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Abstract 

Energy harvesting devices based on the triboelectric effect have attracted great attention because of their higher 
output performance compared to other nanogenerators, which have been utilized in various wearable applications. 
Based on the working mechanism, the triboelectric performance is mainly proportional to the surface charge density 
of the triboelectric materials. Various approaches, such as modification of the surface functional group and dielectric 
composition of the triboelectric materials, have been employed to enhance the surface charge density, leading to 
improvements in triboelectric performances. Notably, tuning the dielectric properties of triboelectric materials can 
significantly increase the surface charge density because the surface charge is proportional to the relative permittivity 
of the triboelectric material. The relative dielectric constant is modified by dielectric polarization, such as electronic, 
vibrational (or atomic), orientation (or dipolar), ionic, and interfacial polarization. Therefore, such polarization rep‑
resents a critical factor toward improving the dielectric constant and consequent triboelectric performance. In this 
review, we summarize the recent insights on the improvement of triboelectric performance via enhanced dielectric 
polarization.
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Introduction
Piezoelectric, pyroelectric, and triboelectric devices have 
attracted great attention as energy harvesting devices for 
power generation from surrounding environments, such 
as water, wind, light, temperature, and vibration [1]. In 
addition to the power sources, these devices can be used 
as self-powered sensors for varied applications such as 
electronic skins, healthcare monitoring devices, and 
robotics [2]. Among them, triboelectric devices display 
relatively higher output performances when a couple of 
triboelectric materials are contacted [3–6]. The produced 
triboelectric signals can be used for directly operating 
electric devices [7–11] or monitoring the mechanical 
or chemical stimuli on the devices [4]. The triboelec-
tric devices can be simply designed for the simple fab-
rication, low cost, excellent output performance, and 

flexibility when compared with other technologies, which 
are advantageous for self-powered wearable applications 
[12].

Triboelectricity occurs owing to contact electrification 
and electrostatic induction between dissimilar triboelec-
tric materials. The mechanical contact induces the com-
pensated opposite charges on each triboelectric layer 
owing to the contact electrification, and the mechanical 
separation results in the current flow through the exter-
nal circuit because of electrostatic induction. Therefore, 
the triboelectric output performance is directly affected 
by the surface charges on triboelectric layers.

For high triboelectric output performances, efficient 
surface charge generation during contact electrifica-
tion and effective charge transfer during electrostatic 
induction are necessary. Therefore, it is crucial to select 
suitable triboelectric contact-pair materials and design 
optimum device structures. Based on their working 
mechanism, four different types of triboelectric devices 
consisting of dielectric materials as triboelectric layers 
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Fig. 1 Dielectric‑based triboelectric device and dielectric polarization: a Theoretical models for parallel‑plate contact‑modes and equivalent circuit 
diagram for dielectric‑to‑dielectric and conductor‑to‑dielectric  TENG (Reproduced from Ref. [21]. Copyright 2014 Royal Society of Chemistry). b Real 
(ε’) and imaginary part (ε") of the dielectric constant as a function of frequency in a polymer having interfacial, orientational, ionic, and electronic 
polarization mechanisms (Reproduced with permission from Ref. [32, 33]. Copyright 2012 American Chemical Society)
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have been reported [5]. There are two categories of tri-
boelectric devices based on the types of triboelectric 
contact pair materials: dielectric-to-dielectric and con-
ductor-to-dielectric contact mode devices (Fig. 1a) [13]. 
In the former, two dielectric plates, with thicknesses d1 
and d2, as well as relative dielectric constants εr,1 and 
εr,2, respectively, are stacked face to face as triboelec-
tric layers, and the electrode layers are deposited on 
the outer dielectric surface. The distance (x) between 
the two triboelectric layers is varied under a periodic 
mechanical force.

Subsequently, the contacted triboelectric layer sur-
faces have opposite surface charges but the same den-
sity (σ) through contact electrification. When the 
triboelectric layers  begin to separate from each other 
owing to the increasing distance, a potential differ-
ence (V) is induced between the two electrodes by 
the amounts of transferred positive/negative charges 
(+Q/–Q). Similarly, in the conductor-to-dielectric 
contact mode without the dielectric 1 layer, metal 1 
is used as both the top triboelectric layer and the top 
electrode. In this device structure, there are two parts 
of charges in metal 1: the triboelectric charges ( S × σ ) 
and the transferred charges between the two electrodes 
(–Q), thereby leading to ( Sσ − Q ) of the total charges 
in metal 1. Considering the contact mode triboelectric 
devices mentioned above, the output performance can 
be derived based on electrodynamics as follows [13]:

The effective dielectric thickness d0 is defined as the 
summation of all the thicknesses of dielectric di divided 
by its relative permittivity εr,i. Based on Eq. 2, the tribo-
electric performance is directly affected by the surface 
charge density ( σ ) of the dielectric layers.

Previously, the surface modification of triboelectric 
materials or the introduction of highly dielectric mate-
rials has been reported to increase the surface charge 
density. Surface modification, such as the control of 
surface morphology [14–17] or the introduction of 
charged ions [18–21], increases surface charge density 
by enlarging the surface area or triboelectric polarity 
between the triboelectric pair layers. In addition to tun-
ing the surface property, an increase in the dielectric 
constant can enhance the capacitance of the dielectric 

(1)V = −
Q

Sε0
(d0 + x(t))+

σx(t)

ε0

(2)

VOC =
σ · x(t)

ε0
, ISC =

dQSC

dt
,

QSC =
Sσx(t)

d0 + x(t)
, d0 =

n∑

i=1

di

εr,i

layer, thereby resulting in an increase in the surface 
charge density [6, 22, 23]. In a parallel-plate capacitor 
model, the surface charge density can be related to the 
capacitance of the dielectric layer as follows [23–25]:

where C and S indicate the capacitance and contact area, 
respectively. From Eq. 3, since the capacitance (C), which 
is a factor capable of improving the surface charge den-
sity in a dielectric contact mode triboelectric device [6], 
increases with the dielectric constant and/or the reduc-
tion in the thickness of the dielectric layer, the surface 
charge density is directly proportional to the ratio of the 
dielectric constant to the thickness (ε/d). Similarly, in the 
triboelectric device, the capacitance of the tribo-dielec-
tric layer can be expressed from Eq. 2 as:

For instance, using a porous dielectric layer in a tri-
boelectric device is an efficient way to greatly enhance 
the ε/d ratio by simultaneously increasing the dielectric 
constant and decreasing the thickness when the dielec-
tric layer is pressed under external pressure, thereby sig-
nificantly enhancing the surface charge density [17, 23, 
26, 27] even when the same triboelectric layers are used. 
Therefore, the dielectric constant of the triboelectric 
layer is an effective factor to improve the surface charge 
density better than the surface potential determined by 
the selection of triboelectric pair materials.

Although the dielectric constant of a triboelectric 
material is an important factor in the enhancement of 
triboelectric performances, there have been no com-
prehensive discussions on the principles and strategies 
to increase the dielectric constant. Previously, several 
excellent reviews on triboelectric devices, including tri-
boelectric materials and their working mechanisms, had 
been reported [3–6, 12, 21, 28, 29]; however, only a few 
studies on dielectric-induced triboelectric devices have 
been reported to date. Herein, we introduce the basics of 
dielectric polarization and demonstrate that the output 
performances of triboelectric devices can be significantly 
controlled and enhanced by the design of dielectric mate-
rials with controlled dielectric polarization.

Dielectric Polarization for Enhanced Triboelectric 
Performance
The dielectric constant (or relative permittivity) is defined 
as a factor whereby the applied electric field is decreased 
through the dielectric polarization of materials, which 
can be enhanced by engineering dielectric materials 

(3)σ =
CV

S
, C =

Sεε0

d

(4)C =
QSC

VOC

=
ε0S

d0 + x(t)
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through the introduction of dielectric additives or the 
modification of chemical structures, thereby leading to 
various dielectric phenomena. Dielectric polarization can 
be divided into electronic, vibrational (or atomic), orien-
tational (or dipolar), ionic, and interfacial polarization 
(Fig.  1b) [30–33]. Electronic and atomic polarizations 
are induced by the distortion of negative electrons and 
positive nuclei in an atom in an opposite direction to the 
external electric field, thereby acquiring electric dipole 
moments, which occur in the resonance regime above the 
infrared frequencies (> 100 GHz). As polarization-based 
materials, such as semiconductors, have no dielectric 
loss below 1 GHz, they are the most desired for practical 
applications ranging from a few Hz to 1 GHz. However, 
most organic polymers exhibit lower dielectric constants 
(< 10) than semiconducting materials because of the 
intrinsic nature of their molecular bonding, which can-
not induce electronic and atomic polarization. To further 
induce electronic and atomic polarizations in the poly-
mers, the polymer chain structures should involve larger 
atoms with polarizable electrons, such as Si, Ge, or Sn, 
than the basic polymer compositions [34–36]. Although 
Si-based polymers, such as polysiloxanes or their deriva-
tives, are synthesized, the dielectric constant is no greater 
than 3–4. Therefore, it is difficult to increase the elec-
tronic/atomic polarization in insulating polymers.

In polymers, whereas the electronic and atomic polari-
zations are limited to enhancing the dielectric constant 
because of the intrinsic molecular bonding structure, the 
other dipolar, ionic, and interfacial polarizations can be 
utilized to improve the dielectric constant. Dipolar (ori-
entation) polarization is caused by the reorientation of 
permanent molecular dipole moments in the polymers 
or nanocomposites including nanoparticles or dipo-
lar moieties, which is affected by the phase structures 
(amorphous or crystalline), temperature, and frequency 
(usually < 10  MHz) [32, 33]. The modification of dipole 
structures enables the preparation of dipolar glass, fer-
roelectric, and relaxor ferroelectric polymers [30]. For 
example, the dipole orientation of polyvinylidene fluo-
ride (PVDF)-derivatives leads to the formation of a 
β-phase, thereby increasing the dielectric constant, 
which enhances the triboelectric performance [37, 38]. 
Ionic polarization can be caused by relative displace-
ments between positively and negatively charged ions 
under an external force [30, 39]. Therefore, polymers 
with ionic components can be used to enhance the 
capacitive performance through ionic polarization. For 
instance, the ionic components (e.g., NaCl and LiCl) in 
hydrogels are polarized under an external field, leading to 
the formation of electric double layers, which results in 
the improvement of triboelectric performance [40–43]. 
Interfacial polarization is induced by the reorganization 

of space charges at interfaces in dielectric composites 
[30, 31]. Therefore, interfacial polarization is observ-
able in all multicomponent dielectric systems, including 
semi-crystalline polymers, polymer blends, or nanocom-
posites with high-k- or conducting-nanofillers. Recently, 
polymer nanocomposites with high-k nanoparticles, 
which improve the net dielectric constant, thereby lead-
ing to the enhancement of the surface charge density, 
and thus the triboelectric performance, have been uti-
lized in triboelectric devices [23, 44, 45]. In the following 
sections, we introduce some examples to demonstrate 
the enhancement of triboelectric output performance 
through an increase in the dielectric constant.

Interfacial Polarization in High‑Permittivity 
Nanoparticle/Polymer Composites
High-permittivity nanoparticles are utilized to improve 
the dielectric constants of polymer nanocomposites 
owing to the polarization at the interface between the 
polymer and nanoparticles. Because inorganic (e.g., bar-
ium titanate  (BaTiO3) nanoparticles and nanowires) or 
conductive (e.g., metal nanoparticles, carbon nanotubes, 
and graphene) nanomaterials are widely employed in 
polymer matrices to increase the net dielectric constant, 
polymer composites with various additives have higher 
dielectric constants than base polymers, thereby lead-
ing to improved triboelectric performances. Chen et  al. 
prepared a sponge-like polydimethylsiloxane (PDMS) 
film, including high-k nanoparticles  (SiO2,  TiO2,  BaTiO3, 
and  SrTiO3), to enhance triboelectric performances 
(Fig. 2a) [23]. Because  SrTiO3 exhibits higher permittiv-
ity than the others, PDMS with  SrTiO3 displays a higher 
dielectric constant. This can also be caused by the space 
charge polarization at the interface between the PDMS 
and  SrTiO3 particles. Notably, the triboelectric output 
performance is improved by the increase in capacitance 
through the increased εr/dPDMS during the contact pro-
cess. In addition to dielectric nanoparticles, different 
kinds of high-permittivity materials, such as Al-doped 
 BaTiO3 and  CaCu3Ti4O12, are applied in the triboelectric 
layers, leading to an improved dielectric constant and the 
resultant triboelectric performance (Fig. 2b) [44, 45]. On 
the other hand, the addition of conductive materials ena-
bles the formation of micro-capacitor structures in the 
polymer matrix, which can induce space charge accumu-
lation at the interface between the polymer matrix and 
additives. This type of interfacial polarization is caused 
by the larger difference in conductivity between the poly-
mer and conducting additives.

Therefore, polymer composites with metal or carbon-
based materials exhibit increased dielectric constants 
compared to pure polymers, leading to the enhancement 
of surface charge density and the resultant triboelectric 
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performance (Fig.  3) [6, 46]. Although high-permittiv-
ity polymer composites are widely used as triboelectric 
negative materials, there are some limitations regarding 
improving the output performance: (1) There is an opti-
mized ratio of additives in the polymer matrix because 
excessive additives cause leakage current [46, 48] or 
reduced surface friction area [23, 49], thereby result-
ing in a decrease in output performance. (2) The addi-
tives should be homogeneously dispersed in the polymer 

matrix to improve the interfacial polarization because the 
aggregated nanoparticles interrupt interfacial polariza-
tion through the reduction of the interfacial area between 
the polymer and nanoparticles.

Interfacial Polarization in Multilayer Polymer Films
For random phase nanoparticle/polymer composites, 
interfacial polarization is difficult to control because 
precisely controlling the amount and dispersion of 

Fig. 2 Triboelectric performances enhanced by interfacial polarization in high‑permittivity nanoparticle/polymer composites: a Dielectric 
nanoparticle/sponge PDMS composite‑based triboelectric nanogenerator (Reproduced with permission from Ref. [23]. Copyright 2016 American 
Chemical Society). b Contact‑separation mode triboelectric nanogenerator with P(VDF‑TrFE) and PDMS‑high dielectric particle composite films as 
the friction layers (Reproduced from Ref. [45]. Copyright 2018 Royal Society of Chemistry)
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nanoparticle is required [30]. In multilayer dielectrics, 
interfacial polarization can be easily controlled because 
all the interfaces are perpendicular to the electric field, 
resulting in uniform space charge accumulation at the 
multilayer interfaces and enhanced dielectric constant. 
Multilayer polymer dielectrics have been widely inves-
tigated to enhance their dielectric constant via interfa-
cial polarization between dissimilar polymer layers [50]. 
Interfacial polarization occurs when the space charges 
(electrons and ions) are accumulated at the interface 
between two dissimilar materials with large contrasts in 
permittivity and electrical conductivity under an external 
field [30]. Kim et al. [51] and Feng et al. [52] demonstrated 
the effect of bilayer films with a larger difference in the 
relative permittivity on the triboelectric output perfor-
mance (Fig. 4a,b). The addition of lower dielectric layers 
between the conductive layer and electrode causes charge 
trapping or storage in the dielectric film, thereby leading 
to an increased charge density. The charge accumulation 

could be caused by the increased polarization at the 
interface of bilayer films through the large difference 
in the permittivity or conductivity between PVDF and 
insulating films. On the other hand, our group demon-
strated the effect of a bilayer film consisting of polymers 
with different fluorine units and polyethylene terephtha-
late (PET) insulating layers on the output performance 
(Fig.  4c) [53]. Notably, fluorinated polymers with three 
fluorine units in the side chain (poly(2,2,2-trifluoroethyl 
methacrylate), PTF) are coated on PET substrates with a 
lower dielectric constant, thereby increasing the dielec-
tric constant, which is caused by the improved interfacial 
polarization at the interface between the semi-crystal-
line PTF and PET. Consequently, the PTF–PET exhib-
ited a higher triboelectric performance than the other 
fluorinated polymer films. Based on the abovementioned 
results, heterogeneous dielectric multilayer films can be 
a robust design to enhance the triboelectric performance 
of flexible or wearable devices.

Fig. 3 Triboelectric performances enhanced by interfacial polarization in polymer composites with metal or carbon‑based materials: a GPs@
PDMS composite‑based triboelectric nanogenerator (Reproduced from Ref. [82]. Copyright 2015 Royal Society of Chemistry). b Liquid–
metal‑inclusion‑based triboelectric nanogenerator with sandwiched dielectric stacks (Reproduced from Ref. [48]. Copyright 2019 Royal Society of 
Chemistry)
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Ionic Polarization in Ionic Polymer Gels
In the polymer matrix including the ionic components 
except impurity ions, ionic polarization promotes the 
formation of an electric double layer (EDL) at the inter-
face between the polymer electrolyte and the electrode, 
thereby leading to the enhancement of the dielectric con-
stant [30, 39, 54]. Polarization is often utilized in energy 
storage devices, such as capacitors (e.g., supercapacitors 
or EDL capacitors) and batteries [55]. According to the 
Helmholtz equation, the capacitance can be expressed as 
C ≈ kε0/λ, where k, ε0, and λ are the effective dielectric 
constant of the EDL, vacuum permittivity, and Debye 
screening length (or the thickness of the double layer), 
respectively. In a triboelectric device, ionic components, 
such as symmetric or asymmetric ion pairs and ionic liq-
uids, in polymeric materials are often employed. Since 
poly(vinyl alcohol) (PVA) is a type of negative triboelec-
tric material because of the hydroxyl groups in the poly-
mer backbone, it can interact with different types of ion 
pairs. When an external electric field is applied, ionic 
polarization can occur owing to the relative displace-
ments between the positive and negative ions, thereby 
contributing to EDL formation at the interface between 
the triboelectric layers. Ryu et  al. [43] prepared PVA-
based solid polymer electrolytes (SPEs) with symmetric 
or asymmetric ions as positive or negative triboelectric 
layers, respectively (Fig.  5a). After the contact process 
with pristine PVA, different surface potentials were sys-
tematically measured by the effect of different types of 
ionic doping. For example, the SPEs become negative or 
positive triboelectric materials after the addition of phos-
phoric acid  (H3PO4) with more cations than anions or 
calcium chloride  (CaCl2) with more anions than cations, 
respectively, because the cations or anions create addi-
tional electron charged or unoccupied states. Practically, 
it is shown that an ionic conductor consisting of PVA 
with borax solution or poly(acylamide) with lithium chlo-
ride is applied in biomechanical energy harvesting and 
tactile sensing applications, which enhances triboelec-
tric performances through the EDL formation (Fig.  5b) 
[41, 42, 56]. Similarly, Zou et al. [40] fabricated a bionic 
stretchable nanogenerator consisting of an elastomer 
Ecoflex and sodium chloride (NaCl) solution inspired by 
the structure of the ion channels on the cytomembrane 
of the electrolyte in an electric eel. By combining the 
effects of triboelectrification through flowing liquid and 

electrostatic induction through polarized ions, the device 
harvests mechanical energy from underwater human 
motion with an open-circuit voltage over 10 V. Further-
more, Lee et al. [56] investigated the triboelectric perfor-
mance when a nanogenerator was connected to an ion 
gel unit composed of an ionic liquid and poly(vinylidene 
fluoride-co-hexafluoropropylene), making a broad and 
sluggish voltage profile because of the large relaxation 
time of the polarized ions (Fig. 5c). Ionic gel-based tribo-
electric devices enable the fabrication of ultrastretchable, 
transparent, and waterproof wearable devices, although 
the devices should be encapsulated by the elastomeric 
matrix to prevent ion leakage.

Dipolar Polarization in Ferroelectric PVDF 
Derivatives
Dipolar (orientational) polarization is another strategy 
to enhance the dielectric constant with low dielectric 
loss, which is caused by the increased dipole moment 
through the aligned dipoles in the phase structures of 
the polymer chains. Typical examples are PVDF and 
its derivatives. The polymers have permanent dipole 
moments since the unidirectional β-phase is formed, 
leading to an increase in the dielectric constant and the 
resultant triboelectric performance. Cheon et  al. [37] 
demonstrated high-performance triboelectric nano-
generators based on PVDF-silver nanowire (AgNW) 
composite nanofibers (Fig.  6a). The introduction of 
AgNWs into PVDF increases the ratio of the β-phase to 
the α-phase through the interaction between AgNWs 
and PVDF molecular chains, thereby resulting in an 
improved dielectric constant, which enables charge 
trapping at the PVDF-AgNW dielectric layer. In addi-
tion to the metal sources, Seung et al. [38] introduced 
semiconducting nanoparticles  (BaTiO3) into a ferro-
electric copolymer matrix (poly(vinylidenefluoride-trif-
luoroethylene), PVDF-TrFE) (Fig. 6b). The triboelectric 
performance is significantly enhanced after the poling 
process, which is over 150 times larger than that of typi-
cal polytetrafluorethylene-based triboelectric nanogen-
erators. Unlike the heterogeneous polymer composites, 
our group recently demonstrated the effect of ferroelec-
tric multilayer nanocomposites on triboelectric perfor-
mance (Fig.  6c) [57]. The multilayered dielectric films 
consisting of alternating PVDF-TrFE and  BaTiO3 layers 
display a higher dielectric constant (17.1) than the pure 

Fig. 4 Triboelectric performances enhanced by interfacial polarization in multilayer polymer films: a Triboelectric nanogenerator consisting of 
PVDF/PDMS double layer and Nylon 6/PDMS double layer with various PDMS interlayer thicknesses (Adapted from Ref. [51]. Copyright 2018 
Elsevier). b Triboelectric nanogenerator without and with PI as transition layer for charge storage (Adapted from Ref. [52]. Copyright 2017 Elsevier). c 
Bilayer triboelectric nanogenerator based on fluorinated polymers with different kinds of fluorine units (Reproduced from Ref. [53]. Copyright 2018 
Elsevier)

(See figure on next page.)
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PVDF-TrFE film (13.9) and single PVDF-TrFE/BaTiO3 
nanocomposite (15.9) because of the interfacial polari-
zation between the copolymer and nanoparticle layers, 
as explained in the section on the multilayered dielec-
tric film (Fig.  4). Sequentially, the triboelectric output 
performance increases compared to the single-layered 
films. Although ferroelectric polymer nanocompos-
ites improve the triboelectric output performance 
owing to the increased dielectric constant through the 
high ferroelectric polarization, there is a limitation in 

increasing the output performance because of the per-
colation threshold of the additives.

On the other hand, the dipole moment can be 
modified by introducing polar single molecules [58], 
such as –CN, –NO2, and –SO2–, or polar polymers 
[59–61], including polystyrene, poly(2-hydroxyethyl 
methacrylate), and poly(dopamine methacrylamide), 
which allow the rotation of dipoles in the free vol-
ume of polymers, thereby leading to an improvement 
in the dielectric constant. Dipolar polarization has 
been recently utilized to increase the dielectric 

Fig. 5 Triboelectric performances enhanced by ionic polarization in an ionic polymer gel: a SPE‑triboelectric nanogenerator based on PVA with 
different kinds of ions (Reproduced with permission from Ref. [43]. Copyright 2017 Wiley–VCH). b Soft skin‑like triboelectric nanogenerator that 
enables both biomechanical energy harvesting and tactile sensing by hybridizing elastomer and ionic hydrogel (PAAm‑LiCl) as the electrification 
layer and electrode, respectively (Reproduced under the terms of the CC‑BY‑NC 4.0 license. Ref. [41]. Copyright 2017, The American Association for 
the Advancement of Science). c Triboelectric‑ion‑gel system, which consists of the triboelectric nanogenerator and the ion gel units (Reproduced 
from Ref. [56]. Copyright 2018 Elsevier)
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constant of triboelectric materials by attaching polar 
groups with large dipole moments to the side chain 
of polymers [22]; Lee et  al. demonstrated that the 
PVDF-graft copolymer remarkably increased the tri-
boelectric output performance (Fig.  7). Poly(tert-butyl 
acrylate) (PtBA) with different grafting ratios was 
introduced into the PVDF chain, leading to enhanced 
dipole moment by π-bonding and polar ester groups 
in PtBA, which improved the dielectric constant and 
subsequently the triboelectric output performance. In 
addition to the grafting polymer, polymer dielectrics 
with nanostructured domains increase the dielectric 
constant by dipolar orientational polarizability [62]. 

Although polymer-based dielectric materials have some 
advantages, such as solution processability and flexibil-
ity, few studies wherein such a polarization in triboe-
lectric devices is employed have been reported so far.

Conclusions and Outlooks
Self-powered wearable and implantable electronic 
devices are essential, especially since the development 
of Internet-of-Things (IoT) technology. Since the tribo-
electric effect is one of the most frequently experienced 
phenomena in everyday life, triboelectric devices are a 
promising energy harvester for self-powered wearable 
devices combined with other types of applications. In 

Fig. 6 Triboelectric performances enhanced by dipolar polarization in ferroelectric PVDF composites: a Triboelectric nanogenerator based on the 
PVDF–AgNW composite and nylon nanofibers prepared through electrospinning methods (Reproduced with permission from Ref. [37]. Copyright 
2018 Wiley–VCH). b Ferroelectric composite‑based triboelectric nanogenerator (Reproduced with permission from Ref. [38]. Copyright 2017 Wiley–
VCH). c Multilayered PVDF‑TrFE/BTO‑based triboelectric nanogenerator (Reproduced with permission from Ref. [57]. Copyright 2020 American 
Chemical Society)
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the development of the IoT industry, electronic devices 
require miniaturization and multifunctionality, which 
need high output performances. Although triboelectric 
devices with high output performances have been devel-
oped by employing device structures with combined 
working modes [63–65], it is necessary to enhance the 
output performance for multiple devices.

Until now, research has been focused on the develop-
ment of triboelectric pair materials (usually negative tri-
boelectric materials), whereas dielectric tribo-materials 
have rarely been investigated. As dielectric materials 
have the potential to enhance triboelectric performances 
according to the relationship between the surface charge 
density and dielectric constant, the invention of tri-
boelectric materials based on various polarization 
mechanisms enables the development of high-powered 
wearable devices, which can be achieved as follows:

1. Because a variety of high-k dielectric materials have 
been synthesized by controlling the structural fac-
tor [66] or chemical doping [67, 68], there are several 
candidates to increase the dielectric constant of poly-
mer composites. Moreover, the surface modification 
of dielectric nanomaterials for homogeneous disper-
sion in the polymer matrix [69, 70] and the control 
of the dielectric structure (e.g., heterostructured mul-
tilayer composites [30, 31, 71, 72] or dielectric com-
posites with aligned conductive materials [73, 74]) 
have been investigated to increase dielectric proper-
ties. However, few approaches have been utilized in 
triboelectric devices to enhance the output perfor-
mance. The high compatibility or alignment of addi-
tives in the polymer matrix will enable an increase 
in the interfacial area or reduce the leakage current, 
which leads to the enhancement of the dielectric 
constant and the resultant output performance.

Fig. 7 Triboelectric performances enhanced by dipolar polarization in PVDF‑graft copolymer: PVDF‑grafting polymer‑based triboelectric 
nanogenerator. a Dipole moments of bare PVDF and PVDF‑g‑PtBA and b their dielectric properties and triboelectric performances (Reproduced 
under the terms of the CC‑BY‑NC 4.0 license. Ref. [22]. Copyright 2017, The American Association for the Advancement of Science)
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2. In addition to dielectric polymer nanocomposites, 
modifying polymer chain structures can enhance the 
dielectric properties because of the dipolar polariza-
tion through the improved dipole moments. Until 
now, polymeric materials with high dielectric con-
stants have been synthesized by grafting polarizable 
components [58, 60] or by engineering nanostruc-
tures [61, 62, 75, 76], which increases the dielectric 
constant by dipolar polarization. Polymer-based 
dielectric materials are good candidates for use as 
triboelectric materials because of their physical prop-
erties, such as flexibility and solution-processability, 
which facilitate the development of printable tribo-
electric devices for next-generation wearable applica-
tions.

3. In addition to dielectric polarization, an electric 
poling process that can induce dipole realignment 
under a strong electric field can be another approach 
to improve the dielectric constant, which subse-
quently enables the enhancement of triboelectric 
performances [77–80]. Recently, self-poling meth-
ods have been applied to considerably improve fer-
roelectric properties via the shear-induced process 
[81] in piezoelectric generators, although the output 
performance remains lower than that of the tribo-
electric generators. The mechanism, combined with 
dielectric polarization and self-poling in dielectric 
composites, can be a synergistic effect to significantly 
improve the dielectric constant, leading to a remark-
able enhancement of triboelectric performances.

4. Most studies have focused on negative triboelec-
tric materials. Because triboelectric performance 
arises from the contact electrification between the 
positive and negative triboelectric layers, the posi-
tive triboelectric materials are an important factor 
toward enhancing output performances. Polariza-
tion-induced triboelectric pair materials can promote 
the development of triboelectric devices with signifi-
cantly enhanced output performances, which facili-
tates practical applications requiring high-output 
power, such as smart wearable devices and portable 
IoT devices.

Abbreviations
EDL: Electric double layer; PDMS: Polydimethylsiloxane; PET: Polyethylene 
terephthalate  Poly(tert‑butyl acrylate) (PtBA); PTF: Poly(2,2,2‑trifluoroethyl 
methacrylate); PVA: Poly(vinyl alcohol); PVDF: Polyvinylidene fluoride; SPE: Solid 
polymer electrolyte.

Acknowledgements
This work is supported from National Research Foundation (NRF) of Korea 
(2019R1I1A1A01060653).

Authors’ contributions
HK conceived the topic and supervised the whole study. HK, MPK, D‑SU, Y‑ES 
wrote the manuscript. All authors read and approved the final manuscript.

Funding
National Research Foundation (NRF) of Korea (2018R1A2A1A05079100, 
2019R1I1A1A01060653) and Ministry of Trade, Industry and Energy 
(20010566).

Availability of data and materials
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Energy and Chemical Engineering, Ulsan National Institute of Sci‑
ence and Technology (UNIST), Ulsan, South Korea. 2 Department of Electrical 
Engineering, Sejong University, Seoul, Republic of Korea. 

Received: 25 September 2020   Accepted: 2 February 2021

References
 1. Wang ZL, Wu W (2012) Nanotechnology‑enabled energy harvest‑

ing for self‑powered micro‑/nanosystems. Angew Chem Int Ed 
51(47):11700–11721

 2. Wu ZY, Cheng TH, Wang ZL (2020) Self‑powered sensors and systems 
based on nanogenerators. Sensors 20(10):2925

 3. Wu CS, Wang AC, Ding WB, Guo HY, Wang ZL (2019) Triboelectric nano‑
generator: a foundation of the energy for the new era. Adv Energy Mater 
9(1):1802906

 4. Wang ZL (2013) Triboelectric nanogenerators as new energy technology 
for self‑powered systems and as active mechanical and chemical sensors. 
ACS Nano 7(11):9533–9557

 5. Wang ZL (2014) Triboelectric nanogenerators as new energy technol‑
ogy and self‑powered sensors—principles, problems and perspectives. 
Faraday Discuss 176:447–458

 6. Zhu G, Peng B, Chen J, Jing QS, Wang ZL (2015) Triboelectric nanogenera‑
tors as a new energy technology: from fundamentals, devices, to applica‑
tions. Nano Energy 14:126–138

 7. Zhang C, Zhou T, Tang W, Han CB, Zhang LM, Wang ZL (2014) Rotating‑
disk‑based direct‑current triboelectric nanogenerator. Adv Energy Mater 
4(9):1301798

 8. Luo JJ, Xu L, Tang W, Jiang T, Fan FR, Pang YK, Chen LB, Zhang Y, Wang ZL 
(2018) Direct‑current triboelectric nanogenerator realized by air break‑
down induced ionized air channel. Adv Energy Mater 8(27):1800889

 9. Liu J, Goswami A, Jiang KR, Khan F, Kim S, McGee R, Li Z, Hu ZY, Lee 
J, Thundat T (2018) Direct‑current triboelectricity generation by a 
sliding Schottky nanocontact on MoS2 multilayers. Nat Nanotechnol 
13(2):112–116

 10. Liu D, Yin X, Guo H, Zhou L, Li X, Zhang C, Wang J, Wang ZL (2019) A 
constant current triboelectric nanogenerator arising from electrostatic 
breakdown. Sci. Adv. 5(4):eaav6437

 11. Kim MP, Ahn CW, Lee Y, Kim K, Park J, Ko H (2021) Interfacial polarization‑
induced high‑k polymer dielectric film for high‑performance triboelectric 
devices. Nano Energy 82:105697

 12. Ha M, Park J, Lee Y, Ko H (2015) Triboelectric generators and sensors for 
self‑powered wearable electronics. ACS Nano 9(4):3421–3427

 13. Niu SM, Wang SH, Lin L, Liu Y, Zhou YS, Hu YF, Wang ZL (2013) Theoreti‑
cal study of contact‑mode triboelectric nanogenerators as an effective 
power source. Energy Environ Sci 6(12):3576–3583

 14. Mahmud MAP, Lee J, Kim G, Lim H, Choi KB (2016) Improving the surface 
charge density of a contact‑separation‑based triboelectric nano‑
generator by modifying the surface morphology. Microelectron Eng 
159:102–107

 15. Nafari A, Sodano HA (2018) Surface morphology effects in a vibration 
based triboelectric energy harvester. Smart Mater Struct 27(1):015029



Page 13 of 14Kim et al. Nanoscale Res Lett           (2021) 16:35  

 16. Jang D, Kim Y, Kim TY, Koh K, Jeong U, Cho J (2016) Force‑assembled 
triboelectric nanogenerator with high‑humidity‑resistant electricity gen‑
eration using hierarchical surface morphology. Nano Energy 20:283–293

 17. Saadatnia Z, Mosanenzadeh SG, Esmailzadeh E, Naguib HE (2019) A 
high performance triboelectric nanogenerator using porous polyimide 
aerogel film. Sci Rep 9:1370

 18. Song G, Kim Y, Yu S, Kim MO, Park SH, Cho SM, Velusamy DB, Cho SH, Kim 
KL, Kim J, Kim E, Park C (2015) Molecularly engineered surface triboelec‑
tric nanogenerator by self‑assembled monolayers (METS). Chem Mater 
27(13):4749–4755

 19. Shin SH, Bae YE, Moon HK, Kim J, Choi SH, Kim Y, Yoon HJ, Lee MH, Nah J 
(2017) Formation of triboelectric series via atomic‑level surface function‑
alization for triboelectric energy harvesting. ACS Nano 11(6):6131–6138

 20. Feng YG, Zheng YB, Ma SH, Wang DA, Zhou F, Liu WM (2016) High output 
polypropylene nanowire array triboelectric nanogenerator through sur‑
face structural control and chemical modification. Nano Energy 19:48–57

 21. Niu S, Wang ZL (2015) Theoretical systems of triboelectric nanogenera‑
tors. Nano Energy 14:161–192

 22. Lee JW, Cho HJ, Chun J, Kim KN, Kim S, Ahn CW, Kim IW, Kim JY, Kim SW, 
Yang C, Baik JM (2017) Robust nanogenerators based on graft copoly‑
mers via control of dielectrics for remarkable output power enhance‑
ment. Sci Adv 3(5):e1602902

 23. Chen J, Guo HY, He XM, Liu GL, Xi Y, Shi HF, Hu CG (2016) Enhancing 
performance of triboelectric nanogenerator by filling high dielectric 
nanoparticles into sponge PDMS film. ACS Appl Mater Inter 8(1):736–744

 24. Jachowicz J, Wissurel G, Garcia ML (1985) Relationship between tribo‑
electric charging and surface modifications of human‑hair. J Soc Cosmet 
Chem 36(3):189–212

 25. Harnchana V, Ngoc HV, He W, Rasheed A, Park H, Amornkitbamrung V, 
Kang DJ (2018) Enhanced power output of a triboelectric nanogenerator 
using poly(dimethylsiloxane) modified with graphene oxide and sodium 
dodecyl sulfate. ACS Appl Mater Inter 10(30):25263–25272

 26. Cui CM, Wang XZ, Yi ZR, Yang B, Wang XL, Chen X, Liu JQ, Yang CS (2018) 
Flexible single‑electrode triboelectric nanogenerator and body moving 
sensor based on porous Na2CO3/polydimethylsiloxane film. ACS Appl 
Mater Inter 10(4):3652–3659

 27. Jang S, Oh JH (2018) Rapid fabrication of microporous BaTiO3/PDMS 
nanocomposites for triboelectric nanogenerators through one‑step 
microwave irradiation. Sci Rep 8:14287

 28. Kim DW, Lee JH, Kim JK, Jeong U (2020) Material aspects of triboelectric 
energy generation and sensors. NPG Asia Mater 12(1):6

 29. Chen A, Zhang C, Zhu G, Wang ZL (2020) Polymer materials for high‑
performance triboelectric nanogenerators. Adv Sci 7(14):2000186

 30. Zhu L (2014) Exploring strategies for high dielectric constant and low loss 
polymer dielectrics. J Phys Chem Lett 5(21):3677–3687

 31. Baer E, Zhu L (2017) 50th anniversary perspective: dielectric phenom‑
ena in polymers and multilayered dielectric films. Macromolecules 
50(6):2239–2256

 32. Zhu L, Wang Q (2012) Novel ferroelectric polymers for high energy den‑
sity and low loss dielectrics. Macromolecules 45(7):2937–2954

 33. Yuan J, Yao S, Poulin P (2016) Dielectric constant of polymer composites 
and the routes to high‑k or low‑k nanocomposite materials. In: Huang X, 
Zhi C (eds) Polymer nanocomposites: electrical and thermal properties. 
Springer, Cham, pp 3–28

 34. Pilania G, Wang CC, Wu K, Sukumar N, Breneman C, Sotzing G, Ramprasad 
R (2013) New group IV chemical motifs for improved dielectric permittiv‑
ity of polyethylene. J Chem Inf Model 53(4):879–886

 35. Wang CC, Pilania G, Ramprasad R (2013) Dielectric properties of carbon‑, 
silicon‑, and germanium‑based polymers: a first‑principles study. Phys 
Rev B 87(3):035103

 36. Wang CC, Ramprasad R (2011) Dielectric properties of organosilicons 
from first principles. J Mater Sci 46(1):90–93

 37. Cheon S, Kang H, Kim H, Son Y, Lee JY, Shin HJ, Kim SW, Cho JH (2018) 
High‑performance triboelectric nanogenerators based on electrospun 
polyvinylidene fluoride‑silver nanowire composite nanofibers. Adv Funct 
Mater 28(2):1703778

 38. Seung W, Yoon HJ, Kim TY, Ryu H, Kim J, Lee JH, Lee JH, Kim S, Park YK, 
Park YJ, Kim SW (2017) Boosting power‑generating performance of tribo‑
electric nanogenerators via artificial control of ferroelectric polarization 
and dielectric properties. Adv Energy Mater 7(2):1600988

 39. Izgorodina EI, Forsyth M, MacFarlane DR (2009) On the components of 
the dielectric constants of ionic liquids: ionic polarization? Phys Chem 
Chem Phys 11(14):2452–2458

 40. Zou Y, Tan PC, Shi BJ, Ouyang H, Jiang DJ, Liu Z, Li H, Yu M, Wang C, Qu XC, 
Zhao LM, Fan YB, Wang ZL, Li Z (2019) A bionic stretchable nanogenera‑
tor for underwater sensing and energy harvesting. Nat Commun 10:2695

 41. Pu X, Liu MM, Chen XY, Sun JM, Du CH, Zhang Y, Zhai JY, Hu WG, Wang 
ZL (2017) Ultrastretchable, transparent triboelectric nanogenerator as 
electronic skin for biomechanical energy harvesting and tactile sensing. 
Sci Adv 3(5):e1700015

 42. Parida K, Kumar V, Wang JX, Bhavanasi V, Bendi R, Lee PS (2017) Highly 
transparent, stretchable, and self‑healing ionic‑skin triboelectric nano‑
generators for energy harvesting and touch applications. Adv Mater 
29(37):1702181

 43. Ryu H, Lee JH, Kim TY, Khan U, Lee JH, Kwak SS, Yoon HJ, Kim SW 
(2017) High‑performance triboelectric nanogenerators based on solid 
polymer electrolytes with asymmetric pairing of ions. Adv Energy Mater 
7(17):1700289

 44. Dudem B, Bharat LK, Patnam H, Mule AR, Yu JS (2018) Enhancing the out‑
put performance of hybrid nanogenerators based on Al‑doped BaTiO3 
composite films: a self‑powered utility system for portable electronics. J 
Mater Chem A 6(33):16101–16110

 45. Fang ZG, Chan KH, Lu X, Tan CF, Ho GW (2018) Surface texturing and 
dielectric property tuning toward boosting of triboelectric nanogenera‑
tor performance. J Mater Chem A 6(1):52–57

 46. Xia XN, Chen J, Guo HY, Liu GL, Wei DP, Xi Y, Wang X, Hu CG (2017) Embed‑
ding variable micro‑capacitors in polydimethylsiloxane for enhancing 
output power of triboelectric nanogenerator. Nano Res 10(1):320–330

 47. Xia XN, Chen J, Liu GL, Javed MS, Wang X, Hu CG (2017) Aligning gra‑
phene sheets in PDMS for improving output performance of triboelectric 
nanogenerator. Carbon 111:569–576

 48. Gao SJ, Wang RX, Ma CX, Chen ZH, Wang YX, Wu M, Tang ZY, Bao N, Ding 
D, Wu WX, Fan FR, Wu WZ (2019) Wearable high‑dielectric‑constant 
polymers with core‑shell liquid metal inclusions for biomechanical 
energy harvesting and a self‑powered user interface. J Mater Chem A 
7(12):7109–7117

 49. Lai MH, Cheng L, Xi Y, Wu YH, Hu CG, Guo HY, Du BL, Liu GL, Liu QP, Liu RC 
(2018) Enhancing the performance of NaNbO3 triboelectric nanogenera‑
tors by dielectric modulation and electronegative modification. J Phys D 
Appl Phys 51(1):015303

 50. Chen XY, Tseng JK, Treufeld I, Mackey M, Schuele DE, Li RP, Fukuto M, Baer 
E, Zhu L (2017) Enhanced dielectric properties due to space charge‑
induced interfacial polarization in multilayer polymer films. J Mater Chem 
C 5(39):10417–10426

 51. Kim DW, Lee JH, You I, Kim JK, Jeong U (2018) Adding a stretchable deep‑
trap interlayer for high‑performance stretchable triboelectric nanogen‑
erators. Nano Energy 50:192–200

 52. Feng YG, Zheng YB, Zhang G, Wang DA, Zhou F, Liu WM (2017) A new 
protocol toward high output TENG with polyimide as charge storage 
layer. Nano Energy 38:467–476

 53. Kim MP, Lee Y, Hur YH, Park J, Kim J, Lee Y, Ahn CW, Song SW, Jung YS, Ko 
H (2018) Molecular structure engineering of dielectric fluorinated poly‑
mers for enhanced performances of triboelectric nanogenerators. Nano 
Energy 53:37–45

 54. Fabiano S, Crispin X, Berggren M (2014) Ferroelectric polarization induces 
electric double layer bistability in electrolyte‑gated field‑effect transistors. 
ACS Appl Mater Inter 6(1):438–442

 55. Zhang LL, Zhao XS (2009) Carbon‑based materials as supercapacitor 
electrodes. Chem Soc Rev 38(9):2520–2531

 56. Lee JH, Park YS, Cho S, Kang IS, Kim JK, Jeong U (2018) Output voltage 
modulation in triboelectric nanogenerator by printed ion gel capacitors. 
Nano Energy 54:367–374

 57. Park Y, Shin YE, Park J, Lee Y, Kim MP, Kim YR, Na S, Ghosh SK, Ko H (2020) 
Ferroelectric multilayer nanocomposites with polarization and stress 
concentration structures for enhanced triboelectric performances. ACS 
Nano 14(6):7101–7110

 58. Bonardd S, Moreno‑Serna V, Kortaberria G, Díaz Díaz D, Leiva A, Saldías C 
(2019) Dipolar glass polymers containing polarizable groups as dielectric 
materials for energy storage applications. A minireview. Polymers 
11(2):317



Page 14 of 14Kim et al. Nanoscale Res Lett           (2021) 16:35 

 59. Thakur VK, Tan EJ, Lin M‑F, Lee PS (2011) Poly(vinylidene fluoride)‑graft‑
poly(2‑hydroxyethyl methacrylate): a novel material for high energy 
density capacitors. J Mater Chem 21(11):3751–3759

 60. Thakur VK, Tan EJ, Lin M‑F, Lee PS (2011) Polystyrene grafted polyvi‑
nylidenefluoride copolymers with high capacitive performance. Polym 
Chem 2(9):2000–2009

 61. Rahimabady M, Xu LQ, Arabnejad S, Yao K, Lu L, Shim VPW, Neoh KG, 
Kang E‑T (2013) Poly(vinylidene fluoride‑co‑hexafluoropropylene)‑graft‑
poly(dopamine methacrylamide) copolymers: a nonlinear dielectric 
material for high energy density storage. Appl Phys Lett 103(26):262904

 62. Zhang CH, Wang DR, He J, Liu MJ, Hu GH, Dang ZM (2014) Synthesis, 
nanostructures and dielectric properties of novel liquid crystalline block 
copolymers. Polym Chem 5(7):2513–2520

 63. Li Z, Zheng Q, Wang ZL, Li Z (2020) Nanogenerator‑based self‑powered 
sensors for wearable and implantable electronics. Research 2020:8710686

 64. Jung W‑S, Kang M‑G, Moon HG, Baek S‑H, Yoon S‑J, Wang Z‑L, Kim S‑W, 
Kang C‑Y (2015) High output piezo/triboelectric hybrid generator. Sci Rep 
5(1):9309

 65. Lee JW, Jung S, Lee TW, Jo J, Chae HY, Choi K, Kim JJ, Lee JH, Yang C, Baik 
JM (2019) High‑output triboelectric nanogenerator based on dual induc‑
tive and resonance effects‑controlled highly transparent polyimide for 
self‑powered sensor network systems. Adv Energy Mater 9(36):1901987

 66. Jiang B, Iocozzia J, Zhao L, Zhang H, Harn Y‑W, Chen Y, Lin Z (2019) Barium 
titanate at the nanoscale: controlled synthesis and dielectric and fer‑
roelectric properties. Chem Soc Rev 48(4):1194–1228

 67. Jana A, Kundu TK, Pradhan SK, Chakravorty D (2005) Dielectric behavior of 
Fe‑ion‑doped BaTiO3 nanoparticles. J Appl Phys 97(4):044311

 68. Sun Q, Gu Q, Zhu K, Jin R, Liu J, Wang J, Qiu J (2017) Crystalline Structure, 
defect chemistry and room temperature colossal permittivity of Nd‑
doped barium titanate. Sci Rep 7(1):42274

 69. Niu Y, Wang H (2019) Dielectric nanomaterials for power energy stor‑
age: surface modification and characterization. ACS Appl Nano Mater 
2(2):627–642

 70. Dang Z‑M, Zheng M‑S, Zha J‑W (2016) 1D/2D carbon nanomaterial‑
polymer dielectric composites with high permittivity for power energy 
storage applications. Small 12(13):1688–1701

 71. Sharma S, Tomar M, Puri NK, Gupta V (2016) Enhanced dielectric proper‑
ties of multilayered BiFeO3/BaTiO3 capacitors deposited by pulsed laser 
deposition. AIP Conf Proc 1724(1):020098

 72. Baek JE, Kim JY, Jin HM, Kim BH, Lee KE, Kim SO (2017) Single‑step 
self‑assembly of multilayer graphene based dielectric nanostructures. 
FlatChem 4:61–67

 73. Ning N, Bai X, Yang D, Zhang L, Lu Y, Nishi T, Tian M (2014) Dramatically 
improved dielectric properties of polymer composites by controlling the 
alignment of carbon nanotubes in matrix. RSC Adv 4(9):4543–4551

 74. Wang Z, Han NM, Wu Y, Liu X, Shen X, Zheng Q, Kim J‑K (2017) Ultrahigh 
dielectric constant and low loss of highly‑aligned graphene aero‑
gel/poly(vinyl alcohol) composites with insulating barriers. Carbon 
123:385–394

 75. Thakur Y, Zhang B, Dong R, Lu W, Iacob C, Runt J, Bernholc J, Zhang QM 
(2017) Generating high dielectric constant blends from lower dielectric 
constant dipolar polymers using nanostructure engineering. Nano 
Energy 32:73–79

 76. Qian K, Qiao R, Chen S, Luo H, Zhang D (2020) Enhanced permittivity in 
polymer blends via tailoring the orderliness of semiconductive liquid 
crystalline polymers and intermolecular interactions. J Mater Chem C 
8(25):8440–8450

 77. Bai P, Zhu G, Zhou YS, Wang SH, Ma JS, Zhang G, Wang ZL (2014) Dipole‑
moment‑induced effect on contact electrification for triboelectric 
nanogenerators. Nano Res 7(7):990–997

 78. Lee KY, Kim SK, Lee JH, Seol D, Gupta MK, Kim Y, Kim SW (2016) Controlla‑
ble charge transfer by ferroelectric polarization mediated triboelectricity. 
Adv Funct Mater 26(18):3067–3073

 79. Shanker R, Cho S, Choe A, Kim MP, Khan Z, Kang S, Ko H (2019) Solution‑
processable, high‑performance flexible electroluminescent devices 
based on high‑k nanodielectrics. Adv Funct Mater 29(39):1904377

 80. Shin YE, Sohn SD, Han H, Park Y, Shin HJ, Ko H (2020) Self‑powered tribo‑
electric/pyroelectric multimodal sensors with enhanced performances 
and decoupled multiple stimuli. Nano Energy 72:104671

 81. Shepelin NA, Sherrell PC, Goudeli E, Skountzos EN, Lussini VC, Dicinoski 
GW, Shapter JG, Ellis AV (2020) Printed recyclable and self‑poled polymer 
piezoelectric generators through single ‑walled carbon nanotube tem‑
plating. Energ Environ Sci 13(3):868–883

 82. He XM, Guo HY, Yue XL, Gao J, Xia Y, Hu CG (2015) Improving energy con‑
version efficiency for triboelectric nanogenerator with capacitor structure 
by maximizing surface charge density. Nanoscale 7(5):1896–1903

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	High-Performance Triboelectric Devices via Dielectric Polarization: A Review
	Abstract 
	Introduction
	Dielectric Polarization for Enhanced Triboelectric Performance
	Interfacial Polarization in High-Permittivity NanoparticlePolymer Composites
	Interfacial Polarization in Multilayer Polymer Films
	Ionic Polarization in Ionic Polymer Gels
	Dipolar Polarization in Ferroelectric PVDF Derivatives
	Conclusions and Outlooks
	Acknowledgements
	References


