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Abstract

Triboelectric nanogenerators (TENGS), a type of promising micro/nano energy source, have
been arousing tremendous research interest since their inception and have been the subject of
many striking developments, including defining the fundamental physical mechanisms,
expanding applications in mechanical to electric power conversion and self-powered sensors,
etc. TENGs with a superior surface charge density at the interfaces of the electrodes and
dielectrics are found to be crucial to the enhancement of the performance of the devices. Here,
an overview of recent advances, including material optimization, circuit design, and strategy
conjunction, in developing TENGs through surface charge enhancement is presented. In these
topics, different strategies are retrospected in terms of charge transport and trapping
mechanisms, technical merits, and limitations. Additionally, the current challenges in
high-performance TENG research and the perspectives in this field are discussed.

Keywords: triboelectric nanogenerators, surface charge density, material optimization,
circuit design
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1. Introduction

Fossil fuels (e.g. coal, gas, and fossil o0il), which are widely
available, highly energy-dense, and easily extracted, have
been utilized to convert their chemical energy into electric
energy through steam or combustion engines for centuries.
However, excessive demand for fossil fuels has led to signi-
ficant greenhouse gas emissions, exacerbating global climate
change and pollution. Meanwhile, traditional fossil fuels are
being depleted, creating an energy crisis for human society
[1-10]. In that regard, it has become more urgent than ever to
develop cutting-edge energy technologies to mitigate depend-
ence on the conventional energy sources, ease the burden on
the environment, and provide low-carbon electricity for the
future. Triboelectric nanogenerators (TENGs) invented by Z
L Wang’s group offer a revolutionary alternative to traditional
sources of energy [11]. With TENGs, any form of irregular
and randomly distributed mechanical energy (e.g. wind, wave,
vibrations, human motions, vehicle movement, etc) can be
harvested and converted into electricity. Particularly suited to
powering thousands of randomly dispersed sensor nodes of all
types and sizes, TENGs are lightweight, easy to manufacture,
and cost-effective, as opposed to chemical batteries. Currently,
TENG has become a research hotspot across multiple dis-
ciplines, demonstrating up-and-coming applications in self-
charging packages [12-15], self-powered systems [16-19],
high-voltage sources [20], medical electronics that are wear-
able or implantable [21-25], human-machine interfaces [26—
29], artificial intelligence [30, 31], smart agriculture [32, 33],
marine ranching [34], smart cities [35], blue energy [36—40]
and more. It is estimated that there are over 12000 scient-
ists engaged in nanogenerators from 83 countries and regions
worldwide [41].

How to efficaciously boost the electrode surface charge
density of TENGs to achieve high power TENGs is crucial
for the future commercial application of TENGs [13]. For
TENG research in its early stage, the common methods used
to enhance the output performance are the exploration of novel
device structures and material surface engineering [42-55].
Novel materials and combinations of materials with differ-
ent features are being explored for the preparation of out-
standing performance TENGs. To overcome the air break-
down effect and determine the TENG charge density limit,
recent proposals suggest implementing environmental con-
trol, ion irradiation, and circuit-related strategies to man-
ufacture high-output TENGs and achieve breakthroughs in
their surface charge density [56-61]. As of today, TENGs
are able to generate 98.72 mC m~2 of charge density and
10 MW m~2 of peak power density [62, 63]. The fast devel-
opment of high-output TENG deserves a retrospection of
the recent progress in boosting the electrode surface charge
density. On the one hand, it can provide researchers with
a blueprint and reference to the current fabrication of high
charge density TENGs. On the other hand, it can also serve
as a guide for researchers who are fresh to the field of
TENG.

Here, a retrospection of recent advances in high surface
charge density TENG covers from the perspectives of mater-
ial optimization, external circuit design, and strategy con-
junction, as shown in figure 1. As a matter of triboelectric
material optimization, our main focus is on bulk modifica-
tion of the materials, which offers the benefits of a variety of
materials, flexible modification methods, and substantial per-
formance improvements. Modifying the bulk phase of tribo-
electric materials is primarily concerned with improving their
capacity to store charges, including dielectric constant con-
trol, charge storage enhancement, and leakage charge min-
imization. In external circuit design, self-charge excitation
(SCE), external charge pumping (ECP), and external charge
excitation are the focus since they offer huge performance
gains and are easy to integrate. Further, this review also dis-
cusses the synergistic strategies of material optimization in
tandem with circuit design, as their interplay can yield a
higher surface charge density than employing either enhance-
ment strategy in isolation. Additionally, we also highlight
some areas that require further improvement in current high-
performance TENG research, including charge storage mech-
anism, performance test criteria, application exploration, and
effective power management and storage.

2. Material optimization

The electrode surface charge density is one of the key per-
formance indicators as it determines the transferred charge,
induced current, voltage, and output power of TENGs [73].
The surface charge density can be regarded as the overall
charge density on the dielectric (or on the electrode) whose
sources include: triboelectric charge from contact electrifica-
tion, depositing charges through corona charging (or air ion-
ization gun) and charge exchanged with external circuits [71].
From a material perspective, the capability of friction polymer
to produce and store triboelectric charges determines the sur-
face charge density. Early research efforts therefore focused
on surface engineering of dielectrics to enhance the ability of
the materials to generate triboelectric charges. However, con-
tact separation (or sliding friction) unfortunately results in sur-
face engineering failures due to wear and tear of the material
surfaces [63]. Further, the relatively complex manufacturing
process of surface engineering would make it difficult to man-
ufacture surface-modified materials on a large scale [42—44].
Consequently, bulk phase modification of dielectric materi-
als with enhanced triboelectric charge storage capabilities has
received increasing attention in recent years. Two kinds of bulk
phase modifications for triboelectric materials are efficient:
one is to amplify their dielectric constant, and the other is to
strengthen their ability to trap triboelectric charge.

2.1. Dielectric constant control

It has been found that amplifying the permittivity of the tri-
boelectric dielectric material results in enhancement in the
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Figure 1. A blueprint of the recent advances in the manufacture of high-performance TENGs. Strategy conjunction: [64] John Wiley &
Sons. © 2022 Wiley-VCH GmbH. [65] John Wiley & Sons. © 2022 Wiley-VCH GmbH. [66] John Wiley & Sons. © 2023 Wiley-VCH
GmbH. Circuit design: [67] John Wiley & Sons. © 2021 Wiley-VCH GmbH. [68] John Wiley & Sons. © 2022 Wiley-VCH GmbH.
Reprinted from [69], © 2018 Elsevier Ltd All rights reserved. Material optimization: [70] John Wiley & Sons. © 2016 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. [71] John Wiley & Sons. © 2021 Wiley-VCH GmbH. Reproduced from [72],Copyright © 2023, Tsinghua
University Press.

triboelectric charge, as the triboelectric dielectric layer is
considered a part of a parallel plate capacitor [74-78]. In
this case, incorporating high dielectric constant nanoparticles
into the polymer to amplify the material’s dielectric constant
is a promising approach to boost the output. For example,

BaTiO3; (BTO) is the most commonly used high permittiv-
ity filler and it has been reported to increase the dielec-
tric constant of poly(vinylidenefluoride-co-trifluoroethylene)
(PVDF-TrFE) [70], as depicted in figure 2(a). It is seen that
the TENG output increases initially, but then decreases as
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Figure 2. Modulation of the dielectric constant of triboelectric materials by doping nanomaterials. (a) A TENG prepared from
PVDF-TrFE/BTO composite. (b) Performance of composites with different BTO concentrations. (c) Dielectric constant of
PVDF-TrFE/BTO composite film. (a)—(c) [70] John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)
Crystal structure of CCTO. (e) Dielectric constant of BMF composite film doped with different nanoparticles. (f) Output performance of
BMEF composite film doped with different nanoparticles. (d)—(f) [79] John Wiley & Sons. © 2020 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (g) Selection of materials used to enhance the dielectric constant of friction materials. [80] John Wiley & Sons. © 2021
Wiley-VCH GmbH. [81] John Wiley & Sons. © 2023 Wiley-VCH GmbH. [82] John Wiley & Sons. © 2022 Wiley-VCH GmbH. [83] John

Wiley & Sons. © 2023 Wiley-VCH GmbH.s

the particle concentration increases to 15 wt%, as presented
in figure 2(b). TENG based on PVDF-TrFE/BTO composite
outputs a current of 0.3 mA and a voltage of 300 V when BTO
concentration is 5 wt%, which is six times and three times
greater than PVDF-TrFE. The reason for the improved output
can be attributed to the fact that the composite film possesses a
larger dielectric constant than the PVDF-TrFE film as presen-
ted in figure 2(c). As a consequence of the profusion of BTO
particles appearing on the composite surface (figure 2(b-iii)),
the film becomes less capable of attracting electrons, resulting
in a deterioration of the output performance.

In Maxwell’s model, as well as the amount of nanofillers
in the composite dielectric, the permittivity of the nano-
fillers themselves affects the permittivity of the composite and

hence TENG performance [71]. Accordingly, CaCu3TizO;
(CCTO), a filler with a giant dielectric constant of 7500, was
introduced into butylated melamine formaldehyde (BMF) to
strengthen the generating capacity of the material and com-
pared with BMF reinforced by fillers with different dielectric
constants (Al,O3 and TiO;) [79], as depicted in figures 2(d)
and (e). As a consequence, it has been shown that fillers with a
high permittivity can significantly increase the relative permit-
tivity of BMF (figure 2(f)), thereby upgrading TENG perform-
ance. Besides employing high-k materials as fillers, as shown
in figure 2(g), novel materials have also been exploited as
fillers, including Metal-Organic Frameworks (UiO-66) [80],
one-dimensional materials (carbon nanotubes (CNTSs), silver
nanowires) [81, 84], two-dimensional materials (Slioxene,
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Figure 3. Incorporating modifiers into triboelectric materials to regulate their polarization. (a) Simulation of interfacial polarization and
output charge of PVDF/AC composite films. (a) Reprinted with permission from [86]. Copyright (2020) American Chemical Society.
(b)—(d) Molecular structure, FTIR, dielectric constant, and output of TPU/PEG composite films. (b)—(d) Reprinted with permission from
[87]. Copyright (2021) American Chemical Society. (e) Interface polarization, polar phase content, and output performance of
PVDF/MXene composite films. (e) Reprinted from [85], © 2021 Elsevier Ltd All rights reserved.

MXene) [82, 85], and even liquid metals [83], demonstrating
the diversity of materials that can be utilized to upgrade the
permittivity of polymers.

Amplifying the permittivity of triboelectric materials can
also be accomplished by manipulating the polarization at the
interface region between the particle and polymer from a
micro- to nanoscale. As shown in figure 3(a), Jin and co-
workers modified the polyvinylidene fluoride (PVDF) thin

film using active carbon (AC) particles with high specific sur-
face areas and simulated charge distribution at the particle
polymer interface using COMSOL Multiphysics [86]. There
are plentiful interfaces within the PVDF/AC composite that
can be polarized by an external electric field, which leads
to a refinement of the permittivity of the PVDF/AC com-
posite in comparison to the PVDF. It is worthwhile to note,
however, that when the AC particle content in the composite
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film exceeds a certain level, particles agglomerate, resulting
in fewer interfaces that are polarizable, which subsequently
diminishes the dielectric constant of the film. Thus, TENGs
based on composite films experience an initial improvement
and then a decline in transferred charge with increasing AC
particle concentration.

Understanding interfacial polarization in terms of changes
in the composition of the filler and dielectric at the inter-
face is another methodology. The thermoplastic polyurethane
(TPU) chain typically contains a substantial number of hydro-
gen bonds between the N-H groups and the carbonyl groups
as well as between the N-H groups and the ester carbonyl
groups [87], as illustrated in figure 3(b). Polyethylene glycol
(PEG) added to the TPU matrix will form stronger hydrogen
bonds with the N-H group of the TPU chain, resulting in the
breakdown of hydrogen bonds within the TPU. This thus the-
oretically strengthens the polarization capacity of TPU chains
and increases the free C=0 content of TPU/PEG composites.
The Fourier Transform Infrared Spectroscopy (FTIR) of the
composite film in figure 3(c) demonstrates that as expected,
the free C=0 to fixed C=0 peak area ratio increased from
1.15 to 1.26 when the PEG concentration was upgraded. A
further evaluation of the composites’ permittivity and gen-
erating capacity is demonstrated in figure 3(d), where the
permittivity of the TPU/PEG increases from 3.85 to 22.02
(PEG concentration: 20%, frequency: 100 Hz). Accordingly,
open-circuit voltages of the composite films increase and then
decline with improving PEG content, which is due to excessive
PEG doping causing dielectric breakdown during corona char-
ging. As portrayed in figure 3(e), it is also possible to manip-
ulate the chemical structure of the interface between the filler
and polymer by adding two-dimensional materials (T3C, T, or
Ti;CNT,) with different surface termination groups [85]. As
a consequence, the ratio of 5-phase/a-phase in polymer mat-
rix increases from 0.44 to 0.84 in the PVDF/T5;C,T, (1.21 for
the PVDF/Ti3CNT,) when the concentration of 2D fillers is
0.5 wt%. Since the [3-phase is more polar, the permittivity of
the PVDF/T;C, T, (PVDF/Ti;CNT,) composite is enhanced,
which results in a higher charge density.

2.2. Charge trapping

The dynamic balance between generation and annihilation
of triboelectric charges during TENG operation determines
its output performance. Recent research has shown that by
strengthening the charge trap capacity of the material, the leak-
age and escape charge can be significantly lessened, thereby
improving TENG surface charge density. As of present,
strategies that can enhance the charge-trapping capability of
triboelectric materials can be categorized into two categories:
one is the doping of fillers, and the other is the addition of a
charge-blocking layer. The degree of energy band matching
between the particle and the polymer should be considered
when doping the charge trapping material, as this determ-
ines how the triboelectric charge is transferred to and trapped
within the triboelectric polymer. Accordingly, Cs3Bi,Brg with
high defect density was doped as a charge-trapping mater-
ial into poly (vinylidene fluoride co hexafluoropropylene)

(PVDF-HFP) nanofibers [88], as displayed in figure 4(a). In
comparison to materials such as MAPbBr;, FAPbI;, rGO,
Zn0, and MoS,, there is an energy band difference of around
0.3 eV between Cs;Bi;Brg and PVDF-HFP, which facilitates
charge transport. As portrayed in figure 4(b), when the concen-
tration of Cs3;BiyBrg is improved from O to 1 wt%, the current
of PVDF-HFP/Cs;Bi;Brg composite nanofibers is increased
by approximately 118%. In the case of a Cs3;Bi,Brg concen-
tration greater than 2 wt%, excess Cs3Bi, Brg would emerge on
the surface of composite nanofibers, forming a leaking chan-
nel for the captured charge and, as a consequence, the charge
trapping performance of the PVDF-HFP/ Cs3;Bi,Brg compos-
ites is limited.

Recently, it has been found that modulation of the interfa-
cial functional groups between the particle and the triboelec-
tric polymer can also raise the capability of the material to
trap triboelectric charges. As presented in figure 4(c), silica
nanoparticles (SNPs) modified with perfluorosilane coup-
ling agents were doped into PVDF to change the interface
between PVDF and fillers and make it better at capturing
charge [72]. The transferred charge density (TCD) based on
the composite film TENG improves with increasing chain
length of the interfacial functional groups, as demonstrated
in figure 4(d). Further, the decay of TCD with time reveals
the different charge storage capacities of the interfacial func-
tional groups. After the same decay time (420 s), the TCD
of PVDF film was 6.5 C m~2, while that of PVDF/ PFD-
SNPs was 40 4C m~2 (23 4C m~2 for PVDF/PFH-SNPs and
35 uC m~?2 for PVDF/PFO-SNPs). It can be seen that raising
the chain length of the interfacial functional group results in a
higher charge trapping capacity of the interface. As triboelec-
tric materials become more capable of capturing and storing
triboelectric charges, their output performances are found to be
enhanced in both regular and high humidity environments. As
demonstrated in figure 4(e), water-absorbent HKUST-1 was
employed to enhance the charge trap capacity and triboelec-
tric output of polydimethylsiloxane (PDMS) in high humid-
ity conditions [89]. It was found that the short-circuit cur-
rent of pure PDMS decreased as the relative humidity (RH)
improved, just as it does in normal TENGs. However, the
current of PDMS/HKUST-1 (5 wt%) improved with the rise
of RH, as shown in figure 4(f). Further charge decay exper-
iments revealed that the charge decay time of pure PDMS-
based TENG declines with increasing RH (from 10% to 90%).
In contrast, the decay time of PDMS/HKUST-1 (5 wt%)-based
TENG showed the inverse tendency, increasing from 500 min
to 1200 min, as demonstrated in figure 4(g). The results of
these experiments indicate that HKUST-1 enhances the tribo-
electric charge capture capability and storage depth of PDMS
at different humidity levels, thereby improving the output of
the TENG in a high RH environment.

Employing charge trap materials between the attached elec-
trode and the friction material is another technique to intensify
the trapping of frictional charge by the dielectric. Polystyrene
(PS) was first proposed by Cui et al [90] to strengthen the tribo-
electric charge storage capacity of PVDF. It has been recently
reported that PDMS has a higher trap density than PS, which
can further enhance the charge storage capacity of PVDF [91].
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Figure 4. Strengthening the charge capture capacity of triboelectric polymers with nanoparticles. (a) Energy bands of
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As shown in figure 5(a), the difference in Fermi levels between
PVDF and Al results in charge transfer from Al to PVDF when
PVDF and Al come into contact. Subsequently, the induced
electric field causes the charges captured in the shallow traps
in the PVDF to be neutralized by the opposite charges on
the attached Al, causing output degradation. By incorporating
PDMS as a charge trap layer, the triboelectric charge is further
captured by its deep traps, resulting in a boost in the output.
When PDMS reaches a certain thickness, electrostatic induc-
tion is weakened, resulting in a reduction in performance.
The triboelectric film thickness also affects the charge cap-
ture. A TENG with perfluoroalkoxyalkane (PFA) as the neg-
ative charge generation layer, molybdenum sulfide (MoS) as
a positive charge generation layer and SiO, as a charge cap-
ture material was constructed to investigate the triboelectric
layer thickness on the performance [92]. Figure 5(b) displays
that the triboelectric pair composed of SiO, and PFA produces

an output of 107.8 C m~2. With the increasing thickness of
the MoS; coated on the SiO, layer, TENG’s charge density
increases initially, but then decreases. When MoS,; thickness
is 50 nm, the optimal output of TENG exceeds 1000 xC m~2,
According to the simulation results of the triboelectric electric
field strength as the friction layer thickness is varied, the pos-
itive charges that are formed on the MoS; layer can be trans-
ported to the interface with the SiO, layer within a specified
thickness range. After the positive charge is transferred to the
region between the MoS, and the Si0O,, the surface of MoS,
becomes electrically neutral, thus further increasing the charge
generation by facilitating charge transfer between MoS, and
PFA. If the thickness of the MoS, covering the SiO, exceeds
a certain value, the work function of the MoS, increases. This
results in a decrease in the amount of charge transferred to the
positive friction layer during the contact process, leading to a
decline in the TENG’s charge density. It should be noted that
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Figure 5. Enhancing triboelectric output by introducing charge blocking layers. (a) Band diagram and output performance of PVDF/PDMS
composite films. (a) Reprinted from [91], © 2018 Elsevier Ltd All rights reserved. (b) The influence of MoS, thickness on the charge
density of the MoS,/SiO, composite layer and the electric field distribution of the MoS,/SiO, composite layer. (b) Reproduced from [92]
with permission from the Royal Society of Chemistry. (c) Output enhancement mechanism and charge density of MCE/MXene/TiO;
composite materials. (c) Reprinted from [93], © 2022 Elsevier Ltd All rights reserved.

the interlayer can be used not only as a charge capture layer
but also as a polarization material to amplify the permittivity
of the dielectric [93]. The triboelectric performance of mixed
cell esters (MCE) thin film was upgraded using MXene/TiO,
composite capable of both charge capture and dielectric con-
stant enhancement, as portrayed in figure 5(c). Changing the
degree of oxidation of MXene (or the amount of TiO, con-
tained in the MXene layer) could easily regulate the output of
the MCE/MXene/TiO, composite. The charge density of the
MCE/MXene/TiO, composite increased from 23.8 xC m~2
to 128 C m~2 as the oxidation of the MXene film increased.
Comparatively, 94 ;C m~?2 of charge density is obtained by
TENG when TiO is utilized as an interlayer, further indicating
that MXene/TiO, composites can improve the performance of
the MCE through the conjunction of charge capture and polar-
ization enhancement. A comparison of common triboelectric
materials under different filler reinforcements is provided in
table 1.

3. Circuit design

Although material modification has made significant progress
in boosting the surface charge density, the drift and diffusion
of triboelectric charges, thermal emission, and air breakdown
effects have hindered further improvement of surface charge

density [111]. Diverse advanced technologies have been pro-
posed for achieving ultra-high surface charge density, includ-
ing environmental control, corona charging, charge pump-
ing (CP), and charge excitation (CE) [56-61]. Among them,
CP and CE are experiencing rapid development due to their
advantages such as simplicity of structure, broad applicabil-
ity, excellent compatibility, and ultra-high output. By utiliz-
ing circuitry, CP and CE directly boost the surface charge
density on the TENG’s electrode, whereas in conventional
TENG, the output charge is commonly restricted by the finite
charge bound on the triboelectric polymer. It is the purpose
of this section to briefly introduce the device structure, cir-
cuit composition, working mechanism, and recent progress
of SCE-TENG, ECP-TENG, and external charge excitation
(ECE-TENG).

3.1. ECP

The concept of CP was first proposed by Xu and co-workers
in their construction of the ECP-TENG [69]. Typically, ECP-
TENG is divided into three components, as displayed in
figure 6(a): a pump TENG (p-TENG) serves as the charge pro-
vider, a main TENG (m-TENG) serves to output charge, and a
full-wave rectifier bridge. Whenever a vertical force is imple-
mented, the dielectric and the metal layer of the m-TENG will
first come into contact, forming a parallel plate capacitor as the
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Table 1. A comparison of triboelectric materials under various filler reinforcements.

Polymer matrix  Filler Counter layer  Current/charge density Dielectric constant ~ Durability ~ References
PVDF Hydrophobic Si0, PHBV 20 mA m~> — — [94]
PDMS/BT PHBV 13mA m™2, 58 uC m™2 4 — [95]
Printer ink Cu 150 mA m~2 — 1000 [96]
Co-NPC Nylon 11 210 mA m~2, 392 uC m~2 22 60 000 [97]
BaTiOs Rubber 19.02mAm~2,105.6 uCm™> — — [98]
ZnAl-LDH PET 56 mA m~2 38.9 [99]
Graphene PA6 189 mA m~2, 352 uC m™2 — 80 000 [100]
Ti3CNT, Cu 20.1 mA m~2, 82 yCm~2 19 100 000 (85]
PDMS NaNbO3 Al 23 mA m~2, 68 uC m™> 33 90 000 [101]
BaTiO3 Nylon 50 uC m™2 67 10 000 [102]
Graphene oxide Skin 5.11 uCm™2 — 14 400 [103]
SrTiO3 Cu 190 uC m~2 — 15 000 [104]
SWCNTs Teflon 4.2 mA m~? 280 20 000 [105]
PI BNNS Al 43 uCm~2 42 1000 [106]
MoS, Al 533 uC m™> — — [107]
Silicone Co-NPC Skin 98.5mAm~2, 11.4 uC m~2 5 — [108]
MXene Skin 200 mA m™> — 86 000 [109]
Siloxene Nitrile 50 mA m~2 8 — (82]
PVDF-HFP Cs3BizBro Al 16.3 mA m~2 — — (88]
Liquid metal Al 150 uC m? 3 14 400 [110]
TPU PEG PTFE 25 mA m~2, 50 uC m~> 8 10 000 (871

m-TENG is easily compressible in comparison of p-TENG.
When the vertical force is withdrawn, the p-TENG separates
first. Note that the m-TENG maintains a contact state during
the movement of the p-TENG, thus constantly accumulating
charges from the external p-TENG. The above output mechan-
ism was verified by further measurements of the pump charge
Q; and the output charge Q,. The output characteristics of Q;
monotonically increase with time, while Q, has output char-
acteristics of the normal TENG, and Q, upper limit overlaps
well with Q;. With this device configuration, the output of
SCP-TENG can reach 1020 C m~2 under atmospheric con-
ditions, demonstrating the vigorous ability of the CP strategy
to enhance TENG output.

The structure of ECP-TENG devices and their output
modes have been further surveyed with the continuous devel-
opment of CP. As presented in figure 6(b), the newly proposed
ECP-TENG simplifies the device structure of the m-TENG
and add a parallel capacitor [112]. During the movement of
the p-TENG, carriers are accumulated in the buffer capacitor
and the m-TENG (contact state) through a rectifier. Then, dur-
ing the motion of the m-TENG, carriers can shuttle back and
forth between m-TENG electrodes and capacitor electrodes in
a symmetrical manner. ECP-TENG delivers a 1.5 mC m—?
output charge density since both the positive and negative sides
can be used as output ports. There is also evidence that the
two output ports can charge two 1 mF capacitors to 0.52 V
and 0.54 'V, respectively, which indicates that both ports are
capable of charging or powering electronic devices. A CP
strategy is also applied to rotation and sliding type TENG (RS-
TENG), as well as the number of m-TENGs has been increased
in pursuit of high output performance [113], as portrayed in
figure 6(c). There is almost a linear increase in the charge

and current of the RS-TENG with engaging more m-TENGs.
Moreover, the as-fabricated RS-TENG can directly illuminate
three 2 W bulbs, demonstrating its potential for use in self-
powered systems.

3.2. External charge excitation

Meanwhile, external charge excitation (ECE) has also been
utilized for high-performance TENGs. Figure 7(a) illustrates
the scheme of an ECE-TENG, which mainly contains an excit-
ation TENG (e-TENG), a voltage-multiplying circuit (VMC)
with a Zener diode, and a m-TENG [114]. Note that a buf-
fer layer composed of soft silicone, foam cushion, and liquid
cushion is employed to achieve sufficient contact. ECE-TENG
and ECP-TENG are similar in that both treat the exchange
charge between the m-TENG and the circuit as the output. The
differences between them include the fact that ECE-TENG can
control surface charge density by adjusting the number of units
in VMC and that the capacitors in VMC can directly serve as
charge storage capacitors. Figure 7(b) shows that the effective
charge density (ECD) of ECE-TENG increases almost linearly
with the operation time before stabilizing at 0.72 mC m~2. To
further simplify the circuit composition and pursue higher out-
put, two rectifier diodes and a capacitor consisting of a charge
excitation circuit (CEC) and a soft carbon electrode were pro-
posed to replace the VMC and copper electrodes of the initial
ECE-TENG, respectively, as shown in figure 7(c). In an actual
TENG device, the surface roughness of the metal electrode
and polymer has a considerable influence on the contact effi-
ciency of the electrode and dielectric, thus affecting the output
of the device. There is an evidence that the employment of a
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Figure 6. Charge pumping strategy for high-performance TENG. (a) The device configuration and the performance of the SCP-TENG. (a)
Reprinted from [69], © 2018 Elsevier Ltd All rights reserved. (b) The device configuration and the output of the ECP-TENG. (b)
Reproduced from [112]. CC BY 4.0. (c) The device configuration and the output of the RS-TENG. (c) [113] John Wiley & Sons. © 2020

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

flexible gel electrode can significantly improve the mechan-
ical and electric contact properties of the m-TENG [115]. A
surface charge density of 2380 xC /m~2 has been realized in
ECE-TENG.

Aside from the contact efficiency, air breakdown is another
factor that affects the performance of CE devices. Through
continuous storage of charge from the e-TENG, the CEC can
produce a vigorous electric field between the two electrodes
of the m-TENG, causing the air to breakdown, so that the
ionization charge deposited on the dielectric can subsequently
diminish the ECE-TENG performance. Fortunately, by utiliz-
ing high dielectric strength dielectric oil to stuff the air gap, the
air breakdown can be prevented during ECE-TENG operation.
As displayed in figure 7(d), the performance of the proposed
non-contact mode ECE-TENG with dielectric oil filling can
reach 260.15 C m~2, which sets the output milestone for non-
contact mode TENG [116]. Interestingly, the charge generated
by air ionization in the m-TENG dielectric can be employed
for increasing the surface charge density of the dielectric. By
changing the polarity of the CEC, positive or negative charges
can be deposited on the dielectric [68], as shown in figure 7(e).

Once the up and down electrodes of the m-TENG are con-
nected in an ordinary contact-separation TENG, the deposited
charge can be outputted by electrostatic induction during con-
tact separation.

3.3. SCE

In spite of the fact that ECP-TENG and ECE-TENG have
achieved significant progress in boosting the TENG surface
charge density, the introduction of pump generator and excit-
ation generator has undoubtedly improved the complexity of
the device structure. Taking inspiration from the concept of
self-powered, SCE-TENG was proposed for increasing sur-
face charge density by utilizing its output charge [114]. As
well as having an ultra-high performance, SCE-TENG fea-
tures a simplified device structure and a VMC (with a Zener
diode) similar to ECE-TENG. Figure 8(a) illustrates the device
diagram and the operating principle of SCE-TENG. The SCE-
TENG structure is identical to the traditional TENG structure.
As with ECP-TENG and ECE-TENG, SCE-TENG generates
alternating current through charge transfer between a variable
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Figure 7. External charge excitation strategy for high-performance TENG. (a)—(b) Device sketch and output of the ECE-TENG. (a)—(b)
Reproduced from [114]. CC BY 4.0. (c) The output of ECE-TENG is optimized by circuit design and contact efficiency. (c) Reproduced
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oil. (d) [116] John Wiley & Sons. © 2022 Wiley-VCH GmbH. (e) Deposition of charges on the dielectric film by an external charge
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capacitor (m-TENG) and external fixed capacitors. The dif- the corresponding parameters of the external capacitors are C
ference is that during the motion of SCE-TENG, the fixed and Q. As soon as the m-TENG is separated, its capacitance
capacitors automatically switch between the series-parallel rapidly reduces to Cyr. This will increase the voltage V of the
state consequently, creating a charge self-improving effect. m-TENG, causing a 20—’ charge transfer to the fixed capa-
Specifically, in the primary state, the capacitance and charge of  citors, resulting in a voltage balance state. Here Q’ is the time-
the m-TENG are regarded as 2C and 2Q, respectively, whereas  varying charge of the m-TENG and the fixed capacitors are
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in series during this process. When the separation distance is
relatively large, Cp. (the capacitance value of m-TENG in the
separated status) is much smaller than C, so it can be assumed
that Q’ equals 0. The total charge of 2Q in the main TENG will
be transported to the external capacitors, which will eventually
total 3Q. As soon as the main TENG is in contact again, its
capacitance increases to Cy; (maximum capacitance value of
main TENG). At this time, the external capacitors charge the
main TENG and they are automatically switched into paral-
lel. The theoretical calculation indicates that 3Q (1.5 times) of
charge will be transported back to the m-TENG to accomplish
charge self- improving. Figure 8(b) shows the output of SCE-
TENG, where the ECD reaches a maximum of 0.72 mC m—2
after only 42 cycles, much less than the 300 cycles required to
externally charge-stimulate the TENG (figure 7(b)).

Further improvement of the effective charge density of
SCE-TENG was achieved through optimization of the prop-
erties of the dielectric film [67]. As presented in figure 8(c),
25 pm PVDF film (dielectric constant: 7.5), 8 um Kapton film
(dielectric constant: 3.7), and 9 pym PVDF-TrFE film (dielec-
tric constant: 11.1) were utilized as the dielectric, respectively.
As expected, the output of SCE-TENG can reach 2.20 mC m—?

using PVDF-TrFE with a smaller thickness and higher dielec-
tric constant. A further investigation of the output of PVDF-
TrFE-based SCE-TENG in a high RH environment can be
seen in figure 8(d). An ordinary TENG based on PVDF-TrFE
has weak output signals of approximately 0.005 mC m~2 at
90% relative humidity, whereas SCE-TENG based on PVDF-
TrFE could achieve a charge density up to 1.3 mC m~2, nearly
260 times greater than the former. The excellent performance
of SCE-TENG under high humidity can be attributed to the
fast accumulation of charges and the reduction of charge decay
with the assistance of a VMC, as shown in figure 8(e).
SCE-TENG still experiences the air breakdown and charge
deposition phenomenon due to the VMC generating vigorous
voltage during operation [117], as shown in figure 9(a). The
process of deposition of charges consists of four stages, with
stage (i) representing TENG’s original state without charge
excitation. Since the electrode and dielectric contact is insuffi-
cient, there is only a small amount of triboelectric charge pro-
duced by the contact electrification. When the contact separa-
tion continues in stage (ii), charge migration and accumulation
continuously occur between the VMC and m-TENG, resulting
in enhancements in the excitation voltage across the VMC.
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Eventually, the breakdown of air occurs when the voltage
between the counter electrode and the dielectric reaches a
threshold value. A continuous decrease in exchange charge
between TENG and VMC occurs at this point as a result of
partial air ionization (stage iii). When the air breakdown phe-
nomenon and ionization continue to occur, the charges gen-
erated by air ionization accumulate on the dielectric, result-
ing in a reversal of the polarity of the charges on the poly-
mer. Subsequently, when disconnected from the VMC, the sur-
face charge of the dielectric becomes positive as compared
to its initial state, as shown in stage (iv). Unlike conven-
tional contact electrification where the amount of charge is
limited by the contact status, the charge deposition process in
SCE-TENG is unrestricted by the contact status, thus allow-
ing the surface charge density of the dielectric to improve
greatly. Additionally, the long-term durability of the TENG
with deposited charge as the output source was investigated
(figure 9(b)) and compared with the output of the ion injec-
tion method. After 180 000 operation cycles, the performance
of the TENG (charge source from the deposited charge dur-
ing the SCE process) could keep at 89.7% (604 uC m~2),
and after 360 000 cycles, the output still maintained 85.1%

(573 uC m~2). By comparison, the ion injection method could
hold 63.5% (410 uC m~2) after 340 000 cycles, indicating
that the TENG with SCE-deposited charge has greater stability
than the ion injection method.

By directly depositing charges on the dielectric through the
SCE process, the surface charge density of TENG devices is
remarkably enhanced. Nevertheless, since the dielectric sur-
face is highly charged after charge deposition, most of the
deposited charge is lost during startup [118], as depicted in
figure 9(c). This is because the primal voltage (V) produced
by the deposited charge is greater than the air breakdown
threshold (Vap), resulting in an electrostatic discharge that
ultimately retains an output of 702 xC m~2. Figure 9(d) illus-
trates the output charge density after different charge depos-
ition times, and it is apparent that the more charges depos-
ited, the greater the electrostatic discharge, which causes a
lower output charge density. To address this shortcoming, a
discharge mitigation strategy is attempted, as illustrated in
figure 9(e). After electrostatic discharge, V( decreases sig-
nificantly, as portrayed in figures 9(e)—(i), due to the signi-
ficant difference between V and Vag. A parallel connection
between an external capacitor and the TENG with deposited
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charge allows the degree of discharge during initial contact to
be reduced, as portrayed in figure 9(e-ii). As can be seen, using
the discharge mitigation strategy, a remarkable improvement
in the output stability of the deposited charge is achievable.
With further control of the RH, as presented in figure 9(f), the
charge density of the Polyimide (PI) film can be as high as
1.48 mC m~2 (at 5% RH).

4. Strategy conjunction

As discussed above, material optimization and circuit design
could boost the surface charge density from different perspect-
ives. With material modification, a variety of novel materials
can be introduced into the material system for TENGs, and the
properties of triboelectric dielectric (e.g. surface state, polar-
ization, dielectric constant, leakage current, etc) can be effort-
lessly tuned. The advantage of the CP and charge excitation
strategies could greatly raise the upper output limit. An optim-
ized strategy from these enhancement methods could deliver a
higher surface charge density. In addition, the physical proper-
ties of the dielectric materials under strong excitation electric
fields can also be actively explored.

It has recently been reported to utilize material modific-
ation and CP synergy to construct ultra-high charge density
TENG (MCP-TENG) [119], as demonstrated in figure 10(a).
Unlike the commercially available dielectric (Polypropylene
and PI) previously reported to be employed by ECP-TENG,

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDEF-
HFP) film with the tunability of the electrical properties was
employed as the dielectric polymer for the newly MCP-TENG.
By doping BTO, as presented in figure 10(b), PVDF-HFP can
be enhanced in the dielectric constant, thereby increasing the
contact capacitance. Note that as the doping content increases,
the nanoparticles could aggregate on the dielectric, thereby
affecting the contact efficiency. As a result, 1 wt% BTO was
found to be the optimal content of doping. Furthermore, the
thickness of the PVDF-HFP/BTO was reduced to enhance
the actual contact capacitance, as illustrated in figure 10(c).
As a result, the MCP-TENG fabricated using the optimal
PVDF-HFP/BTO composite can output a charge density of
3500 xC m~2, higher than the sum of the charge density
obtained by M-TENG (PVDF-HFP as dielectric) and ECP-
TENG (PVDF-HFP as dielectric), implying that the demon-
strated synergies for ultra-high performance TENGs are feas-
ible and achievable, as displayed in figure 10(d).

A combination of the e-TENG and the CEC can continu-
ously generate an intense voltage between the two electrodes
of the m-TENG during the CE process. This phenomenon
could cause the disordered dipole moment in the PVDF film
between the two electrodes of the m-TENG to polarize by
gradually deflecting along the direction of the electric field,
increasing the permittivity of the thin film [65], as presen-
ted in figure 11(a). In this periodic self-polarization man-
ner, the capacitance of the m-TENG could amplify as the
ECE-TENG continues to operate, as could the output charge
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Figure 11. Improving the performance of ECE-TENG through material optimization. (a) Self-polarization phenomenon of dielectric in
ECE-TENG. (b) Charge density of ECE-TENG based on PVDF/PZT. (c) The effect of RH on the charge density of ECE-TENG. (a)—(c)
[65] John Wiley & Sons. © 2022 Wiley-VCH GmbH. (d) The effect of air breakdown phenomenon on the output of ECE-TENG. (e) The
charge attenuation of PI/CP composite thin films. (f) Output charge and efficiency of ECE-TENG based on PI/CP composite. (g) Output
charge and efficiency of ECE-TENG based on PVDF/CP composite. (d)—(g) Reproduced from [120] with permission from the Royal

Society of Chemistry.

density. By adding lead zirconate titanate (PZT) powder to
PVDF, the output of ECE-TENG is further boosted before
and after self-polarization. The maximum charge density of
the thin film with a PZT concentration of 0.1 wt% was
1.93 mC m~2, as presented in figure 11(b). When RH is
well controlled, as demonstrated in figure 11(c), ECE-TENG
based on PVDF/PZT composite can achieve charge density
above 3500 pC m~2, which is considerably higher than the
maximum output previously achieved by ECE-TENG using
unmodified dielectric thin film (figure 7(c)). As shown in
figure 11(d), the output of the ECE-TENG is impeded by
the air breakdown phenomenon. One solution is to introduce
some conductive materials, such as carbon powder (CP), to
the dielectric to render the charge trapping of the dielectric

film [120]. With an increase in CP content, as depicted in
figure 11(e), the charge decay of the CP/PI composite rises
significantly and the trap energy level decreases. Figure 11(f)
illustrates the effect of CP filling concentrations of 0.4 wt%
in reducing the deposited charge on CP/PI film caused by
air breakdown, resulting in 100% output efficiency for the
composite film-based ECE-TENG. When PVDF is employed
instead of PI, the ECE-TENG output charge density based
on PVDF/CP composite film can be 4.13 mC m~2, further
demonstrating the success of material modification and circuit
design synergy in improving TENG surface charge density, as
illustrated in figure 11(g).

Besides improving the performance of ECE-TENG and
ECP-TENG, material modification can also boost SCE-TENG



Int. J. Extrem. Manuf. 6 (2024) 052003

Topical Review

() i A
[[Tem ST i o |
: = v .
: — PR E A 7|
! L - -
L - = Self-charge excitation Self-polarization )
(b) (c)
18— —— 1% BTO 25
o e o—o0 2% BTO T 21pC
2 N o o o 5% BTO
_516 -\\7::_‘::\5~\\__ 2r 1.7 uC
g ===EEme | Q45l i 1.4 ue
Sl = 3" 1.2 uC
o o —oa, o 4} |
> e
5 N
& 12 oiusto 051
o——=o 0.5% BTO 0 L ».J..L.I
0 - B -l -t
10° 102 103 10* 10° 0 0.1 0.5 1 2 5
Frequency/Hz BTO contents/(wt%)
e — - 1
(e) c o, M T 42.6 [yt m ,
VAG : PZT/P(VDF-TtFE) || :
ele O I
; = - £ 284 premvee : f :
i C, % Y : 131 | o :
. = | : h '
| o S 142} i 1 ¥ :
i PZT/P(VDF-TrFE) LT 4 ' Ve
"¢, Fwe 5 -/ |
s o 7”8 '
E oo 3 g _(_A,_;f*ﬁ';’ : 1 1
5 T o 0f: . il :
0 40 80 120 160:
Timels :
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GmbH.

performance. A strong electric field is produced at both ends
of VMC during the operation of the CE process, so the self-
polarization phenomena of polar dielectrics are also observed
in SCE-TENG (figure 12(a)) [64]. BTO nanoparticles with
high dielectric constant were then embedded to the PVDF
film to increase its polarization capability and dielectric con-
stant, as shown in figure 12(b). Consequently, when the
concentration of BTO nanoparticles is 0.1 wt%, the output
charge of SCE-TENG can reach 2.5 uC. There has been a
remarkable improvement in the charge density in compar-
ison to the previous use of unmodified materials in SCE-
TENG (figure 8(b)). In addition to polymer dielectric mater-
ials, some inorganic bulk materials with high dielectric con-
stants, such as PZT, have also been investigated for high

output SCE-TENG [66], as depicted in figure 12(d). During
contact, only a small amount of charge is transferred to the
bulk material because the difference in the work functions
between electrode and PZT is not significant (figure 12(f)).
For this reason, coating of a thin layer of PVDF-TrFE onto
the PZT could strengthen its contact electrification capabil-
ity. Therefore, the SCE-TENG constructed with PZT/PVDF-
TrFE yields an output of 1.31 mC m~2, which is approxim-
ately 68% greater than that of the SCE-TENG constructed with
pure PZT. Additionally, The charge density and power dens-
ity of ECP-TENG, ECE-TENG, and SCE-TENG with dif-
ferent dielectrics are summarized in table 2. And figure 13
also compares the maximum surface charge density achieved
by currently employing material modification, circuit design,
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Table 2. Comparison of ECP-TENG, ECE-TENG, and SCE-TENG fabricated from different dielectrics.

Q Charge trapping

still under debate. It has been reported that the subsequent

TENG types Dielectric material Counter layer Charge density (mC m~2) Power density (W m™2) References
ECP-TENG PVDF/EP PVDF/EP 0.49 — [60]

PP Cu 1.02 20 [69]

PP Zn-Al 1.85 13.3 [112]

PET Permalloy 2.85 42 [61]

PVDF-HFP/BTO Cu 35 61.2 [119]
ECE-TENG PI Cu 0.81 38.2 [114]

PVDF/PI Cu 2.2 61.3 [121]

PEI Cu 2.38 115.6 [115]

PVDF/PZT Stainless steel 3.5 142.5 [65]

PVDEF/CP Stainless steel 4.0 58.2 [120]

PI Stainless steel 0.88 9.04 [68]

PI Cu 0.26 6.2 [116]

PVDE-TrFE Stainless steel 2.88 25.84 [122]
SCE-TENG PVDF/BTO Stainless steel 1.67 14.22 [64]

PVDE-TrFE/PZT Stainless steel 1.31 10.96 [66]

PVDF-TtFE Cu 2.2 40.0 [67]

PTFE Cu 0.212 6.5 [116]

PI Stainless steel 1.48 86 [118]

PTFE Cu 0.78 — [117]
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Figure 13. Comparison of maximum surface charge density
achieved by different strategies in vertical contact-separation TENG.

or strategy conjunction in the vertical contact-separation
TENG.

5. Summary and perspective

An in-depth and systematic retrospection of recent develop-
ments in the manufacture of high-performance TENG is sum-
marized in this review. It can be seen that triboelectric dielec-
tric materials that have strong charge storage capabilities are
ideal candidates for the manufacture of high-output TENG.
With reasonable external circuit design and assistance, the sur-
face charge density will surpass the air breakdown limit and
reach over 1 mC m~2. These efforts are progressing energy

behavior of these triboelectric charges on the dielectrics has
a significant impact on charge transfer on the surfaces of the
dielectrics. In-depth research on triboelectric charge behavior
as well as the establishment of physical models describing
charge migration on dielectric surfaces would enrich the basic
theory of TENG.

Eco-friendly triboelectric materials. Some polymer mater-
ials used in TENGs are difficult to degrade naturally, and this
raises an environmental concern. As such, it is imperative that
triboelectric materials be developed that are of high charge
density and stability, as well as both eco-friendly and bio-
degradable. Most of the materials that are being employed
as dielectric layers for TENGs at present are organic materi-
als. Inorganic materials with high dielectric constants, as well
as novel inorganic materials, should also be explored for this
purpose.

Durability. It is very important to take into account the
reliability and durability of a TENG. Wear and tear of the
dielectrics and electrode materials in a TENG inevitably
occurs during the triboelectrification process, leading to a
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decline in performance. Therefore, the development of tribo-
electric dielectrics with high wear and tear resistance is in high
demand. In addition, advanced TENG structural designs to
avoid hard wear and tear can be another way out.

Circuit enhancement technology for TENGs. With the
introduction of CP and charge excitation techniques, the out-
put of TENGs has been significantly boosted. However, optim-
izations of a variety of operating modes and structural designs
are necessary to achieve high performance for most TENG
modes.

Performance test criteria. Even though TENG has been
developed for many years, the standards for characterization
of TENGs and assessment of their performance are still lack-
ing. To quantify the performance of TENG, environmental
variables (temperature, humidity, pressure, and gas types),
test variables (force, frequency, velocity, acceleration, charge
accumulation time, and contact efficiency), and device prepar-
ation variables (flexible electrodes, rigid electrodes, softness
and hardness of the buffer layer, and so on) should be further
classified and standardized.

Power management. Efficiently transmitting, managing,
and storing the high-density energy from TENGs is neces-
sary to expand their practical applications. Enhancement of the
efficiency of the power management module in electric power
transmission and management is a key for practical applica-
tion. To store harvested electric energy in chemical electricity
storage devices (supercapacitors or batteries), it is essential to
convert the transient voltage pulses generated from a TENG
into a DC current for charging the devices. In addition, smart
power management could play a role in the integration of indi-
vidual TENGs into a large array of TENGs for a large scale of
mechanical energy harvesting.
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