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Abstract: Based on the conjunction of contact electrification and electrostatic induction, triboelectric
nanogenerators (TENGs) can harvest mechanical energy dispersed in our environment. With the characteristics
of simple structure, light weight, broad material availability, low cost, and high efficiency even at low operation
frequency, TENG can serve as a promising alternative strategy for meeting the needs of distributed energy for
the internet of things and network. The major potential applications of TENG can be summarized as four fields
containing micro/nano power sources, self-powered sensors, large-scale blue energy, and direct high-voltage
power sources. In this paper, the fundamental physics, output performance enhancement, and applications
of TENGs are reviewed to timely summarize the development of TENGs and provide a guideline for future

research.
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1 Introduction

As a ubiquitous phenomenon, the contact electrification
(CE) has been known for 2,000 years. CE results
from physical contact between two materials, along
with the process of tribology and interfacial charge
transfer, which is one of the most fundamental effects
of electricity generation [1]. However, there is few
applications for CE in modern industry, and is usually
acted as a negative effect to be avoided because the
introduced electrostatic charges can cause ignition,
dust explosions, increased friction, energy losses, etc.
[2]. The situation has changed until the triboelectric
nanogenerators (TENGs) were invented as a new type
of energy harvesting technology [3]. By a conjunction
of triboelectrification (TE) and electrostatic induction,
TENGs can transform a variety of mechanical energy
in our daily life to electricity. As for this electric power
generation technology, TE generates static polarized

charges on the material surface through physical contact
between two materials, while electrostatic induction
makes the conversion of mechanical energy into electric
power by mechanical separation generating the change
of electrical potential.

Since the first report in 2012, TENGs have been
developed very rapidly and attracted extensive attention
on a global scale [4-8]. Based on large efforts includ-
ing basic principles and modes proposing, material
improvement, device design, structural optimization,
and surface modification, the area power density
and conversion efficiency of TENGs have reached to
500 W-m™ and >50%, respectively [9]. With many
desirable merits of simple structure, light weight, broad
material availability, low cost, and high efficiency even
at low operation frequency, TENGs can be used to
harvest various mechanical energy that is ubiquitous
but wasted in our daily life [10-12], and thus has been
proven to be a promising alternatively method for
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satisfying the demands of distributed energy for the
internet of things (IoTs) and network [13]. In addition,
TENG has demonstrated its potential application
including powering small and mobile electronic devices
as micro/nano power sources, coupling with existing
sensor device for establishing self-powered system,
and applying as high-voltage (HV) power source for
HV applications [14-19]. Moreover, networks of TENG
units can be effectively applied for harvesting ocean
waves with low frequency, with the prospect of
worldwide energy production at large scale [20-24].

With the rapid development of TENG, we prepare
this paper to timely summarize the development of
TENGs and provide a guideline for future research.
In this review, we will first focus on the fundamental
comprehension of TENG, containing the origin of
TE and its mechanism, following by an introduction
of the basic operating modes. Then, performance-
enhancement methodology for TENG will be elaborated,
including enhancement of surface charge density,
improvement of output power, and power management.
Furthermore, this paper will give a summary about the
recent important progresses in TENG applications.
Finally, based on the road map of TENG research with
identify prioritized directions, some new horizons are
presented for exploring the study and application of
TENG.

2 Fundamental physics of TENGs
2.1 Origin of triboelectrification

Aiming to build the scientific basis of TENG and
enhance its performance, fundamental mechanism
of TE must be studied. Although this effect has been
known for two thousand years, the corresponding
fundamental science is blurry until a fundamental
understanding was provided in 2019. By anatomizing
the corresponding studies about TE in nano-scale, a
conclusion has been obtained that electron transfer is
the dominant, if not exclusive, mechanism for TE [1].
For understanding the origin of TE, Wang and Wang
[1] proposed the interatomic interaction model to
explain TE on atomic level, where TE occurs between
two atoms with partial overlap in their electronic clouds
or wave functions. (i) represents the general form of
interatomic interactions in Fig. 1(a). If a bond is formed

between two atoms, it is meaning that partial overlap
occurs in electronic clouds or wave functions, where
an equilibrium state with interatomic distance of a
is built. When an external force, one of the most
determining factors in TE, is applied to produce
physical contact between the two surfaces, a local
high pressure will be generated at certain points even
at atoms, resulting a shorter interatomic distance x
than a between the contacting points. In this case, a
repulsive force will be generated between the two
atoms with the enhancement of overlap in electronic
clouds or wave functions, and therefore electrons
transfer from one surface to the other one, resulting
in TE between the two surfaces ((ii) in Fig. 1(a)). On
the contrary, the two atoms have a tendency to attract
each other because of the lower overlap of electron
clouds, which may break their bond ((iii) in Fig. 1(a)).
Recently, the interatomic interaction model was
confirmed by using tapping mode atomic force
microcopy (AFM) to control the degree of electro-cloud
overlap between two atoms [25]. The tapping mode
AFM and the illustration of attractive region and
repulsive region on the sample surface are displayed in
Fig. 1(b). The tip is excited by the piezoelectric ceramic
to vibrate at certain amplitude before approaching
to the sample surface. If a force is applied on the
vibrating tip, the amplitude of the tip will decrease and
the vibration phase will shift due to interference on
its harmonic oscillating behavior. The shift direction
of the phase depends on the direction of the applied
force. Specifically, the tip-sample interaction force
is dependent on the set amplitude when the free
amplitude is constant, while the phase shift of the
vibrating tip changes with the set amplitude, and
interaction regions of the tip-sample interaction force
can be reflected by the direction of the phase shift. The
shift of the tip when it taps on the Si;N, surface at
different set amplitudes is displayed in Figs. 1(c)-1(e).
When the free amplitude was 50 nm, the phase shift
was always negative, which means the tip cannot enter
the repulsive region. When the free amplitude increased
to 70 and 100 nm, the phase shift of the tip will reverse
to be positive if the set amplitude is smaller than a
threshold value. In these parameters, the tip worked in
the attractive region when the free amplitude is 50 nm
(Fig. 1(c)) and in the repulsive region when the free
amplitudes are 70 and 100 nm (Figs. 1(d) and 1(e)).
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Fig.1 Charge transfer model of triboelectrification. (a) Interatomic interaction model with the relationship of interaction energy curve
and the interaction of the atoms. Reproduced with permission from Ref. [1]. © Elsevier Ltd., 2019. (b) Tapping mode AFM and the
illustration of attractive region and repulsive region on the sample surface. (c—¢) The phase shift at different set tapping amplitudes and
the charge transfer between tip and Si;N, sample with different free amplitude (4y) and set tapping amplitude (4,). Reproduced with
permission from Ref. [25]. © WILEY-VCH Verlag GmbH & Co. KGaA, 2020.

These results show that the Si;N, surface obtained
positive charges when the tip tapping in the repulsive
region on the Si;N, surface, while the charges transfer
between the tip and Si;N, did not occur when the tip
tapping in the attractive region (Fig. 1(c)). These results
suggest that the electron transfer between tip and
sample occurs only if the two surfaces interact in the
repulsive-force region, which is consistent with the
interatomic interaction model.

Besides electron transfer, the TE also involves the
mechanisms of chemical changes and material transfer
between the contacting surfaces. Baytekin et al. [26]
studied the chemical changes on a pair of polymers
by using X-ray photoelectron spectroscopy (XPS)
and the feature distinct elemental peaks confirmed
the presence of material transfer. Once PTFE and
polydimethylsiloxane (PDMS) upon contact, the F 1s
signal in the XPS spectrum at 690 eV presents in the
spectrum of PDMS, while Si 2p at 102.5 eV and O 1s
at 533 eV peaks present in the spectrum of PTFE.
Moreover, the increased intensities of above-mentioned
peaks also obtained with increasing the cycles of PTFE-
PDMS contacts. These measurements indicate that
TE is a complex process containing a combination of

bond cleavage, chemical changes, and material transfer
taking place within distinct patches of nanoscopic
dimensions.

The surface state model can be used to further
explain the mechanism of TE between two dielectrics
[27]. Assuming the existence of surface and defect
states in the bandgap owing to the presence of surface
and possibly point defects, the electric structure of
dielectric surface can be represented by a band diagram
with conduction band (CB) and valence band (VB)
[1, 28]. The difference in electron structures between
two materials, resulting in the energy of unoccupied
surface states of dielectric lower than that of occupied
surface states in dielectric B (Fig. 2(a)). Once the two
dielectrics contact with each other, TE will occur by
the electrons transfer from the surface of dielectric A
to the surface of dielectric B (Fig. 2(b)). Even after
separation, these transferred electrons in dielectric B
will not return to the surface of dielectric A, leading
to net negative charges on dielectric B and net positive
charges on dielectric A (Fig. 2(c)).

2.2 Maxwell current

From the fundamental physics, the theory of TENG
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Fig. 2 Surface state model to explain the mechanism of TE between two dielectrics. Surface state model with charge transfer: (a) before
contact, (b) in contact, and (c) after contact between two different dielectric materials for a case that £, of the dielectric A is higher than
that of the dielectric B. Reproduced with permission from Ref. [1]. © Elsevier Ltd., 2019.

is origin from the Maxwell’s displacement [29, 30]
defined as

oD 0P, OE OP,
=+ —= = +—5

o ot ot ot ot

(1)
where [ is the total displacement current density, D
is the electric displacement field, P; is the polarization
field created by the electrostatic surface charges
resulting from triboelectric effect, E is the electric
field, and ¢ is the vacuum permittivity. The first term
g(CE/ot) is the induced current by the varying
electric field which gives the birth of electromagnetic
waves, while the second term OP, /ot is the current

attributed to the surface polarization which is the
origin of nanogenerators, and is simply referred as
Wang term. Thus, the displacement current (I,) is a
surface integral of Jp:
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where Q is the total free charges on the electrode, p
is the distribution of free charges in space. From
Eq. (2), the internal circuit in TENG is dominated by
the displacement current, and the observed current
in the external circuit is the capacitive conduction
current. The internal circuit and external circuit can
meet at the two electrodes, forming a complete loop.
Therefore, the displacement current is the intrinsic
physical core of current generation and it is the internal
driving force, and the capacitive conduction current

in an external circuit is the external manifestation of
displacement current [30].

The basic structure of contact-separation mode is
used to illustrate this theory (Fig. 3), which consists of
two electrodes connected to different dielectric films,
with dielectric permittivity of & and &, and thicknesses
of d; and d,, respectively. The surface charge density
induced by CE is o¢(t), which finally reaches a
saturation after the initial contacts between the two
films, and is independent of the gap distance z. Driven
by the electrostatic filed, the density of free electrons
accumulated on the surface of electrode is o(z, t),
which is a function of z(t). In the two dielectric films, the
electric fields are Ez =o(z,t)/ ¢, and Ez=-0(z,t)/ ¢,,
respectively. In the gap, the electric field is Ez =
—o(z,t)-0,]/ &,. Between the two electrodes, the
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Fig.3 Working mechanisms of TENG with contact-separation
mode. Reproduced with permission from Ref. [30]. © Elsevier
Ltd., 2020.
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relative potential drop can be calculated as

V= {—o-(z,t)(d1 /& +d, /52)—z[a(z,t)—0'T]}/gU
®)

Under short-circuit condition, V' =0:
o(z,t)=zo./(d g,/ &+ a6,/ €,+2) (4)

Therefore, the corresponding displacement current
density is

oD 60(z,t) dz{d@[) +%J

b= =" "Tal s s
/(dg, /& +dye, &, +2) + do ,
/(ds, /&, +d,6,/ &, +2) @)

From Egq. (5), the output characteristics of the TENG
can be illustrated that the displacement current density
is proportional to the speed at which the two dielectric
films are being separated or contacted, and is also in
proportion to surface charge density. Considering the
existence of an external load R, the current transport
equation for TENG can be given by

)
ot
R T
& a &

where A is the area of the electrode. From the me-
chanism of the basic model of the TENG, we can find
that the theoretical origin of the TENG is Maxwell’s
displacement current.

2.3 Four modes of TENG

Since the first report of TENG in 2012, four different
modes have been invented according to motion manner
of the triboelectric layer and electrode arrangement,
which are vertical contact-separation mode, lateral-
sliding mode, single-electrode mode, and freestanding
triboelectric-layer mode, respectively (Fig. 4). The de-
tailed theoretical models of the mentioned modes have
been widely elaborated in previous work, therefore
a concise description is given in this paper as follows.

As the most basic and common structure, the vertical
contact-separation mode [31, 32] consists of a top
electrode and a back electrode connected to dielectric

©) (d) -

I++++++—?

Single-electrode mode

Freestanding triboelectric-layer mode

Fig. 4 Four fundamental modes of TENG with (a) vertical contact-
separation mode, (b) sliding mode, (c) single-electrode mode, and
(d) freestanding triboelectric-layer mode.

film. Driving by applied force, these two parts move
with each other in the vertical direction to the interface,
resulting in the generation of charges. During contacting
or separating process, the potential changes between
electrodes, and thus external current flow is produced
with an external circuit connected.

The lateral-sliding mode [33, 34] has the same
structure as that of vertical contact-separation mode,
which is driven by the force that is parallel to the
interface, resulting in the relative displacement between
the material surface and thus dense triboelectric charges.
With the periodic change of the contact surface area,
the potential difference changes between the electrodes,
and then the external current flow is generated to
balance the potential difference. During the moving
process, the two surfaces contact with each other
without any air gap distance in principle, a compact
package can be achieved in this mode by using
rotation-induced sliding.

The above-mentioned working modes of TENG
demand the moving object with attaching an electrode.
Considering most of the motion is free in actual
scenario, the single-electrode mode [35, 36] was
invented, where the object can move freely without
connecting an electric conductor. In this mode, only
one electrode needs to connect with the ground, serving
as the reference electrode. The charges will generate
on the interface after contacting with freely moving
object, and the potential distribution induced by
charged surface changes during the motion process,
causing the external current flow.

As for the freestanding triboelectric-layer mode [37],
it only needs a freely motion part. This mode contains
a dielectric layer and a pair of symmetric electrodes,

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction



486

Friction 8(3): 481-506 (2020)

the asymmetric potential distribution is produced with
the freely motion part changing its position, following
by the electrons moving between the two electrodes,
and finally resulting in the electrical output.

3 Enhancing performance of TENGs
3.1 Enhancing the surface charge density

Considering four working modes of TENG with
different mechanical triggering and broad material
availability, a common standard of figure-of-merit
was proposed for quantifying performance of TENGs
from the view of structure and material [38]. From
the built-up voltage (V)-total transferred charges (Q)
curve, the maximized energy output can be achieved
by using the TENG operation cycle. Based on this
cycle, a performance figure-of-merit (FOMp), composed
of a structural FOM (FOMs) and a material FOM
(FOM,,), was proposed for evaluating the performance
of TENGs. Besides, the FOM,, can be regarded as the
square of the surface charge density, which is related
to the characteristic of the materials. As a dominate
parameter for the performance of TENGs, the power
density is quadratically related to the surface charge
density, which has been enhanced via numerous
research efforts until now. There are mainly four
strategies employed to achieve a high charge density
including selecting materials, enhancing the contact
intimacy, optimizing the working environment, and
utilizing a thin film as dielectric layer. The first strategy
to improve the charge density of TENG is choosing a
pair of materials who can create large static electricity
by rubbing with each other [39-43]. For better selecting
materials, a standard method that can precisely
quantify the triboelectric charge density of a general
material is highly required. Based on these, a universal
standard method was proposed to quantify the
triboelectric series for a wide range of polymers, and
thus establish quantitative triboelectrification as a
fundamental materials property [44]. For maximizing
the contact intimacy between two materials, a liquid
metal of mercury was employed as the reference
material to ensure shape adaptability and softness.
By measuring over 50 materials, the results were
summarized to build a triboelectric order as shown

in Fig. 5. The normalized triboelectric charge density
represents the characteristic of the materials to obtain
or loss electrons after TE. Therefore, an appropriate
material can be selected by using the standards
evaluation method or accounting to quantified
triboelectric series to enhance the triboelectric charge
density.

The second strategy to improve the triboelectric
charge density is based on enhancement of contact
intimacy. One straightforward approach is to fabricate
micro/nanostructures onto the triboelectric materials,
such as polypyrrole (PPy) with horn-like morphology
(Fig. 6(a)) [45]. The PPy-based TENG consists of a PTFE
as a triboelectric layer and hollow hornlike PPy (hPPy)
as the other triboelectric electrode. Compared with
the triboelectric charge density generated by TENG
using general PPy film (cauliflower-like PPy, cPPy)
and copper film as triboelectric electrode, the charge
density of hPPy-based TENG reached up to 84 uC:m?
which is much higher than those of cPPy or Cu-based
TENG with about 40 pC-m™ The enhancement of charge
density can be contributed to the larger contact area
derived from the micro/nanostructure of triboelectric
material and more efficient triboelectrification caused
by a high contact intimacy from the micro/nanostructure
of hPPy with more shape-adaptive. Owing to soft
materials and fragmental contacting structure, a larger
contact area can be realized in atomic dimensions,
which finally improves the contact intimacy of the
surfaces. Therefore, soft materials and fragmental
contacting structure tend to improve the contact
effectiveness of the surface under the same driven
force, and thus a higher triboelectric charge density
for TENG can be attainted. Wang et al. [46] proposed a
tube-like TENG with silicone-rubber-based material
as triboelectric layer and electrode (Fig. 6(b)), which
achieved a high surface charge density of 250 pC-m™.
The tube-like TENG mainly consists of two parts, one
is a dielectric layer attached to an outer electrode to
form a tube, and the other is a belt-like inner electrode
adhered to the interior surface of the tube and shape
into a helix extending along the inside of the tube.
Silicone rubber and the mixture of silicone rubber,
carbon black and carbon nanotubes were used as
dielectric layer and electrode, respectively, which
endows a high intimacy for the tube-like TENG. With
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only the energy harvested from walking or jogging, a
stable performance for the helix-belt structured TENG
can be achieved by various directions triggering,
which can immediately and continuously drive many
wearable electronics including electronic watch and
fitness tracker.

The third method is to optimize the working
environment such as atmosphere and air pressure.
Lin et al. [47] investigated atmosphere effects on the
performance of TENG at nano-scale by using atomic
force microscopy and Kelvin probe force microscopy.
In different atmosphere conditions including air, O,,

N,, and Ar, the contact electrification between Pt/Ir
coated tip and kinds of dielectric materials such as
Si0O,, AIN, polyvinyl chloride (PVA), and polymethyl
methacrylate (PMMA) was studied, the results
indicated that O, molecules can shift the highest
occupied surface state level of dielectrics and make
the dielectrics tend to be negatively charged, therefore
the output performance of TENG can be improved
by changing the O, concentration in the atmosphere
(Fig. 7(a)). Considering the presence of air breakdown,
the effect of air pressure on output performance of
TENG has been well studied. By operating in vacuum
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Fig. 6

Il Inner electrode
mm Diolectric layer
[ Outer electrode
B Surface

Improvement of triboelectric charge density by enhancing contact intimacy. (a) PPy-based TENG: (I) schedule of the integrated

self-charging power system from PPy-based TENG; (II) SEM image of hPPy with horn-like morphology; (III, V) triboelectric surface

charge density of the TENG with hPPy, cPPy, and copper as triboelectric electrode, respectively. Reproduced with permission from Ref.
[45]. © WILEY-VCH Verlag GmbH & Co. KGaA, 2015. (b) Tube-like TENG powering wearable electronics such as (I) an electronic
watch and a fitness tracker; (II) photograph of tube-like TENG; (III) photograph of tube-like TENG fixed under a shoe; (IV) structure
sketch of the TENG tubes; (V) enlarged view of the TENG structure; (VI) SEM image of the triboelectric electrode surface. Reproduced

with permission from Ref. [46]. © Springer Nature, 2016.

(P=10"° torr), the charge density of Cu-PTFE-based
TENG can be boosted to a record-high value of
660 uC-m=2, where one of the biggest constraints,
air breakdown, is avoided [48]. By introducing a
ferroelectric material (BT ceramic) layer between the
triboelectric PTFE layer and the back electrode, the
charge density further improved to a higher record
value of 1,003 uC-m™, which is the coupling effects
of surface polarization from triboelectrification and
hysteretic dielectric polarization from the ferroelectric
material in vacuum (Fig. 7(b)). The attained value
(1,003 pC-m™) is near to the limit of dielectric breakdown
for PTFE material (~1,115 uC-m2). Therefore, this
work provided a new optimization methodology for
TENG.

The promising method to achieve an ultrahigh
surface charge density instead of operation in the
high vacuum environment is by using a thin film as
dielectric layer [48], while the high surface charge
density is difficult to realize only through tribo-
electrification effect and electrostatic induction effect
in atmosphere. By using thin film as dielectric layer,
high surface charge densities in atmosphere can be
realized by ions injection technology [49, 50], an
external-charge TENG pumper [51, 52], and self-charge
excitation TENG system [53], respectively. By injecting
enough negative ions onto the Kapton film surface
via an air-ionization-gun when the two electrodes of
TENG were separated, a high surface charge density
of 1,090 uC-m can be obtained in atmosphere with
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coupling effects of surface and dielectric polarization: (I) working mechanism of the fabricated TENG; (II) charge density of the TENG

in atmosphere and high vacuum (P~10°

torr); (III) comparison of the output charges density measured in this work with previously

reported ones. Reproduced with permission from Ref. [48]. © Springer Nature, 2017.

Kapton film of 6 um [49]. However, the obtained
high charge density is unstable because of the lower
charge accumulation and the faster decay process.
External-charge TENG pumper proves a promising
way to solve this problem, where the energy output
from another TENG is utilized to improve the charge
density. A typical work is the self-improving TENG
(SI-TENG) proposed by Cheng et al. [51], which
achieved the enhancement of the charge density

and charge accumulation speed of TENG without air
breakdown. The SI-TENG mainly consists of two
parts: part I is a conventional contact-separation mode
TENG with polyvinylidene fluoride (PVDF) and
polyamide-6 (PA-6) film as the triboelectric materials,
and part II is a plane parallel capacitor structure
(PPCS) containing two electrodes covered with PVDF/
epoxy resin (EP) films. As shown in Fig. 8(a), these
two parts are connected with each other by coupling
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Improvement of triboelectric charge density by using charge excitation methods. (a) Schematic diagram and transferred charge

density of the SI-TENG. Reproduced with permission from Ref. [51]. © Springer Nature, 2018. (b) Working mechanism and output
performance of both external and self-charge excitation TENG: (I) the fundamental scheme of both external and self-charge excitation
TENG; (11, III) the charge density of ECE-TENG and SCE-TENG, respectively. Reproduced with permission from Ref. [S3]. © Springer

Nature, 2019.

the electrodes of part I with electron 1 and 2 of part II
through a rectifier bridge. The AC current produced
by part I can transfer to the DC signal, and then send
to and finally stored in the PPCS, resulting in a high
charge density in the device. By integrating with
PPCS and contact-separation mode TENG, the SI-
TENG reached a maximum effective charge density
of 490 pC-m™ in an air environment. It’s worth noting
that effective charge density of the device is highly
dependent on the voltage of part I, and a higher voltage
of part I can effectively improve the performance of
the SI-TENG. Moreover, the output performance of
SI-TENG can be further enhanced by increasing the
layer of part II in each device. Besides, by using the

SI-TENG, the charge accumulation speed is also
improved, which is up to 5.8 times compared with an
ordinary TENG. The second strategy is utilization
part of the energy from the TENG itself to improving
the charge density, which can largely improve the
integration and charge accumulation efficiency of the
device. Accounting to the mechanism of traditional
magnetic excitation generators, a self-charge excitation
TENG system was developed to attain a high and stable
output, which was achieved by charge transferring
between the TENG capacitor and external capacitors
[53]. Different from the previous methods of exciting
charge on the dielectric triboelectric layer or floating
metal layer, the charges are directly transmitted
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to the electrodes of TENG in this work which can
achieve both external and self-excitation (Fig. 8(b)).
The system mainly contains the main TENG, output
load, and the charge excitation system to transmit the
charge to the electrode of TENG. For the external
charge excitation TENG, it is composed of a basic
excitation TENG, and the main TENG both with
contact-separation mode, where thin Kapton film is
employed as dielectric layer of the main TENG to
realize a large capacitance variation, and buffer layers
including flexible silicone, foam, and liquid cushion
in the bottom were applied to ensure contact intimacy
between the electrode and dielectric layer. Importantly,
a voltage-multiplying circuit (VMC) and Zener diode
were applied to a high and stable DC output for the
main TENG. Furthermore, a self-charge excitation
TENG system was designed by using a self-voltage-
multiplying circuit derived from VMC. Based on the
charge transfer between the main TENG and the
external capacitor group, the basic power generation
for the main TENG and output for external load can
be achieved. Especially, utilizing the VMC and self-
VMC with Zener diode as voltage stabilization element,
a high excitation voltage was achieved to inject charges
to the electrodes of the main TENG, meanwhile a stable
output was obtained to avoid dielectric breakdown,
and finally an effective charge output density of
1.25 mC'm™ was realized for both external charge
excitation TENG and self-charge excitation TENG
system in air environment with a 5 pm Kapton film
as dielectric layer.

3.2 Enhancing the output power

Aiming to meet the requirement of practical application,
advanced structure designs have been explored to
boost the output power. The milestone work of a
radial-arrayed rotary TENG with micro-sized sectors
on the surface was reported by Zhu et al. [54]. Using
this structure, a high output power of 1.5 W with area
power density of 19 mW-cm™ was achieved at an
efficiency of 24%, taking a gigantic leap with the
output power by orders of magnitude than that of
other works. The reported TENG mainly composes
of a rotator and a stator as shown in Fig. 9(a). The
rotator consists of a total of 60 units with radial array
of sectors with equal-degree intervals of 3°. The stator
is composed of three terms including an electrification

material with fluorinated ethylene propylene (FEP)
layer, a layer of electrodes, and a substrate along the
vertical direction. The electrode layer is made up of
two complementary-patterned electrode networks as
the pattern of the rotator’s, each network is fabricated
by radially-arrayed sectors which are connected with
each other at one end to ensure the stationary. Although
the high output can be realized, the durable is a
critical issue for this structure. To extend the working
durability of rotational TENG, long-lifetime TENG
without unnecessary electricity loss was achieved
through a tactful combination of rectified TENGs in
parallel with phase difference and rotational contact-
separation mode [55]. The rotational TENG mainly
consists of two parts (Fig. 9(A)), a stator with ring
structure containing 24 electrodes and a rotor with
several push rods. As for the stator, every electrode
consists of three layers in total, FEP as dielectric layer,
Kapton film as supporting layer, and copper film as
conducting layer. Owing to the rotational contact-
separation mode, the current output can retain up to
~93% of its initial performance after 7,200,000 rotations
under 2.00 r-s™! of 1,000 h.

As for a single TENG with approximately microwatt
level output power, it can’t drive most of the high-
power consumption electronics. An effective strategy
for improving the output power is fabricating
multilayered TENG. The layered TENG can be
divided in two forms with symmetrical and alternate
layered TENG, both of them have been widely
studied for harvesting energy [56-59]. Generally, the
presence of parasitic capacitance caused by structure
and dimension design is harmful to the output per-
formance of TENG. Aiming to understand how the
parasitic capacitance influences the output performance,
Yin et al. [60] systematically studied the effects of
parasitic capacitance on both of the symmetrical
and alternate layered TENG using capacitive models.
Both of the different structured TENGs consist of a
metal electrode (noted A), dielectric film attached
metal electrode (noted B), and Kapton thin film with
thickness of 130 pm served as substrate film (Fig. 9(c)).
For the symmetrical layered TENG (SYM-TENG), the
one side of substrate film is an electrode, while the
other side is dielectric film attached an electrode, and
electrodes on both sides of the Kapton act as output
ends without parasitic capacitance effects. As for the
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Improvement of output power by structure design. (A) Design of the rotational TENG with contact-separation mode: (a) schematic

description of contact-separation mode TENG and its detailed structure; (b) full size and enlarged detailed version of the stator in
contact-separation mode TENG (scale bar: 100 nm). Reproduced with permission from Ref. [55]. © WILEY-VCH Verlag GmbH & Co.
KGaA, 2020. (B) Schematic diagram and output performance of both symmetrical and alternate layered TENG: (a—d) schematic
diagrams, transferred charge, output current, and power of SYM-TENG and ALT-TENG, respectively. Reproduced with permission

from Ref. [60]. © American Chemical Society, 2019.

alternate structure (ALT-TENG), both sides of the
substrate film are dielectric film connected to a metal
electrode, electrodes on both sides are regarded as
common outputs, resulting a parasitic capacitor with
the Kapton film as dielectric layer. The results are
shown that the transferred charge and short-circuit
current of ALT-TENG are much higher than those of
SYM-TENG, while open circuit voltage of ALT-TENG
is less than that of SYM-TENG. It's worth noting that
the maximum output power of SYM-TENG is 2.4-fold
than that of the ALT-TENG. These results indicate
the presence of parasitic capacitance facilitates the
improvement of transferred charge, while is harmful
to the maximum power density. By understanding the
effects of extra parasitic on the output performance
of TENGs through experiment and theory, this work
provides guidance for designing the TENG and thus
enhancing its output performance.

TSINGHUA
UNIVERSITY PRESS

3.3 Power management

Considering the AC output with the characteristics
of irregular frequency and amplitude, TENG cannot
be directly driving most conventional electronics.
For transforming the AC output to a regulated and
manageable DC output, energy storage units such
as batteries and supercapacitors are widely applied
by using rectifiers. Owing to the pulsed signal of
TENG and the presence of huge impedance mismatch
between TENGs and energy storage units, a TENG
directly integrated with an energy storage device
generally exhibits large power loss and low conversion
efficiency. Therefore, advanced power management
strategies should be developed to improve the energy
conversion efficiency, and the recent progresses are
summarized as follows.

One of the most important strategies is impedance
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matching by designing power transformers. For
improving the power utilization efficiency by power
management, Pu et al. [61] designed a transformer
which can effectively bridge the gap between the
battery impedance and matched impedance of the
rotating TENG. The equivalent circuit for charging
battery by a rotating TENG with the power transformer
is shown in Fig. 10(a). In the equivalent circuit model,
the TENG is served as a DC voltage source in series
with a capacitor C, (Z; = (27'ch0)'1) , and a battery
assumes as an ideal battery in series with an
impedance Z;z. When a transformer with coil ratio
of n is applied, the impedance will be reduced to
Z, =n?Z,. Therefore, impedance match can be
realized by optimization of the transformer. By using
the transformer with different coil ratios for battery
1.0, 6.1, 244, and 36.7) at
250 rpm, the charging current increases with a larger

charging (coil ratio n =

coil ratio, which thus reduces the charging time and

enhances the charging power. Through optimizing
the coil ratio of a transformer, this study realized a
high utilization efficiency of 72.4% when charging the
LiFePO,-LisTisO4, full cell with n = 36.7. Considering
the difference between the output performance and
different modes of TENG, this method only can be
applied to rotating TENG.

Another excellent work based on impedance
matching between TENG and energy storage unit is
reported by Niu et al. [59], which was realized by the
power management with two stages. Compared to the
traditional circuit that achieves the energy conversion
and storage for TENG by directly using a bridge
rectifier, the improvement of this research is the
introduction of additional unit that consists of a small
temporary capacitor (Cinp), two automatic electronic
switches (J;, J»), and a coupled inductor (L;, L,), as
displayed in Fig. 10(b). The power management
circuit can be divided into two stages: the first stage
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Fig. 10 Power management circuit of TENG. (a) Equivalent circuit for charging battery by a rotating TENG with the power
transformer. Reproduced with permission from Ref. [61]. © The Authors, 2015. (b) Circuit diagram of the power management circuit
based on impedance matching between TENG and energy storage unit. Reproduced with permission from Ref. [59]. © Springer Nature,
2015. (c) Schematic circuit diagram of an autonomous power management for TENG by maximizing energy transfer, DC buck conversion,
and self-management mechanism. Reproduced with permission from Ref. [62]. © Elsevier Ltd., 2017.
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is charging the Ciemp by the TENG until the optimized
charging voltage (V) is obtained, while the second
stage is the energy transformation from the Cin, to
the final energy storage unit via [y, J; and L;, L,. Using
the power management circuit, 90% board efficiency
and 60% total storage efficiency were realized by
optimizing the Ci, and other components, which
are improved about two orders of magnitude greater
compared with direct charging. Here, the total
energy storage efficiency is defined as the ratio of the
maximum DC power stored into the storage unit to
the maximum AC power delivered to a resistive load.
Combining with the power management circuit, a
continuous DC electricity of 1.044 mW was provided
by 15-layer TENG with palm tapping, and the reported
self-charging unit has demonstrated in powering many
traditional electronics, such as a thermometer wearable
watch, calculator, and wireless car key.

The above-mentioned work needs power supply
for the electronic switches, therefore an advanced
work was proposed by Xi et al. [62] to realize an
autonomous power management, which composed
of maximized energy transfer, direct current (DC)
buck conversion, and self-management mechanism
(Fig. 10(c)). The power management circuit can be
realized by the following three stages. The first step
is achieving the maximum energy transformation for
TENG by the aid of a serial switch, and then converts
the energy transferred from TENG into a steady and
continuous DC output by using a DC buck conversion
that consist of parallel freewheeling diode D;, a serial
inductor L, and a parallel capacitor C, finally self-
management mechanism with an autonomous switch
was achieved by a micro-power voltage comparator
and a MOSFET. Compared to the previous research
for achieving maximized energy output cycle via a
parallel switch, this circuit added the switch behind
the rectifier in series. By using the power management
unit, 80% energy conversion efficiency for TENG has
realized with the matched impedance of the TENG
reducing from 35 to 1 MQ) at a low frequency of 1 Hz.

4 Recent progresses in TENG applications

The applications of TENG can be summarized into
four major fields: micro/nano power source for small

and mobile electronics, self-powered system as an
active sensor, integrating many units of TENGs into
a network to harvest large-scale blue energy, and HV
power source for HV applications. The recent progresses
for TENG will be discussed in this section.

4.1 Micro/nano power source

Owing to the merits including light weight, low cost,
abundant material, and structural choices, the TENG
has demonstrated huge applications as micro/nano
power source for self-powered systems by harvesting
biomechanical or ambient energy [63-68]. One of
recent critical progresses in this field of micro/nano
power source is an implantable TENG-based fully
implanted symbiotic pacemaker (SPM) proposed by
Ouyang et al. [69], which successfully realized energy
harvesting and storage by TENG for cardiac pacing
on a large-animal model [69]. The SPM composed of
three components including the implantable TENG
(iTENG) for harvesting energy from cardiac trigger,
power management unit (PMU), and pacemaker unit.
The first step was to turn off the switch of the PMU,
with the electricity generation by iTENG and energy
storage in a capacitor of the PMU. Then, a magnet
as wireless passive trigger was applied to turn on the
switch, the pacemaker unit driven by the electrical
energy could generate pacing electrical pulses and
control the rate of cardiac contraction (Fig. 11(a)). The
iTENG mainly composed of Al and nanostructured
PTFE as two triboelectric layers, supporting the
structure with a three-dimensional elastic sponge as
a spacer and a memory alloy ribbon as the keel, and
two encapsulation layers consisted of a flexible Teflon
film and a PDMS film. In the vivo experiment, the
output performance of the reported iTENG is more
than four times compared with the previous works.
As for each cardiac cycle, the harvested energy reached
0.495 pJ, which exceeds the pacing threshold energy of
pigs (0.262 pJ) and humans (0.377 pJ), demonstrating
the progress of TENG as micro/nano power source.
Additionally, as a micro/nano power source, TENG
can be used to drive electrochemical reaction for
treatment water contaminants. Zhou et al. [70]
systematically investigated the electrochemical per-
formance of hexavalent chromium (Cr(VI)) removal
which powered by pulsed output of TENG using the
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Reproduced with permission from Ref. [70]. © Elsevier Ltd., 2019.

energy harvested from environment (Fig. 11(b)). By
optimizing the frequency and on-off ratio of pulse
direct current, the removal efficiency of Cr(VI) can be
maximally enhanced by 53.5% compared to that driven
by a continuous direct current under equal amount
of electric charges, which is further confirmed by
electrochemical experiments driven by layered TENG.
The reason is the more production of Fe*, the better
utilization of Fe*, and the higher ion diffusion rate
during the process driven by pulse direct current,
where the electrode passivation caused by concentration
polarization of the anode region and over potential is
reduced. Driven by the rotary-TENG which harvests
energy from the flowing water, the electrochemical
removal efficiency for contaminant from wastewater
was also demonstrated, where heavy metal pollutant
such as Cr(VI) can be sufficiently and continuously
removed.

4.2 Self-powered sensors

Because the TENG can directly convert mechanical

trigger into electric signals, it has been widely studied
to be used as self-powered sensor, such as touch
sensor [71, 72], acoustic sensors [73, 74], motion and
acceleration sensors [75-77], and even chemical sensors
[78-80]. With the fast development of robotics, the
social interaction and power/energy challenges will
be the limitation for its further progress. To address
these issues, a self-powered triboelectric auditory
system (TAS) based on TENG was fabricated for con-
structing an electronic hearing system for both robotics
and human beings [81]. The triboelectric cochlea device
for the TAS is integrated inside the artificial ear. The
multilayered TAS mainly composed of a FEP-stick to
upper electrode with several hole channels, a certain
gap-created spacer with thickness of ~100 pm, and a
Kapton membrane adhered to the bottom electrode.
An annular acrylic sheet is served as the outer
boundary for the Kapton film, resulting in the free
motion for the inner film. During its operation, acoustic
wave induces the vibration of Kapton membrane,
which leads to the physic contact between the FEP
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and Kapton film, resulting in a potential difference
between the two electrodes and finally electric signal
output. By adjusting the gap distance, membrane
thickness and diameter, TAS achieved an ultrahigh
sensitivity with 110 mV-dB™ and a broad frequency
response ranging from 100 to 5,000 Hz, almost across
the human hearing range. Furthermore, a tailored
frequency response from the sensor itself was realized
by optimizing the geometric design of inner boundary
architecture, which was demonstrated to be a hearing
aid device for recovering hearing-impaired people,
thus supplementing human-robot interaction from
the auditory sense. This work expresses a prospective
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application of the TENG-based self-powered sensor
for meeting the future challenges of robotics. Inspired
by electric eel which can generate high voltages up to
600 V by stacking thousands of electrolytes in series,
a bionic stretchable nanogenerator (BSNG) based on
liquid-electrification was proposed for underwater
energy harvesting and sensing application (Fig. 12) [82].
Beneficial from numerous electrocytes in series,
electric eel can produce electricity with 600 V. Similar
to the structure of electrocyte in electric eel, the BSNG
consists of two layers including an electrification layer
and an induction layer. Specifically, the electrification
composed of multiple mechanosensitive channels
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Fig. 12 Application of TENG in self-powered sensors. (a, b) Bionic principle and structure of BSNG, (c) underwater wireless multi-site
human motion monitoring system, (d) output performance of BSNG fixed on the elbow, (e) photographs of integrated wearable BSNG

worn on the arthrosis of human. Reproduced with permission from Ref. [82]. © Springer Nature, 2019.
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produced by PDMS-silicone double layer structure
and a fluid chamber filled with deionized water as
electrification liquid, while the induction layer includes
two ionic solution electrodes under the channels and
chamber of the first layer. Through controlling the
gated channel in BSNG by mechanical stress, the
circular flowing of electrification liquid was realized,
bringing about a continuous alternating electric
current. Integration with stretchable silicone, segmented
structured of PDMS, liquid electrode, and electrify-
cation liquid, the BSNG exhibited excellent flexibility,
stretchability, and tensile fatigue resistance. Additionally,
the silicone layer is regarded as electrostatic shielding
layer to ensure the charge transfer process in liquid
environment as well as the thick adipose layer of
the electric eel, resulting in a good performance of
BSNG. With the outstanding performance in liquid
environments, BSNG displayed a potential application
in powering wearable device applied in moist envi-
ronment even underwater, which were demonstrated
to monitor human body motion underwater and
undersea rescue.

4.3 Blue energy

Among the application of TENG in harvesting natural
mechanical energy from wind [83-86], raindrop [87,
88], and ultrasonic [89, 90], the wave energy in ocean
as blue energy is especially important, owing to the
higher efficiency of TENG for harvesting low-frequency
vibration energy compared with an electromagnetic
generator [91-94]. Compared to other prototypes of
TENGS reported for the blue energy, the fully enclosed
rolling spherical structure has been identified as the
most promising method [95, 96]. To improve the
intimate contact between the core and shell in spherical
TENG, a soft-contact model spherical TENG (SS-TENG)
is proposed by replacing the hard-dielectric material
(PTFE) to a soft core fabricated with liquid/silicone,
resulting in 10-fold enhancement to the maximum
output charge [97]. The SS-TENG mainly composed
of three parts, including a hollow acrylic sphere
outside, two copper films as electrodes, and a rolling
soft core inside as triboelectric material (Figs. 13(a)
and 13(b)). The soft core fabricated by silicone rubber
sphere which filled with water. The driving by water
waves, the soft rolling sphere contact with the two

electrodes with a back and forth motion, resulting in
potential difference between the electrodes and finally
alternating current in the external load. By optimizing
the softness of the silicone defined as the diameter of
contact area (Dca), the rolling soft liquid/silicone core
with Dca of 3.9 cm (SS-TENG-2) exhibited an optimum
output performance with lower force compared with
Dca of 4.8 cm and large contact area compared with
Dca of 3.0 and 0.4 cm (Fig. 13(c)). Importantly, a
maximum transferred charge of ~500 nC was achieved
for SS-TENG, which exceeds up 10 times compared
to the conventional spherical TENG that PTFE is served
as dielectric film. By harvesting the water wave energy,
SS-TENG worked in water as a power source can
light 26 green LEDs or 56 blue LEDs (Fig. 13(d)).
Moreover, the parameters of SS-TENG such as the
size of silicone rubber sphere and the volume of water
in silicon rubber sphere can be designed to match the
outside impact frequency of water wave in ocean.
Integrating many of TENG units into a network has
been proven to be a promising strategy for harvesting
large-scale blue energy. However, the practical
application of large-scale TENG units still suffers from
the challenge including complicated construction,
difficulty of maintenance, failure of connection, and
the threats from harsh ocean environment such as
storm. As for better adapting the ocean environment,
an advanced effort of a self- assembly TENG network
based on encapsulated high-performance units was
developed for harvesting water wave energy [98].
Because of the self-assembly of the TENG, the network
also achieved the abilities including self-healing and
reconfiguration. The self-assembly TENG network is
mainly composed of an encapsulated spherical TENG
with three-dimensional (3D) electrodes and a self-
adaptive magnetic joint (SAM-joint). As for the
encapsulated spherical TENG unit, a group of plates
connects together with each other using copper film
to form a pair of 3D electrode which is sealed by a
spherical ball, while FEP pellets are served as triboelectric
material which put into the internal channels of the
3D electrode ball (Figs. 13(e) and 13(f)). In addition,
SAM-joints with characteristics of a rotatable spherical
magnet and a limit block are installed around the
shell to facilitate the self-assembly of TENG network.
Agitating by water waves, the FEP pellets roll across
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Fig. 13  Application of TENG in blue energy. (a, b) Structural scheme of the soft-contact model spherical TENG, (c) photographs of the
flexible rolling sphere with different shell parameters, and (d) output performance of soft-contact model spherical TENG. Reproduced
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Reproduced with permission from Ref. [98]. © Elsevier Ltd., 2019.

the internal channels between the two 3D electrodes,
generating different charges on the surface of FEP
pellets and copper electrode, resulting in electrons
flow moving accordingly between the electrodes
through an external circuit. By optimizing displacement
extent, frequency, and the mass of the FEP pellets
in a single TENG unit, an average power density of
8.69 W-m™ for a single TENG unit was obtained in air,
demonstrating the improvement of output performance
by using the 3D electrode structured TENG. Con-
sidering the failure of self-assembly TENG which is
caused by various magnets meeting with the same pole,
the study designed the self-adaptive magnetic joint
(SAM-joint) based on the spherical magnet that can
rotate freely in the holder. Based on the mechanism
of self-adapt of the pole and anisotropic restriction
on the degree of freedom, the units of TENG can
self-assemble into networks with a certain pattern by
introducing different number and distribution of the
SAM-joints for each unit (Fig. 13(g)), such as linear
chains, a network with a small module of “hollow”
hexagon, and a network consisted of a square cluster.
The network containing 18 TENG units is demonstrated

to harvest water wave energy, which can easily light
up 300 LEDs (Fig. 13(h)). The obtained average power
of 2.05 mW-m™ is more than 18 times compared with
the reported ball-shell structured device. Beneficial
to the high-power density, the self-assembly TENG
network can also be used for self-powered sensing
and wireless signal transmission such as self-powered
thermometer and turning on a LED bulb through
wireless signal transmission (Figs. 13(i) and 13(j)). The
self-assembly TENG network provides a promising
strategy for large-scale utilization of the blue energy.

4.4 High voltage power sources

Since the output performance of TENG exhibits high
voltage and low current, it has the potential application
in high voltage power sources. Compared to the con-
ventional HV power sources, TENG can easily
generate a high voltage up to thousand volts without
sophisticated power converters, endowing portability,
and lower cost for TENG-based high voltage power
source. As a novel HV power source, the high output
voltage of TENG was creatively utilized to produce
nanoelectrospray ionization for mass spectrometric
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analysis [99], where the limited transferred charges
of TENG provided unprecedented control over ion
generation. The generated charges from the sliding
freestanding TENG were supplied to a nano electro-
spray ionization emitter for mass spectrometric
analysis, and the discrete amount of produced charges
guaranteed highly repeatable ionization pulses with
minimum sample consumption. The produced TENG-
triggered electrospray droplet demonstrated that
the onset voltage of the nanoelectrospray ionization
emitter was realized. Unprecedented control over the
ionization process was enabled by quantized ion
pulses of adjustable duration, polarity, and frequency.
The high voltage (5-9 kV) of the TENG provided
nanoelectrospray ionization with enhanced sensitivity
at low concentrations. Finally, a highly sensitive
(~0.6 zeptomole) mass spectrometry analysis was de-
monstrated in analyzing a 10 pg-ml™ cocaine sample
with minimal ion (18 pl per pulse) driven by the
sliding freestanding TENG.

The TENG only supplies a low current which is
limited by the transferred charges in one cycle, greatly
ensuring the safety of personnel and instruments.
With the advantages of portability, controllability,
safety, and high efficiency, TENGs based HV power
sources have been utilized in environmental protection
and electrostatic actuation [100-103]. Recently, Cheng

&

® Copper
FEP
Capillary

Argon microplasma

Fig. 14 Application of TENG as high voltage power sources for
producing triboelectric microplasma. Reproduced with permission
from Ref. [104]. © Springer Nature, 2018.

et al. [104] proposed the concept of triboelectric
plasma by integrating TENG with a plasma source,
where atmospheric-pressure plasma was directly
driven by mechanical stimuli (Fig. 14). The applications
of triboelectric plasma in patterned luminescence
and plasma surface treatment were demonstrated
successfully as a first-step evaluation as well as to
prove the system feasibility. This approach might
open up possibilities for direct application of TENGs
in high-voltage fields, particularly in self-powered
plasma.

5 Summary and perspectives

Traditionally, we usually refer that the scientific term
for TE is called CE, which is about a physical contact
between two different materials that would be
electrically charged after being separated. However,
TE and CE have significant differences. CE occurs just
by physical contact of two materials without rubbing
one against the other, but TE is usually inseparable
involving friction by rubbing two materials one on the
other, which involves tribology. TE is a “convolution”
of two processes between tribology and CE, so that
they are inseparable in conventional understanding.
We have recently pointed out that CE is a physics
effect in science, while TE is an engineering practice
that may involve friction and debris. As for the case
of solid-solid, CE is defined as a quantum mechanical
electron transfer process that occurs for any material,
in any state (solid, liquid, gas), in any application
environment, and in a wide range of temperatures
up to ~400 °C. Such an effect is universal and
fundamentally unique in nature.

Although TE has been known for thousands of years,
it has not been used for many positive purposes.
Even its basic scientific understanding is lacking. The
interest in TE is revised due to the invention of TENG.
By using the conjunction of CE and electrostatic
induction, TENG can transfer mechanical energy into
electric power, which has been demonstrated to a good
application for CE in modern industry. Compared to
other energy harvesting technologies, TENG exhibits
enormous advantages in extracting kinds of mechanical
energy dispersed in our daily life, because of the merits
of simple structure, light weight, broad material
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availability, low cost, and high efficiency even at low
operation frequency, and thus has been proven to be
a promising alternatively method for satisfying the
demands of distributed energy for IoTs and network.
With the huge progresses of basic principle and
output performance for TENG, its major application
has extended to four fields including powering
small electronic devices for micro/nano power source,
building self-powered systems functioning as active
sensors for robotics, soft/flexible electronics and artificial
intelligence, integrating many units of TENGs into a
network for harvesting large- scale blue energy, and
applying as HV power source for HV applications.
Based on these four major fields, a road map for TENG
was proposed in 2018 to identify prioritized directions
and provide a timeframe for TENG development
(Fig. 15) [105].

Besides the four major research fields, some new
horizons for exploring the study and application of
TENG are also proposed. Nie et al. [106] reported a
liquid-liquid TENG for harvesting mechanical energy
forming liquid-liquid interface based on physic contact
between two pure liquids. By passing a liquid droplet
or other solid objects through a freely suspended liquid
membrane, the displacement current on multiphase
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interface was firstly realized. Liu et al. [107] presented
a novel constant current TENG (DC-TENG) by coupling
the effects of triboelectrification and electrostatic
breakdown. Compared with the conventional TENG
limited by electrostatic breakdown, a higher tribo-
electric charge density of 430 pC-m™ was achieved
for the DC-TENG, which was demonstrated to power
electronic directly. These two excellent studies open
up some new directions for TENG and self-powered
systems, which is beneficial for the corresponding
fundamental physics study and practical application.

Although the tremendous achievements have been
realized in both fundamental understanding and
technological improvements, there are some certain
issues and problems need to be addressed for the
long-term development of TENGs:

1) Further investigating the fundamental physics of
CE at solid-solid interfaces, solid-liquid interfaces,
and liquid-liquid interfaces, respectively. The current
main conclusion is that electron transfer is the
dominant mechanism for CE in solid-solid cases.
Recently, the study of CE has been extended to liquid—
solid cases. It is revealed that there are both electron
transfer and ion transfer in the liquid—solid CE, where
electron transfer plays a dominant role in liquid-solid

W
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Fig. 15 Road map for the development of TENG. Reproduced with permission from Ref. [105]. © WILEY-VCH Verlag GmbH & Co.

KGaA, 2018.
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CE [108]. Specifically, the CE between hydrophilic
surfaces and aqueous solutions is likely dominated
by ion transfer, while the CE between hydrophobic
surfaces and aqueous solutions is more likely to be
dominated by electron transfer [109].

2) Improving the power density of TENG, especially
those of TENGs in the wearable devices. Various
methods such as selecting new materials, enhancing
the contact intimacy, optimizing the working environ-
ment, and utilizing a thin film as dielectric layer
would be promising choices. As for solid-solid contact
devices of TENG, interface adhesion, material transfer,
and wear may occur during the long-term and high
frequency operation, therefore fabricating materials
with robust mechanical durability and stability might
be an alternative method to solve the problem. As for
the liquid-solid device, the dissolution of electrodes
may cause some lifetime problems, thus good en-
capsulation technology and superhydrophobic surface
may prolong the lifetime of TENG.

3) Enhancing the durability of TENG with high
power generation. Long-term cycling stability power
generation is always a vital issue for the large-scale
power application of TENG. Generally, contact-
separation mode has long working life. New structure
design, such as rotational contact-separation mode, is
desirable to achieve long-lifetime TENG to harvest
rotational mechanical energy.

4) Promoting the development of TENG for
harvesting the blue energy. Although large efforts
have been devoted to enhancing the energy harvested
efficiency, adaptive capacity in actual marine
environment should be addressed in the further study.
To satisfy the high performance and adaptive capacity
at the same time, an appropriate platform integrated
with TENG would be a promising method.
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