REVIEW

W) Check for updates

small

methods

www.small-methods.com

Strategies to Improve the Output Performance of

Triboelectric Nanogenerators

Cong Li, Yuan Bai, Jiajia Shao, Hongyu Meng,* and Zhou Li*

Triboelectric nanogenerators (TENGs) can collect and convert random
mechanical energy into electric energy, with remarkable advantages including
broadly available materials, straightforward preparation, and multiple
applications. Over the years, researchers have made substantial
advancements in the theoretical and practical aspects of TENG. Nevertheless,
the pivotal challenge in realizing full applications of TENG lies in ensuring
that the generated output meets the specific application requirements.

electrostatic induction,>”) allowing it

to tap into a diverse range of mechan-
ical energy sources that typically go
untapped in daily life, such as wind
energy, 8 water waves,® !l and phys-
iological processes like heartbeats,!1213]
breathing,**%1 and so on.'%! The
inception of TENG has sparked a
global surge in research across various

Consequently, substantial research is dedicated to exploring methods and
mechanisms for enhancing the output performance of TENG devices. This
review aims to comprehensively examine the influencing factors and
corresponding improvement strategies of the output performance based on
the contact electrification mechanism and operational principles that underlie
TENG technology. This review primarily delves into five key areas of
improvement: materials selection, surface modification, component
adjustments, structural optimization, and electrode enhancements. These
aspects are crucial in tailoring TENG devices to meet the desired performance

metrics for various applications.

1. Introduction

In 2012, Zhong Lin Wang et al. introduced the concept of the tri-
boelectric nanogenerator (TENG), a novel technology designed
for capturing and harnessing ambient mechanical energy.[!?]
TENG leverages the combined effects of triboelectrification and
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energy-related domains. TENG boasts
distinct advantages over established
technologies, including its compact size,
lightweight design, cost-effectiveness,
straightforward fabrication, and the wide
array of materials at its disposal.2*%’]
When constructed with suitable materi-
als and well-designed structures, TENGs
can seamlessly integrate into self-driven
systems, offering a sustainable power
source for electronic devices.[?®! This
heightened research interest has led to
the expansion of TENG’s application
possibilities, ranging from blue ocean
energy harvesting!?3!l to wearable, flexible sensors,32-3]
biomimetic and smart devices,?**? as well as self-powered
implantable and micro medical devices.[3*35:37:43-46]

As an energy harvester, TENGs are often expected to achieve
higher energy conversion efficiency, directly correlating with
improved output performance. Moreover, TENG-based sensors
exhibiting superior output performance offer increased sensi-
tivity and signal-to-noise ratio, making it essential to enhance
the output performance of TENG devices for a wide range of
practical applications.[*’*8] Studies have shown that the max-
imum surface charge density (MSCD) of triboelectric materi-
als plays a pivotal role in influencing the average output power
and energy conversion efficiency of TENG. MSCD essentially
determines the output level, making it an effective approach
to enhance charge generation during the friction process.[*-51l
Alongside MSCD, several other influencing factors come into
play, such as material properties,[?*524] the contact area of tri-
boelectric layers,[“>°>5¢] device configuration,[”%8] and environ-
mental conditions, encompassing aspects like temperature,>*¢]
humidity,[°*62] external mechanical states,!%>%*] electric field,[¢>¢]
and magnetic field.[7:68]

Researchers have made significant strides in enhancing
the output performance of TENG by addressing various as-
pects. These methods encompass material selection,[?*°%] surface
modification,!®7°] composition of different components,!”!7?]
device structure design,>’”3] electrode optimization,”*”% and
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Figure 1. Schematic overview of the influencing factors and improvement methods of the output performance of TENG devices.

regulation of environmental conditions.”®””] The selection
of appropriate materials relies on the triboelectric series as
a fundamental criterion. Surface modification and compo-
nent doping are valuable techniques for altering the electron-
donating (ED) and electron-withdrawing (EW) capabilities
of materials, leveraging both physical and chemical meth-
ods. The strategic design of TENG device structures leads
to a substantial improvement in output power, enabling
their adaptability to a broader range of application scenar-
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ios. Moreover, electrode modification methods merit consid-
eration, including material selection and structural design of
electrodes.

This review analyzes influencing factors and introduces im-
provement methods for the output performance of TENG from
five aspects (Figure 1). Finally, it highlights the challenges to over-
come. Italso outlines the future improvement direction of TENG,
aiming to guide the development of TENG with higher output
and extensive application.
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Figure 2. The mechanism of the TENG. a) An electron-cloud-potential-well model is proposed to explain contact-electrification (CE) mechanism, charge
transfer, and release between two materials when they are 1) before contact, 2) in contact, and 3) after contact. b) The five operating modes are 1) vertical
contact-separation (CS) mode, 2) lateral sliding (LS) mode, 3) single-electrode (SE) mode, 4) freestanding triboelectric-layer (FT) mode, and 5) rolling

(R) mode. c) Three main influencing factors of the output performance.

2. Working Mechanism and Influencing Factors

Contact-electrification (CE) is a universal effect primarily driven
by the transfer of electrons between solid-solid pairs. This ef-
fect finds its basis in an atomic-level charge transfer mechanism,
as initially proposed by Wang.I”! Before the atomic-level con-
tact between the two materials, their respective electron clouds
remained separate and non-overlapping. Within this state, elec-
trons are tightly bound in specific orbitals by potential wells, mak-
ing their escape challenging (as depicted in Figure 2a(1)). When
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the atoms of these two materials come into close contact, their
electron clouds start to overlap, resulting in the formation of ionic
or covalent bonds. The bonding lengths further decrease if an ex-
ternal compression force is applied. Consequently, the initial sin-
gle potential wells evolve into an asymmetric double-well poten-
tial, with the increased overlapping strength reducing the energy
barrier between them (as illustrated in Figure 2a (2)). This re-
duction in the energy barrier enables electrons to transfer from
one atom to another, thereby giving rise to CE. After their sep-
aration (as shown in Figure 2a (3)), these transferred electrons
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remain static charges on the material’s surface. This fundamen-
tal CE mechanism serves as the cornerstone for the realization
of TENG. Based on their device structure and operating mode,
TENGs can be categorized into five fundamental types, specifi-
cally the vertical contact-separation (CS) mode,!*”*! lateral slid-
ing (LS) mode,[*3% single-electrode (SE) mode,!®1#2 freestand-
ing triboelectric-layer (FT) mode!'7#3! and rolling (R) mode,!34%]
as elucidated in Figure 2b(1-5)).

The output performance of TENG devices, often referred to as
load characteristics, is a key indicator encompassing the open-
circuit voltage (V,), short-circuit current (I,.), and power density
under specific operation conditions.®®) Ensuring the device can
generate the requisite power is crucial to meet its energy supply
needs. In the context of CS-TENG, Wang et al. derived the rela-
tionship between the transfer charge Q, voltage V, and the dis-
tance x between the two electrodes.®”] The equation is expressed
as follows:

V= _sg(do +x() +

£o

ox(t)

€o

1)

where x(t) is the separation distance between the two triboelec-
tric layers, o is the transfer charge per unit area, ¢ is the vacuum
permittivity, and d, is the effective permittivity.

This equation indicates that the output performance of TENG
is directly proportional to the contact area S and the charge den-
sity o of triboelectric layers. This means that the output perfor-
mance of TENG can be improved by increasing the contact area
and charge density on the triboelectric layer’s surface.

In addition, external environmental conditions during opera-
tion will also noticeably impact the output performance of TENG
(Figure 2c).

2.1. Surface Charge Density

The parameter that represents the density of charge distribution
is known as surface charge density (SCD). An increase in the
transferred charges per unit area indicates an elevation in the
SCD of the triboelectric layer, resulting in a larger potential differ-
ence between the two poles, which in turn generates higher out-
put performance. However, there is a limitation to SCD due to the
restriction of air breakdown in practical environments.[*9838] Al.
though a vacuum environment can effectively avoid the air break-
down effect and improve the charge density to 1003 uC m=2,1*1
creating such a vacuum environment is technically complex and
costly. Therefore, it is more worthwhile to consider optimizing
the output by changing material properties and reducing charge
loss. Specifically, triboelectric polarity, which refers to the abil-
ity to absorb or lose electrons, is a primary principle in selecting
the triboelectric pair with a large polarity difference. The electri-
cal conductivity is also essential because low electrical conductiv-
ity is often accompanied by high electric resistance, thus block-
ing the dispersion of charges in the material.’"! Therefore, more
transformed charges can accumulate on the material surface, and
a strong potential difference is produced, achieving a high out-
put power. So far, the highest triboelectric charge density (TECD)
achieved by TENG operating in an air environment has reached
660 mC m~2.U
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2.2. Contact Area of Triboelectric Layers

Charge transfer occurs in effective contact between the two tri-
boelectric layer materials, and its efficiency is enhanced with the
increase in the degree of contact. While increasing the size of tri-
boelectric layers is intuitive and straightforward, researchers are
more inclined to adopt modification techniques to alter the sur-
face morphology of materials. In addition, the rough material sur-
face with a larger specific surface area can remarkably increase
the charge density being transferred during contact separation,
thereby producing a higher output than the smooth surface.
Furthermore, studies have proved that enhancing the surface
roughness of triboelectric layers can increase the capacitances,
thereby improving the charge-storing abilities.®?! Appropriate
surface roughness enhancement for materials by altering micro-
structures or introducing patterns can imbue the TENG device
with lightweight, compact, and portability attributes. Under a
small external force, both the contact area and output increase
with the rise in force. However, the contact area reaches satura-
tion under high external force, and the TECD also saturates.*’]
Therefore, adding micro/nanostructures on the surface of tribo-
electric layers can further promote charge transfer under high
forces to a certain extent, thereby enabling the device to exhibit
high-level outputs.

2.3. Other Influencing Factors

In addition to the two points mentioned above, the external load
resistances directly affect the output performances because of the
correlated relationship between the resistance and power density
of TENGs.I*!] Besides, the output performance shows a depen-
dence on the vibration frequency and driving force.[%>¢4] More-
over, external environmental conditions significantly impact
TENG output. These conditions encompass factors like tempera-
ture, humidity, electric field, and magnetic field, all necessitating
regulation and control. Generally, high temperatures have an ad-
verse effect on the storage and dissipation of electrons, leading
to a significant decrease in output performance.[*®! Furthermore,
environmental humidity harms the device as water molecules
in the atmosphere can attach to the triboelectric surface, caus-
ing charge dissipation. This reduces the charge density on the
material surface and, consequently, decreases the device’s output
performance.l>%! Additionally, the electric field established be-
tween the metal electrode and dielectric material can influence
the output performance of the device by exerting a force on the
inserted charges. Yi etal. found that the CS-TENG has a relatively
lower built-in electric field than the SE-TENG. This contributes to
higher V,, I, and transfer charge, reducing the probability of air
breakdown. As a result, the output performance of CS-TENG of-
ten surpasses that of SE-TENG. Furthermore, factors like the area
of the triboelectric layer, the distance between the contact region
and the external electric field, and changes in their relative orien-
tations can all affect the electric field and, consequently, alter the
output.l®] Apart from the polarization effect, research indicates
that the magnetization effect plays a significant role in the output
of TENG. The periodic contact-separation motion of TENG gen-
erates alternating current, creating a magnetic field around the
device that magnetizes a magnetic medium. Thus, theoretically,
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Figure 3. The triboelectric series and the statistics of triboelectric materials choices. a) The quantified triboelectric series mainly of polymers. Reproduced
under terms of the CC-BY license.['%] Copyright 2019, the Authors, published by Springer Nature. b) The quantified triboelectric series of some common
inorganic nonmetallic materials. Reproduced under terms of the CC-BY license.[?] Copyright 2020, the Authors, published by Springer Nature. c) The
modified triboelectric series of 2D materials. Reproduced with permission.[?8] Copyright 2018, John Wiley and Sons/Wiley-VCH. d) The fraction (%) of
the electron acceptor and donor materials used in 100 randomly selected articles from 2012 to 2020. Reproduced with permission.l>2] Copyright 2020,

John Wiley and Sons/Wiley-VCH.

introducing a magnetic medium into TENG can generate a mag-
netization current and an electric field, enhancing the electrical
output and energy conversion efficiency of TENG. In practice,
TENGs based on ferromagnetic media are closely linked to the
external magnetic field environment and exhibit higher output
than TENGs based on non-ferromagnetic media.[®’]

3. Methods to Improve the Output Performance of
TENG

This section presents the commonly used methods to enhance
the output performance from five aspects: selection of triboelec-
tric materials, materials surface modification, composite of ma-
terial components, device structure design, and electrode modi-
fication.

3.1. Selection of Triboelectric Materials

The selection of triboelectric materials, widely spaced apart in
the triboelectric series, can significantly enhance the output of
TENG. The triboelectric series is determined based on the tribo-
electric polarity and TECD of different materials during CE.[7-]
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The concept of the triboelectric series has been established for
over 260 years. Since then, the library of triboelectric materials
has continuously expanded, and related researchers have consis-
tently explored related mechanisms over time. Polymers are com-
monly used in triboelectric layers due to their excellent dielec-
tric properties.l>?] Specific materials such as polyamide and cel-
lulose are often employed as tribo-positive materials because they
strongly tend to lose electrons. On the other hand, materials like
polytetrafluoroethylene (PTFE), poly(vinyl chloride) (PVC), and
polydimethylsiloxane (PDMS), with high electronegativity, are
frequently prepared as tribo-negative materials due to their ability
to gain electrons. In 2019, Zou et al. introduced a universal stan-
dard method for quantifying the triboelectric polarization of var-
ious polymers. This method allowed for the uniform quantifica-
tion of the surface triboelectrification of various materials using
liquid metal. The normalized TECD revealed the intrinsic charac-
teristics of materials for gaining or losing electrons. This method
demonstrated a comprehensive ranking and quantification of the
triboelectrification of materials (Figure 3a).[1%! Furthermore, in
2020, Zou et al. established a dedicated triboelectric series for in-
organic nonmetallic materials and demonstrated that CE is an
electronic quantum transition effect under ambient conditions.
This study reveals that Mica is the most electropositive material,
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Figure 4. The triboelectric series of various typical materials and categories. 2D material MoS,. Reproduced with permission.l'0"] Copyright 2019, Else-
vier. Gelatin and PLA. Reproduced with permission.['92] Copyright 2018, Elsevier. Inorganic nonmetallic material Mica. Reproduced with permission.[103]
Copyright 2021, Elsevier. Metallic glass. Reproduced under terms of the CC-BY license.l'%] Copyright 2023, the Authors, published by Springer Na-
ture. Cu and FEP. Reproduced with permission.l'%! Copyright 2022, John Wiley and Sons/Wiley-VCH. Poly(a-ester) material PCL. Reproduced with
permission.!'%! Copyright 2019, Elsevier. Nylon. Reproduced with permission.l'%’] Copyright 2020, John Wiley and Sons/Wiley-VCH. PEO. Reproduced

with permission.[1%] Copyright 2018, Elsevier.

closely resembling the typical tribo-positive material nylon, while
quartz glass is the most electronegative (Figures 3b and 4).°] In
addition, Seol et al. also established a triboelectric series for 2D
materials, including MoS,, MoSe,, WS,, WSe,, graphene, and
graphene oxide (GO). These 2D materials, due to their strong
EW ability, are mainly positioned near the tribo-negative PTFE
and PDMS in the triboelectric series (Figures 3c and 4).[® More-
over, Zhang et al. conducted a comprehensive summary of tri-
boelectric materials from 100 randomly selected articles, listing
common electron donors (tribo-positive materials) and electron
acceptors (tribo-negative materials). Notably, metals such as alu-
minum (Al), copper (Cu), silver (Ag), and gold (Au) exhibit elec-
tronegativity similar to nylon and are frequently used as tribo-
positive materials (Figures 3d and 4).°2] Based on a review of the
literature survey and experimental results, we have compiled a
rough triboelectric series for various typical materials and cate-
gories (Figure 4).

Polymers have become widely recognized as some of the most
favored triboelectric materials due to their numerous advantages.
These advantages include a wide range of categories, a significant
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polarity difference in the triboelectric effect, and excellent stabil-
ity. This section will discuss the detailed application of polymers
as triboelectric materials. Among these, polyamides, such as ny-
lon 6, stand out as one of the most extensively reported and pos-
itively charged triboelectric polymer materials.[1%-111] However,
Ding et al. have found that degradable polyethylene oxide (PEO)
tends to lose electrons more readily than polyamide-6 (PA6), re-
sulting in a higher level of positive polarity. In the specific case of
a PEO/PDMS TENG (2 X 2 cm?), which consists of a spin-coated
flat PEO and PDMS film, they achieved notable results with a
peak-to-peak V.. 0of 970 V, a J,. of 85 mA m~2, and a peak power
density of ~40 W m~2. In comparison, the PA6/PDMS TENG
only produced an output of 630 V, 30 mA m~2, and ~18 W m~2.
This enhanced triboelectric behavior of PEO can be attributed to
the abundant positively charged oxygen functional groups (-O~)
on the main chain and the lower work function of PEO compared
to PAG (Figure 5a).l1% Moreover, cellulose, the most abundant
natural polymer on earth, is commonly used as a tribo-positive
material due to its strong ED ability. Yao et al. were the first
to apply cellulose to TENG in 2016. They utilized flexible and
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Figure 5. Several typical tribo-positive and tribo-negative materials. The tribo-positive materials include a) PEO. Reproduced with permission.['%®] Copy-
right 2018, Elsevier. b) Cellulose. Reproduced with permission.!"'3] Copyright 2016, Elsevier. Reproduced under terms of the CC-BY license.l'2%] Copyright
2023, the Authors, published by John Wiley and Sons/Wiley-VCH. The tribo-negative materials include c) PTFE. Reproduced with permission.['14l Copy-
right 2021, Elsevier. d) FEP. Reproduced with permission.l''8] Copyright 2020, John Wiley and Sons/Wiley-VCH.

transparent cellulose nanofibrils (CNF) thin films as the tribo-
positive layers. When paired with fluorinated ethylene propylene
(FEP) to create a TENG device (1 x 1 cm?), the average V, and
I,. peak values reached ~5 V and =7 pA, respectively. These
values are comparable to the performance of TENGs that uti-
lize typical synthetic polymer pairs such as Kapton (PI)-PET!
and PTFE-polyamide.l'?] The excellent output results from cel-
lulose are due to its richness in oxygen atoms, known for their
strong ED properties, thus making CNF films positively charged
(see Figure 5b).['**] Additionally, biodegradable polymers, includ-
ing polysaccharides, proteins, and polyesters, contain abundant
functional groups like hydroxyl, amino, and ester groups, which
enhance their ability to lose electrons, resulting in the favorable
property being positively charged. The positions of these mate-
rials sit close to nylon in the triboelectric series (Figure 4). Im-
portantly, these biodegradable polymers have gained significant
attention due to their outstanding biosafety and environmental
friendliness. Regarding tribo-negative layers, PTFE is frequently
used because of its abundance of electronegative fluorine (F)
atoms (Figure 5¢).[''*117] However, Li et al. found that FEP, which
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contains a higher density of F atoms, exhibits a greater EW ability
than PTFE. They have also noted that triboelectric negative polar-
ities increase with increasing the density of F or chlorine atoms in
the molecule and obey the following order (from weak to strong in
negative polarity): polyethylene < PVC < poly(vinylidene difluo-
ride) (PVDF) < PTFE < FEP (Figure 5d).[''81 The ED or EW ability
of main- and side-chain chemical groups of the polymer and their
density determine the triboelectric polarity of the molecule.[']
Polymers with chemical groups like polyether group, carboxy-
late group, amine group, hydroxyl group, amide group, and ester
group tend to possess positive polarity, while those with unsatu-
rated bonds, fluorine, and chlorine atoms usually show negative

polarity.
3.2. Materials Surface Modification
The methods for material surface modification are primarily

categorized into three groups based on different mechanisms.
These categories include surface chemical bond variation, the
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Figure 6. Triboelectric materials surface modification methods are divided into three types, which are related to chemical bond variation through a)
low-energy helium (He) ion irradiation. Reproduced with permission.l'?2 Copyright 2020, Royal Society of Chemistry. b) Nitrogen (N) ion implanta-
tion technology. Reproduced with permission.['23] Copyright 2021, Elsevier. c) A two-step or sequential O, /Ar plasma treatment via inductively coupled
plasma etching. Reproduced with permission.!'2#] Copyright 2022, Springer Nature. The introduction of new substances includes d) a large-sized MoS,
monolayer. Reproduced with permission.l'%"l Copyright 2019, Elsevier. e) Single-polarity charged particles/ions. Reproduced with permission.[> Copy-
right 2014, John Wiley and Sons/Wiley-VCH. f) ZnS nanosheet arrays. Reproduced with permission.l'?6] Copyright 2022, Elsevier. Surface topography
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introduction of new substances, and surface topography alter-
ations. Each of these modification methods aims to enhance ei-
ther the ED or EW capability of the material while also increasing
its specific surface area of the material, which is conducive to en-
hancing the amount of charge transfer between the triboelectric
layers, thereby improving the output performance of TENG:

As the chemical potential of organic polymeric materials is di-
rectly related to their functional groups, surface potential can be
effectively controlled by introducing suitable functional groups
exposed on the surfaces without altering the bulk material and
its fundamental properties.'?!] Li et al. devised a surface mod-
ification strategy using low-energy helium (He) ion irradiation
to tune the chemical structures and functional groups of tribo-
electric polymers directly at the molecular level. The He ion was
chosen as an implantation ion due to its high electronegativity
and stability. This method effectively stabilizes the electrification
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performance of the material surface to a depth of tens of nanome-
ters while making minimal changes to surface roughness at the
micro-scale and the mechanical flexibility of the target polymer.
In a CS-TENG, with a contact area of 49 mm?, constructed using
the modified PI and a typical FEP film, the SCD reached up to
332 pC m~?2 and a maximum peak power of 18 uW under normal
environmental conditions. This output is much higher than the
reference TENG using the common PI film, which only achieves
0.5 nW. The He ion irradiation led to the breaking of C—N bonds
and the formation of aldehyde (—CHO) and amide (—NHCOR)
groups on the surface of the target PI film. The conjugation effect
ofthe ~NHCOR bond and the benzene ring generated a powerful
group to produce more electrons (Figure 6a).[122] A nitrogen (N)
ion implantation technology was also employed to regulate the
electrification properties of tribo-negative materials PTFE and
FEP precisely. The implanted N ions disrupted chemical bonds
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in PTFE and FEP films and generated stronger polar bonds be-
tween atoms, such as C=N or C=N. This broke the spatial struc-
tural symmetry of PTFE, turning it into a polar polymer while
also increasing the density of the electron cloud of functional
groups and enhancing its EW ability. The modified PTFE and
FEP demonstrated 7.8- and 4.6-fold higher transfer charge den-
sities than the original samples, reaching 125 and 230 uC m=2,
respectively (Figure 6b).'?3] Recognizing the toxicity of CF, to
humans and the environment, Prada et al. introduced a surface
modification method for PTFE, using a two-step or sequential
O, /Ar plasma treatment via inductively coupled plasma etching
without using CF, gas. The plasma treatment did not change the
internal structure of PTFE but instead modified only the surface
structure. Chemical bond defects with surface trapping charges
generate additional polarization due to defect dipole moments
under an applied electric field, leading to an increased dielec-
tric constant of the plasma-treated PTFE samples. The O,/Ar
plasma-treated PTFE-TENG achieves a superior power density of
9.9 W m~2, almost 30 times higher than that of a pristine PTFE-
TENG. The intensified TECD and the enhancement of power
output of PTFE-based TENG can be attributed to the synergis-
tic combination of high surface area and charge trapping sites
resulting from a sequential O, /Ar plasma (Figure 6¢).['2]
Introducing monolayers, ions, or structured new substances
on the surface can also significantly affect the material’s work
function, surface potential, and roughness, thus directly altering
the material’'s electronegativity. First, depositing a particular
monolayer on the material’'s surface is a practical modification
strategy. Kim et al. developed a method using chemical vapor
deposition to grow a large-sized MoS, monolayer. Compared
to ohmic contact, TENGs with the Schottky contact and pn
junction generated higher output power. The TENGs without
MoS,, with top layers of indium tin oxide (ITO)/PET (ohmic
contact), Au/PET (Schottky contact), and polypyrrole (PPy)/PET
(pn junction), exhibited almost symmetric alternating current
outputs with a |V,| of 2.5-5 V. Nevertheless, after adding MoS,
in the bottom layer, the TENGs with top Au/PET and PPy/PET
layers presented higher V, and asymmetric outputs, reaching a
maximum of ~8 and ~18 V, respectively. This is attributed to the
diffusion of charges, which leads to the formation of a depletion
layer across the Schottky or pn junction (Figure 6d).'! Also,
Ma et al. reported a surface modification method based on
poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TtFE))
deposited Langmuir monolayer, which improved the output per-
formance of TENG more than 15 times. The dipolar moments of
C—F and C—H bonds in P(VDF-TrFE) fluoropolymer collectively
generate compelling dipolar moments perpendicular to the
carbon main chain and along the direction of the chain, which
causes a significant downward shift of the Fermi level. Hence, the
ITO surface modified by P(VDF-TrFE) Langmuir monolayer poly-
mer exhibits a more negative contact potential and a larger work
function, indicating a more significant EW ability.('?) Moreover,
ion implantation is a straightforward and efficient modification
method that can rapidly increase the SCD of materials, thus
providing a powerful driving force for high output power. In
2014, Wang et al. proposed a novel process for generating surface
charges by using an air-ionization gun to inject single-polarity
charged particles/ions onto the surface of an electret. Through
adjusting the injection cycles, the SCD can be directly controlled
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to reach any desired level possibly. Through repeatedly injecting
negative ions onto the surface of FEP multiple times, the nega-
tive charges gradually accumulate, and the final SCD can reach
~630 pC m~2, which is over ten times higher than the SCD
achievable with electrode-free dielectric films (53.1 pC m=).
Simultaneously, the output power is elevated by as much as 25
times (Figure 6e).’!l ZnS is a material that possesses piezo-
electric and triboelectric properties and holds the advantages
of availability of precursors, ease of preparation, and chemical
stability. Moreover, it enables nanostructure growth at low
temperatures. Through hydrothermal growth, ZnS nanosheet
arrays were fabricated and introduced on the surface-modified
Al substrate, significantly improving the charge transfer rate
and the effective contact area between triboelectric pairs. The
modified TENG with ZnS exhibits an output power density of
~1.325Wm=2,aV, of ~262V, and an I of ~56 uA, respectively,
which are #4.6 and 5 times higher than the plane Al-based TENG
(Figure 6f).112¢]

Surface micromorphology exerts a great impact on the tri-
boelectric effect. The introduction of microstructures can in-
crease the effective contact area, thus improving the output per-
formance. Electrospinning is a simple method to create rough
material surfaces. Jang et al. found that using a specific con-
centration of P(VDF-TrFE) solution, a honeycomb-like nanofiber
network could be generated solely through electrospinning with-
out additional processing. Compared with a typical flat nanofiber
network-based TENG, the power density of honeycomb-like
nanofiber-based TENG was enhanced more than twofold by
1.6 W m™ due to the large surface area and high surface rough-
ness of the honeycomb structure (see Figure 6g).l'?” Moreover,
Zhang et al. demonstrated a heart-like micro-nanofiber-based
TENG with high performance. A 3D secondary heart-like struc-
ture was self-assembled on an electrospun PVDF fiber-based
tribo-negative layer, which could match the depressed porous and
ravine-like structures on the tribo-positive layer. The joint effect
between the heart-like and the porous structure enlarges the ef-
fective contact area because of their high surface roughness and
the “occlusion effect.” The fabricated TENG can deliver the cur-
rent density of 97 mA m~2 and the power density of 14.8 W m~2,
which are 1.6 and 1.4 times those of TENGs comprising the
typical 2D primary nanofiber mat and the 3D primary micro-
nanofiber mat, respectively (see Figure 6h).!1?8] Additionally, a dy-
namic supercritical carbon dioxide (scCO,) foaming method was
proposed to introduce a scCO, flow field during scCO, satura-
tion to fabricate thermoplastic polyurethane (TPU) foams with
surface wrinkly structures. The generation of surface wrinkles is
attributed to the combination effect of volumetric expansion and
intramolecular stress relaxation induced by the CO, expansion
and the scCO, flow field. The size of the surface wrinkles can be
regulated within the range of 1.8-10 ym by adjusting the foam-
ing pressure. The TPU film with a wrinkle wavelength of 2.4 pm,
combined with a structured PDMS film, demonstrates the max-
imum V,, transfer charge, and I, of 141 V, 46 nC, and 2.8 A,
respectively, which are 130%, 180%, and 130% higher than the
conventional TENG (Figure 6i).'*! In addition, Li et al. utilized
a template-based etching method to fabricate a porous PDMS tri-
boelectric layer with an anti-nickel foam structure, which served
as the tribo-negative material for a fully stretchable TENG. This
microstructure improves the surface-to-volume ratio and surface
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Figure 7. Doping other substances into triboelectric materials. Tribo-positive layers include a) the porous hybrid bimetallic cryogel film containing Ag and
Au nanoparticles. Reproduced with permission.l’3'l Copyright 2020, John Wiley and Sons/Wiley-VCH. b) The Ga-doped ZnO thin film. Reproduced with
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(GQDs). Reproduced with permission.['*6] Copyright 2021, Elsevier. e) The PI triboelectric layer embedded with reduced graphene oxide (rGO) as
electron-trapping sites. Reproduced with permission.!’3” Copyright 2017, Elsevier. f) Polystyrene (PS) triboelectric pair with the addition of oil-acid

(OA). Reproduced with permission.!'3°] Copyright 2020, Elsevier.

roughness, resulting in the output voltage tenfold higher than the
TENG based on a flat PDMS film.[13]

3.3. Composite of Material Components

In the quest to optimize the output of TENG devices, a critical fo-
cus is placed on altering the composition and proportions of the
triboelectric layer components through doping metal particles,
inorganic substances, organic molecules, and other additives into
the triboelectric materials. These additions modify the ED capa-
bility and the microstructure of the overall bulk material, thereby
inducing changes in key parameters like relative permittivity (¢,),
electrical conductivity, and TECD. As a result of these modifica-
tions, the charge transfer capability of these enhanced triboelec-
tric materials significantly improves under the same friction con-
ditions. This, in turn, leads to a substantial enhancement in the
output performance of TENG devices.

Incorporating fillers like metal particles and organic molecules
into tribo-positive materials is straightforward to heighten their
triboelectric performance. Haleem et al. fabricated a porous hy-
brid bimetallic cryogel film containing Ag and Au nanoparticles
as the tribo-positive material of a TENG device. Through pair-
ing with PDMS as the opposite (with a dimension of 1 x 2 cm?),
it produced an output voltage of 262.14 V, much higher than
the pure cryogel film-based TENG of 162.26 V. The porous and
rough structure interaction of nanoparticles introduced in the hy-
brid cryogel contributes to the performance enhancement of the
tribo-positive material, which allows it to compress upon apply-
ing external force in contact with the tribo-negative layer. There-
fore, the total contact area between the two layers increases. The
metal nanoparticles can donate electrons through the contact sur-
face to improve the SCD, and their rough structure increases the
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depth of the triboelectric layer (as shown in Figure 7a).13!1 Ad-
ditionally, the Ga-doped ZnO thin film as the tribo-positive layer
benefits the output performance of TENG significantly. The out-
put voltage and current of the ZnO film doped with 0.93 at.%
Ga can be drastically enhanced by 16 and 13 times, respectively.
The enhanced performance of TENGs stems from the synergis-
tic effects of increased free carriers at the surface due to the
Ga doping and enlargement of work function difference by up-
ward shifting of the Fermi level of ZnO. Except for the increased
work function difference, through Ga doping into ZnO, the lim-
ited depth of Ga diffusion helps to preserve the rest of the bulk
ZnO remaining insulting, which serves as a charge trapping layer
to suppress recombination of triboelectric charges with induc-
tion charges, further facilitating the performance of TENG. This
study provides valuable insights for optimizing the electronic
structure of semiconductors (see Figure 7b).['*¥) Alongside inor-
ganic doping,[1**134] Yigit Arkan et al. doped two different pery-
lene diimide (PDI)-based organic structures into triboelectric lay-
ers and demonstrated that these two PDI-based organic materi-
als could increase the tribo-positive charge density and the out-
put power of TENG. Two different side chains were introduced
to modify the main PDI backbone. The results demonstrated
that doping 1 wt.% of 2,9-di-tert-butylanthra [2,1,9-def:6,5,10-
d’e’f’] diisoquinoline-1,3,8,10(2H,9H)-tetraone (IB) and 2.5 wt.%
of 2,9-didodecylanthra [2,1,9-def:6,5,10-d’e’f’] diisoquinoline-
1,3,8,10 (2H,9H)-tetraone (DDA) into nylon 6,6 (PAG66) can ele-
vate the device performance by 3.3 times and achieve the optimal
result of 500 V. TB exhibits higher electron donor characteris-
tic than DDA due to the presence of methyl pairs on the main
backbone, which enhances the electron density of molecules and
reduces the oxidation potential. The achievement obtained in
this study suggests that even minor alterations in side chains
of molecular structure can lead to remarkable changes in a
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substance’s electrochemical properties, improve the nanofibers’
structural properties, and result in the variation of fabricated de-
vice parameters. The results confirm that organic doping reach-
ing a certain level can increase the TECD of the dielectric mate-
rial, thus enhancing the output efficiency (Figure 7c).['3]
Similarly, doping also applies to tribo-negative materials, such
as inorganic nanoparticles, 2D materials, and organic com-
pounds. Specifically, Yang et al. prepared a polymer-based hybrid
piezoelectric-triboelectric nanogenerator, in which the PDMS
triboelectric layer was further modified by graphene quantum
dots (GQDs). The doped conductive GQD in the PDMS matrix
presents excellent dispersion and does not significantly affect its
transparency. On the one hand, the GQD particles significantly
increase the permittivity of PDMS film while the dielectric loss is
reduced to a certain degree. Consequently, more polarized tribo-
charges are generated on the surface during contact friction.
On the other hand, the GQD particles form numerous micro-
capacitors within the PDMS substrate, thus reducing the effec-
tive thickness of the PDMS dielectric film. As a result, the V,_ of
the triboelectric part enhances to 105 V with an increase of 102%,
indicating that GQD modification in PDMS effectively improves
the triboelectric output (see Figure 7d)."*] 2D materials possess-
ing unique structures and properties have been widely used in
the research of TENGs. To facilitate the charge transfer, Wu et al.
incorporated reduced graphene oxide (rGO) as electron-trapping
sites into PI as the tribo-negative layer, in which rGO sheets
embedded in the PI layer could efficiently capture the friction-
generated electrons. This hybrid layer suppressed the recombi-
nation between electrons and tribo-positive charges, achieving
a higher density of triboelectric electrons and voltage output.
The maximum power density of the CS-TENG with the PI.rGO
layer reaches 6.3 W m™2, which is 30 times as large as that of
the TENG without the PLirGO layer (Figure 7e).'*’] In addition,
Wang et al. incorporated 2D MXene (Ti;C,T,) into the PDMS
tribo-negative layer. The outstanding electrical conductivity of
metallic MXenes notably reduces the composite film’s resistance.
Moreover, its unique 2D structure increases the specific surface
area of the PDMS film. The abundant -F groups on the MXenes
surface also possess strong electron adsorption ability. These
properties all make MXene-doped TENG achieve an impressive
output power of 104.87 W m™2, far surpassing the graphene-
doped TENG (10.10 W m™2) as well as the pure PDMS-based
TENG (4.85 W m™2) prepared under the same conditions./'3#!
Furthermore, small organic molecules have aroused great inter-
est due to the simpleness of production, undemanding purifica-
tion process, well-defined molecular weight, tunable electronic
structure, and excellent reproducibility. Zhang et al. designed an
oil-acid (OA)-enhanced TENG with high output performance and
wear resistance. On the one hand, OA enhances the electroneg-
ativity of the polystyrene (PS) triboelectric layer. On the other
hand, OA acts as a lubrication additive to reduce the friction co-
efficient and wear volume by ~90% compared to pure PS. Ac-
cording to Pauling electronegativities, the group electronegativ-
ity value of —COOH is higher than that of —C,Hs, implying OA
has a stronger ability to attract shared electron pairs than PS.
The doped OA can modify the triboelectric polarity and charge
retention ability of the PS thin film, thereby enhancing the to-
tal charge capacitance of PS-OA film and significantly improv-
ing the output performance of TENGs. The maximum output
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power of the PS-based TENG reaches 470.5 uW with OA addi-
tion of 4.8 wt.%, which is 79 times larger than the device without
OA doping (Figure 7f)."*) Besides, the method of composite in-
corporation of organic high-molecular-weight polymers can also
come into effect. Liu et al. successfully fabricated a susceptible
and self-powered acid rain sensor based on a TENG by incorpo-
rating PDMS into PTFE. The PTFE-PDMS composite film from
the spin-coating process exhibits enhanced surface hydrophobic-
ity, with a larger quantity of electrons transferred, larger surface
roughness, and significantly improved permittivity. Compared
with the output differences (6.67 pA and 14.3 V) of a pristine
device with PTFE film, the sensor with the PTFE-PDMS film is
enhanced to 26.37 pA and 69.04 V.[140]

3.4. Structural Design

Numerous derived, composite, and innovative structures have
arisen based on the five fundamental operating modes of TENG.
These devices not only outperform individual devices in terms of
output current, voltage, and power density but also effectively har-
ness diverse forms of mechanical energy from the environment.
This wide adaptability caters to a broad spectrum of application
scenarios. To evaluate the performance of TENGs, Zi et al. in-
troduced a universal standard known as the figure-of-merits for
performance evaluation of TENGs (FOM,;). FOM,, comprises a
structural figure-of-merit (FOMj) related to the device’s structure
and a material figure of merit (FOM,,), which is the square of the
SCD.I”] These figure-of-merits confirm how the device’s struc-
ture impacts its output. This section elaborates on the advance-
ments in TENG structural modification from two perspectives:
the addition of functional layers and the transformation of the
entire configuration, respectively.

Adding functional layers to the basic device structure can sig-
nificantly improve the output performance. The core compo-
nents of a TENG consist of the triboelectric layer and the elec-
trode layer. Embedding an intermediate layer between the tri-
boelectric layer and the electrode, or between two triboelectric
layers, is one of the effective strategies to optimize the charge
storage of triboelectric materials, suppress charge decay, and en-
hance the induced potential. In 2016, Cui et al. introduced the
concept of incorporating a functional intermediate layer into
the triboelectric layer as a novel strategy. This can be achieved
through methods such as sputtering metal, coating with an or-
ganic polymer layer, or adding a charge supplement to extend
charge decay time, enhance induced charge, and improve the out-
put performance of TENG.I®] Metals are especially suitable for
this purpose due to their high electron density and electrical con-
ductivity, making them ideal for use as both electrode materials
and intermediate layers. For instance, Lai et al. employed Au as
an intermediate layer, embedding it between a PDMS layer and
the bottom Al electrode, resulting in an Au-PDMS TENG. By in-
troducing ravines and gullies in criss-crossed Au layers, electron
trapping tunnels were created, increasing the likelihood of elec-
tron tunneling from PDMS to the Au layer. The results show that
the formation of an internal-space-charge zone at the Au-PDMS
interface, facilitated by the ravines and gullies, directly enhances
the electrical output of the TENG, leading to a transfer charge
density of 168 pC m=2, nearly four times the value of a pure
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Figure 8. Structural optimization of TENG devices. Adding functional layers includes a) embedding the Au intermediate layer between the PDMS and
the bottom Al electrode. Reproduced under terms of the CC-BY license.[™1] Copyright 2018, the Authors, published by American Chemical Society. b)
A three-layered composite structure (TLCS) as the tribo-positive layer. Reproduced under terms of the CC-BY license.l'#2] Copyright 2018, the Authors,
published by American Chemical Society. c) Inserting a middle layer with Al film coated by Au nanoparticles between a top and a bottom layer. Reproduced
under terms of the CC-BY license.['43] Copyright 2016, the Authors, published by Springer Nature. d) Adding a small paper strip as an intermediate layer.
Reproduced with permission.[46] Copyright 2021, John Wiley and Sons/Wiley-VCH. Designing composite or novel structures includes e) a 3D multi-
layered sliding TENG (3D-TENG) of layer-by-layer stacked structure. Reproduced with permission.l’#’] Copyright 2014, John Wiley and Sons/Wiley-VCH.
f) A double-helix TENG (DH-TENG). Reproduced with permission.l8] Copyright 2021, Elsevier. g) A self-improving TENG (SI-TENG) with an inner
plane-parallel capacitor structure (PPCS). Reproduced under terms of the CC-BY license.[>%] Copyright 2018, the Authors, published by Springer Nature.
h) A seesaw-structured TENG. Reproduced with permission.l*’] Copyright 2019, Elsevier.

PDMS-based TENG (as shown in Figure 8a).['*!] Furthermore,
a three-layered composite structure (TLCS) was designed for the
tribo-positive layer. This TLCS consists of three sublayers stacked
from the outermost to the bottom: a charge collection sublayer
(CCL) on the surface, a charge transport sublayer (CTL) contain-
ing a small number of carbon nanotubes, and a charge storage
and barrier sublayer (CSBL). Each sublayer has a distinct role
in enhancing the performance of TENG. The CCL is responsi-
ble for efficiently capturing tribo-positive charges from the tribo-
negative layer. The CTL is designed to transport the generated
triboelectric charge deeper into the structure. The CSBL plays a
crucial role in holding and storing more charges. The combined
effect of these sublayers creates a transport channel that effec-
tively increases the distance between the triboelectric charges and
the triboelectric layer’s surface. This adjustment helps weaken
the repulsion between the first entered charges and the later en-
tered positive charges. Using a multi-layer composite structure
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increases the charge density by 3.7 times for the tribo-positive
layer of TENG. When this multi-layer composite structure is ap-
plied to the tribo-positive and tribo-negative layers simultane-
ously, the charge density can be raised by 16.5 times (as illus-
trated in Figure 8b).1*2] Moreover, incorporating a buffer layer
at the bottom of the triboelectric layer provides favorable condi-
tions for charge transfer. In a novel TENG that utilized a Pt-free
carbon material, a sponge layer served as a buffer layer, ensur-
ing intimate contact between the triboelectric layers. Introduc-
ing this buffer layer to the precharged TENG enhances output
power stability. This multi-layer linkage TENG achieves an in-
creased output current from 0.25 to 1.2 mA, a voltage from 700
to 1300 V, and a stable peak power density of 7.4 W m~2.[13] Han
et al. employed hexagonal boron nitride (h-BN) nanosheets as
a buffer layer and deposited a high-k dielectric material, Al,O;,
with a high charge storage capacity on graphene. This polymer
buffer layer mitigates the potential damage to the graphene lattice
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and prevents possible oxidation during the atomic layer depo-
sition of Al,O;. Applying the Al,0,/h-BN/graphene multi-layer
structure to TENG results in an output voltage of 1.2 V and an
output current density of 150 nA cm~2 under a vertical com-
pressive force of 1 kgf. In contrast, the Al,O,/graphene-based
TENG without h-BN hardly generates any output.'**] Addition-
ally, incorporating dual-layer structures and charge supplements
between the triboelectric layers represents another innovative ap-
proach. A practical three-layer TENG was reported, inserting a
middle layer with an Al film coated by Au nanoparticles between
a top layer with a mesoporous dielectric film on the top Al elec-
trode and a bottom Al layer. This TENG ingeniously combines
the CS mode and SE mode. The sequential contact configura-
tion of TENG and direct electrical connection of the middle layer
to the earth effectively induces efficient charge separation in the
middle layer. When an external force is applied to the top layer,
the charge density of both the top and bottom layers increases.
As the force is withdrawn, three layers are simultaneously sepa-
rated, and the enhanced potential allows more electrons to flow
through the circuit. This results in a sustainable and enhanced
output performance, generating 1.22 mA and 46.8 mW c¢cm~2, a
more than 16-fold improvement over traditional TENGs (as de-
picted in Figure 8¢)!'*] Notably, using an intermediate layer be-
tween triboelectric layer pairs is not limited to metallic materials.
Bai et al. developed a freestanding rotary TENG (rTENG) with an
intermediate layer. By simply adding a small paper strip to the
conventional structure, the voltage output triples to 2.3 kV, while
the current and charge output quintuple to 133 pA and 197 nC,
respectively. The easily accessible and cost-effective paper strip
functions as a super-effective charge supplement, generating a
higher output voltage than other materials such as PI, nylon, and
PTFE. Moreover, it exhibits exceptional durability. This enhance-
ment strategy’s key mechanism lies in the paper’s propensity to
carry positive charges, enabling significant charge supplemen-
tation to the tribo-negative layer of PTFE and, consequently, in-
creasing the device’s output (as shown in Figure 8d).!146]

In addition to incorporating functional layers, various compos-
ite and innovative structured devices have been developed, such
as parallel placement, double-helix, inner plane-parallel capaci-
tors, and seesaw structures, among others. These innovations en-
hance the output and cater to diverse application scenarios. First,
connecting sets of single devices in parallel is a simple, feasible,
and highly effective approach. Du et al. employed layer-by-layer
stacked PVC and Al as triboelectric materials to demonstrate a
3D multi-layered sliding TENG (3D-TENG). The results reveal
that the output of the 3D-TENG effectively improves with an in-
crease in triboelectric layers. The transfer charge increases from
0.4 to 1.37 uC as triboelectric layers increase from 2 to 12. In
the case of a 3D-TENG consisting of 20 layers of PVC and Al,
respectively, the device can reach a V. of 800 V, a peak short-
circuit current density (J,.) of 5.5 mA m~2, a peak power den-
sity of 4.4 W m™, and a maximum charge transfer quantity of
2.6 uC. This 3D-TENG can be considered multiple individual
planar TENGs connected in parallel. This configuration signif-
icantly increases the friction area within the same space, mak-
ing generating charge in the circuit easier and enhancing the
output current (see Figure 8¢).['¥] Additionally, a recent intro-
duction is the double-helix TENG (DH-TENG). The DH-TENG
utilizes two identical and intertwined steel springs as the sup-
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port structure and electrodes, coated with triboelectric materials
of opposite polarities, such as nylon and Teflon. This structural
design substantially reduces the cost of TENG and significantly
improves the synchronization effect during contact separation.
By doubling the contact area of the triboelectric layer, the DH-
TENG maximizes space utilization and charge generation. The
prototype DH-TENG providesa V, . 0f42.9V,an I of 1.8 pA, and
a peak power density of 8.87 uW cm™* (see Figure 8f).11*¥] Unfor-
tunately, the charge density of TENG is mainly restricted by air
breakdown. To overcome this limitation, Cheng et al. devised a
self-improving TENG (SI-TENG) with an inner plane-parallel ca-
pacitor structure (PPCS) aimed at enhancing the TENG’s output
performance. The SI-TENG comprises two parts: Part I, which
operates in CS mode and generates high voltage under vibration
and transfers charge into the PPCS, and Part II, which includes
two PET films and corresponding covered electrodes to create the
PPCS. The charges generated by Part I are stored in the PPCS,
resulting in a high charge density. When driven by vibration, the
SI-TENG produces electrical output, achieving a maximum effec-
tive charge density of 490 uC m~2. Compared to the output of Part
I, the output current and voltage of SI-TENG increase from 5.6 pA
and 460 V to 57.8 pA and 922 V, respectively. The effective charge
density also improves from 45 to 325 pC m~2 (see Figure 8g).l>"]
Furthermore, Lin et al. introduced a seesaw-structured TENG
based on the CS mode. In this device, the top and bottom tri-
boelectric units are connected to two seesaw-structured linkages
through flexible connectors. When external force drives the top
triboelectric unit downward, it triggers the seesaw-like linkages
to lift the bottom triboelectric unit, causing both tribo-surfaces to
participate in relative motion, thereby enhancing relative motion
velocity. Compared to the previously reported CS-TENG, the I
and the power density increase from 0.4 to 0.7 pA and from 7.5
to 21 mW m~2, respectively (see Figure 8h).[1*]

3.5. Electrode Modification

Apart from the triboelectric layer, the characteristics of the elec-
trode layer, including material categories, structure, and shape,
also significantly impact the output performance of TENGs.
These factors influence the electrode layer’s charge conduction
capacity and the degree of contact with the triboelectric layer,
subsequently affecting the overall output performance. In this
section, instances are provided from two perspectives, rigid and
flexible electrodes, showcasing strategies to enhance the output
of TENG.

Rigid electrodes offer excellent stability, high stiffness, and out-
standing conductivity. The output results can be effectively opti-
mized when combined with specialized fabrication techniques
and structural design. Due to the inherent characteristics of rigid
materials, researchers often create patterned microstructures on
the surface or design specific shapes for rigid electrodes to in-
crease their contact area with the triboelectric layer for electri-
cal output enhancement. Specifically, laser direct writing (LDW)
is commonly adopted to create patterned electrode layers due to
its powerful, precisely programmable, and mask-free fabrication
process.[*151 Coupled with LDW technology, Zhu et al. fabri-
cated a customizable patterned laser-induced Cu (LIC) electrode
utilizing the metal Cu with excellent conductivity, high robust-
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Figure 9. Electrodes modification. Rigid electrodes include a) a high crystallinity, sp?-hybridized laser-induced graphene (LIG) as the electrode using
CO, laser direct writing. Reproduced with permission.l’>3] Copyright 2020, Elsevier. b) A sliding-mode TENG with staggered electrodes (S-TENG-SE).
Reproduced with permission.l’>#! Copyright 2021, Elsevier. Soft electrodes include c) MXene-based composite dispersions as highly flexible liquid elec-
trodes. Reproduced with permission.['8'] Copyright 2020, John Wiley and Sons/Wiley-VCH. d) A coplanar electrode using electrospun polyurethane (PU)
nanofibers and conductive nanomaterials as stretchable electrodes. Reproduced with permission.['82] Copyright 2017, Royal Society of Chemistry.

ness, and low cost as the thin-film electrode material, which held
ahigh conductivity of 0.4 Q sq~', mechanical durability, and long-
term stability. The fabricated LIC-based TENG (30 x 30 mm?)
with nylon film and P(VDF-TrFE) film as tribo-positive and
tribo-negative materials, respectively, enables high output perfor-
mances (a V, exceeding 200V, an I, of 27.4 pA, and a maximum
instantaneous output power of 3.0 W m~2).12] Furthermore,
Zhao et al. reported a high crystallinity, sp?-hybridized laser-
induced graphene (LIG) as a high-efficiency electrode for TENG.
Using CO, laser direct writing, the surface of tribo-negative PI
and tribo-positive cellulosic paper is converted into correspond-
ing PI-LIG and paper-LIG, respectively. The LIG-based paper-
PI TENG presents much higher electrical output characteris-
tics with a peak-to-peak voltage of ~625 V, current density of
~20 mA m~2, transfer charge density of #138 pC m2, and max-
imum power output of ~2.25 W m~2, respectively. (The cor-
responding values of the conventional Al- tape electrode- based
paper-PI TENGs are 400 V,,,, %10 mA m~ 2, ~85 uC m~2, and
0.9 W m~2, respectively). This graphene electrode overcomes the
drawbacks of poor bonding of the metal electrode to the soft poly-
mer triboelectric layers and vulnerability to oxidation of liquid
metal electrodes. It also exhibits high flexibility and an intimate
electrical connection, remarkably increasing the output power of
metal-free TENG by 150% (as shown in Figure 9a).l') Addition-
ally, varying the spatial arrangement and shape of electrodes can
yield favorable results. Lee et al. devised a sliding-mode TENG
with staggered electrodes (S-TENG-SE), which enabled both the
transfer charge and the V,_ to increase simultaneously due to the
increased friction area and the reduced capacitance. Electrodes A
and B are placed on different planes, and both sides experience
friction when the dielectric layer moves. According to the prin-
ciple of charge conservation, the SCD of the moving dielectric
layer doubles because the surface area of the moving dielectric
layer is half of the fixed dielectric layer. Moreover, by a grounded
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shielding electrode in the moving dielectric layer (PI), the max-
imum V,_, transfer charge, and I of S-TENG-SE increased by
3.3, 2.7, and 4.5 times, respectively, compared to the conventional
S-TENG with coplanar electrodes. This configuration facilitates
superior output levels (Figure 9b).['>*] Moreover, a novel TENG
integrated with a wave structure electrode (W-TENG) has been
reported. Compared to the TENG with traditional flat plate elec-
trodes, the W-TENG achieves higher output performance, with
at least a two-fold increase in V, I, and transfer charge. The
maximum instantaneous output power of 0.94 mW is obtained
at 6 Hz. The reason for different electrical outputs of electrodes
with various morphologies and structures lies in the capacitance
between the electrode and the surface of triboelectric material,
which determines the accumulation of triboelectric charge. In
other words, the electrode layer with a larger surface area will
accumulate more charges on the surface of triboelectric mate-
rials, thereby enhancing the output performance of the TENG
device.[?>]

The development and application of shape-adaptive flexible
electrode materials are also critical for high-output performance
TENG, encompassing liquid electrodes, organic polymers, and
ionic conductors. Recently, liquid electrodes with high electron
mobility and super deformability, such as liquid metal,[*>61%7]
physiological saline,!*31%] and GO dispersion,!**! have been re-
garded as effective electron collectors that can be combined with
flexible elastomers to construct SE-TENGs. For instance, 2D MX-
ene is an attractive electrode material known for its remarkable
electronic conductivity and negatively charged surface. Cao et al.
used CNFs as a dispersant and interlocking agent to promote
the interconnections between 2D MXene nanosheets. A stretch-
able and shape-adaptive CNF/MXene-TENG (CM-TENG) was
demonstrated, in which MXene-based composite dispersions as
highly flexible liquid electrodes. MXene nanosheets with higher
electron affinity can render the integral triboelectric layer more
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negative, injecting more electrons from the tribo-positive layer
to the tribo-negative one. CM-TENG with an effective electrode
area of 6.0 X 2.5 cm? can generate a V,. of ~300 V, approxi-
mately five times higher than the TENG based on CNFs dis-
persion liquid-electrode, suggesting outstanding output perfor-
mance (see Figure 9¢).'%! Additionally, Chen et al. developed an
ultrathin stretchable TENG (s-TENG) with coplanar electrodes
using electrospun polyurethane (PU) nanofibers and conduc-
tive nanomaterials as stretchable electrodes. The electrodes us-
ing stretchable PU nanofibers and conductive nanomaterials al-
low the s-TENG to maintain high conductivity (<250 Q cm™!)
even after being stretched by 100%. Furthermore, the increased
contact area between micro-structured PDMS and porous, non-
woven structured nanofibers heightens the charge transfer capa-
bility of the coplanar double-electrode TENG. This device (with
a contact area of 1.5 x 3.5 cm?) can generate a peak voltage of
670V and a peak current density of 23.9 mA m~2 even in the fold-
ing/unfolding working situation, which surpasses those of pre-
viously reported stretchable SE-TENG (6 mA m~2) and rubber-
based TENG (1.35 mA m~2) (Figure 9d).['%2] Moreover, flexible
ionic conductors, such as conductive hydrogels, are alternative
electrodes for stretchable and transparent TENGs, which trans-
fer charge by ions within the polymer matrix.'®}] Jing et al. con-
ducted the first verification of the distinct impact of hydrogel vis-
coelastic property on hydrogel-based TENG (H-TENG) and ob-
served that the output voltage decreased with increasing stretch
ratio. A hybrid double-network hydrogel electrode layer com-
posed of polyvinyl alcohol and alginate was prepared, and the
existence of ions greatly improved the conductivity of hydrogels.
The optimum H-TENG exhibits stable and high output perfor-
mance, with the peak output voltage and current reaching 203.4 V
and 17.6 pA, respectively, and a power density of 0.98 W m~2. Fur-
thermore, the research also revealed that elastic H-TENG exhib-
ited superior output performance than rigid one due to its elastic
response when subjected to external force.[1%4]

4. Challenges and Prospect

This review systematically introduces strategies to enhance the
output performance of TENG from five key aspects: triboelec-
tric material selection, surface modification, material component
composition, device structure design, and electrode modifica-
tion. The selection and modification of triboelectric layers and
electrode materials offer straightforward, rapid, and effective ad-
vantages. Furthermore, the structural design of the overall device
and functional layer not only bolsters the output performance
but also expands the range of potential application scenarios, ul-
timately elevating the efficiency of mechanical energy harvesting.

Nevertheless, achieving widespread applications for high-
output performance TENGs still encounters several challenges.
First, at the theoretical level, further clarity and precision are
required in the research on triboelectrification, charge genera-
tion, and charge transfer mechanisms. Second, balancing the en-
hancement of the output performance while maintaining and
improving long-term stability, shape adaptability, environmental
suitability, and miniaturization presents a challenge. The follow-
ing aspects should be explored to further improve the output per-
formance of TENG.

Small Methods 2024, 2301682

2301682 (15 of 20)

www.small-methods.com

1) Theoretical research needs refinement. In-depth research is
required to investigate the micro-mechanisms of CE and pro-
vide reliable theoretical support. The mechanism of tribo-
electrification is not yet fully understood. The quantitative
matching between triboelectric microstructure and triboelec-
tric charge generation remains a puzzle. The effect of the ma-
terial’s dielectric properties, work function, conductivity, and
roughness on the output performance needs further quanti-
tative analysis. Alongside experimental investigations, estab-
lishing accurate theoretical models will facilitate further ad-
vancements in the research, enabling the enhancement of the
output performance.

2) The scope of material choices desires expansion. Suitable
material selection is the first step to preparing high-output
performance TENGs. As the application scenarios of TENG
continue to expand, it is urgent to develop a wide range of
materials to fabricate devices with excellent properties and
meet practical application requirements. For instance, intel-
ligent wearable electronic devices demand highly flexible and
portable materials, while implantable electronic devices need
materials with high biosafety and shape adaptability. Besides,
transient electronic devices require a broader selection of
biodegradable materials. The conductivity, flexibility, and sta-
bility of electrode materials are also of great significance to
the output characteristics of TENG.

3) Device stability demands improvement. Compared to the con-
trolled laboratory conditions, the actual operating environ-
ments are considerably more complex. This heightened com-
plexity poses a challenge in maintaining long-term, stable,
and high-output performance in these devices. Many exist-
ing materials with nanostructures are prone to wear and lack
durability, which can result in damage or detachment during
cyclic friction processes. To address this challenge, a prac-
tical strategy is to opt for robust triboelectric and electrode
materials, ensuring the integrity of nanostructures over ex-
tended periods of operation. Additionally, incorporating ex-
ternal encapsulation layers serves as a protective barrier, iso-
lating the core functional layers from external damaging fac-
tors like moisture and impurities. Future research endeavors
should be dedicated to the design and development of TENG
devices that not only exhibit long-term stability but also de-
liver high-output performance. This will enable their use in
various applications, even under adverse conditions such as
high temperatures, high humidity, and acidic or alkaline en-
vironments, promoting their widespread adoption.

4) Device miniaturization. The devices are expected to become
more compact and lightweight, offering benefits such as cost
reduction, energy conservation, and improved integration
with artificial intelligence. Simultaneously, there is a press-
ing need to enhance the energy conversion efficiency of these
devices. This is particularly crucial in applications related to
human-oriented power supply, monitoring, sensing, and elec-
trical stimulation, where the prevailing trend is geared toward
miniaturization and low power consumption, enabling seam-
less integration with other electronic systems.

In summary, the advent of TENG has provided a new av-

enue for energy utilization, with notable advancements achieved
in both theoretical and experimental research. Nevertheless,
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improving the output performance of TENG is vital for its appli-
cations in various fields, including blue energy harvesting, self-
driving sensors, self-powered wearable devices, electronic med-
ical devices, and more. It is hoped that in the future, more effi-
cient, reliable, practical, and cost-effective methods will be devel-
oped to optimize the output performance of TENG and promote
its widespread adoption and integration into various aspects of
human life.
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