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Abstract: Triboelectric nanogenerators (TENGs) are key technologies for the Internet of Things with
energy harvesting. To improve energy conversion efficiency and convert mechanical energy into elec-
trical energy, high charge density in TENGs plays a crucial role in the design of triboelectric materials
and device structures. This paper proposes mechanisms and strategies to increase TENGs’ charge
density through multi-charge storage layers. We also discuss the realization of higher charge densities
through material and structure design. The implementation of novel charge storage strategies holds
the potential for significant improvements in charge density.

Keywords: triboelectric nanogenerators; charge density; high energy density; structure design;
charge storage layer

1. Introduction

As a fundamental building block of self-powered systems, triboelectric nanogenerators
(TENGs) can harvest energy and extract information from the human body or the envi-
ronment to power electronic devices or serve as self-powered sensors [1–3]. TENG-based
distributed sensors can be used to monitor information such as object location, velocity,
temperature, pressure, and humidity, which is very important in the Internet of Things
(IoT) and Artificial Intelligence (AI) [4–6]. The rapid growth of distributed sensors has
triggered a significant demand for TENGs with simple structures, low cost, and a wide
range of materials [7,8].

The large-scale application of TENGs in IoTs and AI is to further increase power output,
and its core is to increase charge density [9,10]. In recent years, researchers have developed
a variety of triboelectric materials with excellent output performance using inorganic
electret particles, ceramics, and ferroelectric polymers [11–13]. Zhang et al. produced
composite materials based on inorganic electret nanoparticles and dielectric elastomers,
which showed a charge stability comparable to conventional inorganic materials [14]. Xu
et al. fabricated a charge-pump triboelectric nanogenerator with a floating layered structure
and a bound charge layer [15]. Liu et al. achieved a charge density of 1.25 mC/m2 via
the charge excitation mode [16]. Cheng et al. used the storage capacity of capacitors to
effectively solve the problem of air breakdown at high electric field strength [17].

To improve the output performance of TENGs, material design has been extensively
studied [18]. The main methods include surface structuring, triboelectric series, changing
morphology and roughness, introducing porosity, and so on [8,16]. The charge density
can increase by optimizing the internal layered spatial structure of triboelectric materials.
In 2016, Cui et al. increased the triboelectric charge density by a factor of 11.2 by adding
a polystyrene (PS) and carbon nanotubes transport layer between the polyvinylidene
fluoride (PVDF) friction layer and the PS charge storage layer [19]. Lai et al. increased
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the transfer charge density of a TENG using multilayer gold [20]. Gao et al. used liquid-
metal-embedded functional silicone (LMEFS) and two Ecoflex to construct a three-layer
Ecoflex/LMEFS/Ecoflex composite that exhibits high surface charge density [21]. Xia et al.
used aligned graphene sheets to construct a high-performance PDMS composite film that
can storage more electrical energy [22]. However, the material design to improve charge
storage performance has not been thoroughly explored.

An ultra-high surface charge density of 1003 µC/m2 was achieved by applying a high
vacuum (~10−6 torr) without air breakdown [23]. This structure of the TENG consists of top
and bottom copper (Cu) electrodes and a film of polytetrafluoroethylene (PTFE) adhered
to a layer of ferroelectric material [23]. Previous studies have shown that the maximum
output energy per cycle Em is quadratically related to the surface charge density [24].
Various approaches have been developed to increase the surface charge density, such as
ion injection, surface modification, and surface/structure optimization [25–32]. Using
piezoelectric or ferroelectric materials can be a new strategy to dynamically increase the
surface charge density during the contact-separation process [23]. The hybrid coupling
of triboelectricity and other charge generation mechanisms is essential for increasing the
surface charge density [33,34]. Our model combines the design of multilayer structures of
triboelectric materials with the optimization of their layered internal spatial structures to
achieve higher charge densities.

Here, we propose a model to evaluate the charge density of TENGs from the perspec-
tive of material structure. Based on the maximum stored charge density and breakdown
electric field strength, we first propose the maximum energy density of the material. Based
on the energy density, we propose a design of a multilayer structure to significantly increase
the charge density of triboelectric materials. Furthermore, a contact-separation (CS)-mode
TENG with ultrahigh surface charge density based on vertically aligned lead zirconate
titanate (PZT) and polytetrafluoroethylene (PTFE) composite films is demonstrated. The
surface charge density of a TENG can be significantly increased by coupling the tribo-
electric charge and the piezoelectric polarization charge. The electromechanical coupling
coefficient of the TENG is used to study the ability of the TENG to convert mechanical
energy into electrical energy. The charge density induced by the PZT/PTFE composite
reaches up to 1006 C/m2 under a pressure of 10 MPa. Our theoretical work provides a
deep understanding of the high surface charge density of TENGs and offers guidelines for
the development of high-performance TENGs.

2. Theory and Model

Contact electrification and electrostatic induction are used to describe the characteris-
tics of TENGs fabricated from triboelectric materials. Charge transfer behavior is described
by contact electrification. The behavior of converting mechanical energy into electricity is
described by electrostatic induction.

2.1. Basic Equation

The maximum surface charge density resulting from TENG charge transfer is given by

σmax = ε0εrEbreakdown (1)

where ε0 is the vacuum permittivity, εr is the permittivity of triboelectric materials, and
Ebreakdown is the breakdown electric field of triboelectric materials.

The electrical output of a TENG is periodically time-dependent with periodic motion.
Energy storage is used to determine the merits of a TENG. The energy depends on the
surface charge density, electric field, output voltage, and capacitance of a TENG, which is
given by

EC =
1
2

CV2 (2a)

EC =
1
2

ε0E2 · Sd (2b)
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EC =
1
2

ε0

(
V
d

)2
· S · d (2c)

where EC is the energy storage of a TENG, C is the capacitance of a TENG, and V is
the output voltage of a TENG. E, S, and d are the relevant electric field, the area of the
triboelectric surface, and the maximum relative displacement d between the triboelectric
materials, respectively. Combining the surface charge density σ = Q/S and the capacitance
Q = CV, the capacitance of a TENG is written by

C =
ε0S
d

(3)

Substituting Equation 3 into Equation (2a–c), the surface charge density and energy of
a TENG are

σ =
CV
S

(4a)

EC =
1
2

QV (4b)

EC

S · d =
1
2

QV
S · d =

1
2

σE (4c)

2.2. Triboelectric Nanogenerator Based on Multilayer Triboelectric Materials

The structure of a TENG with multilayer dielectric materials is shown in Figure 1a.
The dielectric material adopts a multi-layer structure. The good stretchability and charge
trapping ability of SiO2 nanoparticle–elastomer composites are conducive to storing more
charges during the charge excitation process, thus increasing the charge density of a TENG
(Figure 1b). Triboelectric nanogenerators promote the rapid development of intelligent
biomedicine [2,3]. Choosing composite materials with strong charge storage capacity as the
charge storage layer to construct triboelectric materials is expected to resolve the contradic-
tion between the overall improvement in their triboelectric charge density, stretchability,
and biocompatibility. Each layer is a capacitor. The array charge storage layers consist of
multilayer triboelectric materials. The total output voltage V′ is given by

V′ = NV = NEd (5)
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For energy storage devices, for example, batteries have a larger energy density than 
capacitors do, because energy is stored inside materials of multilayer charge and energy, 
whereas in capacitors, energy is stored at the surface of materials. For electric fields, a 
series capacitor can be used to increase the breakdown electric potential, and a shunt ca-
pacitor can be used to increase charge storage capacity. For a multi-layer structure like a 
monocharged electret, the maximum voltage of devices can increase N  times as a series 
capacitor, and the maximum charge of devices can increase N  times as a shunt capacitor; 
thus, the storage energy can increase 2N  times compared to a capacitor or even super-
capacitor. In addition, the monocharged electret stores charge inside of the electret, 
whereas a multi-layer structure not only stores charge and energy in the bulk mode, but 
also output charge and energy during external short-circuit, mechanical triggering, chem-
ical reaction, etc. According to this principle, we can design a rechargeable battery without 
an electrolyte with a higher energy density than a lithium ion battery. This new power cell 
also has fast charging and discharging like a capacitor.  

For multilayer TENGs, Equations (8)–(10) show that the energy storage is affected by 
the number of layers, the distance between two electrodes, and the open-circuit voltage. 

 
Figure 1. Design of multilayer structures for dielectric materials. (a) TENG with multilayer-structured
dielectric materials. (b) The fundamental scheme to improving the charge density of TENG by
optimizing materials and charge excitation. Arrows denote the polarization direction.

The distribution of transferred charge is approximately uniform and the electric field
inside the triboelectric material is uniform. The relevant electric field is defined as
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E =
NV
Nd

=
V
d

(6)

Multilayer triboelectric materials are equivalent to multiple capacitors connected in
parallel. The total capacitance C′ is

C′ = NC =
Nε0S

d
(7)

Substituting Equations (5) and (7) into Equation (2a), the total energy storage of a
TENG (E′) is

E′ =
1
2

Nε0S
d

(NV)2 (8)

Substituting Equation (6) into Equation (8), the energy storage is given by

E′ =
1
2

N3ε0d
(

V
d

)2
(9)

The relationship between total maximum relative displacement (D) and single max-
imum relative displacement d is d = D/N. Substituting it into Equation (9), the energy
storage can be written as

E′ =
1
2

N2ε0DE2 (10)

For energy storage devices, for example, batteries have a larger energy density than
capacitors do, because energy is stored inside materials of multilayer charge and energy,
whereas in capacitors, energy is stored at the surface of materials. For electric fields, a series
capacitor can be used to increase the breakdown electric potential, and a shunt capacitor can
be used to increase charge storage capacity. For a multi-layer structure like a monocharged
electret, the maximum voltage of devices can increase N times as a series capacitor, and the
maximum charge of devices can increase N times as a shunt capacitor; thus, the storage
energy can increase N2 times compared to a capacitor or even supercapacitor. In addition,
the monocharged electret stores charge inside of the electret, whereas a multi-layer structure
not only stores charge and energy in the bulk mode, but also output charge and energy
during external short-circuit, mechanical triggering, chemical reaction, etc. According to
this principle, we can design a rechargeable battery without an electrolyte with a higher
energy density than a lithium ion battery. This new power cell also has fast charging and
discharging like a capacitor.

For multilayer TENGs, Equations (8)–(10) show that the energy storage is affected by
the number of layers, the distance between two electrodes, and the open-circuit voltage.

2.3. Electromechanical Coupling Coefficient of the TENG

To characterize the ability of a TENG to convert mechanical energy into electrical
energy, we define the electromechanical coupling coefficient of a TENG, which can be
expressed as

k2 =
Eout

Ein
=

Em

Fxmax
(11)

The maximum output energy per cycle Em can be obtained using the following equa-
tion [24]:

Em =
1
2

QSC,max
(
VOC,max + V′max

)
(12)

where QSC,max is the maximum value of transferred charge at short-circuit, VOC,max is the
maximum open-circuit voltage, and V′max is the maximum achievable absolute voltage.
The triboelectric charge is evenly distributed on the surface with negligible decay [35,36].
Thus, QSC,max, VOC,max, and V′max can be given as follows [24,37]:

QSC,max = σS
C2

C1(xmax) + C2
=

σSxmax

d0 + xmax
(13)
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VOC,max =
σS

C1(xmax)
=

σxmax

ε0
(14)

V′max =
σS

C1(xmax) + C2
=

σd0xmax

ε0(d0 + xmax)
(15)

where σ is the surface charge density and S is the electrode area. The effective thickness
constant d0 is defined as the thickness of the dielectric (d) divided by its relative dielectric
constant (εr). Substituting Equations (12)–(15) into Equation (11), the electromechanical
coupling coefficient of the CS mode TENG is

k2 =
1
2

σ2

ε0P

(
1− 1

(1 + xmax/d0)
2

)
(16)

where P = F/S is pressure.

3. Results and Discussion

Figure 2a shows that energy storage is obviously affected by the number of layers.
Energy storage increases with the number of layers (N) and is proportional to the cube
of N. Figure 2b shows that the energy storage is significantly affected by the open-circuit
voltage (V) of a TENG. The energy storage increases with the open-circuit voltage. Energy
is proportional to the square of the open-circuit voltage. Figure 2c shows that energy
storage is significantly influenced by the distance (d) between two electrodes. When the
open-circuit voltage is a fixed value, the energy storage increases as d decreases, and the
energy storage is proportional to the countdown of d. When the electric field is constant,
the energy storage increases as d increases and is linear with d.
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Figure 2. The energy storage of TENG changes with (a) the number of TENGs. The inset shows the
TENG structure. (b) The output potential of TENG. (c) The distance between the charged surfaces
of TENG.

The energy storage capacity of triboelectric materials can be improved through multi-
layer structure design [19–22]. The concept of maximizing energy storage by tuning the
number of layers can also be realized through simple physical and chemical methods. Cui
et al. constructed triboelectric materials with a multilayer structure by spin-coating [19].
Lai et al. integrated the spin-coating method and magnetron sputtering to study the trans-
port and storage process of triboelectric charges in multilayer composites [20]. Xia et al.
fabricated multilayer triboelectric composites with fillers using the repeated spin-coating
technique [22]. Therefore, TENGs can obtain triboelectric materials with multilayer compos-
ite structures through repeated spin coating techniques, filling, and magnetron sputtering.

Internal charge injection via the polarization of piezoelectric material is an effective
way to achieve high charge density in TENGs. Wang et al. increased the charge density of
TENGs in a high vacuum from 660µC m−2 to 1003µC m−2 by integrating ferroelectric BT
and PTFE [23]. Wang et al. achieved a high charge density of 1310 µCm−2 by spin-coating
a layer of polymer material P(VDF-TrFE) onto the surface of PZT, which is 50 times the
triboelectric density of PZT [38]. Wu et al. used carbon powder-polyvinylidene fluoride (CP-
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PVDF) composite films (filling concentration 0.18 wt‰) to increase the charge density of
TENGs to 4.13 mCm−2 [39]. Wang et al. fabricated barium titanate (BTO) nanoparticle-filled
polyvinylidene fluoride composite films with a charge density greater than 1.67 mCm−2 by
spin-coating [40].

Taking a typical PZT/PTFE composite as an example, the schematic diagram of a
TENG is shown in Figure 3a. The dielectric layer and top electrode are stacked face-to-
face and generate opposite triboelectric charges through physical contact. The distance (x)
between the dielectric layer and the top electrode varies with a constant mechanical force (F),
resulting in the transfer of free electrons between the two electrodes. The electromechanical
coupling coefficient represents the energy conversion efficiency of the piezoelectric material
between electrical energy and mechanical energy [41].
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Figure 3. K2 for different TENG structures. (a) Schematic illustration of the PZT/PTFE TENG and
(b) structure of the TENG utilized in this calculation. (c) The K2 for PTFE TENG and PZT/PTFE
composite TENG calculated using analytical formulas. (d) The K2 of the PTFE TENG with various d0.

Under a fixed pressure, the surface charge density of the PZT/PTFE composite TENG
(σ) increased through the coupling of the triboelectric surface charge density σt and the
piezoelectric polarization charge density on the top surface σp(z). The triboelectric sur-
face charge density of PTFE (σt) in a TENG has a typical value of 50 µC/m2 [23]. The
piezoelectric polarization charge density σp(z) can be simulated by using the COMSOL
Multiphysics software. In our simulation, the composite structure is modeled with an array
of charge generating units. The size of the single charge generating unit is 4 × 4 × 50 µm,
which contains a PZT nanowire with a diameter of 2 µm and a length of 49 µm (Figure 3b).
For the boundary condition, a uniform pressure of 1 MPa is applied on the top surface.
The maximum values of short-circuit transferred charge (QSC,max), open-circuit voltage
(VOC,max), and absolute voltage (V′max) are calculated using COMSOL. COMSOL provides
an ideal model to understand the effect of the arrangement and morphology of piezoelectric
materials on the surface charge density of composites [42,43]. Multilayer structures are
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used to study external charge injection in triboelectric materials. Our model describes
charge injection inside triboelectric materials. The size of the PZT/PTFE composite film is
1 mm × 1 mm × 50 µm (Figure 3b).

Equation (16) can be used to calculate the conversion efficiency between mechanical
and electrical energy in TENGs. Figure 3c shows that application of the piezoelectric
material can increase k2 as additional piezoelectric charges are generated with each cycle.
The electromechanical coupling coefficient of PZT/PTFE is higher than that of PTFE at
an external pressure of 0.2 MPa to 10 MPa, as shown in Figure 3c. By integrating PTFE
with PZT, the electromechanical coupling coefficient slowly decreases when the pressure
varies between 0.2 MPa and 0.9 MPa and increases rapidly from 0.9 MPa to 10 MPa
(Figure 3c). Under a pressure of 10 MPa, the electromechanical coupling coefficient of
the PZT/PTFE composite TENG is two orders of magnitude larger than that of the PTFE
TENG. The influence of effective thickness constant (d0) and air gap distance (x) on the
electromechanical coupling coefficient is shown in Figure 3d. For a relatively small d0, k2

rapidly reaches its saturation value (xmax = 0.001 m). When d0 is more than 2.5 mm, k2

cannot be saturated, due to the charge transfer efficiency limitation by xmax/d0 on [44].
To further improve the electromechanical coupling coefficient, the structure of the

PZT/PTFE film was optimized using the finite element method to generate more surface
charges at the same pressure. The length and diameter of the nanowires as well as the
effects of air breakdown and pressure on the surface charge density were investigated.
Multiple layers are stacked using a simple repeated spin-coating method [19–22]. The
surface charge density of the composites can be increased by changing the arrangement and
morphology of the filler [20–22,38,40,45]. The influence of the arrangement and morphology
of piezoelectric materials on the surface charge density of triboelectric composites was
investigated using PZT nanowires as an example.

As shown in Figure 4a, the total displacement of the PZT/PTFE composite film (D) at a
given pressure decreases with the length of the PZT nanowire from 5 µm to 49 µm. However,
under the same conditions, the total displacement of the top surface of the PZT nanowire
(D1) increases. When the bottom is fixed and a pressure of 1 MPa is uniformly applied to
the top, the total displacement along the Z-axis increases. Therefore, the increased length
decreases the total displacement of the PZT/PTFE composite film but increases the total
displacement of the PZT nanowire tip. The high total displacement of the PZT nanowires
corresponds to the application of high pressure to the tip of the PZT nanowires. The
distance between the nanowire tip and the top electrode is short. As a result, increasing the
length of the PZT nanowire leads to an increase in the charge density on the top electrode,
as shown in Figure 4b.

Figure 4c shows the air breakdown voltage (Vb) in the atmosphere and the gap voltage
(Vgap) between contact surfaces with different surface charge densities. Vb is given by
Paschen’s law [46]:

Vb =
Bpx

ln[Apx/ln(1 + 1/γ)]
(17)

where B is related to the excitation and ionization energies, p is the gas pressure, x is the
gap distance, A is the saturation ionization in the gas, and γ is the secondary ionization
coefficient. For a given diameter of 1.0 µm, the length of the PZT nanowire increases from
5 µm to 49 µm, corresponding to an increase in surface charge density from 50.3 µC/m2

to 114.8 µC/m2. As shown in Figure 4c, the gap voltage between the contact surfaces is
smaller than the air breakdown voltage when the surface charge density σ is 114.8 µC/m2.
The maximum output power is not limited by air breakdown. The corresponding V-Q
curves are calculated, as shown in Figure 4d. With a PZT length of 49 µm, the Em generated
by the PZT/PTFE composite TENG is up to 0.29 J/m2, which is five times that of the
PTFE TENG.

To further optimize the structure of PZT/PTFE composite film, the performance of
the TENG is studied using various diameters of PZT nanowire, as shown in Figure 5. The
total displacement of the PZT/PTFE composite film (D) and the total displacement of the
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top surface of the PZT nanowire (D1) decline significantly when the diameter varies from
0.2 µm to 1.0 µm and decline slightly when the diameter is larger than 1.0 µm (Figure 5a).
The PZT/PTFE composite can generate a maximum surface charge density of 145.6 µC/m2

taking into account the trade-off between the decreased piezoelectric charge density and
the increased area of the top surface of the PZT nanowire (Figure 5b). For TENGs with a
surface charge density of 145.6 µC/m2, the gap voltage between the triboelectric surfaces
is slightly smaller than the air breakdown voltage (Figure 5c). The V-Q curves of TENGs
with different surface charge density are shown in Figure 5d. The maximum Em value is
0.48 J/m2, which is eight times higher than that of PTFE TENG.
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Figure 4. Output performance of CS TENG with various lengths of the PZT nanowire. (a) The total
displacement of PTFE/PZT composite (D) and PZT nanowire (D1), (b) surface charge density as a
function of the length of the PZT nanowire at constant diameter of 1 µm. (c) Air breakdown voltage
at the pressure of the gas and gap voltage of TENG, and (d) the V-Q plot of CS TENG with various
charge densities. The thickness of PTFE/PZT composite film is 50 µm.

In addition to improving the electromechanical structure of the PZT/PTFE composite,
the surface charge density can also be increased by increasing the pressure (Figure 6a). In
Figures 3–6, the signal is a hybrid signal of PTFE-PZT. We use the piezoelectric polarization
of PZT to enhance charge storage in this work. PZT produces an internal electric field
to drive charge injection and increase charge density, thus achieving high-energy-density
materials. The surface charge density reaches the maximum value at air breakdown. The
maximum surface charge density of a TENG (σTENG) can be given by [23]

σTENG = min(σtriboelectrification, σair_breakdown, σdielectric_breakdown) (18)
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Figure 5. Output performance of CS mode TENG using various diameters of the PZT nanowire.
(a) The total displacement of PTFE/PZT composite (D) and PZT nanowire (D1), and (b) charge
density of the TENG with various diameters. (c) Air breakdown voltage at the pressure of the gas
and gap voltage of TENG, and (d) the V-Q plot of CS-mode TENG with various charge densities.
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Researchers showed that the surface charge density of a TENG in vacuum can be
further increased without air breakdown. Under vacuum, the maximum σTENG is limited
by the dielectric breakdown (σdielectric_breakdown). The σdielectric_breakdown can be obtained
from [23]

σdielectric_breakdown = ε0εrEbreakdown (19)

where Ebreakdown is the breakdown electric field of dielectric materials. Because the break-
down electric field and relative permittivity of PZT are higher than those of PTFE, the
σdielectric_breakdown of the PZT/PTFE composite film can be higher than that of the PTFE
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film. The σdielectric_breakdown of the PTFE film is calculated to be 1062 µC/m2, which is less
than 95.65 mC/m2 (under a pressure of 1 GPa).

With consideration of the presence of dielectric breakdown, the maximum surface
charge density under a pressure of 10 MPa is 1006 µC/m2, which is not far from the
σdielectric_breakdown of 1062 µC/m2. The V-Q curves with various surface charge densities
are plotted in Figure 6b. Under a pressure of 10 MPa, the Em and k2 of the PZT/PTFE
composite TENG are 380 times higher than that of the PTFE TENG. It is worth emphasizing
that the surface charge density of a TENG can be further increased by using a dielectric
material with a high dielectric constant and a high dielectric breakdown voltage.

Considering the existence of dielectric breakdown, the maximum surface charge
density at a pressure of 10 MPa is 1006 µC/m2, which is not far from the σdielectric_breakdown
of 1062 µC/m2. The V-Q curves with different surface charge densities are shown in
Figure 6b. Under the pressure of 10 MPa, Em and k2 of the PZT/PTFE composite TENG are
380 times those of the PTFE TENG. Importantly, the surface charge density of TENGs can
be further increased by using dielectric materials with a high dielectric constant and high
dielectric breakdown voltage.

4. Conclusions

A method for evaluating the charge storage properties of triboelectric materials has
been developed. The maximum energy density of the triboelectric material is derived
from the determined charge Q and the open-circuit voltage V. Based on the maximum
energy density and considering the material structure, E′ is derived to evaluate triboelec-
tric material designs. The total energy storage of triboelectric materials with multilayer
structures is simulated using COMSOL and shows the maximum value of E′ for multilayer
structures. The evaluation method provides a new way for the design of high-performance
triboelectric materials.

By integrating PTFE with PZT, a TENG with a higher electromechanical coupling
coefficient is developed. This TENG structure generates more surface charge at the same
pressure. Due to the compensation effect of the piezoelectric charge, the electromechanical
coupling coefficient of the TENG is greatly increased under high pressure. By optimizing
the electromechanical structure of the PZT/PTFE composite, the surface charge density
increases from 50 C/m2 to 145.6 C/m2 and further to 1006 C/m2 in vacuum. Under
a pressure of 10 MPa, the output energy density of the PZT/PTFE composite TENG is
380 times that of the PTFE TENG.

There are two types of charge injection for the charge storage layer of TENGs: external
and internal electric field modes. External-field-driven charge injection is a typical mode in
electret, triboelectric materials, and high-energy-density charge storage materials. Charges
can be injected using electrodes of electret, TENGs, and energy devices.
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