']
Figure 10e shows the schematic illustration of the mecha-
noplastic MoS, synaptic transistor and the high-resolution

© 2022 Wiley-VCH GmbH
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cross-sectional micrograph of the synaptic transistor by trans-
mission electron microscope. As shown in Figure 10eii, when
the triboelectric potential is coupled with MoS, channel, the
induced carriers are captured by the Au nanoparticle floating
gate and gradually decay back through the tunneling layer. This
process is used to simulate the neurotransmitter delivery pro-
cess. Yang et al. reported a multifunctional triboelectric MoS,
transistor via a complex combination of triboelectric modula-
tion and proton transport.® The triboelectric potential is gen-
erated by mechanical displacement, and the electrical proper-
ties of transistors are tuned by proton migration/accumulation.
Figure 10fi shows the triboiontronic transistor via proton con-
ductor, including the enlarged structure of TENG component
(top inset) and the chemical structure of poly(styrenesulfonic)
acid (PSSH, bottom inset). Figure 10fii depicts an equivalent
circuit diagram of the PSSH proton-conductor-gated transistor
driven by TENG, which has excellent electrical properties and
high current on/off ratio. It provides a theoretical basis for reli-
able and effective triboelectric potential modulation on electron
transport via proton media, promising an important direction
of theoretical research in triboelectric gating, active mechanical
sensing, self-powered electronic skin, and Al

4. Applications in Integrated Self-Powered Sensors

Self-powered nanosensor is a new type of sensor developed rap-
idly in recent years, which is designed by using nanotechnology
or nano-effect and can collect and utilize the energy in the
environment to achieve continuous work. TENG/PENG self-
powered sensors based on 2D materials can collect different
forms of mechanical energy in the environment. They have the
advantages of wide selection of materials, low production cost,
and multi-functional integration, and have broad applications
in mobile electronic products, self-driving micro-nano systems,
and the new generation of IoT. This part mainly reviews the
application of TENG/PENG self-powered sensors based on 2D
materials in different fields such as human motion monitoring,
energy harvesting, biomedical engineering, environment moni-
toring, Al, and neuromorphic devices.

4.1. Integrated Sensors for Human Motion Monitoring

Wearable electronic devices have gradually attracted people’s
attention due to their advantages of convenient portability,
small size, and strong flexibility. Self-powered sensors based on
various NGs are often used to detect human physical signals.

The application of wearable devices has been expanded with
the proposal of electronic skin.'**15% Recently, wearable elec-
tronic devices are often used to monitor human motion and
posture. For instance, Wang et al. reported the high-sensitivity
TENG self-powered sensors based on graphene woven fabrics
(GWFs). The flexible wearable strain sensor was assembled by
pasting graphene films on polymer and medical tape composite
film.5Y Roy et al. reported the wearable pressure sensor based
on GO for detecting human respiration and temperature fluc-
tuations.™? In the medical field, pulse and respiration are very
important factors to reflect and evaluate a person’s health, espe-
cially for patients with cardiopulmonary diseases. As shown
in Figure 11a, the piezoresistive sensor based on MXene is
installed on the wrist of the human body to detect the pulse
beat, because the current pulse is generated with pulse beating.
Besides, TENG self-driven sensors based on 2D materials can
also be used to detect human motions. Figure 11b depicts a
sensor attached to a fingertip that can be used to detect the
clapping behavior and generate a corresponding pulse signal.
Huang et al. reported the incorporation of 2D MXene into
PVDF nanofibers as a positive triboelectric material for TENG
sensors via a simple electrospinning technique,™ as shown
in Figure 1lci. The self-powered sensors can effectively detect
human walking (Figure 11cii) and arms swinging (Figure 11ciii),
which have broad application prospects in wearable electronics.
2D metal-organic frameworks (MOFs) have been widely used
due to their tunable pore size, large specific surface area,
diverse framework structures, and surface modifiability. MOF-
based TENG sensors with large specific surface area and
excellent nano-porosity have been reported.> The high-perfor-
mance TENG self-powered sensor in contact-separation mode
is shown in Figure 11di, which can be used to detect different
motion states of the human body, e.g., walking, slow running,
jumping, and falling-down (Figure 11dii). In addition, self-pow-
ered sensors based on 2D materials can also enable IoT human
motion monitoring. Salauddin et al. reported a smart sensor
based on MXene/silicon nanocomposite (Figure 11ei),>* which
not only enables IoT human motion monitoring by smartphone
(Figure 1leii) but also realizes anti-theft alarm by sensing
human hand touch (Figure 11eiii).

4.2. Integrated Sensors embodying Energy-Harvesting

Mechanical energy in nature is valuable sustainable energy for
human beings, which can be converted into electrical energy
by NGs.[’%l NGs based on 2D materials hold great promise in
energy supply due to high power density, low cost, lightness,

Figure 10. Self-powered NG sensors with piezoelectric/triboelectric potential-driven transistors. a) Schematic illustration of the triboiontronic transistor
of MoS,. Reproduced with permission. Copyright 2019, Wiley-VCH GmbH. b) Schematic illustration of the tunable dual-gate tribotronic logic device
composing of n-type MoS, and p-type BP FETs and circuit diagram of the dual-gate tribotronic logic device. Reproduced with permission.?% Copyright
2018, Wiley-VCH GmbH. c), i) Schematic illustration diagram and ii) a simplified circuit diagram of the artificial afferent for dynamic logic demonstra-
tion. Reproduced under terms of the CC-BY license.l®l Copyright 2021, The Authors, published by Springer Nature. d), i) Schematic diagram of the
versatile sensory platform based on triboelectric potential tuned dual-gate IGZO transistor and ii) the simplified diagram of the device. Reproduced with
permission."’l Copyright 2021, Elsevier Ltd. e), i) Schematic illustration of the mechanoplastic MoS, synaptic transistor, ii) the working mechanism of
Au NPs floating-gate layer and iii) high-resolution cross-sectional micrograph of the synaptic transistor by TEM. Reproduced with permission.[*]
Copyright 2020, Wiley-VCH GmbH. f), i) Schematic illustration of the triboiontronic transistor via proton conductor and ii) the equivalent circuit diagram
of the Poly(styrenesulfonic) acid gated triboiontronic transistor. Reproduced with permission.l8 Copyright 2020, American Chemical Society.
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Figure 11. Integrated sensors for human motion monitoring. a) The signal responses in the form of current changes come from wrist pulse (the
enlarged illustration is a magnified view of the pulse vibration waveform). Reproduced with permission.2%l Copyright 2020, American Chemical Society.
b), i) Peak-to-peak output voltage of the flexible STENG under human body motion: hand clapping. ii) The shape of each generated signal. Reproduced
with permission.?'% Copyright 2020, Elsevier Ltd. c), i) Schematic diagrams of the TENG structure. ii) Applications of the all-fiber TENG as a self-powered
sensor for human walking and iii) moving of arms. Reproduced with permission.*® Copyright 2021, American Chemical Society. d), i) Structure design of
the MOF-based TENG self-powered sensor. ii) Voltage output under different motion states, i.e., walking, slow running, jumping, and falling down, for the
application of a self-powered human motion monitor. Reproduced with permission. ['* Copyright 2022, Elsevier B.V. e), i) Schematic diagram of double-
side-contact-based TENG. ii) Photograph of the self-powered human motion monitoring sensor for loT applications via smartphone and iii) the smart table
for data/material theft protection from human skin touch using TENG-based sensor. Reproduced with permission. 11 Copyright 2022, Wiley-VCH GmbH.
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and excellent manufacturability.™”] As we all know, human
daily activities, such as the movement of different joints and
breathing, can generate various mechanical energy. These
energies can be efficiently collected through NGs to meet the
needs of green energy and sustainable development.[>815
Kaur et al. reported a single-electrode TENG sensor made of
reduced graphene oxide nanoribbons (rGO-NRs) for harvesting
mechanical energy from human fingertip strain.l'*) Figure 12a
shows the electromagnetic-triboelectric-hybrid TENG sensor
for harvesting human mechanical energy. With 2D MoS, as
the electron acceptor, it has a very high output response. Song
et al. reported a PENG based on 2D Pbl, nanosheets for con-
verting collected mechanical energy into electrical energy.!®
Figure 12bi shows the growth of several layers of MoS, on cel-
lulose paper, followed by in-situ deposition of polarized PVDF
nanofibers processed by electrospinning to fabricate a piezoe-
lectric-triboelectric hybrid nanogenerator and to obtain energy
from simple manual activities such as handwriting or human
touch. When the device feels pressure, it will generate the cor-
responding pressure signal (Figure 12bii). Kim et al. reported
a flexible PENG with directional piezoelectric effect based on
monolayer MoS, to acquire mechanical stretching energy and
enable to double the output.'®) As shown in Figure 12c, gra-
phene was grown on thin copper foil, and the surface nega-
tively charged 2D BP nanosheet particles were exfoliated and
deposited on the graphene/Cu electrode. Mechanical energy
harvesting can be efficiently performed when the device is
under stretching.

With the gradual exhaustion of fossil energy, the utiliza-
tion of renewable energy (e.g., wind power and hydropower)
is one of the most effective ways to solve the global energy
crisis.1927165] The compatibility of NGs also gives them consid-
erable advantages in energy harvesting in the environment.
Figure 12d shows a TENG sensor based on 2D ZnO nanowire
array that collects heat from the environment and converts it
into electricity. Moreover, the self-powered sensor based on GO
can also harvest sound energy in the environment, as illustrated
in Figure 12e. When the sound is simulated with a tuning fork,
the sensor will generate a corresponding current signal. Wind
energy has become a potential energy source because of its
wide coverage and large amount. Karmakar et al. reported the
green chemical preparation of bilayer MoS, nanosheets and dis-
covered their applications in triboelectric and catalytic energy
harvesting.[1 Figure 12f shows the TENG with excellent ten-
sile properties and sensitivity based on MXene. The wind wave
will generate a small pressure on the device, thus causing the
vibration of the upper electrode, so that the triboelectric charge
is transferred between the upper electrode and the lower elec-
trode. The collected wind energy is converted into electricity,
and the electricity can drive color-tunable LEDs.

4.3. Integrated Sensors for Biomedical Engineering

There are highly complex biological signals in the human body,
each of which conveys the working state of the body. With the
development of information technology in the field of medical
research, corresponding sensors can detect different human
body information by receiving human body signals to realize
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the diagnosis of diseases. Self-powered biomedical sensors
based on 2D materials provide a promising power/sensing
solution in biomedical applications due to their high sensitivity,
simplicity, and portability.'®”! Grant et al. reported that GO had
broad potential in the biomedical field, which could promote
cell proliferation, drug loading, and antibacterial properties of
composites with great biocompatibility.'*¥! MoS, and its com-
posites open a new era in nano-sensor fabrication because of
exciting catalytic properties and biocompatibility. Sha et al.
reported the wide application of self-driven sensors based on
MoS, in biomedicine.'” Figure 13a shows the structural
design of a smart contact lens with an ultrathin MoS, transistor
serpentine grid sensing system, and the dashed area highlights
the gold-mediated mechanical exfoliation of monolayer MoS,.
The device can detect optical signals and corneal temperature,
which is essential in ophthalmology-related researches and pro-
vides an alternative solution for the manufacture of advanced
smart contact lenses.

Implantable medical devices have become an indispensable
medical tool to improve the life quality of patients and prolong
their life.l”% Self-powered sensors based on 2D materials can
also be used for implantable medical detection. As shown in
Figure 13b, a flexible and biocompatible pressure sensor based
on 2D MZXene is applied to the apical epicardium of the mouse
chest wall, which can record the vibration of the mouse heart
and perform real-time heart beating signal detection. Figure 13c
shows a durable, fatigue-resistant soft nerve prosthetic device
for bidirectional signal of peripheral nerves. The designed
device was implanted into the sciatic nerve of the rat to record
sensory nerve signals evoked by mechanical stimulation of the
rat foot, providing a solution for clinically challenging neuro-
logical diseases.

Wearable non-invasive glucose sensors provide humans with
a painless and portable means of blood glucose monitoring
and health management and have attracted much attention in
recent years.”!l Figure 13d shows the schematic diagram of a
non-invasive blood glucose sensor, using two textile-like gra-
phene-based electrodes attached to the back of the hand and
wrist. The blood glucose level of the test subject changed before
and after breakfast, lunch, and the dual-electrode non-invasive
glucose sensor could well monitor this change. In addition,
Yang et al. reported that the self-driven sensor based on LIG
can be applied to human electrocardiogram (ECG) monitoring.
As shown in Figure 13e, the 12-lead ECG consists of 4 extremity
electrodes and 6 thoracic electrodes. The thoracic lead ECG
signal is shown in Figure 13eii. The ECG obtained by the test is
consistent with that of healthy people.

4.4. Integrated Sensors for Environment Monitoring

With the attention to environmental quality, in the actual
environmental detection process, people often need analytical
equipment and instruments that can be easily carried and can
continuously and dynamically monitor a variety of analytes. Cur-
rent environmental monitoring sensors usually require external
energy, such as batteries. For long-time working sensors, the
battery not only has limited life but also brings environmental
pollution problems.[72"775l TENG/PENG self-powered sensors

© 2022 Wiley-VCH GmbH
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Figure 12. Integrated sensors embodying energy harvesting. a) lllustration of the vertical contact-separation mode TENG with a MoS, layer. Repro-
duced with permission.?" Copyright 2020, Elsevier Ltd. b), i) Structure of the hybrid nanogenerator. ii)Graphs showing the open circuit voltage of
pristine MoS, grown on cellulose paper. Reproduced with permission.['2 Copyright 2018, Elsevier Ltd. c), i) Schematic representation of the configu-
ration of the BP mechanical energy harvester. Representative images of ii) bending and iii) unbending performed on the developed energy harvester.
Reproduced with permission.[?'¥] Copyright 2017, American Chemical Society. d) Schematic diagram showing the structure of the pyroelectric nano-
generator. Reproduced with permission.[?" Copyright 2012, American Chemical Society. e), i) Schematic of the device. ii) Schematic of applying sound
fork to the device. iii) Current of GO/graphene nanogenerator versus sound fork vibration. Reproduced with permission.?'> Copyright 2012, Wiley-VCH
GmbH. f), i) The structure of multifunctional TENG to detect small wave vibration. ii) Voc of TENG with different wind speeds. iii) Alterable colored
LED shows different light at different environment. Reproduced with permission.?'®! Copyright 2021, Elsevier Ltd.
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Figure 13. Integrated sensors for biomedical engineering. a) Schematic illustration of the different layers of smart contact lens structure attached to
an eyeball. The dashed region highlights the gold-mediated mechanical exfoliation of monolayer MoS,. Reproduced with permission. 277 Copyright
2020, Elsevier Inc. b) Schematic of the pressure sensor attached to the heart of mice. Reproduced with permission. 28l Copyright 2021, Elsevier Ltd.
c) Photographs showing the implantation of fatigue-resistant soft neuroprosthetics. Reproduced with permission.?'”! Copyright 2021, Wiley-VCH
GmbH. d), i) Schematic of the non-invasive blood glucose sensor by using two textile-like electrodes. ii) Digital photographs of non-invasive blood
glucose sensors attached on the hand back and wrist of healthy volunteers. iii) The blood glucose monitoring conducted by the non-invasive glucose
sensors on two healthy volunteers for 8 h. Reproduced with permission 1221 Copyright 2021, Elsevier B.V. e), i) Positions of 12-lead ECG electrodes.
ii) 12-lead ECG signals (5 s) recorded by LIG/PDMS electrodes: chest leads. Reproduced with permission.[?21l Copyright 2021, Wiley-VCH GmbH.
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show continuous good performance to the environment, and
the excellent properties of 2D materials make NGs widely used
in environmental monitoring. Figure 14a shows a high-perfor-
mance flexible SnS,/rGO nanohybrid humidity sensor driven
by PTFE-based TENG. Taking the output voltage and relative
humidity of the friction humidity sensor as a function, the
regression coefficient is 0.998, and the fitting result is great.

There are many gases in the environment. When the human
body inhales a large amount of certain gases, it will cause
immeasurable harm to the body. Therefore, it is very neces-
sary to realize gas detection in the environment. As shown in
Figure 14b, the resistance of TENG-driven sensor based on
PANI/MXene composite for detecting NH3 in the environment
increases with increasing NH; concentration. The resistance of
PANTI sensor is =40 kQ in air and exceeds 50 kQ in 10 ppm NHj,
the resistance of PANI/MXene composite sensor is =22 kQ in
air and over 30 kQ in 10 ppm NH; environment. Compared to
pure PANI sensor, the doping of MXene reduces the resistance
of the sensor and increases the response value of the sensor. The
PANI/MXene composite sensor also shows better sensitivity at
different NH; concentrations (Figure 14bii). The dependence
of the sensor response on humidity and NH; concentration
can be fitted linearly, as shown in Figure 14biii. The novel flex-
ible self-powered sensor based on PENG with 2D MoSe, flakes
can also efficiently detect NH3 in the environment (Figure 14c).
The output voltages of MoSe,-based sensors when exposed to
different concentrations of NH;j are quite different. Moreover,
Lee et al. reported an ultra-high-sensitivity gas sensor based on
2D MXene capable of detecting polar and non-polar chemicals
in the environment, including hydrogen and methane with
very low detection limits of 2 and 25 ppm, respectively.”® Ou
et al. reported a self-powered sensor based on SnS, flakes with
physical affinity to NO,, providing a real solution for low-cost
and selective NO, gas sensing.['”’] More and more attention has
been paid to the potential applications of heterojunction syn-
thesis in catalysis and gas sensors. Qiao et al. creatively reported
a sensor based on MoS,/Sn0O, p-n heterojunction for detecting
trimethylamine in the environment, which had the advantages
of high sensitivity, high selectivity, high stability, and high cata-
lytic activity.'”® In addition to the nanosensors driven by NGs,
NGs themselves can also act as self-powered sensors based on
novel active materials or sophisticated structures. As shown in
Figure 14d, the PENG sensor based on Sn0O,/ZnO nanoarray
realizes high H, detection at room temperature. Since the SnO,
nanoparticles loaded on the surface of ZnO NWs can act as a
catalyst for the H, oxidation reaction, the PENG itself can be
used as a gas sensor. When the sensor is exposed to the H,
environment, H, undergoes an oxidation reaction, and the elec-
trons released by the oxidation reaction flow back to the conduc-
tion band of the ZnO NWs. The sensitivity of the sensor under
different H, concentrations is different, and the sensitivity
increases with the increment of H, concentration.

4.5. Integrated Sensors for Artificial Intelligence and
Neuromorphic Devices

With the development of AI, more and more sensors are being
researched and developed.[7?-8! The ideal smart sensor should
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have the characteristics of light-weight, flexibility, comfort, and
long service life. There are still many difficulties in existing
sensor devices due to the energy storage limitation of batteries,
so TENG/PENG solves these difficulties well with its excellent
characteristics. Robot-like, human-machine interfaces, neuro-
morphic devices, etc. are all hotspots in Al research today. The
self-powered devices and systems based on 2D materials per-
fectly combine the advantages and make great progress in the
field of AL

The NG self-powered device based on 2D materials is shown
in Figure 15. Figure 15a depicts mechanoluminescent hybrid-
material sensors based on 2D ZnS, which enable humanoid
robots to sense external stimuli while exchanging informa-
tion with humans. The wireless sensing system can be used
for remote information interaction and health monitoring.
The user interface with sensory feedback is very important, so
that the interaction information between humanoid robots and
humans can be reflected in the application program interface.
This work inspires people to explore and expand the applica-
tions of multimodal sensors based on 2D materials, in the field
of ALIBZ184 Ag shown in Figure 15b, based on the interaction
between human and 3D printing manipulator, an intelligent
human-machine interface is established. SnS, nanomate-
rials are integrated into a PENG device to explore the human-
machine simultaneous control of an intelligent sign language
system. The SnS,-PENG device attached to the human index
finger synchronously generates corresponding activation volt-
ages with the different bending states of the index finger to
drive the robot index finger. This not only pushes the develop-
ment of devices based on 2D materials toward multifunctional
bio-piezoelectricity but also opens a path to developing human-
machine interfaces in near future.'®>1 Figure 15c¢ shows the
integration of a single-layer graphene transparent tactile sensor
on the bionic finger bone and the use of tactile feedback to con-
trol the grasping of soft objects. The sensor placed on the pha-
lanx received a maximum AV/V, of 115%, and when the AV/V,
exceeded a threshold (115%), the grasping motion of each
finger ceased. By imitating human grasping characteristics, the
grasping of robot fingers is more accurate.

In recent years, various large-area growth methods for 2D
TMDs have been developed for future electronic and photonic
applications. However, they have not yet been used for syn-
thetic image sensors. The image sensing properties of a bilayer
MoS,; active pixel image sensor array are successfully investi-
gated using the optical template projection technique, as shown
in Figure 15d. Turtle templates (24 x 24 pixels in total) were pre-
pared using a laser cutting system and patterned (Figure 15di).
During the light projection, the templates divided into 9 blocks
(Figure 15dii) are sequentially placed on the active pixel image
sensor array (Figure 15diii). The photosensitive mapping
results of the active pixel image sensor array were obtained by
light template projection, indicating the successful perception
of turtle images (Figure 15div,v).

Sun et al. reported a piezoelectric programmable non-vola-
tile memory integrating PENG and IGZO field effect transis-
tors.') Memory storage devices have potential application
in low-power wearable health monitoring systems based on
human-computer interaction. With the help of biomechanics
and vision, the perceptual and cognitive abilities of the human
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Figure 14. Integrated sensors for environment monitoring. a), i) Schematic of the device ii) Fabrication of the SnS;/RGO film sensor. iii) The output
voltage of the TEHS as a function of relative humidity. Reproduced with permission.?22 Copyright 2019, Elsevier Ltd. b), i) The resistance changes of
PANI/MXene hybrid sensor and PANI single sensor under different NH; concentrations at 20 °C, ii) resistance response of PANI/MXene and PANI
under different NH; concentrations at 20 °C and response as a function of PANI/MXene and PANI under different NH; concentrations at 20 °C.
iii) Linear behavior of the response vs. both humidity and NH; concentration for PANI/MXene film sensor. Reproduced with permission.[??l Copyright
2021, Elsevier Ltd. c), i) Photograph of the flexible PENG device. ii) Optical microscope image of a MoS, piezoelectric device with two electrodes.
i) MoSe, composite-based PEAS upon exposure to different concentrations of NH;. Reproduced with permission.?24 Copyright 2019, Elsevier Ltd.
d), i,ii) SnO,/Zn0O heterostructure in H, without applied force. iii) The sensitivity of SnO,/ZnO NW arrays upon exposure to different concentrations
of H,. Reproduced with permission.[?2%l Copyright 2014, Elsevier Ltd.

Adv. Funct. Mater. 2022, 32, 2206900 2206900 (23 of 30) © 2022 Wiley-VCH GmbH

5UB01 SUOWILIOD BAIEBIO B|e1idde U} Aq PaUBAOB 9.8 DI WO ‘38N J0 SBINI 10} AXei]178UIIUO A3 UO (SUONIPUOD-PUB-SLLLIBIALCO" A 1M A2, 1[BU1UO//'ScIU) SUONIPUOD PUe SIS 1 8U) 89S *[2202/0T/7T] U AiqiTauiiuo 1M *ABojoutos 1 JO @i eiBioss Ad 006902202 WiPe/Z00T OT/I0p/LIc0" 81 Aeid1jBu|uo//Sdny Wol papeojumoq ‘Tt ‘220z ‘8Z0E9T9T



ADVANCED FUNCTIONAL
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.afm-journal.de

Integrated Sensors for Artificial Intelligence and Neuromorphic Devices

Human-Machine
Interface

Photosensitivity( Sp,,):

16 160 | 262 367 |
1

I

1

I

I

I

1

0.8 |y 28 36 43
1

" I

I

I

1

I

0 5 5 5

mnonn
W
e o u

Pessmtssona i
.

Optoelectronic |
transistor | M

TENG | B sisio,
i | PTFE

Postsynaptic signal

Cu

anical displacement
Figure 15. Integrated sensors for artificial intelligence and neuromorphic devices. a) Concept of the bimodal sensor as user-interactive interface of
robotics for the perception of external stimuli of temperature and pressure and simultaneously the conversion of pressure into encrypted informa-
tion that can be recognized by robotics and visible to humans. Reproduced with permission.[?2%1 Copyright 2022, American Chemical Society. b), i) An
intelligent human-robotic interface is established based on the interaction between human and 3D printing robotic hands. ii) The snapshot photos
of a human forefinger in different bending states (from the off, I, II, to Il states). Reproduced with permission.??’} Copyright 2020, Elsevier Ltd.
c), i) Grabbing of a softball enabling tactile feedback. ii) Color map of the capacitive sensors, showing the readout voltage modulation after grabbing
with tactile feedback enable. Reproduced with permission.l?28l Copyright 2017, Wiley-VCH GmbH. d), i) Photograph of the designed turtle stencil. ii)
Separated turtle stencils for individual light stencil projection on sensor array. iii) Top view of the image sensor array. iv) Measurement concept using
the light stencil projection for image detection of the image sensor array. v) Photosensitivity mapping result extracted from image detection of bilayer
MoS, image sensor array. Reproduced under terms of the CC-BY license.l??l Copyright 2021, The Authors, published by Springer Nature. e), i) Schematic
illustrations of biological tactile/visual sensory system. ii) Schematic diagram of the mechano-photonic artificial synapse based on graphene/MoS,
heterostructure. Reproduced with permission.[?3% Copyright 2021, American Association for the Advancement of Science.
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brain are the key to obtaining somatosensory and visual infor-
mation (Figure 15ei). Inspired by the brain and nervous system,
the mechanophotonic artificial synapse device based on gra-
phene/MoS, heterostructure is shown in Figure 15eii. The cyan
regions are MoS, flakes, and the white strips are graphene. It
consists of a phototransistor based on graphene/MoS, hetero-
structure and an integrated TENG. Self-powered triboelectric
potential-gated transistors have propelled their development
and applications in the field of neuromorphic devices.

5. Conclusions and Perspectives

This review focuses on the excellent piezoelectric and optoelec-
tronic properties, triboelectric series of 2D materials, and the
self-powered sensors based on various 2D materials and their
applications are also introduced. Since the discovery of the
first 2D material (graphene), the research of 2D materials has
become a popular direction. Some other 2D materials were sub-
sequently prepared, such as graphene-like materials (MXene,
h-BN, etc.), TMDs (MoS,, WS,, WSe,, etc.), MDCs (SnSe, GeS,
SnS, GaSe, GaSs, etc.), alloys and heterostructures, etc. Since the
discovery of the piezoelectric properties of MoS,, the concept
of piezotronics, and piezo-photontronics was first introduced to
the 2D field. A decisive condition for piezoelectric materials is
that their structure has an asymmetric center. For 2D materials
without piezoelectricity, such as graphene, piezoelectricity can
be achieved by artificially introducing asymmetric centers into
the crystal structure or by surface modification engineering and
structural control processes. The variation of optical properties
of 2D materials with the number of layers can be characterized
by the following methods, such as optical contrast spectros-
copy, Rayleigh scattering, Raman spectroscopy, optical absorp-
tion spectroscopy, and photoluminescence spectroscopy. As the
number of 2D materials layers increases, the peaks, intensity,
linewidths, or line types of these spectra may change signifi-
cantly, or some new optical features may appear. In the reported
work, large-area graphene films, 2D ZnO, Gr, Si, Gr/ZnO, Gr/
Si, and ZnO/Gr/Si heterostructures have excellent optical prop-
erties.[52188-193] At the same time, TMDs have excellent optoe-
lectronic properties due to their semiconducting properties and
high absorption coefficients in the spectral range.

As a new energy technology, NG breaks the limitation of
traditional energy devices and equipment relying on batteries,
which are not only environmentally friendly but also highly
recyclable.l63194200 However, due to the large internal resist-
ance of TENG and special materials requirement for PENG,
the output current is small, and the total output power of the
device is limited. Therefore, the integration of TENG/PENG
and 2D materials can effectively improve the output power
and energy conversion efficiency. The NG self-powered sensors
based on different kinds of 2D materials have been applied in
many fields such as human motion sensing, energy harvesting,
biomedicine engineering, environmental monitoring, Al, and
neuromorphic computing. It is foreseeable that the further
development of this technology will bring greater significance,
it will not only improve the performance of the sensor but also
better serve the activities in our daily life. In future research,
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the further development of self-powered TENG/PENG sensors
based on 2D materials needs to consider the following aspects:

1. Energy Conversion Efficiency: Another application of nano-
energy is a self-driven sensing system, which solves the
micro-power problem that restricts the development of the
IoT, thereby realizing the stability and reliability of wire-
less sensors under unattended conditions. Therefore, high
energy conversion efficiency and output performance are
very important in the working process of NGs. We pro-
pose that better integration of 2D materials with NGs can
be considered to achieve the overall output performance of
the device. For example, for 2D graphene, increasing the
number of layers in the graphene structure can improve its
work function, thus improving the energy conversion effi-
ciency of NG sensors based on graphene. Introducing 2D
MXene nanosheets for dielectric modulation can improve
the permittivity and surface charge density of NG sensors
based on MXene.

2. Suitable Materials: Different 2D materials have distinct
electronic band structures, optical, and electrical properties.
In particular, the structure matching and function comple-
mentary 2D heterojunction materials play a very important
role in the fabrication of self-powered TENG/PENG sensors.
Selecting suitable materials from numerous 2D materials by
means of calculation and simulation is a key problem in the
research of self-powered sensors.

3. Process Optimization and Device Structure Design: The
structure design of the device determines its output per-
formance in principle. In addition, the preparation of the
device is a complex process, it will be in contact with dif-
ferent substances in different environments, and each link
will affect the final detection performance of the device, thus
the device process optimization is the guarantee of its good
performance. Researchers can optimize the corresponding
device structure in the context of specific applications using
the appropriate process. For instance, the fabrication of
2D ZnS nanostructures using a simple low-temperature
hydrothermal synthesis method is helpful for large-scale
production.

In summary, the research on NG self-powered sensors based
on 2D materials is still in the initial stage, and the selection
of 2D materials, device optimization, structure design, stability,
and other aspects are still worthy of consideration. However,
challenges and opportunities coexist. With the continuous dis-
covery of new 2D materials, NG self-powered active sensors
based on 2D materials will also be better applied in human
monitoring, energy harvesting, biomedicine, and Al
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