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Triboelectric polymer materials are an essential element for triboelectric nanogenerators (TENGs). The
design and synthesis strategies of triboelectric polymers are the foundation for improving the
performance of TENGs and the related fabrication methods are also a key element for scaling up
the industrial applications of TENGs. Moreover, the mechanism of charge accumulation, dissipation, and
migration occurring during the contact electrification of triboelectric polymers can also inspire other
studies of polymer electronic devices. Herein, a review focusing on the latest progress in the
triboelectric polymers towards high performance TENG devices is presented. The development and the
application of highly negatively/positively charged polymers, covalent organic frameworks (COFs),
adjustable copolymers, and robust composite materials are systematically discussed. The important
experimental strategies and conclusions of triboelectric polymers are also summarized to guide future
studies. This review can be helpful for the research on diversified TENGs and also facilitate studies in
many fields related to the polymer materials. Finally, the challenges and prospects of the development
of triboelectric polymers for high performance TENGs are outlined, including the influence factor of
chemical structure on electrification polarity, elevation of charge density and charge stability, and large-
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Broader context

The triboelectric materials are the very foundation of the triboelectric nanogenerator (TENG) technique, which determine not only the output performance but
also the diversified functions of TENG devices. Polymers are the major materials for fabricating TENGs owing to their advantages of high charge density,
flexibility, cost-effectiveness, and light weight. The design and synthesis strategies of triboelectric polymers are the foundation for improving the performance
of TENGs and the related fabrication methods are also the key element for scaling up the industrial applications of TENGs. Moreover, the research on the
triboelectric property of polymers can also elucidate the understanding about the interfacial charge accumulation, migration, and dissipation of polymer
materials, which may also supplement the study of polymers’ electrical properties. The mechanism of charge accumulation, dissipation, and migration
occurring during the contact electrification of triboelectric polymers also requires a systematic discussion and summary to facilitate subsequent research.

high voltage, low cost, and a wide selection of triboelectric
materials, TENGs have developed rapidly and become a pro-
Triboelectric nanogenerators (TENGs), which were first mising technology to apply in micro-nano energy harvesting,®’
invented in 2012,"* are a promising technology to harvest self-powered sensing,® blue energy,'"" high voltage sources,

1. Introduction

mechanical energy from surroundings or biological motion
and convert it into electricity.>> Owing to the advantages of
remarkable conversion efficiency for low-frequency vibrations,
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etc.">* Over the past decade, the development of TENGs has
been strongly driven by collaborative advances in triboelectric
materials,">"®> mechanical structure design,'®"” power
management,'®'® and application exploration.?® The triboelec-
tric materials are the very foundation of the TENG technique,
which determine not only the output performance but also the
diversified functions of TENG devices.>"* Polymers are the
major materials for fabricating TENGs and the study of tribo-
electric polymers has attracted tremendous attention owing to
their advantages of high charge density, flexibility, cost-
effectiveness, and light weight.”® The research on advanced
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triboelectric polymers, especially the systematic design and
synthesis methods, is the main study branch of TENGs to fulfil
the real application and scale-up manufacturing of diversified
TENG devices.>* Moreover, the relationship between the
chemical structure of polymers on the nanoscale and their
electrification capability on the macroscale also needs to be
summarized and further explored, in order to obtain a clear
picture of the mechanism of contact electrification.

On the other hand, polymer science has expanded quickly in
the past century, starting from the fundamental understanding of
polymerization in the 1920s> to creating materials that almost
cover all aspects in current life, including plastic, rubber, fibre,
coatings, composites, and adhesives.**>® In recent years, one of
the key aspects of polymer research focuses on enriching the
applications of polymers in the field of energy and electronic
devices, such as capacitors or batteries,*** fuel cells,>*® organic
photovoltaics,*”° organic light emitting diodes,***"
polymer electronic skin.**** Then, with the emergence of the
TENG technique, polymers with excellent triboelectric properties
can be further exploited as a kind of functional material to be
applied in the field of self-powered sensing and distributed power
generation.*> > Accordingly, the research on the triboelectric
property of polymers can also elucidate the understanding about
interfacial charge accumulation, migration, and dissipation of
polymer materials, which may also promote the study of other
polymer electronic devices. Therefore, the progress in design and
synthesis of triboelectric polymers not only benefits the develop-
ment of high performance TENGs, but also may facilitate the
study of many fields related to the polymer materials.

and even

a
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Here, this review focuses on feasible strategies based on
chemical structure design and synthesis, which can radically alter
bulk properties, to improve the triboelectric property of tribo-
electric polymers. The relationship between the chemical structure
of polymers on the nanoscale and their electrification capability on
the macroscale is also discussed. Advanced triboelectric polymers,
including high charge density negative/positive triboelectric poly-
mers, covalent organic frameworks (COFs), adjustable copolymers
and robust composite materials, are provided. Strategies, mechan-
isms and experimental conclusions that can inspire and guide the
future research on the design, synthesis and preparation of high-
performance triboelectric polymers are also summarized. Finally,
the challenges and prospects of the development of triboelectric
polymers for high performance TENGs are outlined.

2. The basic principle of TENGs

TENGS are an emerging micro-nano energy harvesting technology
that leverages the coupling effect of triboelectrification and elec-
trostatic induction.®® The four basic working modes of TENGs,
including the contact-separation mode, lateral sliding mode,
single-electrode mode, and free-standing mode, can evolve into
complex structures for diverse applications.> Taking the vertical
contact-separation mode TENG as an example, two pieces of
dielectric material with conductive back electrodes are assembled
together with an external circuit and load, as shown in Fig. 1a.
During two tribo-layers contacting under the driven of external
mechanical forces, contact electrification occurs and two opposite
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Fig. 1 (a) The basic mechanism of the vertical contact-separation mode TENG based on a double dielectric tribo-layer. (b) The theoretical model of the
vertical contact-separation mode TENG based on a dielectric and conductive tribo-layer, and its equivalent circuit diagram. (c) The theoretical model of
the lateral-sliding mode TENG and figure of merits (d) related to the surface charge density.
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electrostatic charges generate on the surface of the dielectric
material (II in Fig. 1a),>> while the flow of electrons in the external
circuit compensates the charge balance and generates a displace-
ment current, which is the electrostatic induction effect. Similarly,
a reverse current pulse occurs when the two tribo-layers separate
(I1I in Fig. 1a). Cycling through this contact-separation process, a
continuous flow of alternating current electrical signals is gener-
ated and the load can be driven.

The power generation principle of contact-separation mode
TENGSs can be deduced by a planar plane capacitance model, as
shown in the simplified dielectric-metal TENG (Fig. 1b).>® As
the electrons flow between the two electrodes, the nanogenera-
tor acts like a capacitor consisting of a polymer capacitor and a
variable air capacitor. The voltage of the ‘capacitor’ drives
electrons to flow through the external circuit and run the load,
which can be calculated as follows:

V= 9 <ﬁ+x(t)> +m (1

Seo \ &y, N

where Q represents the transferred charges between two elec-
trodes, and ¢ is the surface charge density of the tribo-layer.
There is no correlation between dielectric constant and tribo-
electric capacity by comparing the ranking in the triboelectric
series with the dielectric constant.”” The sum of the ratio of
dielectric material thickness to its relative permittivity is
defined as the effective thickness constant:

o=y ®)

Eri
Then, the voltage of the TENG can be given as

0 ox(1)
V =——-(do+ x(t _— 3
So o+ x(0) + 7 ©)
Therefore, the open-circuit voltage and maximum short-circuit
transferred charge are proportional to the surface charge

density o:

V. — ox(t) )
&0
_ Sox(1)
0 =270 Q

Similarly, the open-circuit voltage of the lateral-sliding TENG
(Fig. 1c) can also be obtained as follows:*®

oxd
eo(/ — x)

The same relationship that the output performance of the
TENG is proportional to the surface charge density ¢ is also
suitable for the lateral-sliding TENG, and other mode TENGs.
Moreover, the largest possible output energy E,, of the TENG
with different loads is

Voe = (6)

1 !
En = EQsc‘max(Voc‘max + Vmax) (7)

which is proportional to the square of the surface charge
density.”® The performance figure-of-merit (FOM,,) consisting
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of structure FOM; and material FOMy, (¢°) is proposed to
evaluate the TENG performance:

Em

Xmax

FOM,, = FOM; - 6% = 2¢ (8)
where the structural FOMs are only related to the mechanical
structure and working mode of the TENG without materials’
properties:

9

Therefore, the maximin surface charge density determined by the
chemical structure and energy band structure is a material
property that directly affects the output performance of the TENG
(Fig. 1c and d). It is also the basis for quantitative ranking of
triboelectric properties of polymers in the triboelectric series. The
triboelectric property of polymers, in particular, the influence
factor on the charge density, is fundamental for the output
performance of TENGs.

3. The relationship between chemical
structure and triboelectric properties

The electrical properties of polymers, including dielectric proper-
ties under alternating electric fields, conductive properties under
weak electric fields, breakdown properties under strong electric
fields and electrostatic phenomenon on polymer surfaces, are
closely related to their chemical structure. Among them, the
electrostatic phenomenon on the polymer surface discovered
before 1600 has played an important role in the discovery and
exploration of electrostatics and electric charges. This process is a
particularly complex process involving complex physical and
chemical process mechanisms®®® and being affected by the
experimental conditions such as pressure,®*®* temperature,®®®”
humidity,®® sample roughness,**’® etc. Research on the origin
and physics of electric charge,”* application of electrostatic
printers,”> KPFM technology”*”* and electrostatic catalysis’>"”
has promoted the research of polymer triboelectrification to some
extent. However, the triboelectric properties of polymers are still
mysterious and unpredictable, due to the lack of research drive.”®
In particular, the relationship between the chemical structure of
polymers on the nanoscale and their electrification capability on
the macroscale is ambiguous and uncertain. To quantify the
triboelectric property of materials, a triboelectric series that
arranges triboelectric materials by their polarity and surface
charge density is proposed. The first triboelectric series includes
only a few materials, which is published by Wilke in 1757.”%7°
With the development of materials and continuous enrichment,
the variety of materials in the triboelectric series is also increasing
and common types of polymers are also included.®” The semi-
quantitative tribo-electric series for polymeric materials is
proposed by A. F. Diaz.®" After TENGs were proposed, the emer-
gence and development of TENGs greatly promotes the research
and application of triboelectric polymers. A standardized tribo-
electric series ranking over 50 polymers by the TENG output based
on tested polymers with liquid metal Hg under well-defined
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Fig. 2 The timeline of the development of electronification and triboelectric polymers.

conditions is measured.”” The contributions of different func-
tional groups of triboelectric polymers to their charge density and
polarity are recognized and proposed.®> Moreover, a material’s
intrinsic triboelectric charge density is measured under high
vacuum, to suppress the electrostatic breakdown that greatly
reduces electrostatic charge density.®®®* The timeline of major
developments of triboelectric polymers is shown in Fig. 2.

The results of the triboelectric series based on experimental
data can greatly help to summarize the fundamental rules.®!
The empirical conclusions are as follows:

e The nitrogen containing polymers possess the most posi-
tive ranking, such as polyamide (PA), polyurea and amino resin;

e The halogenated polymers including fluorinated ethylene-
propylene (FEP), polytetrafluoroethylene (PTFE) and polyvinyl
chloride (PVC) have excellent triboelectric negative charge
properties; and

e The neutral polyolefins polyethylene (PE), polypropylene
(PP) and polystyrene (PS), and oxygen-containing polymers like
polyester and polyvinyl alcohol (PVA) develop almost no charge
or weak triboelectric capacity.

Furthermore, the polarity of the 10 similar carbon chain
polymers is proposed to correlate with the structure and property
of the repeat unit (Fig. 3a). The repeat unit has a stronger Lewis
basicity when AG (the Gibbs energy of the reaction with the
reference molecule 4-FC¢H,OH, indicative of the Lewis basicity)
is lower, and polymers tend to be positively charged in the
triboelectric series. However, only a few polymers agree with
this correlation, and its universality still needs to be verified. The
output performance of the TENG based on triboelectric polymers
can be used to study triboelectric properties and quantify the
triboelectric charge density precisely.>® A series of vinyl polymers
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with different pendant groups (Fig. 3b) are also studied as
triboelectric polymers.®* The result indicates that the types and
densities of functional groups with electron-withdrawing/donat-
ing ability in the repeat unit can determine the macroscopic
electrification behaviour of the polymer. It should be noted that
this is also applicable to surface chemical modifications, which
have a change in functional groups and chemical structures on
or near the surface, such as surface silane coupling agent
treatment, surface grafting, surface reactions, etc.®758 Therefore,
the triboelectric property of the polymer is determined by its
chemical structure, or the repeat unit property is determined by
the monomer structure in other words.

A uniform intrinsic parameter of the chemical structure is
desired to elucidate the relationship between the polymer
structure and triboelectric properties, which can guide the design
and development of triboelectric polymers. Previous studies have
proposed different physical properties for explaining this relation-
ship, such as the work function,””*° electron affinities,”® energy
levels of the molecular orbitals,” > ionization potential,”>** inter-
facial barrier,” the Lewis basicity,*"*® intermolecular forces,””*®
etc. However, only a few polymers fit these correlations, and
theories that are universal in all polymerizations are still needed.
The electron affinity (EA) and the ionization potential, which is
closely linked with the chemical structure of molecular, can guide
the design and synthesis of high-performance triboelectric poly-
mers since it indicates the change in energy of gaining or losing an
electron to become an ion. The electron affinity is defined as the
change in energy when a neutral molecule (ground state) gains an
electron and becomes —1 ion, which includes vertical electron
affinity and adiabatic electron affinity (Fig. 3c). The polymers with
a large electron affinity (EA) value, such as the polymers containing

This journal is © The Royal Society of Chemistry 2023
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Fig. 3

(a) The correlation between the Lewis acidity/basicity of the repeat unit of the 10 selected polymers and the ranking in the triboelectric series. AG is the Gibbs

energy of the reaction with the reference molecule 4-FCgH4OH, indicative of the Lewis basicity. (b). A series of vinyl polymers with different pendant groups and their
electron-withdrawing/donating ability agreeing with the triboelectric property of polymers. (c). Schematic diagram of the electron affinity and the ionization potential.
(d). Sketch map of the energy levels of the molecular orbitals for high performance triboelectric negative/positive polymers. (e). Schematic diagram of the strategy to
improve the triboelectric property of polymers: change the types and density of functional groups in the polymer chain; adjust the orientation of pendant groups with
intrinsic dipoles and copolymerization; enhance the dipole effect in the polar polymer; introduction of an interface by doping and compositing with fillers.

halogen elements (EA = —270 to —349 k] mol "), usually tend to
have an excellent negative triboelectric property.”® The ioniza-
tion potential (IP) is the change in energy when a neutral
molecule (ground state) loses an electron and becomes +1
ion, which includes vertical ionization potential and ionization
potential (Fig. 3c). This value may contribute to the positive
triboelectric property of the material. The work function is the
energy difference between the vacuum level and the Fermi level,
which is the energy barrier for an electron escaping from the
surface of a material. The work function can also be used
to characterize a material’s ability to possess and capture
electrons, and has been reported to be strongly related to the

triboelectric property of the material.>” Moreover, the energy

This journal is © The Royal Society of Chemistry 2023

band structure, including the highest occupied atomic orbital
(HOMO), lowest unoccupied molecular orbital (LOMO) and
defect states in the gap (Fig. 3d), is more comprehensively
explained the mechanism of triboelectric properties deter-
mined by polymer characteristics, especially the effect of
crystallization, defects and other changes on the triboelectrifi-
cation of the polymer. The negative/positive polarity of tribo-
electric polymers acquires a low LOMO level and high HOMO
level, respectively. High density of defect states and charge trap
in the gap contribute to the transferred charge density and
charge stability. Combining the above principle, the approach
and strategies to find or design high performance triboelectric
polymers have some guidance and direction.

Energy Environ. Sci.


https://doi.org/10.1039/d3ee01325a

Published on 13 July 2023. Downloaded by the Georgia Tech Library on 7/27/2023 7:42:45 PM.

Review

Recently, air breakdown that occurs on the surface of tribo-
electric polymers has also been realized as the reason limiting
the high charge density.’” In a vacuum, air breakdown is
suppressed, and the charge density is greatly increased, and a
triboelectric series under vacuum has been reported.®* On the
other hand, air breakdown can also be exploited for direct-
current TENGs,'>'7'% and fast surface charge injection
techniques'®* to improve energy harvesting efficiency. How-
ever, the intrinsic triboelectric polarity and triboelectric char-
acteristics of the polymers are not affected, which is related to
the chemical structure and properties.

There are generally two ways to modify the triboelectric property
of polymers: surface modification or synthesis and fabrication of
polymers. Compared with surface modification,'**'** synthesis and
fabrication of polymers can change triboelectric properties at the
bulk level with durability and stability. The strategies are as follows:

(1) Changing functional groups by designing or selecting
monomers used for polymerization. Abundant available kinds
of monomers with a wide range of possible designs are still a
promising method to synthesize novel triboelectric polymers
and superior negative/positive polymers beyond existing com-
mercial polymers.

View Article Online
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(2) Adjusting the conformation of the pendant group with
intrinsic dipoles. By matching the directions of electric field or
increasing the crystalline process (annealing confined crystallization)
to orient dipoles as possible, the polarity of triboelectric polymers
can be enhanced and the output current have boosted increase.'*

(3) Copolymerization or blending can integrate multiple
units or polymers with different properties to obtain perfor-
mance improvement and functional advantage.

(4) Introduction of inorganic fillers and ionic electrolytes to
form nanocomposites, which cause interfacial polarization and
more charge trap in the gap, can increase the triboelectric
charge density of polymers.

4. The detailed strategy for design and
synthesis of triboelectric polymers
4.1 Advances in excellent negative triboelectric polymers

By selecting two polymers as far as possible in the triboelectric
series as tribo-layer pair materials, a considerable TENG output
can be obtained. Therefore, designing or finding superior
negative polymers is of great significance to enhance the

Table 1 Chemical structures and triboelectric performance of available fluoropolymers

Abbr. Chemical structure
PFA —FCFZ—CFZHCFZ—ClF—Ir—"
OCF,CF,CF,
— CF,—CF—T
FEP —+cr,—crfter, cf:_l_
3
PTFE —fcr—cr-
CF—CF
PCTFE -+ i S
CH,~CF -t cF,-cF
P(VDF-HFP) Fore-craticr, i
CFs
P(VDE-TFE) or-cr ko, cr
P(VDF-TrFE) +eHp-crotor,-cHr -
PVDF —+cry—cr
ETFE “FoHy-cHHRer,—cr
PVF Frerr-cr -
CF,-CFy-HCF,-CFmt-cH,-cF
THV fer, 2H 2 I_lW[_ ,-Choty
CFs
—{—CFQ—/CF—CF—CFZ—]-n
Cytop™ 0 CF,
CF5
-[—;}F—C\F-]F{-CFZ—C‘F-}-m
Teflon™ AF 0.0 CF3
cry er
2 2
OCF,
Hyflon™ AD for-citer-cr,
O\CF,O CF,
2
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performance of TENGs. The commonly used negative materials
are mainly high fluorine-containing polymers, such as poly-
fluoroalkoxy (PFA), FEP and PTFE. Because of the strong
electron-withdrawing ability and the high electronegativity
of F element, fluoropolymers have the largest electron affinity
(EA = —322 kJ mol™'), excellent negative polarity and high
charge density. Moreover, their low surface energy and excel-
lent hydrophobicity make them a popular choice for solid-
liquid TENGs."*>'% A series of fluoropolymers and their copo-
lymers have been commercialized and are available in
Table 1.'°” The density of F atoms in the chemical structure
of vinyl polymers causes the difference in polarity and surface
charge density during polymer-polymer and polymer-liquid
mode TENG (FEP > PTFE > PVDF > PE).*’ In addition, the
unsaturated groups on the PTFE molecular chain generated by
sputtering technology have stronger electron-withdrawing abil-
ity and higher charge density than saturated PTFE. The unsa-
turated C—C bonds on the main chain can enhance the
electronegativity and electrostatic energy of the polymer, which
can be seen in electrostatic potential simulation in Fig. 4a.%31®

For further design and preparation of an extremely negative
triboelectric polymer, J. H. Lee et al. first designed and fabricated
a fluorinated poly(S--DIB) copolymer film with a sulfur back-
bone (Fig. 4b).”® Compared with the carbon (EA = —122 k] mol ")
backbone, sulfur element has high electron affinity (EA =
—200 kJ mol ') and more coordination to bond with fluorine.
The change of the backbone and increase of functional group
density contribute to strong electron-withdrawing ability and
outstanding triboelectric properties. The output voltage and

View Article Online
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current of the TENG based on the fluorine poly(S--DIB) film
have a 6-fold and 3-fold increase compared with commercial
PTFE film, respectively. Furthermore, a blending film based on
poly(S-+-DIB) and fluorine-rich poly(2,3,4,5,6-pentafluorostyrene)
(PPFS) directly is proposed to avoid toxic gases generated during
the fluorination process (Fig. 4c)."®® The hydrophobic PPFS
generates phase separation and subsequently migrates to the
polymer air interface during hot-press forming, resulting in
hydrophobicity and high surface charge density of the poly(S-r-
DIB)/PPFS blending film. The output voltage and current of the
TENG also have an 8-fold and 9-fold increase compared with
commercial PTFE film, respectively. Ladder-like structured poly-
silsesquioxane (LPEFSQs) as a hard triboelectric polymer is also
proposed (Fig. 4d),""® which can be coated easily on various
substrates. This hard coating exhibits excellent processability,
negative polarity (more negative than PTFE) and superior
mechanical properties, which is promising for the actual perpe-
tration and application of TENGs. Poly(1H,1H,2H,2H-perfluo-
rodecyl methacrylate) (PFDMA) with a low surface energy and
highly negative triboelectric properties is also reported as an out-
standing triboelectric polymer (Fig. 4¢).""! The repeating unit has a
fluorinated long alkyl chain with strong electron-withdrawing
ability, which can be used to transfer a special surface micro-nano
structure to enhance the TENG performance. An amorphous
fluoropolymer such as perfluoro(1-butenyl vinyl ether) (Cytop®,
AGC) with transparency, hydrophobicity and negative triboelectric
property is a qualified candidate for liquid-solid TENGs (Fig. 4f).
Similar fluoropolymers based on perfluorocyclopentene and 4,5-
difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole (PDD) monomer are
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Fig. 4 (a). Electrostatic potential simulation of pristine Cy,F,¢ (simulating PTFE) and sputtering treated PTFE with unsaturated C—C bonds. Reproduced
with permission from ref. 108, Copyright 2022, Wiley-VCH. Chemical structure of fluorine poly(S-r-DIB) (b) and poly(S-r-DIB) mixes with fluorine-rich
poly(2,3,4,5,6-pentafluorostyrene) (PPFS) (c). Reproduced with permission from ref. 99, Copyright 2019, Elsevier and ref. 109, Copyright 2021, Elsevier,
respectively. Chemical structure of ladder-like structured polysilsesquioxane (LPEFSQs) (d), PFDMA (e) and perfluoro(1-butenyl vinyl ether) (Cytop™, AGC)
(f). Chemical structure and 3D electrostatic potential simulation of synthetic PI: 6FDA-APS PI (g) and 6FDA-TFDB PI (h). Reproduced with permission from
ref. 114, Copyright 2019, WILEY-VCH and ref. 115 Copyright 2019, WILEY-VCH.
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also promising negative triboelectric polymers for achieving high
performance.'>'"?

For polycondensation polymers, a variety of fluorinated
monomers can be used to design and synthesize remarkable
negative polymers with good mechanical properties. For example,
polyimide (PI) is a kind of engineering plastic with high modulus,
high strength and heat resistance, having hundreds of diamines
and dianhydrides to choose for synthesis. J. M. Baik et al. electro-
static potential (Fig. 4g) and lower LUMO level. The triboelectric
charge density of the 6FDA-APS PI film can reach 860 uC m ™ after
the ion injection process, which is significantly improved (7 times)
compared with commercial Kapton."* The 6FDA-TFDB PI, which
contains four trifluoromethyl groups (Fig. 4h) in the repeating
unit, has also been synthesized for high performance negative
triboelectric polymers.'*>''® Moreover, fluorinated PIs exhibit an
excellent transparency property and can be selected for TENGs
where transparent and flexible tribo-layers are required. Other
polycondensate polymers such as polyester, polysulfone, and
polyether also have broad potential to be designed and synthe-
sized as high-performance triboelectric polymers.

4.2 Advances in positive triboelectric polymers

Positive triboelectric polymers, represented by polyamide (PA),
epoxy resin and amino resin, have the advantages of flexibility,
stretchability, processability, low cost, etc. compared with stiff,
brittle metal and inorganic positive materials for flexible, large-
scale TENGs. However, there are fewer options and the research
is still insufficient. From the triboelectric series and experi-
mental conclusion, it is found that polymers containing NH
and unsaturated N groups usually have an excellent positive
triboelectric property. In this respect, butylated melamine
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formaldehyde (BMF) with long alkyl chains and unsaturated
N groups is synthesized as a triboelectric polymer for rotation-
type TENGs.""” Since the electron-donating ability of functional
group, BMF has increased HOMO states (Fig. 5a) and then more
positive than pristine MF and methylated MF. Meanwhile,
mechanical durability and hardness are also obtained to satisfy
the long-term continuous friction. The TENG based on the BMF
tribo-layer can achieve 24 mA m~> current density, and retain
stable output over 27 000 cycles. Functional groups can also be
designed on the end group to achieve functional purposes and
positive polarity. For example, a series of telechelic elastomers
with hierarchical hydrogen-bond (H-bonds) networks con-
structed by 2-ureido-4 pyrimidinone and urea groups are
designed.™® The reversible dynamic network formed by abun-
dant NH groups at the chain end (Fig. 5b) gives the elastomer a
more positive triboelectric property than PA, as well as high
stiffness, high adhesion strength and interesting aggregation
induced emission fluorescence. In addition, non-bonding elec-
trons in nitrogen-based polymers are proposed that can con-
tribute to creating an electron-donating environment and
enhance the positive triboelectric property. To maximize the
number of non-bonding electrons with local dipoles nitrogen-
based dimethylol urea (DMU), diazolidinyl urea (DU), and
imidazolidinyl urea (IU) are designed and synthesized as pro-
mising positive triboelectric materials.""® The smaller HOMO
distributions of IU because of the non-bonding electrons in O
and N, forming more donating electrons around the Fermi
energy with the strongest negative local dipole, can be seen in
calculated results (Fig. 5¢). IU exhibits 8.7 times higher current
density (42.11 mA m™?) than positive nylon (4.79 mA m?)
during contact with PTFE (Fig. 5d). A biobased polyamide
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Fig. 5 (a). The distribution of HOMO states of pristine MF, methylated MF and BMF. Reproduced with permission from ref. 117, Copyright 2019, The Royal
Society of Chemistry. (b). The quadruple and double H-bonds constructed in the telechelic polymers, respectively. Reproduced with permission from ref.
118, Copyright 2022, Wiley-VCH. (c). The chemical structures and calculated HOMO distribution of DMU, DU, and IU, respectively. (d). Triboelectric current
density of nylon, DMU, DU, and U during contact with PTFE, respectively. Reproduced with permission from ref. 119, Copyright 2022, Wiley-VCH. (e). The
chemical structure of crosslinked biobased polyamide. Reproduced with permission from ref. 120, Copyright 2022, American Chemical Society.
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synthesized through the crosslinking of epoxidized soybean oil with
hexamethylenediamine (HMDA) is designed (Fig. 5e), which con-
tains many NH amide structures.*® This polyamide film has an
outstanding positive triboelectric property, and the polarity is
related to the content of the N-containing crosslinking agent
HMDA. Using biomass materials instead of petroleum-based pro-
ducts is a low-cost, environmentally friendly and sustainable strat-
egy. Other polymers such as cellulose and its derivatives,'*"'*>
epoxy resin,>'** and rubber and its modified polymers'>>"*” have
been also proposed as promising positive triboelectric polymers,
and have a wide development prospection. Positive polymers have
incomparable flexible advantages compared with inorganic and
metal materials, but the polarity still needs further development.

4.3 Covalent organic frameworks (COFs) as triboelectric polymers

Covalent organic frameworks (COFs) are an advanced class of
crystalline porous materials that possess unique architectures,

-37.95 kcal mol* -36.40 kcal mol*
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high surface areas and tuneable pore sizes.””®"*° The diversity
and designable periodic two-dimensional (2D) and three-
dimensional (3D) structures endow COFs with outstanding per-
formance in electrochemical energy storage and conversion,'*%3!
gas separation and purification,"*"** heterogeneous catalysis,"**
and proton-conductive membranes.'*® The advantages of periodic
conjugate structure and functional group design may also enable
COFs as excellent triboelectric polymers. In this area, a series of
COFs with designable skeletons and functional groups are synthe-
sized to attempt as triboelectric polymers by Lipeng Zhai et al."**"
138 A bromine functionalized TPB-DBBA-COF is synthesized from
the linker 2,5-dibromobenzene-1,4-dicarbaldehyde (DBBA) and
knot 1,3,5-tris(4-aminophenyl) benzene (TPB) (Fig. 6a)."*® The
TPB-DBBA-COF possesses similar positive triboelectric polarity
to PA6 and attains high charge density (51.2 pC m > at 5 Hz
contacting with PVDF). This property is attributed to its larger
surface area, better crystals and bromine groups with charge

-39.06 kcal mol! -39.75 kcal mol!

Fig. 6 (a) Chemical structure of TPB-DBBA-COF. Reproduced with permission from ref. 138, Copyright 2020, Wiley-VCH. (b) Schematic of the synthesis
of TFP-DP-COF and cationic TFP-DB-COF, and their simulated different charge states (c). Reproduced with permission from ref. 136, Copyright 2020,
American Chemical Society. (d) Chemical structure of 2D porphyrin COFs with tunable functionalities (CHs, H, 2F, and 4F). (e) Simulated electrostatic
potential distribution and electron affinity of porphyrin COFs. Reproduced with permission from ref. 137, Copyright 2020, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2023
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delocalization effect. A triazine skeletal nitrogen-rich COF with
highly positive polarity and abundant conjugated structure is also
reported as a triboelectric polymer.’*® A novel fluorinated COF
based on 1,3,5-tris(2,3,5,6-tetrafluoroaniline) benzene (TFAB) and
triformylphloroglucinol (Tp) is combined with PVA to form a
positive tribo-layer for high performance TENGs."*° Furthermore,
a cationic TFP-DB-COF based on the 1,3,5-triformylphloroglucinol
(TFP) knot and dimidium bromide (DB) linker is proposed, with
cationic groups exposed to the channel surface (Fig. 6b)."*® The
different charge state caused by cationic groups can increase
charge density (73.5 pC m™?) and charge transport capacity
compared with neutral TFP-DP-COF, as shown in the simulated
charge density difference (Fig. 6¢). Introduction of cationic groups
in skeletons is an effective method to further improve charge
generation and charge transport of COFs for high charge density
TENG devices. COFs with excellent designability can also be used
to synthesize negative polymers by selecting various functional
groups. A series of porphyrin-based COFs with CH;-, H-, 2F- and
4F-groups are designed (Fig. 6d), and then composited as fillers in
PVDF as a tribo-layer.”*” With the strong electron-withdrawing
ability of 4F-groups, 4F-COF has increased charge-trapping sites
and electron affinity (Fig. 6e), and consequently has the most
negative property and maximum power density (2858 mW m?)

View Article Online
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compared with other COFs. Considerable progress has been made
in COF triboelectric polymers; however, there are still huge
challenges in fabricating COF films for TENGs. Mature film
forming and processing methods such as large area film growth
or composite with another polymer are required for achieving
robust and durable triboelectric polymers.

4.4 Adjustable copolymers for TENGs

Copolymerization is usually an effective strategy to adjust and
enhance properties by integrating the advantages of two or
multiple polymers. This strategy can also be applied to control the
triboelectric property, and even bring functional features for
triboelectric polymers. The commonly used FEP and PFA with
outstanding negative triboelectric properties are copolymers of
tetrafluoroethylene and perfluoropropylene and perfluorooxyethy-
lene, respectively. Those PTFE-based copolymers have higher
charge density and better melt-processable properties compared
to PTFE. In this way, a copolymer is synthesized by free radical
polymerization of negative units 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,
10,10-heptadecafluorodecyl methacrylate (HDFDM) and positive
units poly(ethylene glycol) diacrylate (PEGDA) to regulate charge
accumulation on the polymer surface (Fig. 7a)."*' The charge
density on the copolymer surface varies approximately linearly
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Fig. 7 (a) Chemical structure of PEGDA and HDFDM. (b) The charge density of the copolymers with different proportions of PEGDA and HDFDM and

PVC as counter materials. Reproduced with permission from ref. 141, Copyright 2016, WILEY-VCH. (c) The chemical composition of fluorinated
poly(arylene ether)s. (d) Schematic illustration of electronic transmission in the fluorinated poly(arylene ether)s during electrification. Reproduced with
permission from ref. 142, Copyright 2022, Elsevier. (e) Synthesis of PVDF-Gn graft copolymers. (f) High-resolution XRD patterns and expanded view of
pristine PVDF and PVDF-Gn films as a function of PtBA mole percent. Reproduced with permission from ref. 145, Copyright 2017, AAAS. (g) The chemical
structure of fluorinated poly(phthalazinone ether)s. (h) The ranking of fluorinated poly(phthalazinone ether) films in the triboelectric series. Reproduced
with permission from ref. 146, Copyright 2023, WILEY-VCH.
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with changes in monomer ratio during contact with PVC (Fig. 7b)
and other materials. A series of fluorinated poly(arylene ether)s
condensed by decafluorobiphenyl and diphenol monomers
bisphenol AF, and 4,4’-(9-fluorenylidene) diphenol are also
proposed (Fig. 7c).'** Since the introduction of m electrons in
unsaturated groups is more likely to gain electrons,'** the copo-
lymers with 50 mol% fluorene content obtain the highest output
power. The ranking in the triboelectric series also changes with
the change of electron accepting and donating capabilities of the
chain structure determined by monomer proportion (Fig. 7d). By
controlling the ratio of monomers with the electron-withdrawing/
donating groups, the chain structure of the polymers can also be
adjusted to change the triboelectric properties.

Copolymerization not only changes the chain structure and
functional groups, but also changes the aggregation structure
and crystallization. The most representative examples are PVDF
based copolymers such as P(VDF-TrFE), P(VDF-HFP) and
P(VDF-TFE), which can enhance dipole orientation and crystal-
lization by copolymerization with other monomers."”"*** Simi-
larly, poly(tert-butyl acrylate) (PtBA) is reported to graft into the
PVDF chain by the atom-transfer radical polymerization (ATRP)
technique (Fig. 7e)."*> The B phase crystal of the PVDF-based
copolymer transitioned to o phase with the increase of PTBA
(Fig. 7f), and the dielectric constant also increased. When the
percentage of PTBA reaches 18%, the current density reaches
18.9 pA ecm 2, and can be further increased after polarization
(25 pA em™?). Increased segment regularity and crystallization
may also occur during copolymerization of amorphous poly-
mers. In this respect, 4-(4’-hydroxyphenyl)phthalazin-1(2H)-one
(DHPZ) monomer with a non-coplanar torsional spatial struc-
ture and strong conjugated effect is proposed to introduced
into co-polymerized fluorinated poly(phthalazinone ether)s
(FPPEs) (Fig. 7g)."*® The ranking of FPPE films in the tribo-
electric series can be largely shifted from negative to positive by
increasing conjugate phthalazinone moieties (Fig. 7h). However,
FPPE-2 with 25% DHPZ has a peculiar negative shift compared
to FPPE-1 without phthalazinone moieties, which is attributed to
the appearance of induced crystallization. Therefore, both the
molecular structure and aggregate structure can be changed
during copolymerization. In brief, copolymerization is a promis-
ing strategy to adjust the triboelectric properties of polymers, but
also helps to study the mechanism between the polymer struc-
ture and properties.

4.5 Controlled crystallization to enhance triboelectric
properties

The influence of dipole orientation and crystallization on the
triboelectric properties of polymers cannot be neglected during
molecular structural changes and processing processes, espe-
cially in polar polymers. For example, the crystallinity of P(VDF-
TrFE) with tetrahydrofuran (THF), methyl ethyl ketone (MEK),
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO)
solvent is different because of polymer-solvent interaction.*”
By using DMSO solvent, a smaller value of full width at half
maximum (FWHM) of the B phase peak in X-ray diffraction
(XRD) (Fig. 8a) and bigger melting enthalpy in differential

This journal is © The Royal Society of Chemistry 2023
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scanning calorimetry (DSC) (Fig. 8b) are observed compared
with those using other solvents. These results indicate that
high dipole alignment and crystallinity (25.59%) are obtained
by using a good solvent DMSO. The output voltage of the TENG
based on P(VDF-TrFE) is directly proportional to the crystal
result caused by solvent selection (Fig. 8c). The control of the
annealing process can determine crystallization and dipole
orientation, while it can be amplified by matching the direction
of electric field polarization for high performance TENGs.'****8
Dipole-moment-induced effect in PVDF caused by forward-
polarized, nonpolarized, and reverse-polarized is demonstrated
that can substantial enhancement of the output power density
of the TENG."* In addition, a nanostructured PVDF film using
an immersion-precipitation method with a highly rough and
porous surface is reported.’®® After annealing and poling at
100 °C, the a, B and v crystalline phases appear and the dipole
aligns in electric field (Fig. 8d). The TENG based on polarised
PVDF “+” with a dipole direction toward the surface has higher
output voltage and current compared with PVDF “—"" and non-
polarised PVDF (Fig. 8e).

Confined crystallization of polymeric materials is an inter-
esting method to generate a preferential orientation of poly-
meric crystals.”> A gas-flow assisted nano-template (GANT)
infiltration method to fabricate nylon-11 nanowires in nano-
porous anodised aluminium oxide (AAO) templates is proposed
(Fig. 8f).">> The crystalline phase of nano-confined nylon-11
nanowires could be well-controlled using different gas flow
rates at the surface. As shown in Fig. 8g, the formation and
increase of the &’-phase (20 = 21.61° in XRD) and decrease of the
o'-phase (20 = 22.61°) occur with the increase of gas-flow rate.
The TENG based on nylon-11 nanowires has higher output
voltage and current density (~38 mA m™?) during contact with
Teflon film compared with Al and nylon films. Similarly, the o-
phase nylon-11 nanowires can also be obtained by the ther-
mally assisted nanotemplate infiltration (TANI) method
(Fig. 8h).">® The intensity of the XRD peak at 20° and 24.2°
representing the o-phase appears when the solution concen-
tration changes (Fig. 8i). The peak at 24.2° gradually decreased
when dilute solution was used, indicating that slower crystal-
lization rate and more aligned molecular structures are
obtained. The o-phase nylon-11 achieves higher surface
potential and enhanced thermal stability, because of the
ordered crystalline regions and higher molecular packing den-
sity (Fig. 8j). Therefore, the higher current density of a-phase
nylon-11 (~74 mA m~?), almost 3 times higher than that of the
&’-phase, is observed. Recent reports have shown that the effect
of crystallization on triboelectric properties also appears for
weakly polar PCTFE"* and amorphous materials,'*® suggesting
that the effect is applicable to a wide range of polymers.
Therefore, changes in crystallinity and phase during molecular
synthesis,***> doping, stretching,'®® and processing™® can also
cause differences in triboelectric properties of polymers. Study-
ing and regulating the aggregate structure and crystallization is
an important strategy to enhance the triboelectric properties of
polymers, and also to promotes the understanding of mechan-
isms at the higher structural level.
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Fig. 8 XRD measurements (a) and DSC measurements (b) of the P(VDF-TrFE) dissolved in THF, MEK, DMF, and DMSO. (c) The output voltage of the
TENG based on the P(VDF-TrFE) film. Reproduced with permission from ref. 147, Copyright 2017, WILEY-VCH. (d) ATR-FTIR measurements of non-
polarised PVDF, polarised PVDF “+" and PVDF “—". (e) The output voltage and current of the TENG based on non-polarised PVDF, polarised PVDF “+" and
PVDF “—". Reproduced with permission from ref. 150, Copyright 2018, The Royal Society of Chemistry. (f) Schematic of the nanowire fabrication
procedure by the gas-flow assisted nano-template (GANT) infiltration method. (g) XRD patterns of nanowire-filled templates crystallised at various
assisted gas-flow rates. Reproduced with permission from ref. 152, Copyright 2017, The Royal Society of Chemistry. (h) Crystal structure of a-phase
nylon-11. (i) XRD patterns of nanowires fabricated by the conventional template-wetting (black) and the TANI (red) methods. (j) Plots of the surface
potential of §’-phase and a-phase nylon-11 nanowires, and their surface potential after 165 °C annealing. Reproduced with permission from ref. 153,

Copyright 2020, AAAS.

5. Inorganic/organic composite

materials

Introduction of nano-fillers moderately into the polymer matrix
is a direct way to create heterogeneous interfaces and defects to
enhance triboelectric properties (Fig. 9). Three types of fillers

Compared with the homogeneous polymers, heterogeneous are commonly used in triboelectric polymers: (1) high dielectric

polymers have a large number of interfaces and defects, which constant nanoparticles with polarization characteristics can
can provide more charge accumulation and storage sites. generate interface polarization and deep traps (Fig. 9b). (2)
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Fig. 9 Schematic diagram of the polymer film without a composite (a),
and composites with dielectric nanoparticles (b), carbon-based fillers (c)
and ions (d).

The introduction of carbon-based materials can produce inter-
faces for charge accumulation and charge confinement
(Fig. 9c¢). (3) Ion-filler doping in ionic polymers can also affect
triboelectric properties because of ion transport and migration
during electrification (Fig. 9d). Here, we divide the reasons for
the filler to enhance the triboelectrification ability into three
aspects: dielectric effect, interface effect and double electron
layer effect. In a composite film, it should be a complex system
where these three effects coexist. For example, the polarization
effect plays the main role, but the interface effect also exists in
BTO-doped PVDF films. When the non-polarized filler changes
the aggregate structure or the dipole orientation of the sub-
strate around the filler, the polarization effect also exists. In
addition to ionic electrolytes, the EDL effect is also present in
composite films formed by fillers with ionized surfaces. How-
ever, superabundant fillers will destroy the insulation and
dielectric strength, resulting in dielectric breakdown and limit-
ing the triboelectric performance. Dielectric breakdown inside
the material leads to a decrease in charge storage capacity. The
size, shape, and property of the fillers and the dielectric proper-
ties of the substrate are closely related to the optimal content
where outstanding triboelectric properties can be obtained. To
achieve the balance between filler content and charge gain, an
appropriate doping concentration, size and distribution of
nanoparticles are required. Large concentration and poor dis-
persion of fillers in the polymer lead to aggregation, which
contributes to the dielectric breakdown and charge leakage in
composite films. A large number of in-depth studies have
reported to improve triboelectric performance by nano-micro
particle composites, which are summarized in Table 2.

5.1 High dielectric constant filler composite films

Insulating nanofillers with high dielectric constant and large
specific surface area is commonly used to compensate for the
polymer’s low dielectric constant, which originates from elec-
tronic and atomic polarizations and is limited to 2-5.1>%¢

This journal is © The Royal Society of Chemistry 2023
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Many inorganic dielectric nanoparticles such as BaTiO;,"”"*°
PZT,'®® Bi,WO,,'®" and SrTiO;'®* have been proposed to
improve the triboelectric charge density and polarizability. In
addition, the combination of dielectric fillers and polar poly-
mers PVDF and P(VDF-TrFE) is a promising method to prepare
high performance composite films, because of the coupling of
interface polarization and self-polarization effect."*>'*® For
example, 5 wt% high dielectric BaTiO; nanoparticles are
reported to composite with the P(VDF-TrFE) film, which can
greatly increase interface polarization and charge trapping
capability (Fig. 10a).'® The difference in surface potential
indicates that BaTiO; has a great improvement in charge
capture and accumulation after poling (Fig. 10b). Furthermore,
an alternating BaTiO;/P(VDF-TrFE) organic/inorganic multi-
layer nanocomposite film is proposed to increase interfacial
polarization, which has higher dielectric constant and current
density than the single layer composite film (Fig. 10c).'®* The
lamination of single- or multi-layer dielectric materials into
polymer substrates has also been reported to improve the
charge accumulation capacity.’®>™*%” In order to improve inter-
face compatibility, chemical modification of the BaTiO; surface
to form a core-shell-structure by a silane coupling agent and
grafting PtBA is also proposed (Fig. 10d)."”” The dielectric/
ferroelectric composite film with high relative permittivity
and self-polarization effect can exploit the advantages to the
full in charge pumping and excitation TENGs. Using the
advantages of lead zirconate titanate (PZT) and PVDF compo-
site film (Fig. 10e),"*® the dipole in the charge-excitation TENG
can be quickly polarized and charge saturated under superhigh
electric field (Fig. 10f). Similarly, BaTiO3/PVDF applied in the
self-charge excitation TENG to enhance output performance is
proposed (Fig. 10g)."*° In addition, some dielectric materials
with a non-centrosymmetric structure and dipole orientation
have been reported for use in composite films. Bismuth tung-
state (Bi;WOg) with non-toxicity, high non-centrosymmetry and
high dielectric constant is added in P(VDF-TrFE) to fabricate a
nanocomposite fibre (Fig. 10h), which is used for TENGs and
PH sensing.'®" Bi,WO, with a marigold flower-like structure
(Fig. 10i) embedded in poly(vinylidene fluoride-co-hexafluoro-
propylene) (PVDF-HFP) film is also prepared, which not only
results in high dielectric constant, but also increases the
B-phase crystallization of the polymer.'®® The CaCu;Ti,O;,
(CCTO) particles with a cubic perovskite structure and high
permittivity (up to 7500) are introduced into the positive BMF
film to enhance internal polarization and output performance
(Fig. 10j).**® The introduction of CCTO particles is a universal
strategy and also effective in PMMA, PDMS, and P(VDF-TrFE)
substrates. Also, addition of other dielectric nanoparticles such
as SrTi0;,'%* MXene,'”° MoS,,'”* BCZTBH,'”* and CsPbX;'"? in
the polymer matrix is proposed to improve triboelectric proper-
ties. Some magnetic or metal nanoparticles have also been
reported as fillers to enhance the output performance of tribo-
electric polymers.'”*'7® The doping process sequential infiltra-
tion synthesis (SIS), which can achieve deep infiltration of the
inorganic compounds into certain polymers, is used to prepare
composite surfaces by Yanhao Yu et al.'’” AlO, is successfully
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Table 2 A list of the performance comparison of TENGs based on composite films with inorganic and carbon-based fillers and ionic electrolytes

Matrix Filler Counter layer ~ Current/charge density Permittivity Notes Ref.
PVDF 0.1 wt% BaTiO; Sheet steel 1.67 mC m? ~14.8 Self-charge excitation TENG 159
25% BaTiO; PVDF 65.5 uC m 2 — Inversely polarized, V-TENG® 158
BaTiO;-PtBA Al 61 mA m 2 26.5 Core-shell-structured, ion injection 157
PZT Stainless steel 3.53 mC m > 26.2 Self-charge excitation TENG 160
MXene PEI 66.7 mA m > — 7 Hz, fibrous membrane, V-TENG 170
rGONRs Al 0.35V (2.5 cm x 4.5 cm) — Finger touching arch-shaped TENG 184
0.8% Active carbon Al 51.2 mA m %153.45 uC m > 4.7 High specific surface area structur 180
11.3 wt% Fe304 Al 2.272 mA m~> — Electrospinning nanofiber membrane 175
CoFe,0, Water 5.675 mA m > 17.9 Liquid-solid TENG 176
4F-COF PVDF 25.6 mA m 2 — 5 Hz, V-TENG 137
P(VDF-TTFE) 5 wt% BaTiO; Al 333.3mAm % 116.8 uCm > 12.4 5 Hz, 6 kgf, V-TENG 165
BaTiO; Multilayer Al 19.2 mA m2, 8.4 mC m™2 17.06 2 Hz, 98 kPa, V-TENG 164
40% Bi,WOq Cu 11.91 mA m > 44 1 Hz, ~0.15 kgf, nanofiber membrane 161
PVDF-HFP 2.5 wt% Bi,WOs Cu 53 uC m? ~9.5 Marigold flower-like structure filler 168
PDMS AlO, PDMS 22 mA m~?, 45 pC m~? — Sequential infiltration synthesis 177
10% BCZTBH Al 0.56 mA m722 ) — Multi' Sta?k hyb}'id NG ' 172
20 wt% BaTiO; Cu 172 mAcm 7, 69.2 uC m- — Hybrid piezo/triboelectric NG 201
33.3% BaTiO; Al 60.8 pA m 2 6.5 Micro-pyramid surface structure 202
BaTiO3 ) ITO 25 mA m 2 ) ) — Sponge structure TENG 203
10% SrTiO; Cu 90.6 mA m “, 190 unC cm ™~ ~5 2.5 Hz, sponge structure TENG 162
3 wt% GPs Al 41.25 mA m™? 2.973 2 Hz, V-TENG 204
CNTs Skin 3 pA by finger tapping — Foam, single-electrode TENG 182
Aligned CNTs PDMS 60 mA m > — 40 um, arched TENG 183
40/0gCNTS-TiOZ Cu 81.48 mA m > — Arched’ TENG 187
5% MOFs Cu 92.5mAm 2120 uCem > 3 Humidity-resistive V-TENG 205
PI AlO, Kapton 56 mA m %, 47 uC m 2 — Sequential infiltration synthesis 177
1 wt% BaTiO; Al 200 pC m ™2 — In suit polymerization, V-TENG 115
MosS, PET 175 mA m > — Monolayer, laminar composite 166
Ceo AgNWs/PDMS  74.5 mA m 2, 107.2 uCm > — Chemical grafting, 30N, 3Hz 178
300 uC m™2 Corona charging, V-TENG
PMMA AlO, PMMA 55 mA m % 54 uC m 2 — Sequential infiltration synthesis 177
BMF 1 wt% CaCu;TisO,, Au 25.8 mA m? 21.74 Rotation-type TENG 169
PEBA 0.5 vol% o-FeOOH PET 91.1 pC m~? — 500 N, V-TENG 127
PA 11 Mesoporous carbon PTFE 75 uC m~? — 5 kV, positive charge injection 179
PVDF , PA11 375 uC m 2 ) — -7 iV% negative charge injection
PVA 0.75M CaC PTFE 16.875 mA m — 0.4 V-TENG 191
H,;PO, ’ PTFE 0.67 mA m 2 — &
10%Tp-TFAB COF  PVC 16.25 mAm 2, 946 pCm™2 — 40 N, 4 Hz, V-TENG 140
TPU Tonic liquid PTFE 25 mA m~2, 250 pC m™—2 — 25 kPa, 4 Hz, V-TENG 192

“ V-TENG: vertical contact-separation mode TENG.

doped into PDMS (Fig. 10k), Kapton and PMMA to tune their
triboelectric properties. The depth of infiltration can reach 3 pm
with promising depth and stability. Not only do fillers and
substrates need to be selected, doping and composite technology
also need further research to obtain robust nanocomposite films.

5.2 Carbon-based filler composite films

Carbon-based materials such as Cgo,"”® mesoporous carbon,"””
active carbon,'®® carbon nanotubes (CNTs),'8*'%% graphene
oxide (GO) and graphene'®*'®® are also popular fillers to
enhance the triboelectric output performance of TENGs. Con-
ductive carbon fillers have good charge stabilization and sto-
rage ability in the polymer matrix, which can improve charge
density and charge-retention capacity. Ceo is a good electron
acceptor with high electronegativity, low electron affinity and
low unoccupied molecular orbitals. A chemically modified Ce,
by an end-capping reagent is directly connected to the chain of
6FDA-APS PI to form a high performance negative polymer Cgp-
b-PI (Fig. 11a)."”® The introduction of Cg, also decreases elec-
tron affinity and raises the work function value (Fig. 11c), which

Energy Environ. Sci.

determines the triboelectric property of polymers. In addition,
the normalized charge density Qs of Cgo-b-PI decays more
slowly, which has a higher stable charge density compared
with PI (Fig. 11b). Due to the charge accumulation and strong
electron trapping ability of Cg, this composite film obtains over
300 uC m~? charge density and excellent charge-retention per-
formance. The charge trapping ability of carbon-based fillers is
particularity advantageous to lock charges during high-voltage
charge injection. To form charge-constrained electrostatic spin-
ning layers, mesoporous carbon spheres (mCSs) are combined
with PVDF and nylon 11, respectively.'”® Due to the introduction
of mCSs, this layer can enhance the charge transport and charge
confinement, and consequently improve the polarity and charge
density (Fig. 11d). The charge-constrained layers are added
under PTFE and nylon 11 as multiwall triboelectric layers,
respectively. An active carbon-doped PVDF composite film is
also reported for a TENG tribo-layer.'®® The TENG has a 9.8-fold
increase in output power compared with the pure PVDF film, as
a result of high relative dielectric constant and interfacial
polarization caused by active carbon. As shown in Fig. 11e,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3ee01325a

Published on 13 July 2023. Downloaded by the Georgia Tech Library on 7/27/2023 7:42:45 PM.

Energy & Environmental Science

(iv) (v)

Poled
P(VDF-TrFE)

o ooty

N P
o)
F v &

M : pvoF-TrFE) M :BTO :imo [l :PEN

d e

/ NH o
AT —0—8i— n
<@ o 0

N 0]

o

W

BWO flowers SEM image

(i) Non poled (iii)  Non poled 05V
P(VDF-TrFE)

Poled
P(VDF-TrFE):BTO

View Article Online

Review

P(VDF-TrFE):BTO

AV ) s ~ =~

PV N S,
& CP(VDF-TrEE)/BTOL s

o aemultilayersigusgun e

ks T oL -5, TVRc =y LU

= |

|V

S 600000 0 0
% &, Py < &, Ps
Polarization time Long

—

e
— eral] N ———
DAL A . ok &

k PDMS-PDMS

PDMS-AIO,-doped PDMS

>
l

1 T T T
0.0 ! B0 v !
OCa Ocu °TI 00 05 1i°e°(:) 05 10

Fig. 10 (a) Schematic description of a BaTiOz/P(VDF-TrFE)-based TENG. (b) The surface charge potential of P(VDF-TrFE) and BaTiOs/P(VDF-TrFE)

composite films with/without poling, measured by KPFM. Reproduced with permission from ref. 163, Copyright 2017, WILEY-VCH. (c) Schematic of the
multilayered P(VDF-TrFE)/BTO based TENG. Reproduced with permission from ref. 164, Copyright 2020, American Chemical Society. (d) Schematic
diagram and TEM images of the core-shell structured BaTiOz—PtBA nanoparticles (scale bar 50 nm). Reproduced with permission from ref. 157, Copyright
2018, American Chemical Society. (e) Structure of the PZT. (f) Schematic diagram of the self-polarization process. Reproduced with permission from ref.
160, Copyright 2022, WILEY-VCH. (g) The systematic electric circuit scheme of a self-excited dielectrically polarized TENG based on the BaTiOz/PVDF film.
Reproduced with permission from ref. 159, Copyright 2022, WILEY-VCH. (h) Interaction mechanism of Bi,WOg nanoparticles and the P(VDF-TrFE) polymer.
Reproduced with permission from ref. 161, Copyright 2022, The Royal Society of Chemistry. (i) SEM image of the synthesized Bi,WOg marigold flower-like
materials. Reproduced with permission from ref. 168, Copyright 2022, WILEY-VCH. (j) Chemical structure of CCTO. Reproduced with permission from ref.
169, Copyright 2020, WILEY-VCH. (k) The voltage of the TENG based on the PDMS-AIO,/PDMS film; the inset is a schematic of charge redistribution

between pristine PDMS and AlO,-doped PDMS. Reproduced with permission from ref. 177, Copyright 2015, WILEY-VCH.

triboelectric charges accumulate around active carbon
particles and have higher charge distribution by interfacial
polarization.'® Similar gains have been reported for carbon
nanotubes,'**'%” graphene and graphene oxide,"®*'°° and other
carbon-based fillers for composite films to enhance the output
performance of TENGs. However, the excellent electrical con-
ductivity of the carbon material limits the filler content and
enhancement of triboelectric properties. Excessive carbon-based
fillers will reduce dielectric properties, resulting in dielectric
breakdown, loss of charge retention and limitation ability. The
performance and parameters of inorganic/organic composite
films are summarized in Table 2.

5.3 Ion and electrolyte composite films

Doping conductive ions and electrolyte fillers with charge trans-
port and migration ability can also promote the triboelectric
properties of ionic polymers. The solid polymer electrolytes (SPE)
consisting of electrolytes with asymmetric ion pairing, such as

This journal is © The Royal Society of Chemistry 2023

HCI, CaCl, and H;PO,, and PVA matrix have been reported.'**
When CaCl, with more anions was added in PVA, the surface
potential decreased after contact (Fig. 11f) and high-energy
electron charged states were created, according to more positive
triboelectric polarity compared with pure PVA. When H;PO, with
more cations was added, the surface potential increased after
contact (Fig. 11f) and low-energy electron unoccupied states were
created, according to more negative triboelectric polarity com-
pared with pure PVA. By varying the type and concentration of
ionic electrolyte, the electron charged states and polarity of PVA
can be adjusted. A viscoelastic thermoplastic polyurethane (TPU)
based polymer ion pump containing ionic liquid is also reported
to fabricate a transparent and deformable TENG (Fig. 11g)."*?
The electrical double layer (EDL) can be formed on the surface
due to ion migration in the ionic liquid to enhance charge
density. Moreover, hydrogels and ionic gels having a large
number of mobile ions are also reported as promising stretch-
able triboelectric polymers, which can be applied in electronic
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Fig. 11 (a) The molecular orbital visualization of PI-b-Cgg. (b) The normalized charge densities measured in contact mode and non-contact mode TENGs
fabricated with PFA, 6FDA-APS PI, and Pl-b-Cgq films. (c) The EA value and work function of Pl-b-Cgo, compared with other Pls and PFA. Reproduced with
permission from ref. 178, Copyright 2021, The Royal Society of Chemistry. (d) Charge transport and confinement mechanism in the mCS composite film
during the charge-injection process, and resulting ranking shift of PTFE and Nylon 11. Reproduced with permission from ref. 179, Copyright 2022, Wiley-
VCH. (e) Corresponding simulation of the electric field and charge distribution around AC particles by COMSOL Multiphysics. Reproduced with permission
from ref. 180, Copyright 2020, American Chemical Society. (f) The surface potential of 0.75 M CaCl,-PVA SPE, 1 M HCI-PVA SPE, and 1.5 M HzPO,4-PVA SPE
before and after contact electrification with pristine PVA. Reproduced with permission from ref. 191, Copyright 2017, WILEY-VCH. (g). Visco-poroelastic ion
pumping polymer matrix realized by embedding ionic liquids in a TPU matrix. Reproduced with permission from ref. 192, Copyright 2019, WILEY-VCH.

skin/tattoo, self-powered sensors and flexible devices.'”*** 1on- 6. Triboelectric polymer handbook
doped flexible polymers can also be used as stretchable electro-
des to improve the output performance of TENGs by forming an
EDL effect.'®*?% Gel or ion polymer composites with ionic triboelectric polymers and guide their design and synthesis, a
materials have great potential for flexible, stretchable TENG triboelectric polymer handbook is summarized in Table 3. This
applications. handbook can also provide guidance on triboelectric polymer

In order to enlighten the understanding of the properties of

Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2023
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Table 3 A list of the functional groups, representative polymers and triboelectric performance in TENG application
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Triboelectric

property

Other advantages and
functional prospects

Functional groups  Representative polymer Abbr. o (LC m™?) Polarity for TENG Development strate
group P poly H P 34
Hydrophobic, trans-
CR_ parent, good thermal
CF/ CFz/rn FEP 352(—)" er};tive properties, and better
3 & processability than L .
PTFE Copolymerization with
Chemical resistance, other vinyl monomers
CF Ve low coefficient of fric- ls,l(IiCh asﬂﬂh},’ }fne, ‘ilfny -
/{’ Z‘CFZ’]: PTFE 113.06(—) ner};tive tion, low dielectric L lefr]le uoride, lsu }?’
& constant, hydrophobic, ™ uqude vinyl ether,
high melting 2,%,14—tr1ﬂuor§—5—
/[/CF /r Hydrophobic, '(Ilr.l U(l)rornetﬂ OXy-lésé
_F N Very chemical resistance 10X01€, pertiuoro-2,2-
CF. — . L g
c/| 2" PCTFE negative good air tightness and dimethyldioxole, etc.
low water absorption Improveli). n
CFZ‘CF—CF'CFZ‘}\ High optical transpar- PT0¢¢55301 1ty
7\ " Cytop® . Very ency, high processa-
Oy fSF ytop negative bility,
CF; hydrophobic*****
Good toughness, has
Quite abundant moments, Crystallinity control of
/{/\ CF;K PVDF 87.35(—) . has piezoelectric, fer- PVDF and PVDF copo-
negative I . S
roelectric, dielectric ~ lymer, composite film
properties
Low cost, vacuum tri- e
Very y Plastification and
Cl ,{/\C CF}: PVC 117.53(—) negative boele.ctglllc charge modification
density
Mature preparation
Poly(vinyl o6 Slight  Flame retardant and and synthesis meth-
Br /{/\CBA: bromide) 0.14(-) negative thermal stability****® ods, conformational
control
Slight  Water-soluble Prepare hydrogel and
M\/r )140 ght luble, Prep ydrog
HO " PVA 48.6() negative hydrophilia ion gel
CH20OH Unique optical and
Q Cellulose 0.14 W Slight mechanical properties, Chemical modifica-
_OH /[,o f m~22*  positive low-cost, eco- tion, reconstruction,
H OH friendly'**
OH
Slioht Flame retardant and  Composite with fiber
CHZ—)— Phenolic resin — ogitive thermal stability, or filler, design and
p transparency change monomers
Wear-resisting, good oo
. R Copolymerization,
OCH, POM 344020  Quite thermal stability, composite with fiber or
n positive excellent comprehen- filler
sive performance
. Good processability, ~Composite with fiber
-O- _(_OCHZCHz_)_ PEO 154(+)" Quite bio-compatible, water- or filler, self-
positive 122
soluble, and low-cost assembly
o
. Water-soluble, can be Molecular structure
7 ov\]}o)‘\/ PEGDA 4(+)M ch)lslitfive used to prepare design and
P hydrogels copolymerization
n PMMA 48.73(-) Slight  Excellent transparency, Blending, _
_ : negative low cost and available, copolymerization
o Yo
0 P - Design monomers,
ﬁ >_©_< J—I,T PET 89.44(—) rsllelggttive Eflilnsg :ﬁ?ﬁfg » low cost composite with inor-
R—O—C—R —[_O o & ’ ganic fillers
cH High optical transpar-
3 . .
| . ency, a kind of engi- .
‘[—O © O_ﬁ—]: PC 104.63(—) Slight neering plastic with Glass fiber
[ [ negative reinforcement
CHs, 0 excellent comprehen-
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Table 3 (continued)
’Pl)“;;l;(:;lt;ctrlc Other advantages and
functional prospects
Functional groups  Representative polymer Abbr. ¢ (LC m™?) Polarity for TENG Development strategy
Q o High T, heat resis- Monomer design and
O R O Kapton Quite tance, excellent selection, copolymer-
o ‘[— N‘@*‘)‘@"’ (PMDA-ODA  92.88(—) . mechanical properties ization with polyester,
R—eh——R " PI) NEGALVE ,nd electrical insula-  polyamide, poly-
poly » poly
° tion property sulfone, polyether, etc.
Composite with inor-
o Similar with PA66, ganic fillers to enhance
Very better impact resis- mechanical character-
,{rNH\/\/\)Ll} PA6 18.35(-) positive tance and solubility  istics, or composite
resistance with rubber to improve
impact resistance
ﬁ o) o Strong strength and
R—C—NH—R Very stiffness, hygro-
,[)}\‘CHH\NH/(CHZ)G\ x PAG6 26.09(-) positive scopicity, high T, (260~
290 °C)
o Low water absorption,
/IJ\ NH PALL 74 1;nA1 , Qui_te_ good oil resistance, ) Bl'encﬁng or c.orr_lposite
CHalo \h m*(+)"* positive low temperature resis- with inorganic fillers
tance, easy processing
o OHT Design monomers,
Q N AN 4211 mA Very  Anticorrosive, water- composite with inor-
[| NA \"/ T I o IU "o N119 ”» X ganic fillers and fibers,
R—NH—C—NH—R N, O o m~(+) positive proof, wear-resistant
}/ Non o TN development of pro-
d cess technology
o Design chemical struc-
0 /O\/k 30 mA Slicht L.ow cost and avallal?le, tyre to achieve func-
I K 0\(\/\0 SN -~ PU 3217 &0 rich products, elasti- tional advantages such
R=—0—C—NH—R \I( M positive city and stretchability as super stretchability,
© self-healing
oy AW Design and synthesize
—2 . . Z
)N\/ /|NL </\/\T )N\)\IN N BMF (Zf)f}lA m ;)/(e)?i]tive ?;igl}iltymﬁg?gmcal dur- mon%)mers, c>(1)mposite
) ith inorganic fillers
AT TN /\/O\N SN wit
. Good weather resis- o
_ ~250 Quite i Copolymerization
-C=N /{;/\l\/t PAN () positive E?glecre and durability as mo%if}i/cation
. Electrical conductivity .
-NH- @NH+ PAn 0.04(—)*® Shg'h't and electrochemical ~ DOPIN8 .tec}.lnology and
n positive . . its application
properties after doping
f . e Study on synthesis
-NH, *\E:‘Hz Polyallylamine 0.18(+)°° ;)/ce)gtive féﬁﬁgg%?fﬁi?y’ technology and
properties
Wear resistance, self-
extinguishing prop- Design and synthesize
[ Ha Slicht &% high thermal sta- monomers, copolymer-
R—S—R +%Q§@—o{%g@+ PSF 18.92(-) '8 bility, excellent ization with PI, PEEK,
[l o o positive . . .
mechanical properties, etc. glass fiber
high dielectric reinforcement
strength
Mature, safe and non-
SN 15Fe _x Fluorinated 0.4 mA Very High electron affinity, toxic synthesis and
S SFz ™ poly(S-~-DIB) m™? (—)* negative low-cost, eco-friendly ~production methods,
blending
Excellent high tem-
perature resistance, Chemical modification
corrosion resistance, to enhance toughness
Slight radiation resistance, and mechanical
-5 [ < > S_]: PPS 31.82(-) negative flame retardant, strength, fabricate
dimensional stability composite materials as
and excellent electrical fiber
properties
—si ~ . Flexible, super stretch- Design and application
//S ~No” /(/ S|'\O* PDMS 102.05(—) S:glgetive able, transpI;rency, of st%ucture aI;El
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Table 3 (continued)
Triboelectric
property Other. advantages and
functional prospects
Functional groups  Representative polymer Abbr. ¢ (LC m™?) Polarity for TENG Development strategy
/{/\/]/n PE 71.20(—)  Neutral Low cost, have been Copolyrperlz.atlon,
composite film, elec-
-CH; /{//\/l’ mass-produced, non- o and processin
n PP 27.23(—) Neutral polar electret P &

CH3

technology
Prepared by sputter-

ing, C-F bond with sp2 .
_ CF; CF CFzg\ Unsaturated Ve Ing, &=t bO Mature preparation
S 0T _)83 Very prep
>_< i/ CF; CF PTFE 13.75(-) negative hybridization, StONg 1nd synthesis methods
electron absorption
ability
Slicht High transparency, Copolymerization to
PS 103.48(—) ogitive excellent insulation  prepare HIPS, improve
P but brickle triboelectric property
\ N i . Electrical conductivity Study on synthesis
/ N \ 7 ‘I:fnl;/ l(gyri dine) 0.51(+)° S:glgiive and electrochemical  technology and

properties properties

“ The data, without related reference, are derived from the absolute value of charge density in the triboelectric series by contacting with mercury.®>

b The data are obtained from ref. 96 by using PVA as another tribo-layer.

selection for TENG researchers. For excellent negative tribo-
electric polymers, PTFE is usually the most popular candidate
because of its advantages of high charge density, low coefficient
of friction, and low dielectric constant. Moreover, rich PTFE
copolymers can be obtained through copolymerization with
other olefin monomers such as PFSA, PFA, FEP, ETFE, Hyflon‘*‘:{
AD, and Teflon®™ AF. The introduction of different monomers
can improve the processability and obtain other functional
advantages such as transparency and processability, while
retaining excellent triboelectric performance. Positive polymers
are usually nitrogen-containing condensation polymers such as
nylon and amino resin, which also have a lot of monomers and
designability. The design, synthesis and selection of monomers
is an effective means to change the triboelectric properties of
polymers. Moreover, adding or changing the process technology
can also change the aggregate structure and crystallinity, which
is closely related to triboelectric properties. In Table 3, the
representative polymers and their reported triboelectric proper-
ties are summarized, and the triboelectric polarity of a polymer
is determined by its ranking or predicted ranking in the tribo-
electric series.**® For high output performance and energy
conversion efficiency of TENGs, the polymer at either end of
the triboelectric series is the preferred choice. Potential devel-
opment strategies to enhance the triboelectric capacity of poly-
mers are also listed in Table 3.

For the diverse applications and requirements of TENGS,
functional advantages also influence the choice of triboelectric
polymers. Endowing triboelectric materials with functional
application without sacrificing triboelectric properties is of great
significance for practical application. For example, fluoropolymer
films such as PFA and FEP are ideal tribo-layers for solid-liquid
TENGs and combining with solar energy, due to their excellent
hydrophobicity and transmittance.?°*>°® High glass transition
temperature (T,) and thermal stability are required properties
for application in high temperature conditions and self-powered

This journal is © The Royal Society of Chemistry 2023

fire alarm systems.”>*'® Meanwhile, low cost, good processability
triboelectric materials are also needed for large-scale production
and applications of TENGs.?'''> The wear-resistant, durable
triboelectric polymer is conducive to the long-term stable opera-
tion of the contact mode TENG, while charge-stable triboelectric
polymers are beneficial to the performance of contactless
TENGs. In addition, advanced triboelectric polymers with
biocompatible,***>*® self-healing,*'”*'® ultra-stretchable,*"*>**
stimuli-responsive,>** and other properties are relevant to TENG
application in biomedical, wearable electronic devices, intelligent
sensors, and extreme environments. The functional properties of
common triboelectric polymers are summarized in Table 3.

7. Summary and perspectives

Recent progress in the study of triboelectric polymers and
related synthesis strategies are summarized in this review.
The functional groups and their density in the chemical struc-
ture lead to different HOMO energy levels, which is the key
element for regulating the electrification of both negative/
positive triboelectric polymers. According to the previous studies,
rich halogens with strong electron-withdrawing or amino groups
with electron-donating ability in monomers are usually chosen for
fabricating triboelectric polymers, due to their strong polarities. A
series of functional groups and their representative polymers with
different triboelectric properties and functional advantages are
listed in Table 3. For negative polymers, the groups such as
fluorine, chlorine, imide, siloxane and their derivates can be
designed and modified, while amide, urea, nitrile group, amino
resin, etc. are promising for fabricating positive polymers. On the
other hand, the energy level structure with a large HOMO-LUMO
gap can give more localized states for electron transfer, which
usually leads to high charge density during contact electrification.
Accordingly, this review discusses several different approaches for
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Fig. 12 Schematic diagram of the development of triboelectric polymers.

tuning the energy level structure of triboelectric polymers. Co-
polymerization, blending and annealing processes, which can
increase crystallization, heterogeneous interfaces and dipole
orientation, also generates a wide gap and improves the capability
of contact electrification. In addition, doping with high dielectric
constant inorganic fillers, and carbon-based fillers for charge
storage or transferable electrolytes as listed in Table 2 is also an
effective approach to modify localized charge states, interfacial
polarization and deep traps for triboelectric polymers. With the
development of TENGs, more and more polymers have been
designed and synthesized, while their applications in many areas
have been attempted. This review can be of great help to the
research on triboelectric polymers for the practical studies and
innovations of diversified TENGs, as well as facilitating applica-
tions in many fields related to the polymer materials.

The large-scale preparation and extensive application of the
triboelectric polymer with high charge density, strong polarity and
excellent charge stability are required for high performance
TENGS. As shown in Fig. 12, further improvements of triboelectric
polymers can be achieved by resolving the following challenges.

(1) More polymers with strong electrification polarity, high charge
density and excellent charge stability are required for high perfor-
mance TENGs, which play an important role in improving the output
and energy conversion efficiency of TENGs.

(2) The strong, wear-resistant composite materials and
copolymers still need further research to regulate and increase
triboelectric properties. What’ more, the principle and mecha-
nism based on those approaches can be further systematically
and comprehensively understood.

Energy Environ. Sci.

(3) The relationship between the chemical structure and tribo-
electric property of polymers is still vague without a unified and
comprehensive understanding. This relationship can guide the
synthesis and selection of triboelectric polymers and also shed
light on the physical mechanism of contact electrification.

(4) The study of synthesis and preparation methods suitable
for large-scale and low-cost synthesis provides the basis for the
extensive and large-scale applications of TENGs. It is also
necessary to endow polymers with functional characteristics
without sacrificing triboelectric properties, which can satisfy
the diversified applications of TENGSs in various environments.

(5) The post-processing technology of polymers results in a
variety of triboelectric forms, which are suitable for the prac-
tical application environment. The advantages of triboelectric
polymers can be further enhanced through post-treatment, and
the performance and function of TENGs can be maximized.
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