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Triboelectrification or contact electrification is a universal phenomenon in which two materials contact each other. A

triboelectric nanogenerator (TENG) is a new type of energy collection technology first invented by Wang’s team in

2012. By coupling triboelectric charging and electrostatic induction, various forms of irregular, low-frequency, and

distributed mechanical energy, which is common in daily life but usually wasted, can be effectively converted into

electric energy, including human movement, vibration, wind, mechanical triggering, water waves, and so on.
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1. Introduction

The rapid consumption of fossil energy and the increasing urgency of environmental security precipitate us to

reshape the current energy utilization structures that depend on oil and coal . In addition, ubiquitous wearable

electronics and the Internet of Things (IoTs) pose a great challenge to the present energy supply modes in the

centralized, fixed, ordered, and high energy density forms, which rely heavily on traditional power plants and cable

transmission networks . In general, the power needed to operate millions of wearable sensors is very small,

typically at the microwatt to watt level. Although orderly energy supply modes can provide a part of the power for

distributed electronic devices, the rest of the power must be provided by random energy sources in our living

environment, including solar energy, vibration, motion, wind energy, and other resources . What is

expected is to make full use of any available resources in the environment where the device is deployed.

Therefore, the idea of a self-powered system is proposed, which is one of the most feasible schemes for low power

electronic devices by effectively acquiring environmental energy .

Triboelectrification or contact electrification is a universal phenomenon in which two materials contact each other. A

triboelectric nanogenerator (TENG) is a new type of energy collection technology first invented by Wang’s team in

2012. By coupling triboelectric charging and electrostatic induction, various forms of irregular, low-frequency, and

distributed mechanical energy, which is common in daily life but usually wasted, can be effectively converted into

electric energy, including human movement, vibration, wind, mechanical triggering, water waves, and so on 

. With the merits of lightweight, cost-effectiveness, universal availability, abundant materials choice, and

especially high conversion efficiency at low frequency, TENGs exhibit a great application prospect in wearable

emergency power supply, multifunctional self-powered sensors, healthcare apparatus, and artificial intelligence 

. TENG’s fundamental theory can be traced back to Maxwell’s equations, which shows

that the second term in Maxwell’s displacement current has a direct relationship to the output electric current of
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TENGs . Recently, expanded Maxwell’s equations were also derived by assuming that the medium is moving as

a rigid translation in space . The expanded Maxwell’s equations not only largely expand their applications in

various fields but also serve as the fundamental theory of the NGs, including output current and associated

electromagnetic radiation.

By combining the traditional flexible and wearable textile materials with emerging and advanced TENG science, a

new type of intelligent textile technology, namely textile TENG, is developed, which has two outstanding functions:

independent energy collection and active self-powered energy-sensing (Figure 1) . With the help of

wearable intelligent systems with no burden and self-sufficiency, individuals can easily obtain and make efficient

use of electric energy, which will help promote the development of people-centered portable electronics and

artificial intelligence in the future . However, the low power density and high internal impedance are

still the two main factors that hinder the effective commercial utilization of textile TENGs. The maximum energy

output per cycle has a quadratic relationship with the charge density of the triboelectric surface and is positively

correlated with the average output power and energy conversion efficiency of TENGs. According to Paschen’s law,

the breakdown effect of high-pressure air has a great influence on the maximum surface charge density . Due to

the restriction of high-pressure air breakdown, most of the surface charge densities enhanced by material

optimization or external ion implantation are easy to diffuse into the atmosphere and internal triboelectric layer,

resulting in charge loss and reduction of surface charge density . Breaking through the limitation of air

breakdown and prolonging the time of charge decay is especially important for improving the output of TENGs .

In order to improve the electromechanical conversion performance of TENGs, people adopted various methods to

improve its output performance and expand the applications, such as physical surface modification, chemical

surface modification, the embedding of charge trap layer, switching realization, active charge excitation, and so on.

Although a large number of reviews summarized these methods to enhance the power output performance of

TENGs , there is a little comprehensive summary about the improvement of the output

performance of textile TENGs. Due to the high aspect ratio, complex curved configuration, and surface micro-to-

nano structural defects of 1D fiber structure, it is hard and also unreasonable to directly apply these strategies of

improving the power output of the common planar membrane structural TENGs to textile TENGs. In addition,

because of the limited effective contact area in textile TENGs, their mechanical-to-electrical conversion efficiency is

much lower than that of common planar membrane structures. Therefore, it is extremely necessary to make a

comprehensive summary and constructive discussion on the potential strategies to improve the electromechanical

conversion output performance of textile TENGs, so as to make their power generation meet the actual use

demand.
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Figure 1. Schematic illustration of smart textile TENGs by converting human motion energies into electric energy

through TENG technology.

2. Electrification Mechanism

Contact electrification (CE) or triboelectrification means that two different materials or materials of the same

chemical type will be charged after physical contact. However, the underlying mechanism was debated for a long

time, but no conclusion was reached. Recently, some researchers used a variety of experimental methods to

explore the atomic-scale contact or friction behaviors as well as their induced electrification phenomena. For

example, the combination of in situ high-resolution transmission electron microscope (TEM) and atomic force

microscope (AFM) measurements can provide direct real-time observation of atomic-level interface structure in the

processes of friction and the formation of a loosely stacked interface layer between two metal asperities can result

in low friction under tensile stress (Figure 2a) . In addition, using Kelvin probe force microscope (KPFM)

technology and properly functionalized probes, carbon monoxide molecules can be imaged in σ-real space with

anisotropic holes and quadrupole charges (Figure 2b) . This method is expected to expand the possibility of

characterizing complex molecular systems and surface charge distribution. The atomic-scale motion of nanotubes

on a graphene substrate are also investigated based on DFT simulations to explore their atomic-scale rolling

friction behavior and induced charge-transfer mechanism . As shown in Figure 2c, a simplified physical model is

established to the theoretical basis on atomic-scale rolling and sliding friction behaviors. The typical maximum and

minimum energy positions during the rolling and sliding process are selected to characterize its corresponding

charge-transfer morphology (Figure 2d). It can be found that the charge interaction is mainly concentrated in the

contact area of the moving object, and there is no charge redistribution beyond the contact area. The charge is

completely accumulated at the bottom of the carbon nanotube and depleted at the top of the flat graphene

substrate, which indicates that selecting the rod rather than the flat structure as a strategy can effectively increase

the induced charge density of the triboelectric interface.
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Figure 2. Experimental characterization of atomic-scale contact or friction behaviors as well as their induced

electrification phenomena. (a) The atomic-scale interface structure in the friction process was observed directly and

in real-time. Through in situ high-resolution transmission electron microscopy (TEM) and atomic force microscopy

(AFM) measurements, it was found that a loosely stacked interface layer was formed between the two metal micro

bumps . (b) Real-space images of the anisotropic charge distribution of the σ-hole and the quadrupolar charge

of a carbon monoxide molecule obtained by KPFM . (c) Atomic-scale rolling and sliding friction behaviors

between CNT and graphene substrate. (d) The corresponding potential energy distribution during the rolling and

sliding process. (c,d) .

Contact electrification or triboelectrification mechanism is particularly important for TENGs. As usual, a macro-scale

electron or charge transfer model during two friction layers in a complete contact and separation cycle is used to

reveal the electrification mechanism (Figure 3a). Taking the typical vertical contact-separation model as an

example, when the two friction materials A and B make contact with each other, the same amount of charges are

generated on their interface with opposite polarities (Figure 3a(i)). When the two friction materials begin to

separate, static charges are induced in the electrodes, generating an instantaneous electrical current (Figure

3a(ii)). When the two friction layers are completely separated, the charges on the friction layers are fully

equilibrated by the electrostatic induced charges on their attached electrodes (Figure 3a(iii)). In the reverse case, if

the two frictional materials gradually approach each other, the electrons or charges will be transferred in the

reverse trend (Figure 3a(iv)). After the whole system returns to the initial state, the charges on the electrodes will

be offset by the frictional layers. The contact and separation process in Figure 3a will form an alternative potential

or current signal. In addition to the widely used macro-scale charge transfer model, Wang et al. proposed an

atomic-scale electron cloud potential well or wave function overlapping model based on the electron-emission-

dominated charge transfer mechanism to attempt to describe the CE process between any two materials and even
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atoms . As shown in Figure 3b, once the two atoms approach and make contact with each other, the electron

clouds will overlap between the two atoms to form ionic or covalent bonds, resulting in the initial single potential

wells becoming an asymmetric double-well potential. Due to the strong overlap of electron clouds, the energy

barrier between the two decreases. Then, electrons can then be transferred from one atom to the other, resulting in

CE (Figure 3b(ii)). Due to the existence of surface potential barriers that bind the electrons tightly in specific orbits

and prevent the charge generated by CE from flowing back, the charges generated in CE can be readily retained

by the material as the electrostatic charges for several hours at room temperature (Figure 3b(iii)) . The process

presented in Figure 3b is referred to as the Wang transition, which has laid a solid foundation for exploring the

meso-scale and macro-scale contact electrification or triboelectrification of textile TENGs.

Figure 3. Electrification mechanism of mechanical-to-electrical conversion during contact or friction process. (a)

Classic electron or charge transfer process in a complete contact and separation cycle. (b) An electron-cloud-

potential-well model was proposed for explaining CE and Charge transfer between two materials that may not have

a well-specified energy band structure .
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