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The contact electrification of materials plays an important role in developing and applying triboelectric nanogenerators (TENGs). By exploring the contact electrification phenomena at different interfaces, we can improve the understanding of the electrification mechanism and expand the application field of TENGs. In this way, the rate of energy utilization can be improved while the harm caused by the electrostatic effect is reduced. This article systematically summarized the different interface contacts between the research status quo of electricity. This article expounds the solid–solid interface, liquid–solid interface, and liquid–liquid interface, as well as the gas and other interface contact electrification mechanism, and the research and application of these are introduced; finally, it prospects the contact between the different interfaces of electric potential applications as well as the challenge.
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INTRODUCTION
With the development of science and technology, energy has become an indispensable material basis and dynamic support for the development and progress of human society and has become the lifeblood of national development. Fossil fuels such as coal, oil, and natural gas have become the mainstream energy consumption in today’s society due to their early development and wide application. Excessive dependence on traditional fossil energy has brought about problems such as energy crisis and environmental pollution. As the world enters the era of the Internet of Things (IoT), sensor networks, big data, robotics, and artificial intelligence, more than 30 billion objects will be connected via the Internet of Things in the future (Atzori et al., 2010). The energy supply for these has presented a significant challenge. The conventional electromagnetic induction generator is a mechanical device that converts other forms of energy into mechanical energy, and then converts the mechanical energy into electrical energy by using the generator. It can convert wind energy, water energy, and other mechanical energy into electrical energy and carry it out, and has a wide range of applications in people’s daily life. It has the advantages of solidity, less auxiliary equipment, easy operation, and maintenance, but its complex power generation process leads to high cost and low system reliability, large volume and weight, harsh working environment requirements, and other disadvantages. As a result, it is particularly important to develop a new method to harvest the clean energy. In 2012, Wang et al, developed the triboelectric nanogenerators (TENGs) (Fan et al., 2012). The TENGs are a novel method of generating electricity by utilizing mechanical energy. The TENGs are a new method of using mechanical energy to generate electricity. It has the ability to convert low-frequency, high-entropy, and irregular energy in the environment, such as wind energy, ocean energy, and human movement energy, into electric energy for utilization (Tian et al., 2020). These distributed energy sources are not only a kind of new energy, but also the energy for us to move toward the Internet of Things era, which can reduce the dependence on traditional fossil energy and reduce energy pressure, and play an important role in achieving carbon neutrality. The triboelectric nanogenerators (TNGs) have attracted widespread interest due to their important applications in micronano energy, self-powered sensing, blue energy, and high-voltage power supply (Luo and Wang, 2020). Recently, there have been a lot of reports on the TENGs in self-powered sensing (Zhang et al., 2020), flexible wearable pending e-skin (Chen et al., 2022), human–machine interfaces (Sun et al., 2021), pressure sensing (Lei et al., 2021a), and hybrid energy harvesting (Xie et al., 2021a).
The triboelectric nanogenerator uses Maxwell displacement current as its internal driving force and converts mechanical energy into electrical energy based on the contact electrification and electrostatic coupling effect (Wang, 2020). Triboelectrification is also known as contact electrification in physics, but the two are not the same. Triboelectrification is the convolution of contact electrification and friction process, whereas contact electrification does not require friction and can cause charge transfer even if two different materials are charged after contact separation (Lin et al., 2019). Previous research has shown that electron transfer is the primary mechanism of contact electrification between different interfaces, which can occur in any material, state, or application process. As a result, studying contact electrification between special interfaces is critical. There are many chemistry reactions, such as electrochemical (Oja et al., 2012; Favaro et al., 2016; Strasser et al., 2018; Magnussen and Gross, 2019) and catalysis (Kolmakov and Moskovits, 2004; Tao and Crozier, 2016; Wang et al., 2022b), happening at special interfaces. Like electrowetting (Li et al., 2016), colloidal suspension (Liufu et al., 2005; Hierrezuelo et al., 2010), photovoltaic effect (Iqbal et al., 2016), adsorption, and corrosion, are related to contact electrification at special interfaces. Therefore, it is very important to understand the contact electrification that occurs at special interfaces. It has the potential to reduce the harm caused by static electricity in everyday life. Figure 1 depicts the mechanism and application of contact electrification at special interfaces.
[image: Figure 1]FIGURE 1 | Classification and application of special interface contact electrification [reproduced from the work of Xiong et al. (2020), Xu et al. (2020), Li et al. (2021), Tang et al. (2021), Wang et al. (2021), Zhao et al. (2021), Wang et al. (2022a), and Lin et al. (2022) with the permission of the American Association for the Advancement of Science, American Chemical Society, Elsevier Ltd., and the WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].
In order to better understand the TENG, Li et al. (2019a) established a general method to quantitatively analyze the TENG, which is called edge approximation based equivalent capacitance (EDACE), which can demonstrate the electric field and charge distribution in the TENG and is consistent with the comsol simulation results, and the method provides structural design guidance for the efficient energy harvesting in the TENG. At the same time, Li et al. (2019b) developed the standardized experimental methods and theoretical models for the performance of TENG, and the standardization of TENG is beneficial to the further utilization of TENG and the future commercialization and industrialization. Xie et al. (2021b) summarized and explored the working mechanism of TENG using different materials as intermediates, and proposed an optimization method for the intermediate layer and future challenges, which provided a valuable theoretical basis for improving the maximum effective power output of the TENG.
This review summarizes the contact electrification occurring at different interfaces, including the solid–solid interface, liquid–solid interface, liquid–liquid interface, and gas and other interfaces. First, solid–solid contact electrification is briefly introduced. The overlapping electron cloud model of electron transfer at contact initiation was demonstrated using the photon emission experiments. Then, the application of the solid–solid contact electrification is introduced. Second, the mechanism of electron transfer in the liquid–solid contact electrification is described in detail, as well as the hybrid Electric Double-Layer (EDL) model based on electron transfer and ion adsorption. The applications of TENG for energy collection and self-powered sensing at the liquid–solid interface are summarized. Third, the mechanism of liquid–liquid contact electrification and the application of TENG in the liquid–liquid interface is introduced. Finally, the mechanism of contact electrification between gas and other interfaces is discussed, as well as its application.
THEORY ORIGIN AND WORKING MODE OF TRIBOELECTRIC NANOGENERATORS
The fundamental theoretical basis and source of TENG are derived from the Maxwell’s displacement current, which is distinguished from the normally observed current conducted by free electrons, but due to the time-varying vacuum or medium coupled with the time-varying tiny motion of atomic bound charges and dielectric polarization in materials. In 2017, the expression of the displacement current was expanded. The Maxwell equation for the displacement current is expressed as follows (Wang, 2017):
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where [image: image] represents the displacement current, [image: image] is the displacement field, [image: image] is the vacuum permittivity, [image: image] is the electric field, [image: image] is the polarization field density, and t is the time. This equation satisfies the law of conservation of charge and unifies the electric and magnetic fields. The static charge distribution and the shape of the medium will change over time due to mechanical disturbance, which will lead to the change of the dielectric polarization field. Wang et al. introduced the Ps term to expand their application in the energy field (Wang, 2017; Wang et al., 2017):
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where Ps is mainly due to the presence of surface charge and time variation of boundary shape.
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The first term in the formula is the induced current generated by the changing electric field, which is the theory of electromagnetic wave existence. The second term is the current caused by the polarization field generated by the static charge on the surface, which is the fundamental theoretical basis and source of the nanogenerator. This could lead to significant applications in energy and sensing (Wang, 2017).
The TENG is a new type of energy conversion technology. It can collect low-frequency and high-entropy energy from its environment to generate power. When two dielectric materials make contact, the contact surfaces of the two materials are charged by the contact and carry an equal amount of heterogeneous charge. Under the action of mechanical disturbance, the charge can flow in the external circuit to form a current, thus generating the current output and maintaining electrostatic balance. There are four basic working modes of the TENG: vertical contact-separation mode (Wang et al., 2012; Zhu et al., 2012; Zhu et al., 2013), horizontal sliding mode (Wang et al., 2013), single-electrode mode (Yang et al., 2013b), and freestanding triboelectric layer mode (Jiang et al., 2015). With further research, the application of TENG is still based on four basic working modes. Instead of being limited to a single operating mode, multiple operating modes are combined to improve the performance.
TRIBOELECTRIC MATERIALS FOR TRIBOELECTRIC NANOGENERATOR
Material Selection
Almost all materials, including metal, polymer, and wood, have a triboelectric effect. For the fabrication of the triboelectric nanogenerators, a wide variety of materials are available. The ability of a material to gain or lose electrons is determined by its polarity. The more prominent contrast of electron partiality can prompt the higher triboelectric charge thickness and the electrical contact execution of the TENG. In addition, the materials with appropriate physical and chemical properties (Chen et al., 2016; Zhong et al., 2019), such as corrosion resistance, high-temperature resistance, wear resistance, and hydrophobicity should be selected for the TENG’s working environment. For example, when the TENG is used for marine energy collection, the corrosion resistance of friction materials should be fully considered in order to increase the service life of the TENG.
In addition, the surface topography of the material can be micromachined to improve the contact area and triboelectric properties of the material, such as the preparation of pyramid, square, and hemispherical micronano structures on the surface of the material. Lin et al. (2013) prepared the first water-based friction nanogenerator by the PDMS contact separation with water. PDMS film with a pyramidal structure was prepared by rotating the liquid PDMS elastomer onto a silicon substrate. In the process of PDMS contact separation with water, 82 V open-circuit voltage, peak current density is 1.05 mA/m2, and 60 LEDs can be lit. The experimental results show that the electrical output of PDMS films is improved significantly after surface micromachining. The surface electrification performance of the material can also be improved by incorporating the nanostructure molecules, nanotubes, nanowires, and nanoparticles. Yang et al. (2013a) prepared nanowire arrays on the surface of PDMS for the TENG mechanical energy collection. The energy of the nanowire generator can be stored in a lithium-ion battery or directly used in a self-driven electrocatalytic oxidation system to decompose methyl orange. Scanning electron microscopy revealed that the nanowires had a diameter of 200 nm, that the output voltage of TENG was up to 12 V, and that the output current was around 0.2 μA.
Surface functionalization has the potential to significantly alter surface potential. The nanostructures can be introduced into the surface to change the contact properties of materials, or composite materials can be selected as the contact materials, for example, nanoparticles are embedded in the polymer matrix to change the starting point and dielectric properties of the material surface. Tao et al. (2021a) introduced strong electron-absorbing groups such as the trifluoromethyl group and sulfone group into the main chain of polyimide for modification. The friction charge density of the modified polyimide reached 170 μC m−2, which was four times that of the ordinary polyimide film, and the BaTiO3 nanoparticles were doped in the modified polyimide film, which further improved the charge density and thermoelectric charge stability. It can maintain 32% output performance at 200°C.
BRIEF INTRODUCTION ABOUT SOLID–SOLID CONTACT ELECTRIFICATION
In the past, the research on contact electrification was mainly focused on the solid–solid contact electrification (Lowell, 1977; Wiles et al., 2004; Byun et al., 2016). In the process of solid–solid contact electrification, the transferred charge type is the electron. Li et al. (2021) investigated the characteristic photon emission spectra of the electrified interfacial atoms, and the researchers used FEP-acrylic acid as an example to find sharp spectral lines with the atomic spectral characteristics under vacuum conditions. The collected photon signals demonstrate the electron cloud overlap model for electron transfer during solid–solid contact. This work provides evidence for the transfer of interfacial electrons from one atom in one material to another atom in another material during CE.
As shown in Figure 2, the electron cloud overlap model is adopted to explain electron transfer (Xu et al., 2018). When two types of atoms are close enough to each other that the distance between them is less than the bonding length, their electron clouds overlap, the potential barrier between the atoms decrease, and the electrons transition from one atom to another resulting in electron transfer. This model accurately describes the phenomenon of contact electrification between different materials and can also be applied to other special interfaces.
[image: Figure 2]FIGURE 2 | Electron cloud overlap model of charge transfer [reproduced with permission from the work of Xu et al. (2018), Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].
The TENG has carried out an in-depth research on the solid–solid contact electrification in the past and has made great achievements in micronano energy (Lei et al., 2019; Shi et al., 2021b), high-voltage power supply (Lei et al., 2020; Lei et al., 2021b), and self-driven sensing (Wang et al., 2019; Shi et al., 2021a; Tian et al., 2021; Yang et al., 2022).
TENG can also be used as an energy converter. Chen et al. (2020) combined the friction nanogenerators with microelectromechanical technology to develop a microfriction electro-echo device. The device has only a 50 μm-sized diaphragm and operates at megahertz frequency, greatly improving the miniaturization and chip integration of the friction nanogenerators.
As shown in Figure 3A, (Wang et al., 2022a) first applied the nanogenerator device to the field of fish movement monitoring. A wearable fish motion data monitoring platform (FDSP), that can study the kinematics of fish by real-time wireless sensor technology, is proposed. FDSP is composed of gasbag TENG (AS-TENG), antibacterial nanocoating, and a wireless signal transceiver module, which can realize the remote monitoring of fish movement. The output performance of AS-TENG underwater is greatly improved by using a gasbag structure that reduces the shielding effect of water and PTFE dielectric film treated by magnetron sputtering. The AS-TENG, on the other hand, also can be used as a kind of highly sensitive motion sensor, the output voltage can reflect the real-time behavior of the tail, the wireless signal transceiver module under the action of the sensing data transmission to the receiver, at the receiving end can get fish movement parameters in detail, including the swing angle and swing frequency, or even a typical swing gesture. FDSP has greatly expanded the applicability of TENGs as a wearable electronic product underwater, and it has broad application prospects in the construction of wearable tracking devices, underwater robots, and underwater wireless sensor networks (UWSN). As shown in Figure 3B, Lei et al. (2020) proposed a triboelectric nanogenerator (TENG) with a charge accumulation strategy. As a high-voltage power supply, it can achieve continuous ultra-high-voltage output and 8000 LED lights simultaneously. The calculated output voltage is over 20 kV, which is the highest voltage output realized by TENG. The device can also be used to prepare ozone from high-pressure air for sewage treatment. As a kind of high-voltage power supply, TENG has a wide range of applications in electrostatic treatment and air pollution treatment.
[image: Figure 3]FIGURE 3 | (A) Underwater energy harvesting and fish behavior monitoring devices [reproduced with permission from the work of Wang et al. (2022a), Copyright 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (B) Continuous high-voltage power supply based on charge accumulation [reproduced with permission from the work of Lei et al. (2020), Copyright 2020 The Royal Society of Chemistry].
LIQUID–SOLID CONTACT ELECTRIFICATION
Mechanism
People have known about the solid–solid contact electrification, and there has been a large number of literature reports on the electrification mechanism and application. People believe that the solid–solid contact electrification is caused by electron transfer, and this is not disputed.
In a study of liquid–solid electrification dating back to a world in the 80 s, E I - Kazzaz and others found that when the liquid metal is in contact with the insulator, it can be generated on the insulator surface electric charge (El-Kazzaz and Rose-Innes, 1985), and then found that when water is in contact with the polymer, it would produce electric charge (Matsui et al., 1993; Yatsuzuka et al., 1994; Yatsuzuka et al., 1996), because the water charge type is complicated. However, the mechanism of liquid–solid contact electrification is always a source of contention. Many people believe that the contact electrification between water and polymer is caused by ions (Diaz, 1998; McCarty and Whitesides, 2008; Zhang et al., 2015). However, the recent emergence of the liquid–solid contact triboelectric nanogenerators poses a challenge to the previous liquid–solid contact electrification caused by ion transfer. As shown in Figure 4A, Zhan et al. (2020) prepared a droplet polymer TENG, which generated electrical signals when the droplets slid on the inclined PTFE surface. The droplets continued to drop when the charge on the PTFE surface gradually reached saturation. Then, the PTFE was fully immersed in the ion-rich solution, and then the contact with water droplets was found to still have contact electrification. Experiments with pure water and droplets with high ion concentrations revealed that the output electrical signal became weak. It was claimed that surface ion adsorption was not the most important factor in contact electrification and that ions would inhibit charge transmission. This indicates that the electrification of liquid–solid contact is dominated by electrons with the participation of ions. As shown in Figure 4B, Lin et al. (2020b) explored the contact electrification between the solid and liquid through a thermal-electron emission experiment. By comparing the charge amount on a solid surface before and after the experiment, they found that there was both electron transfer and ion transfer in the liquid–solid contact surface. The presence of an ion would inhibit electron transfer, and ion transfer would be affected by the pH of the solution. Furthermore, the results of the experiments show that ion transfer is dominant when the solid surface is hydrophilic. When a solid surface is hydrophobic, electron transfer takes precedence.
[image: Figure 4]FIGURE 4 | (A) Electron transfer of droplets in contact with the PTFE [reproduced with permission from the work of Zhan et al. (2020), Copyright 2020 American Chemical Society]. (B) Thermal-electron emission experiments at the liquid–solid interface [reproduced with permission from the work of Lin et al. (2020b), Copyright 2020 Springer Nature].
As shown in Figure 5A, Li et al. (2020) found through the polymer-water-polymer experiments that when PTFE and FEP were used, the contact area between water and polymer increased, the CE charge of PTFE film increased from 1.2 to 3.2 nC, and that of FEP film increased from 2.1 to 4.3 nC, whereas ion adsorption did not lead to friction-induced charge increase. Thus, the charge increase is due to electron transfer caused by the electron-absorbing groups on the polymer surface. As shown in Figure 5B,C, Nie et al. (2020) used the PTFE extruding droplet to investigate the liquid–solid electrification mechanism of PTFE and deionized water contact the electric charge generated by 10 times higher than the ion transfer model and demonstrate its contact electrification is dominated by electrons and ions. As the ion concentration in aqueous solution increases, there will be ion shield, which leads to reduced charge transfer. However, contact electrification still occurs after replacing the deionized water with organic matter, indicating that contact electrification can be caused by electron transfer.
[image: Figure 5]FIGURE 5 | (A) Experiment of polymer extrusion droplet with a strong electron-absorbing ability [reproduced with permission from the work of Li et al. (2020), Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (B) Double-layer PTFE extruded droplets [reproduced with permission from the work of Nie et al. (2020), Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (C) Mechanism of contact electrification between water and PTFE [reproduced with permission from the work of Nie et al. (2020), Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].
As shown in Figure 6A, Wang et al. (2022b) added 20 mg FEP powder to 50 ml methyl orange solution, and after the powder was evenly distributed in the solution, the methyl orange solution was discolored after 3 h ultrasonic treatment. The experimental results demonstrated that the contact electro-catalysis theory was well supported, with the electrons transferred during liquid–solid contact in the fading of methyl orange. As shown in Figure 6B, Zheng et al, (Lin et al., 2020a; Zheng et al., 2021) also on semiconductor contact between liquid and electricity, when water droplets on the surface of the semiconductor slide, due to the Fermi level differences between the water molecules and semiconductor, there will be the electric field between sliding when water molecules, water molecules, and semiconductor between the formation of the chemical bond rupture and releasing energy quantum. On the experimental surface, the liquid–solid contact electrification is not only caused by ion transfer but is dominated by electron transfer and involves ion transfer. An interesting phenomenon was also found in the experiments. When the water droplets rolled on the tilted PTFE film, the saturation charge density of the PTFE could be increased by using UV light irradiation, which can be well explained by Wang’s electron transfer model (Tao et al., 2021b).
[image: Figure 6]FIGURE 6 | (A) Liquid–solid contact electron transfer in contact electro-catalysis [reproduced with permission from the work of Wang et al. (2022b), Copyright 2022 Springer Nature]. (B) Tribovoltaic effect on the interface between semiconductor and droplet [reproduced with permission from the work of Lin et al. (2020a) and Zheng et al. (2021), Copyright 2020 Elsevier Ltd., 2021 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].
Hybrid Electric Double Layer
Wang proposed Wang’s model, which differs from the traditional electric double-layer theory, also known as the hybrid electric double-layer theory, in order to better understand the mechanism of the liquid–solid contact electrification. The traditional electric double-layer theory, as shown in Figures 7A, is to adsorb a layer of ions on the solid surface, which will attract ions of different charges and repel ions of the same charge, forming an electric double layer. As shown in Figure 7B, electron transfer in the liquid–solid contact is taken into account in the hybrid electric bilayer theory (Lin et al., 2022). Ions are formed at the liquid–solid interface as a result of electron transfer, and the ions at the solid-phase interface will have coulombic interactions with the anion and anion in solution, resulting in a potential gradient distribution at the liquid–solid interface.
[image: Figure 7]FIGURE 7 | (A) Traditional EDL model (Lin et al., 2022). (B) Hybrid EDL model (Lin et al., 2022) [reproduced with permission from the work of Lin et al. (2022), Copyright 2021 American Chemical Society].
Applications
There are numerous water resources in our lives, such as oceans, rivers, lakes, rainwater, and so on. These water resources are accompanied by a significant amount of mechanical energy. The TENG is a new power generation method that converts mechanical energy into electrical energy and has the advantages of being small in size, low in cost, simple in structure, and environmental friendly. As a result, the triboelectric nanogenerator based on the liquid–solid contact has a wide range of applications in everyday life. It can be used to collect ocean energy, collect raindrop energy, self-drive sensing, and micro and nano energy.
In terms of energy collection, Xu et al. (2020) created a liquid–solid triboelectric nanogenerator (TENG) based on water droplets to achieve a high instantaneous energy output density. A PTFE film was coated on an ITO substrate and an aluminum electrode structure was installed. When the water droplets hit the PTFE film, the maximum voltage output could reach 143.5 V and light up more than 100 LED lamps due to the formation of a closed circuit. The instantaneous power density was several orders of magnitude higher than before. Zhang et al. (2021), as shown in Figure 8A, introduced an electric double-layer capacitor at the liquid–solid contact electrification interface of DEG, and established an equivalent circuit model of DEG with a switching effect, achieving a power output of two orders of magnitude higher than the previous electrostatic induction power generation without polarizing the solid surface. As shown in Figure 8B, Qin et al. (2022) realized a double-layer nanogenerator (EDL-NG) by introducing the oil phase in the water–solid interface. Through the oil phase, the generator sweeps up ions in the water–solid interface double layer. It can operate efficiently in a variety of water environments, is energy-dense, and can be used directly for underwater energy collection and self-driven sensing without encapsulation. Liu et al. (2022) proposed a ferrofluid-based triboelectric tactile sensor based on solid–liquid contact electrification, which achieved an ultra-high sensitivity of 21.48 kPa−1. Li et al. (2022) proposed a new type of triboelectric generator (B-TENG) based on the moving bubbles in the liquid, which has a simple structure and stable and reliable operation performance. When a 1.08 cm3 bubble moves slowly in a 1 cm inner diameter polytetrafluoroethylene (PTFE) tube filled with deionized water, B-TENG can generate an open-circuit voltage of up to 17.5 V, while remaining stable after 600 working cycles. It has a high mechanical energy collection capability as well as fast and sensitive water level monitoring capabilities.
[image: Figure 8]FIGURE 8 | (A) A Single-Droplet Electricity Generator Achieves an Ultrahigh Output Over 100 V Without Pre-Charging [reproduced with permission from the work of Zhang et al. (2021), Copyright Wiley-VCH GmbH]. (B) Underwater Energy Harvesting and Sensing by Sweeping Out the Charges in an Electric Double Layer Using an Oil Droplet [reproduced with permission from the work of Qin et al. (2022), Copyright 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (C) Textile TENG for harvesting raindrop energy [reproduced with permission from the work of Gang et al. (2021), Copyright 2021 American Chemical Society]. (D) L-S TENG with folded structure and grating to harvest energy and sensor [reproduced with permission from the work of Zhong et al. (2020), Copyright 2020 American Chemical Society].
In terms of liquid–solid contact electrification based triboelectric nanogenerator for water drop energy and ocean energy collection, as shown in Figure 8C, Gang et al. (2021) prepared textile TENG which can collect raindrop energy and generate a voltage of 4.3 V and a current of 6 μA. Li et al. (2018) prepared a floating liquid–solid triboelectric nanogenerator for marine energy collection. The energy output of this TENG is 48.7 times that of the solid–solid triboelectric nanogenerator of the same volume. The TENG network can output 290 μA, 16725 nC, 300 V, and can light 100s of LED lamps. As shown in Figure 8D, Zhong et al. (2020) designed a liquid–solid contact electrification TENG with a single electrode and grating electrode. The TENG was designed with a folded structure that can effectively improve the energy density, and the droplet information can be recorded as a sensor when the droplet flows through the grating. Xu et al. (2019) fabricated a highly sensitive wave sensor based on the liquid–solid contact electrification by covering a Cu electrode on a microstructured PTFE surface. With a sensitivity of 23.5 mV/mm and the ability to monitor millimeter-level waves, the sensor can be used for ocean wave detection. Simultaneously, a liquid–solid contact electrification can be used to reduce the explosion of petrochemical products caused by the liquid–solid contact electrification during tanker transportation by coating antistatic coating or adding ionic liquids to petroleum products to reduce the liquid–solid contact electrification to ensure safety.
LIQUID–LIQUID CONTACT ELECTRIFICATION
Mechanism
As a special interface contact electrification, the liquid–liquid contact electrification differs from the solid–solid contact electrification and liquid–solid contact electrification. The liquid–liquid contact electrification is difficult to detect and study due to a lack of appropriate detection technology.
Recently, as shown in Figure 9A, Jiang et al. (2019) used a single-electrode-based TENG as a probe. The electrode was slowly inserted into the oil/water interface, and charges could be detected on the interface by measuring the current when the electrode was inserted. However, this work shows that TENG can be used as a probe for detection. Therefore, the size of TENG can be reduced to the tip shape and the scanning method can be used as much as possible. A new type of probe can be developed to study the charge behavior at the liquid–liquid interface.
[image: Figure 9]FIGURE 9 | (A) Oil–water–solid multiphase interface TENG [reproduced with permission from the work of Jiang et al. (2019), Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (B) Quantifying charge transfer in the liquid–liquid contact electrification [reproduced with permission from the work of Tang et al. (2021), Copyright 2021 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (C) The mechanism of contact electrification between oil droplets and water [reproduced with permission from the work of Zhao et al. (2021), Copyright 2020 Elsevier Ltd.].
Tang et al. (2021) cleverly designed a noncontact measurement method combining the electric field and sound field to quantify droplet charges, suspended droplets by field acoustic emitters, and used this method to study charge transfer behavior at the liquid–solid and liquid–liquid contact interfaces, as shown in Figure 9B. This method eliminates container interference, and for the liquid–solid interface, it is discovered that the amount of charge transfer between the solid and liquid decreases as ion concentration in the droplet increases, which is consistent with the previous reports. More importantly, at the liquid–liquid interface, the contact between the silicone oil droplets and different solutions such as DI water droplets, NaCl droplets, HCl droplets, and NaOH droplets is charged, with inconsistent positive and negative charge transfer behaviors. This asymmetric charge transfer phenomenon supports the existence of electron transfer at the liquid–liquid interface.
As shown in Figure 9C, Zhao et al. (2021) established a liquid–liquid TENG by dropping water into insoluble transformer oil. By using the effect of gravity and the difference in molecular mass, the droplet can “freely fall” without the influence of external force, and the L–L contact electrification energy collection system is realized. A droplet of 25 μl falling through a 40 mm thick organic liquid can produce a maximum output charge of—5.3pC. Water molecules have the ability to absorb electrons from oil molecules. The relative displacement distance can be altered by varying the initial velocity of the DI water drop, and the amount of transferred charge can then be altered. The transfer charge on the droplet surface gradually decreases and eventually reaches saturation as the droplet descends. To explain the effect of the liquid–liquid contact electrification, the “Wang transition” model is used. The transfer charge of the liquid–liquid interface decreased significantly as the concentration of H+ in the droplet increased, indicating that the presence of electron transfer may be the most important factor influencing the CE interface. In addition, with the increase in temperature, the cumulative transfer charge increases at the liquid–liquid interface, which is quite different from the case of solid electrification. The main reason for this phenomenon is the decrease in viscosity caused by high temperatures. As shown in Figure 9C, Zhao et al. (2021) proposed the liquid–liquid double electric layer model. When the water droplets contact transformer oil, the molecules and ions in the two liquid phases collide at the oil–water interface due to thermal motion and surrounding liquid pressure. In the process of impact, electron transfer and ion reaction occur simultaneously on the transformer oil surface. According to the pH test results, the electron transfer effect is much larger than the adsorption of H+ on the oil/water interface, and some anions in an aqueous solution are attracted to migrate to the interface due to electrostatic interaction, forming an EDL layer at the interface. Furthermore, electrons transferred from the oil molecules to water molecules cannot stay on the surface. Electrons combine with the water molecules to form water and electrons, and the unstable hydrated electrons will convert to OH− and H+, increasing the OH− concentration at the liquid–liquid interface. The abovementioned experimental results indicate that both electrons and ions are involved in the process of liquid–liquid contact electrification, in which electron transfer is dominant.
Applications
Contact electrification at the liquid–liquid interface can be applied to monitor chemical reactions between liquids and changes in the liquid composition. However, the liquid–liquid interface is easy to merge and difficult to separate when contacting, and the interface is complicated. There are few studies on the liquid–liquid interface in the TENGs. As shown in Figure 10, Nie et al. (2019) proposed to use contact separation between the liquid membrane and droplet to realize energy collection of TENGs at the liquid–liquid interface. When 40 μl droplets passed through the membrane, the laboratory grounded the liquid membrane, which collected the static charge on the surface of the droplets, and precharged the membrane, which generated a peak power of 137.4 nW. In addition, this TENG can also be used for mechanical energy collection in raindrops, irrigation streams, and microfluidics.
[image: Figure 10]FIGURE 10 | The application between the liquid membrane and water droplet [reproduced with permission from the work of Nie et al. (2019), Copyright 2019 Springer Nature].
GAS AND OTHER INTERFACE CONTACT ELECTRIFICATION
Mechanism
Contact electrification can also occur between gas and other interfaces, such as the gas–solid interface and gas–liquid interface. Because the materials for contact electrification are gas and solid, the charge transfer type is single for the gas–solid contact interfaces. The charge type transferred during the gas–solid contact electrification is the electron, according to the electron cloud overlap model. However, due to the complexity of liquid phase composition, low density of the gas, and low fluidity of a liquid, sufficient friction cannot be generated at the contact interface between the two, and thus few studies on the gas–liquid contact electrification have been conducted in the past. As shown in Figure 11, Wang et al. (2021) realized the controllable frictional motion between the droplets and air by using ultrasonic control of droplet suspension through a portable ultrasonic suspension device. When the water droplets are suspended in air and friction occurs, the droplet surface produces a positive charge. The volume of 20 drops of water floating in the air increases with time. When the suspension time is reduced to 30 s, the droplet surface charge amount reaches saturation. When the droplets are mixed and suspended with PTFE powder, nylon powder and BaTiO3 powder respectively, the droplets will take on different types of charges. When NaCl is dissolved in the droplet and the ion concentration of the droplet increases, the droplet suspension will inhibit the generation of friction charge on the surface of the droplet due to the ion shielding effect. Therefore, it can be seen that both ions and electrons are involved in the electrification of the gas–liquid contact, in which electrons play a leading role.
[image: Figure 11]FIGURE 11 | Study about the gas–liquid contact electrification [reproduced with permission from the work of Wang et al. (2021), Copyright 2021 American Chemical Society].
Applications
Contact electrification between gas and other interfaces has significant application value in our daily lives. Understanding the gas–liquid interface contact electrification mechanism can help us understand the gas–liquid interface charge accumulation and dissipation, which can help us collect electricity from the atmosphere, while also allowing us to study other related areas such as electrostatic hazard prevention, rain energy collection, friction power, surface engineering, and so on. Many studies have also been conducted on the use of gas–solid contact electrification.
As shown in Figure 12, Xiong et al. (2020) developed a gas–solid contact charged friction nanogenerator (GS-TENG) and prepared a soft porous self-healing and elastomer polysiloxane dimethyl acetaloxime polyurethane (PDPU). PDPU has a controllable seal gap to capture the gas, and PDPU interacts with the captured gas to produce electron transfer. Through periodic compression, electrons can be transferred from gas to polymer, and GS-TENG can perform various mechanical movements. It can be used as wearable power for textiles, shoes, mice, and other devices, as well as a self-powered skin sensor for monitoring the finger movement and walking posture analysis. Xue et al. (2017) pointed out that water evaporation can harvest energy from the surroundings, when the water vapor and carbon materials on the surface of the nanostructures contact can generate electricity. cm size of carbon black can produce when in contact with water vapor 1 V voltage output, experimental proof cm thick millimeter size carbon black can produce when in contact with water vapor and standard AA batteries are voltage output, It can be used for sterilization, water purification, water desalination, and large-scale application in warm areas.
[image: Figure 12]FIGURE 12 | Contact electrification between PDPU and gas [reproduced with permission from the work of Xiong et al. (2020), Copyright 2020 American Association for the Advancement of Science].
SUMMARY AND PERSPECTIVE
In summary, we have presented the contact electrification phenomena that occur at special interfaces, summarizing and generalizing the electrification mechanisms and applications of contact electrification at the solid–solid, liquid–solid, liquid–liquid, and gas-participating interfaces, respectively. In this work, several conclusions have been obtained as follows:
(1) In the solid–solid contact electrification, the electrification is due to the transfer of electrons between two materials in contact with each other.
(2) In the liquid–solid contact electrification, both electron transfer and ion transfer are involved, with electron transfer playing a dominant role. The hybrid EDL theory, which differs from the traditional EDL theory, is proposed to explain the liquid–solid contact electrification theory.
(3) In the liquid–liquid contact electrification, both ions and electrons are involved in contact electrification, and electron transfer is the main cause of the liquid–liquid contact electrification.
(4) In the contact electrification of gas and other interfaces, where the gas–solid contact electrification is caused by electron transfer, and the gas–liquid contact electrification is caused by both electrons transfer and ions transfer, where electron transfer plays a major role.
Although there has been some progress in understanding the contact electrification between special interfaces, there are still significant gaps. The phenomenon of contact electrification between different interfaces pervades our lives, and there are still many possibilities for future applications. This work can help us to understand the mechanism of contact electrification and the progress we have made. Understanding these can broaden the application of TENG at these interfaces to improve energy utilization and can be used in fields such as micro and nano energy, self-driven sensing, electrostatic hazards elimination, surface engineering, and micro and nano fluids.
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