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        	Article: A nanogenerator is a compact device that converts mechanical or thermal energy into electricity, serving as an energy harvesting solution for small, wireless autonomous devices. It taps into ambient energy sources like solar, wind, thermal differentials, and kinetic energy, enabling power generation for applications such as wearable electronics and wireless sensor networks. Nanogenerators utilize ambient background energy readily available in the environment, such as temperature gradients from machinery operation, electromagnetic energy in urban areas, or even motion vibrations during activities like walking. This approach offers a means to power low-energy electronics without the need for conventional fuel sources.

There are three classes of nanogenerators: piezoelectric, triboelectric, both of which convert mechanical energy into electricity, and pyroelectric nanogenerators, which convert heat energy into electricity.

Piezoelectric nanogenerator

A piezoelectric nanogenerator is an energy-harvesting device capable of converting external kinetic energy into electrical energy via action by a nano-structured piezoelectric material. It is generally used to indicate kinetic energy harvesting devices utilizing nano-scaled piezoelectric material, like in thin-film bulk acoustic resonators.

Mechanism

The working principle of the nanogenerator will be explained in two different cases: the force exerted perpendicular to and parallel to the axis of the nanowire.

The working principle for the first case is explained by a vertically grown nanowire subjected to a laterally moving tip. When a piezoelectric structure is subjected to the external force of the moving tip, deformation occurs throughout the structure. The piezoelectric effect will create an electrical field inside the nanostructure; the stretched part with the positive strain will exhibit positive electrical potential, whereas the compressed part with negative strain will show the negative electrical potential. This is due to the relative displacement of cations with respect to anions in their crystalline structure. As a result, the tip of the nanowire will have an electrical potential distribution on its surface, while the bottom of the nanowire is neutralized since it is grounded. The maximum voltage generated in the nanowire can be calculated using the following equation:where κ0 is the permittivity in vacuum, κ is the dielectric constant, e33, e15, and e31 are the piezoelectric coefficients, ν is the Poisson ratio, a is the radius of the nanowire, l is the length of the nanowire, and νmax is the maximum deflection of the nanowire's tip.

The electrical contact plays an important role in pumping out charges on the surface of the tip. The Schottky contact must be formed between the counter electrode and the tip of the nanowire since the ohmic contact will neutralize the electrical field generated at the tip. In order to form an effective Schottky contact, the electron affinity (Ea) must be smaller than the work function (φ) of the metal composing the counter electrode. In the case of the ZnO nanowire with an electron affinity of 4.5 eV, Pt (φ = 6.1 eV) is a suitable metal to construct the Schottky contact. By constructing the Schottky contact, the electrons will pass to the counter electrode from the surface of the tip when the counter electrode is in contact with the regions of the negative potential, whereas no current will be generated when it is in contact with the regions of the positive potential, in the case of the n-type semiconductive nanostructure (the p-type semiconductive structure will exhibit the reversed phenomenon since the hole is mobile in this case).

For the second case, a model with a vertically grown nanowire stacked between the ohmic contact at its bottom and the Schottky contact at its top is considered. When the force is applied toward the tip of the nanowire, the uniaxial compressive force is generated in the nanowire. Due to the piezoelectric effect, the tip of the nanowire will have a negative piezoelectric potential, increasing the Fermi level at the tip. Since the electrons will then flow from the tip to the bottom through the external circuit, positive electrical potential will be generated at the tip. The Schottky contact will stop electrons from being transported through the interface, therefore maintaining the potential at the tip. As the force is removed, the piezoelectric effect diminishes, and the electrons will be flowing back to the top in order to neutralize the positive potential at the tip. The second case will generate an alternating current output signal.

Geometrical configuration

Depending on the configuration of the piezoelectric nanostructure, the nanogenerator can be categorized into 3 types: VING, LING, and "NEG." Still, there is a configuration that does not fall into the aforementioned categories, as stated in other types.

Vertical nanowire Integrated Nanogenerator (VING).

VING is a 3-dimensional configuration consisting of a stack of 3 layers, which are the base electrode, the vertically grown piezoelectric nanostructure, and the counter electrode. The piezoelectric nanostructure is usually grown on the base electrode, which is then integrated with the counter electrode in full or partial mechanical contact with its tip.

The first VING was in 2007 with a counter electrode with the periodic surface grating resembling the arrays of the AFM tip as a moving electrode. Since the counter electrode is not in full contact with the tips of the piezoelectric nanowire, its motion in-plane or out-of-plane caused by the external vibration induces the deformation of the piezoelectric nanostructure, leading to the generation of the electrical potential distribution inside each individual nanowire. The counter electrode is coated with metal, forming a schottky contact with the tip of the nanowire, where only the compressed portion of the piezoelectric nanowire would allow the accumulated electrons to pass through the barrier between its tip and the counter electrode, in the case of the n-type nanowire. The switch-on and-off characteristic of this configuration shows its capability of generating direct current without any requirement for the external rectifier.

In VING with partial contact, the geometry of the counter electrode plays an important role. The flat counter electrode would not induce sufficient deformation of the piezoelectric nanostructures, especially when the counter electrode moves in in-plane mode. After the basic geometry resembling the array of AFM tips, a few other approaches have been followed for facile development of the counter electrode. Professor Zhong Lin Wang's group has generated counter electrodes composed of ZnO nanorods, utilizing a similar technique used for synthesizing ZnO nanowire arrays. Professor Sang-Woo Kim's group at Sungkyunkwan University (SKKU) and Dr. Jae-Young Choi's group at Samsung Advanced Institute of Technology (SAIT) in South Korea introduced a bowl-shaped transparent counter electrode by combining anodized aluminum and electroplating technology. They have also developed the other type of counter electrode by using networked single-walled carbon nanotube (SWNT) on the flexible substrate, which is not only effective for energy conversion but also transparent.

The other type of VING has also been suggested. While it shares the identical geometric configuration as the aforementioned, such a VING has full mechanical contact between the tips of the nanowires and the counter electrode.

Lateral nanowire Integrated Nanogenerator (LING).

LING is a 2-dimensional configuration consisting of three parts: the base electrode, the laterally grown piezoelectric nanostructure, and the metal electrode for schottky contact. In most cases, the thickness of the substrate film is much thicker than the diameter of the piezoelectric nanostructure, so the individual nanostructure is subjected to a pure tensile strain. A

LING is an expansion of the single wire generator (SWG), where a laterally aligned nanowire is integrated on the flexible substrate.

LING generates an AC electrical signal. The output voltage increased, resulting in an array of LING connected in series on the single substrate, leading to the constructive addition of the output voltage. Such a configuration may lead to the practical application of LING for scavenging large-scale power, for example, wind or ocean waves.

Nanocomposite Electrical Generators (NEG).

"NEG" is a 3-dimensional configuration consisting of three main parts: the metal plate electrodes, the vertically grown piezoelectric nanostructure, and the polymer matrix, which fills in between the piezoelectric nanostructure.

NEG was introduced by Momeni et al. It was shown that NEG has a higher efficiency compared to the original nanogenerator configuration, in which a ZnO nanowire will be bended by an AFM tip. It is also shown that it provides an energy source with higher sustainability.

Other type. A fabric-like geometrical configuration has been suggested where a piezoelectric nanowire is grown vertically on the two microfibers in their radial direction, and they are twined to form a nanogenerator. One of the microfibers is coated with the metal to form a schottky contact, serving as the counter electrode for VINGs. As the movable microfiber is stretched, the deformation of the nanostructure occurs on the stationary microfiber, resulting in voltage generation. Its working principle is identical to that of VINGs with partial mechanical contact, thus generating a DC electrical signal.

Materials

Among the various piezoelectric materials studied for the nanogenerator, much of the research has focused on materials with a wurtzite structure, such as ZnO, CdS and GaN. An attempt to enhance the piezoelectricity of the individual nanowire also led to the development of other piezoelectric materials based on Wurtzite structures. Professor Zhong Lin Wang of the Georgia Institute of Technology introduced p-type ZnO nanowires. Unlike the n-type semiconductive nanostructure, the mobile particle in the p-type is a hole, thus the schottky behavior is reversed from that of the n-type case; the electrical signal is generated from the portion of the nanostructure where the holes are accumulated. It has been shown experimentally that p-type Z nOnanowirese can generate an output signal that is nearly 10 times that of n-type ZnOnanowirese.

From the idea that the material with a perovskite structure is known to have more effective piezoelectric characteristics compared to that with a wurtzite structure, barium titanate (BaTiO3) nanowire has also been studied by Professor Min-Feng Yu of the University of Illinois at Urbana-Champaign. The output signal is found to be more than 16 times that of a similar ZnO nanowire.

Professor Liwei Lin of the University of California, Berkeley, has suggested that PVDF can also be applied to form a nanogenerator. The nanofiber can be directly written on the substrate controlling the process, and this technique is expected to be applied for forming self-powered textiles based on nanofiber. Researchers from SUTD presented the successful synthesis of ultra-long potassium niobate (KNbO3) nanofibers using a sol-gel-assisted far-field electrospinning process and utilized them to develop a high-output voltage flexible nanogenerator.

Considering that the piezoelectric constant plays a critical role in the overall performance of a piezoelectric nanogenerator, another research direction to improve device efficiency is to find new materials with a large piezoelectric response. Lead Magnesium Niobate-Lead Titanate (PMN-PT) is a next-generation piezoelectric material with a super-high piezoelectric constant when ideal composition and orientation are obtained. In 2012, PMN-PT nanowires with a very high piezoelectric constant were fabricated by a hydrothermal approach and then assembled into an energy-harvesting device. The record-high piezoelectric constant was further improved by the fabrication of a single-crystal PMN-PT nanobelt, which was then used as the essential building block for a piezoelectric nanogenerator.

A comparison of the reported materials as of 2010 is given in the following table.

Material Type Geometry Output voltage Output power Synthesis Researched at ZnO (n-type) Wurtzite D: ~100 nm, L: 200~500 nm VP=~9 mV @ R=500 MΩ ~0.5 pW per cycle (estimated) CVD, hydrothermal process Georgia Tech. ZnO (p-type) Wurtzite D: ~50 nm, L: ~600 nm VP=50~90 mV @ R=500 MΩ 5~16.2 pW per cycle (calculated) CVD Georgia Tech. ZnO-ZnS Wurtzite (Heterostructure) Not stated VP=~6 mV @ R=500 MΩ ~0.1 pW per cycle (calculated) Thermal evaporation and etching Georgia Tech. GaN Wurtzite D: 25~70 nm, L: 10~20 μm Vavg=~20 mV, Vmax=~0.35 V@ R=500 MΩ ~0.8 pW per cycle (average, calculated) CVD Georgia Tech. CdS Wurtzite D: ~100 nm, L: 1 μm VP=~3 mV Not stated PVD, Hydrothermal Process Georgia Tech. BaTiO3 Perovskite D: ~280 nm, L: ~15 μm VP=~25 mV @ R=100 MΩ ~0.3 aJ per cycle (stated) High temperature chemical reaction UIUC PVDF Polymer D: 0.5~6.5 μm, L: 0.1~0.6 mm VP=5~30 mV 2.5 pW~90 pW per cycle (calculated) Electro spinning UC BerkeleyKNbO3PerovskiteD: ~100 nm; L: few cmVp = ~16 V @ R=100 MΩElectro spinningSUTD/MIT

Applications

Energy harvesting by nanogenerators is expected to be applied to underutilized energy sources such as solar, wind, thermal, pressure, human power, vibrations, etc.

Self-powered nano/micro devices. One of the feasible applications of nanogenerators is as an independent or supplementary energy source for nano/microdevices that consume relatively little energy in a condition where the kinetic energy is supplied continuously. One example was introduced by Professor Zhong Lin Wang's group in 2010 by the self-powered pH or UV sensor integrated VING with an output voltage of 20~40mV onto the sensor.

Still, the converted electrical energy is relatively small for operating nano/micro devices; therefore, the range of its application is still limited as a supplementary energy source to the battery. The breakthrough is being sought by combining the nanogenerator with other types of energy harvesting devices, such as solar cells or biochemical energy harvesters. This approach is expected to contribute to the development of an energy source suitable for applications where independent operation is crucial, such as Smartdust.

Smart wearable systems The outfit integrated or made of the textiles with the piezoelectric fiber is one of the feasible applications of the nanogenerator. The kinetic energy from the human body is converted to electrical energy through the piezoelectric fibers, and it can possibly be applied to supply portable electronic devices such as health-monitoring systems attached to smart wearable systems. Nanogenerators such as VING can also be easily integrated into the shoe by employing the walking motion of the human body.

Another similar application is a power-generating artificial skin. Professor Zhong Lin Wang's group has shown the possibility by generating an AC voltage of up to 100 mV from the flexible SWG attached to the running hamster.

Transparent and flexible devices. Some of the piezoelectric nanostructure can be formed on various kinds of substrates, such as flexible and transparent organic substrates. The research groups in SKKU (Professor Sang-Woo Kim's group) and SAIT (Dr. Jae-Young Choi's group) have developed a transparent and flexible nanogenerator that can possibly be used for self-powered tactile sensors, and it is anticipated that the development may be extended to energy-efficient touch-screen devices. Their research focus is being extended to enhance the transparency of the device and its cost-effectiveness by substituting an indium-tin-oxide (ITO) electrode with a graphene layer.

Implantable telemetric energy receiver. The nanogenerator based on ZnO nanowire can be applied to implantable devices since ZnO is not only biocompatible but can also be synthesized on the organic substrate, rendering the nanogenerator biocompatible overall. The implantable device integrated with the nanogenerator can be operated by receiving external ultrasonic vibration outside the human body, which is converted to electrical energy by the piezoelectric nanostructure.

Triboelectric nanogenerator Overview

A triboelectric nanogenerator is an energy-harvesting device that converts mechanical energy into electricity using the triboelectric effect. They were first demonstrated in Prof. Zhong Lin Wang's group at Georgia Institute of Technology in 2012. A potential is created by charge transfer between two thin organic or inorganic films and electron flow between two electrodes attached to the back sides of the film to balance the potential.

Ever since the first report of the TENG in January 2012, the output power density of the TENG has improved, reaching 313 W/m2, the volume density reaches 490 kW/m3, and conversion efficiencies of ~60%–72% have been demonstrated. This new energy technology also has a number of other advantages, such as low cost in manufacturing and fabrication, robustness and reliability, and environmental friendliness. The triboelectric nanogenerator can be applied to harvest all kinds of mechanical energy, such as human motion, walking, vibration, mechanical triggering, rotating tires, wind, flowing water, and more.

Ramakrishna Podila's group at Clemson University demonstrated the first truly wireless triboelectric nanogenerators, which were able to charge energy storage devices (e.g., batteries and capacitors) without the need for any external amplification or boosters.

The triboelectric nanogenerator has three basic operation modes: vertical contact-separation mode, in-plane sliding mode, and single-electrode mode. They have different characteristics and are suitable for different applications.

Basic modes and mechanisms

Vertical Contact-Separation Mode

The working mechanism of the triboelectric nanogenerator can be described as the periodic change of the potential difference induced by the cycled separation and re-contact of the opposite triboelectric charges on the inner surfaces of the two sheets. When a mechanical agitation is applied to the device to bend or press it, the inner surfaces of the two sheets will come into close contact, and the charge transfer will begin, leaving one side of the surface with positive charges and the other with negative charges. When the deformation is released, the two surfaces with opposite charges will separate automatically, so that these opposite triboelectric charges will generate an electric field and induce a potential difference across the top and bottom electrodes. In order to screen this potential difference, the electrons will flow from one electrode to the other through the external load. The electricity generated in this process will continue until the potentials of the two electrodes are the same. Subsequently, when the two sheets are pressed towards each other again, the triboelectric-charge-induced potential difference will begin to decrease to zero, so that the transferred charges will flow back through the external load to generate another current pulse in the opposite direction. When this periodic mechanical deformation lasts, the alternating current (AC) signals will be continuously generated.

As for the pair of materials getting into contact and generating triboelectric charges, at least one of them needs to be an insulator so that the triboelectric charges cannot be conducted away but will remain on the inner surface of the sheet. Then, these immobile triboelectric charges can induce AC electricity flow in the external load under the periodic distance change.

Lateral Sliding Mode

There are two basic friction processes: normal contact and lateral sliding. One TENG is designed based on the in-plane sliding between the two surfaces in a lateral direction. With triboelectrification from sliding, a periodic change in the contact area between two surfaces leads to a lateral separation of the charge centers, which creates a voltage driving the flow of electrons in the external load. The measured curre is determined by the rate at which the two plates are being slid apart. Subsequently, when the top plate is reverted to slide backwards, the separated charges begin to get in contact again, but there is no annihilation due to the insulating nature of the polymer materials. The redundant transferred charges on the electrodes will flow back through the external load with the increase in contact area in order to maintain electrostatic equilibrium. This will contribute to a current flow from the bottom electrode to the top electrode, along with the second half cycle of sliding. Once the two plates reach the overlapping position, the charged surfaces come into full contact again. There will be no transferred charges left on the electrode, and the device returns to the first state. In this entire cycle, the processes of sliding outward and inward are symmetric, so a pair of symmetric alternating current peaks should be expected.

The mechanism of in-plane charge separation can work in either one-directional sliding between two plates or in rotation mode. In the sliding mode, introducing linear grating or circular segmentation on the sliding surfaces is an extremely efficient means for energy harvesting. With such structures, two patterned triboelectric surfaces can get to a fully mismatched position through a displacement of only a grating unit length rather than the entire length of the TENG, which dramatically increases the transport efficiency of the induced charges.

Single-Electrode Mode

A single-electrode-based triboelectric nanogenerator is introduced as a more practical and feasible design for some applications, such as fingertip-driven triboelectric nanogenerators. The working principle of the single-electrode TENG is schematically shown in the figure by the coupling of contact electrification and electrostatic induction. In the original position, the surfaces of skin and PDMS fully contact each other, resulting in charge transfer between them. According to the triboelectric series, electrons were injected from the skin to the PDMS since the PDMS is more triboelectrically negative than the skin, which is a contact electrification process. The produced triboelectric charges with opposite polarities are fully balanced or screened, leading to no electron flow in the external circuit. Once a relative separation between PDMS and skin occurs, these triboelectric charges cannot be compensated. The negative charges on the surface of the PDMS can induce positive charges on the ITO electrode, driving free electrons to flow from the ITO electrode to ground. This electrostatic induction process can give an output voltage or current signal if the distance separating between the touching skin and the bottom PDMS is appreciably comparable to the size of the PDMS film. When negative triboelectric charges on the PDMS are fully screened from the induced positive charges on the ITO electrode by increasing the separation distance between the PDMS and skin, no output signals can be observed, as illustrated. Moreover, when the skin is reverted to approach the PDMS, the induced positive charges on the ITO electrode decrease, and the electrons will flow from ground to the ITO electrode until the skin and PDMS fully contact each other again, resulting in a reversed output voltage/current signal.

Applications

TENG is a physical process of converting mechanical agitation to an electric signal through triboelectrification (in the inner circuit) and electrostatic induction processes (in the outer circuit). This basic process has been demonstrated for energy harvesting and for a self-powered active sensor.

Harvesting vibration energy

Harvesting vibration energy might be used for powering mobile electronics, particularly in combination with complementary balanced energy harvesting techniques. Various applications of a triboelectric nanogenerator has been demonstrated in the following aspects: 1. The cantilever-based technique is a classical approach for harvesting mechanical energy, especially for MEMS. By designing the contact surface of a cantilever with the top and bottom surfaces during vibration, TENG has been demonstrated for harvesting ambient vibration energy based on the contact-separation mode. 2. To harvest the energy from a backpack, we demonstrated a rationally designed TENG with integrated rhombic gridding, which greatly improved the total current output owing to the structurally multiplied unit cells connected in parallel. 3. With the use of four supporting springs, a harmonic resonator-based TENG has been fabricated based on the resonance-induced contact separation between the two triboelectric materials, which has been used to harvest vibration energy from an automobile, a sofa, and a desk. 4. Recently, a three-dimensional triboelectric nanogenerator (3D-TENG) has been designed based on a hybridization mode of conjunction between the vertical contact-separation mode and the in-plane sliding mode. The innovative design facilitates harvesting random vibration energy in multiple directions over a wide bandwidth. The 3-D TENG is designed for harvesting ambient vibration energy, especially at low frequencies.

Harvesting environmental energy

A triboelectric nanogenerator is an ideal energy harvester that can collect diverse mechanical energies from the environment, especially low-frequency mechanical energies like wind and water waves. In 2013, Zhonglin Wang's group reported a rotary triboelectric nanogenerator for harvesting wind energy. Subsequently, various types of triboelectric nanogenerators for harvesting ambient energy have been proposed, like 3D spiral structure triboelectric nanogenerators to collect wave energy, fully enclosed triboelectric nanogenerators applied in water and harsh environments and multi-layered disk nanogenerators for harvesting hydropower. However, due to the limitations of the nanogenerator's working models, the friction generated between layers of the triboelectric nanogenerator will inevitably reduce the energy conversion efficiency and the durability of the device. This defect hinders the further application of friction nanogenerators in the field of environmental energy collection. Zhonglin Wang's group tried to fabricate a frictionless electrostatic induction nanogenerator circulation network to overcome the "friction" problem. In their tests, this frictionless electrostatic induction nanogenerator exhibited high energy converting efficiency and excellent durability. Circulation networks composed of such frictionless nanogenerators could be used to harvest water wave energy and continuously provide energy to some wireless devices.

Besides, some novel nanogenerators used for harvesting the droplet energy were reported. Researchers designed an all-weather droplet-based triboelectric nanogenerator, which relied on the contact electrification effect between liquid and solid to generate electricity. The advantage of this liquid-solid model is that it effectively avoids the wear of nanogenerators. Yunlong Zi's group reported a hybrid cell combining a silicon solar cell with a water-droplet-harvesting triboelectric nanogenerator. This hybrid cell had the capacity to harvest both solar and raindrop energies.

Harvesting energy from human body motion

Triboelectric nanogenerator can be used to convert human body's mechanical energy into electricity for charging portable electronics and biomedical applications. A packaged power-generating insole with built-in flexible multi-layered triboelectric nanogenerators has been demonstrated, which enable the harvesting of mechanical pressure during normal walking. The TENG used here relies on the contact-separation mode and is effective in responding to the periodic compression of the insole. A tug can be attached to the inner layer of a shirt for harvesting energy from body motion. The maximum output voltage and current density are up to 17V and 0.02μA/cm2, respectively. The TENG with a single layer size of 2 cm×7 cm×0.08 cm sticking on the clothes was demonstrated as a sustainable power source that not only can directly light up 30 light-emitting diodes (LEDs), but also can charge a lithium-ion battery by persistently clapping clothes.

Self-powered active strain/force sensors

A triboelectric nanogenerator automatically generates an output voltage and current once it is mechanically triggered. The magnitude of the output signal signifies the impact of the mechanical deformation and its time-dependent behavior. This is the basic principle of the TENG, which can be applied as a self-powered pressure sensor. The voltage-output signal can reflect the applied pressure induced by a droplet of water. All types of TENGs have a high sensitivity and fast response to the external force and show a sharp peak signal. Furthermore, the response to the impact of a piece of feather (20 mg, ~0.4Pa in contact pressure) can be detected. The sensor signal can delicately show these details of the entire process. The existing results show that our sensor can be used for measuring subtle pressure in real life.

The active pressure sensor has also been developed in the form of a composite. The term "triboelectric composite" refers to a sponge-shaped polymer with embedded wire. Applying pressure and impact on the composite in any direction causes charge separation between the soft polymer and the active wire because of the presence of a composite air gap. Passive wire as the second electrode may be either embedded inside the sponge without any air gap or placed out of the composite, allowing the sensor to work in single-electrode mode.

In the case where we make a matrix array of the triboelectric nanogenerators, a large-area, self-powered pressure map applied to a surface can be realized. The response of the TENG array to local pressure was measured through a multi-channel measurement system. There are two types of output signals from the TENG: open-circuit voltage and short-circuit current. The open-circuit voltage is only dictated by the final configuration of the TENG after applying mechanical triggering, so it is a measure of the magnitude of the deformation, which is attributed to the static information to be provided by the TENG. The output current depends on the rate at which the induced charge would flow, so that the current signal is more sensitive to the dynamic process of how the mechanical triggering is applied.

The active pressure sensor and the integrated sensor array based on the triboelectric effect have several advantages over conventional passive pressure sensors. First, the active sensor is capable of both static pressure sensing using the open-circuit voltage and dynamic pressure sensing using the short-circuit current, while conventional sensors are usually incapable of dynamic sensing to provide loading rate information. Second, the prompt response of both static and dynamic sensing enables the revealing of details about the loading pressure. Third, the detection limit of the TENG for dynamic sensing is as low as 2.1Pa, owing to the high output of the TENG. Fourth, the active sensor array presented in this work has no power consumption and could even be combined with its energy harvesting functionality for self-powered pressure mapping. Future works in this field involve the miniaturization of the pixel size to achieve higher spatial resolution and the integration of the TEAS matrix onto a fully flexible substrate for shape-adaptive pressure imaging.

Self-powered motion sensors

The term "self-powered sensors" can refer to a system that powers all the electronics responsible for measuring and demonstrating detectable movement. For example, the self-powered triboelectric encoder, integrated into a smart belt-pulley system, converts friction into useful electrical energy by storing the harvested energy in a capacitor and fully powering the circuit, which includes a microcontroller and an LCD.

Self-powered active chemical sensors

As for triboelectric nanogenerators, maximizing the charge generation on opposite sides can be achieved by selecting the materials with the largest difference in the ability to attract electrons and changing the surface morphology. In such a case, the output of the TENG depends on the type and concentration of molecules adsorbed on the surface of the triboelectric materials, which can be used for fabricating chemical and biochemical sensors. As an example, the performance of the TENG depends on the assembly of Au nanoparticles (NPs) onto the metal plate. These assembled Au NPs not only act as steady gaps between the two plates in strain-free conditions but also enable the function of enlarging the contact area of the two plates, which will increase the electrical output of the TENG. Through further modification of 3-mercaptopropionic acid (3-MPA) molecules on the assembled Au NPs, the high-output nanogenerator can become a highly sensitive and selective nanosensor toward Hg2+ ion detection because of the different triboelectric polarities of Au NPs and Hg2+ ions. With its high sensitivity, selectivity, and simplicity, the TENG holds great potential for the determination of Hg2+ ions in environmental samples. As different ions, molecules, and materials have their own unique triboelectric polarities, we expect that the TENG can become either an electrical turn-on or turn-off sensor when the analytes are selectively bound to the modified electrode surface. Some believe that this work will serve as the stepping stone for related TENG studies and inspire the development of TENG toward other metal ions and biomolecules such as DNA and proteins in the near future.

Choice of materials and surface structures

Almost all materials known exhibit the triboelectrification effect, from metal to polymer to silk to wood—almost everything. All of these materials can be candidates for fabricating TENGs, so the material choices for TENG are huge. However, the ability of a material to gain or lose an electron depends on its polarity. John Carl Wilcke published the first triboelectric series in 1757 on static charges. A material towards the bottom of the series, when touched by a material near the top of the series, will attain a more negative charge. The further away two materials are from each other on the series, the greater the charge transferred.

The surfaces of the materials can be functionalized chemically using various molecules, nanotubes, nanowires, or nanoparticles in order to enhance the triboelectrification effect.

Besides these pure materials, the contact materials can be made of composites, such as nanoparticles embedded in the polymer matrix. This not only changes the surface electrification but also the permittivity of the materials for electrostatic induction.

Standards and Figures-of-Merit

A performance figure-of-merit (FOMP) has been developed to quantitatively evaluate the performance of triboelectric nanogenerators, consisting of a structural figure-of-merit (FOMS) related to the structure of TENG and a material figure-of-merit (FOMM) that is the square of the surface charge density. Considering the breakdown effect, a revised figure-of-merit is also proposed. Based on the FOM, the outputs of different TENGs can be compared and evaluated.

Cycles for energy output of TENG

For a continuous periodic mechanical motion (from displacement x=0 to x=xmax), the electrical output signal from the TENG is also periodically time-dependent. In such a case, the average output power P, which is related to the load resistance, is used to determine the merits of the TENG. Given a certain period of time T, the output energy per cycle E can be derived as:

This indicates that the output energy per cycle E can be calculated as the encircled area of the closed loop in the V-Q curve, and all V-Q cycles are named "cycles for energy output" (CEO).

Cycles for maximized energy output of TENG.

By periodic transformation between in load and short circuit conditions, cycles for maximum energy output can be obtained. When the load equals infinite, the V-Q becomes a trapezoid shape, the vertices of which are determined by the maximum short-circuit transferred charge QSC,max, and the maximum output energy can be calculated as:

Figures-of-merit (FOM) of TENG.

For the TENG operating in CMEO with infinite load resistance, the period T includes two parts of time. One part is from the relative motion in TENG, and the other part is from the discharging process in short-circuit conditions. The breakdown effect is widely present in triboelectric nanogenerators, which will seriously affect the effective maximum energy output, Eem.

Therefore, the average output power P at CMEO considering the breakdown effect should satisfy:Where v is the average velocity value of the relative motion in TENG, which depends on the input mechanical motions. In this equation, is the only term that depends on the characteristics of the TENG itself.

The energy-conversion efficiency of the TENG can be expressed as (at CMEO with R=∞ considering breakdown effects):Here F stands for the average dissipative force during the operation of the TENG. This force can be frictional force, air resistance force or others. stands for the average dissipative force during the operation of the TENG. This force can be frictional force, air resistance force or others.

Therefore, it can be concluded that the term determines both the average power and the energy-conversion efficiency from the characteristics of TENG itself. Eem contains QSC,max that is proportional to the triboelectrification area A. Therefore, to exclude the effect of the TENG size on the output energy, the area A should be placed in denominator of this term and then the term determines the merits of TENG. QSC,max, VOC,max and V max' are all proportional to the surface charge density σ. Therefore, Eem is proportional to the square of the surface charge density σ. Then, a dimensionless structural FOM (FOMS) of TENG can be defined, as the factor only depends on the structural parameters and xmax:Here ε0 is the permittivity of the vacuum. This structural FOM represents the merit of the TENG from the structural design. And then the performance FOM (FOMP) of TENG can be defined as:Here,

which is the only component related to the material properties. The FOMP can be considered the universal standard to evaluate varieties of TENGs since it is directly proportional to the greatest possible average output power and related to the highest achievable energy conversion efficiency, regardless of the mode and the size of the TENG.

Standardized Method for Output Capacity Assessment

With the breakdown effect considered, a standardized method is proposed for output capability assessment of nanogenerators, which can experimentally measure the breakdown limit and Eem of nanogenerators. Former studies on the theoretical model imply that TENG can be considered a voltage source combining with a capacitor in series, of which the capacitance varies during operation. Based on the capacitive property, the assessment method is developed by charging the target TENG (TENG1) at different displacements x to measure the breakdown condition. Another TENG (TENG2) is added as the high-voltage source to trigger the target TENG to approach the breakdown condition. Switch 1 (S1) and switch 2 (S2) are used to enable different measurement steps. Detailed process flow of this method, including an experiment part and a data analysis part First of all, it is critical to keep the surface charge density identical as reflected by QSC,max, to ensure the consistency of measurement at different x. Thus, in Step 1, S1 was turned on and S2 was turned off to measure QSC,max; if QSC,max is lower than the expected value, an additional triboelectrification process is conducted to approach that. And then in Step 2, x was set to a certain value, and the short-circuit charge transfer QSC(x) at a certain x was measured by the coulometer Q1. In step 3, S1 was turned off, S2 was turned on, and then TENG2 was triggered to supply high-voltage output for TENG1. The charge flowing into TENG1 and the voltage across TENG1 were measured at the same time, in which the charge was measured by coulometer Q2, and the voltage was obtained by multiplying the resistance R with the current flowing through it as measured by current meter I, as detailed in Methods. The turning points obtained in this case (Q, V) were considered the breakdown points. And then, if x<xmax, the process was repeated starting from step 1 with an increased x until xmax was achieved to finish the experimental measurement part. For the data analysis part, first, C(x) was calculated from the slope of the linear part in the measured (Q, V) by considering it as the non-breakdown part. And then, the first turning point (Qb(x), Vb(x)) was determined at the variant R2 value by linearly fitting C(x), which was considered the threshold breakdown point. Finally, for any x∈[0, xmax], all the (Qb(x), Vb(x)) can be transferred into (QSC(x)-Qb(x), Vb(x)) as the breakdown points plotted in the V-Q cycle to calculate the Eem of TENG.

Direct current triboelectric nanogenerator based on electrostatic breakdown

The direct current triboelectric nanogenerator (DC-TENG) is a new-type triboelectric nanogenerator that can harvest mechanical energy and convert it into electrical energy through the combination of the triboelectric effect and the electrostatic breakdown effect. Different from the above-mentioned traditional triboelectric nanogenerators possessing a standard AC output signal, in which the signal is generated by a combination of triboelectric effect and electrostatic induction effect, the DC-TENG produces a unidirectional current flow in the external circuit and can drive electronic devices and charge energy storage devices directly. When the direct current triboelectric nanogenerator is fabricated in a rotary structure, it will produce continuous constant current, which can be utilized as a constant current power supply over a wide range of external load resistances. This new-type triboelectric nanogenerator was first invented by the Profs. Zhong Lin Wang and Jie Wang group at the Beijing Institute of Nanoenergy and Nanosystems in 2019. As a device for converting mechanical energy into electrical energy, this new-type triboelectric nanogenerator can be utilized in micro/nano power sources or self-power sensing systems.

Mechanism

The working mechanism of a direct current triboelectric nanogenerator is the coupling between contact electrification and electrostatic breakdown effects. Its conventional structure is quite simple, consisting of a friction electrode that is used for contact electrification with a friction layer and a charge-collecting electrode that collects the charges formed by electrostatic breakdown. During the sliding process, the friction electrode contacts the friction layer, resulting in positive charges on the friction electrode and negative charges on the friction layer due to the contact electrification. Due to the existence of charges on the friction layer, with the device sliding further, the gap between the charge-collecting electrode and friction layer will build a strong electric field, which will lead to an air breakdown in the gap and generate direct current in the external circuit if the electric field is strong enough. When the direct current triboelectric nanogenerator device slides to the end of the friction layer film, the air breakdown process will stop.

Pyroelectric nanogenerator

A pyroelectric nanogenerator is an energy-harvesting device that converts external thermal energy into electrical energy by using nano-structured pyroelectric materials. Usually, harvesting thermoelectric energy mainly relies on the Seebeck effect, which utilizes a temperature difference between two ends of the device to drive the diffusion of charge carriers. However, in an environment where the temperature is spatially uniform without a gradient, such as in the outdoors, the Seebeck effect cannot be used to harvest thermal energy from a time-dependent temperature fluctuation. In this case, the pyroelectric effect has to be the choice, which is about the spontaneous polarization in certain anisotropic solids as a result of temperature fluctuation. The first pyroelectric nanogenerator was introduced by Prof. Zhong Lin Wang at the Georgia Institute of Technology in 2012. By harvesting the waste heat energy, this new type of nanogenerator has potential applications such as wireless sensors, temperature imaging, medical diagnostics, and personal electronics.

Mechanism

The working principle of a pyroelectric nanogenerator will be explained in two different cases: the primary pyroelectric effect and the secondary pyroelectric effect.

The working principle for the first case is explained by the primary pyroelectric effect, which describes the charge produced in a strain-free case. The primary pyroelectric effect dominates the pyroelectric response in PZT, BTO, and some other ferroelectric materials. The mechanism is based on the thermally induced random wobbling of the electric dipole around its equilibrium axis, the magnitude of which increases with increasing temperature. Due to thermal fluctuations at room temperature, the electric dipoles will randomly oscillate within a degree from their respective aligning axes. Under a fixed temperature, the total average strength of the spontaneous polarization from the electric dipoles is constant, resulting in no output from the pyroelectric nanogenerator. If we apply a change in temperature in the nanogenerator from room temperature to a higher temperature, the increase in temperature will result in the electric dipoles oscillating within a larger degree of spread around their respective aligning axes. The total average spontaneous polarization decreases due to the spread of the oscillation angles. The quantity of induced charges in the electrodes is thus reduced, resulting in a flow of electrons. If the nanogenerator is cooled instead of heated, the spontaneous polarization will be enhanced since the electric dipoles oscillate within a smaller degree of spread angle due to the lower thermal activity. The total magnitude of the polarization is increased, and the amount of induced charges in the electrodes is also increased. The electrons will then flow in the opposite direction.

In the second case, the obtained pyroelectric response is explained by the secondary pyroelectric effect, which describes the charge produced by the strain induced by thermal expansion. The secondary pyroelectric effect dominates the pyroelectric response in ZnO, CdS, and some other wurzite-type materials. The thermal deformation can induce a piezoelectric potential difference across the material, which can drive the electrons to flow in the external circuit. The output of the nanogenerator is associated with the piezoelectric coefficient and the thermal deformation of the materials. The output current I of the pyroelectric nanogenerators can be determined by the equation I=pA(dT/dt), where p is the pyroelectric coefficient, A is the effective area of the NG, and dT/dt is the rate of change in temperature.

Applications

Pyroelectric nanogenerators are expected to be applied for various applications where time-dependent temperature fluctuations exist. One of the feasible applications of the pyroelectric nanogenerator is as an active sensor, which can work without a battery. One example has been introduced by Professor Zhong Lin Wang's group in 2012 by using a pyroelectric nanogenerator as a self-powered temperature sensor for detecting a change in temperature, where the response time and reset time of the sensor are about 0.9 and 3 s, respectively.
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	Source: WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgACXXXXAmericanChemicalSocietyTriboelectricNanogeneratorsasNewEnergyTechnologyforSelf-PoweredSystemsandasActiveMechanicalandChemicalSensorsZhongLinWang†,‡,*†SchoolofMaterialsScienceandEngineering,GeorgiaInstituteofTechnology,Atlanta,Georgia30332-0245,UnitedStatesand‡BeijingInstituteofNanoenergyandNanosystems,ChineseAcademyofSciences,Beijing,ChinaThemassivedevelopmentoftheworldelectronictechnologyfollowsagen-eraltrendofminiaturization,portabil-ity,andfunctionality.Thedevelopmentofcomputersisatypicalexampleofminiatur-ization,fromthevacuum-tube-basedhuge-sizedmachinetosolid-stateMOSFET-basedmainframecomputersandlaterlaptopcomputers.Thetremendousincreaseofpopularityofhandheldcellphonesisatypicalexampleofportable/mobileelectro-nics.Thenextfewdecadeswillbeaboutbuildingfunctionalityonexistingelectro-nics,whichinevitablyinvolvesdevelopingarangeofsensorsincludingbutnotlimitedtonavigation,motion,chemical,biological,ThisReviewiscontributedbyarecipientofthe2013ACSNanoLectureshipAwards,presentedattheInternationalConferenceonNanoscience&Technology,China2013(ChinaNANO2013)inSeptember2013.TheACSNanoLectureshiphonorsthecontributionsofscientistswhoseworkhassigniﬁantlyimpactedtheﬁeldsofnanoscienceandnanotechnology.*Addresscorrespondencetozlwang@gatech.edu.ReceivedforreviewSeptember3,2013andacceptedSeptember30,2013.Publishedonline10.1021/nn404614zABSTRACTTriboelectriﬁcationisaneﬀectthatisknowntoeachandeveryoneprobablysinceancientGreektime,butitisusuallytakenasanegativeeﬀectandisavoidedinmanytechnologies.Wehaverecentlyinventedatriboelectricnanogenerator(TENG)thatisusedtoconvertmechanicalenergyintoelectricitybyaconjunctionoftriboelectriﬁcationandelectrostaticinduction.Asforthispowergenerationunit,intheinnercircuit,apotentialiscreatedbythetriboelectriceﬀectduetothechargetransferbetweentwothinorganic/inorganicﬁlmsthatexhibitoppositetribo-polarity;intheoutercircuit,electronsaredriventoﬂowbetweentwoelectrodesattachedonthebacksidesoftheﬁlmsinordertobalancethepotential.SincethemostusefulmaterialsforTENGareorganic,itisalsonamedorganicnanogenerator,whichistheﬁrstusingorganicmaterialsforharvestingmechanicalenergy.Inthispaper,wereviewthefundamentalsoftheTENGinthethreebasicoperationmodes:verticalcontact-separationmode,in-planeslidingmode,andsingle-electrodemode.EversincetheﬁrstreportoftheTENGinJanuary2012,theoutputpowerdensityofTENGhasbeenimproved5ordersofmagnitudewithin12months.Theareapowerdensityreaches313W/m2,volumedensityreaches490kW/m3,andaconversioneﬃciencyof∼60%hasbeendemonstrated.TheTENGcanbeappliedtoharvestallkindsofmechanicalenergythatisavailablebutwastedinourdailylife,suchashumanmotion,walking,vibration,mechanicaltriggering,rotatingtire,wind,ﬂowingwater,andmore.Alternatively,TENGcanalsobeusedasaself-poweredsensorforactivelydetectingthestaticanddynamicprocessesarisingfrommechanicalagitationusingthevoltageandcurrentoutputsignalsoftheTENG,respectively,withpotentialapplicationsfortouchpadandsmartskintechnologies.ToenhancetheperformanceoftheTENG,besidesthevastchoicesofmaterialsinthetriboelectricseries,frompolymertometalandtofabric,themorphologiesoftheirsurfacescanbemodiﬁedbyphysicaltechniqueswiththecreationofpyramid-,square-,orhemisphere-basedmicro-ornanopatterns,whichareeﬀectiveforenhancingthecontactareaandpossiblythetriboelectriﬁcation.Thesurfacesofthematerialscanbefunctionalizedchemicallyusingvariousmolecules,nanotubes,nanowires,ornanoparticles,inordertoenhancethetriboelectriceﬀect.Thecontactmaterialscanbecomposites,suchasembeddingnanoparticlesinapolymermatrix,whichmaychangenotonlythesurfaceelectriﬁcationbutalsothepermittivityofthematerialssothattheycanbeeﬀectiveforelectrostaticinduction.Therefore,therearenumerouswaystoenhancetheperformanceoftheTENGfromthematerialspointofview.Thisgivesanexcellentopportunityforchemistsandmaterialsscientiststodoextensivestudybothinthebasicscienceandinpracticalapplications.Weanticipatethatabetterenhancementoftheoutputpowerdensitywillbeachievedinthenextfewyears.TheTENGispossiblenotonlyforself-poweredportableelectronicsbutalsoasanewenergytechnologywithpotentialtocontributetotheworldenergyinthenearfuture.KEYWORDS:triboelectriﬁcation.triboelectricnanogenerator.self-poweredsystem.activesensor.organicnanogeneratorREVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgBandgassensors.Thenearfuturedevelopmentisaboutelectronicsthataremuchsmallerthanthesizeofacellphone,sothateachpersononaveragecanhaveatleastdozenstohundredsofsuchsmallelectronics.Suchsmall-sizedelectronicsoperateatultralowpowerconsumption,makingitpossibletobepoweredbytheenergyharvestedfromourlivingenvironment.1Itwillbecomeimpracticalifsensornetworkshavetobepoweredentirelybybatteriesbecauseofthehugenumberofdevices,largescopeofdistribution,anddiﬃcultytotrackandrecycletominimizeenvironmen-talimpactandpossiblyhealthhazards.Therefore,powersourcesaredesperatelyneededforindepen-dentandcontinuousoperationsofsuchsmallelectro-nics,whichcouldbeusedwidelyforultrasensitivechemicalandbimolecularsensors,nanorobotics,microelectromechanicalsystems,remoteandmobileenvironmentalsensors,homelandsecurity,andevenportable/wearablepersonalelectronics.Newtechnologiesthatcanharvestenergyfromtheenvironmentassustainableself-suﬃcientmicro/nano-powersourcesarenewlyemergingﬁeldsofnano-energy,whichisabouttheapplicationsofnano-materialsandnanotechnologyforharvestingenergyforpoweringmicro/nanosystems.Inthelast8years,wehavebeendevelopingnanogenerators(NGs)forbuildingself-poweredsystemsandasactivesensors.Wehavemainlyutilizedtwophysicseﬀectsforharvest-ingsmall-magnitudemechanicalenergies:piezoelec-triceﬀectandtriboelectriceﬀect.AbasicintroductionaboutpiezoelectricNGhasbeengiveninarecentbook2andafewreviewarticles.3,4Theobjectiveofthispaperistogiveasummaryaboutthefundamentalsofthetriboelectricnanogenerator(TENG),whichisadevicethatconvertsmechanicalenergyintoelectricityusingthecouplingeﬀectsbetweentriboelectriﬁca-tionandelectrostaticinductionthroughthecontact-separationorrelativeslidingbetweentwomaterialsthathaveoppositetribo-polarityanditsupdatedpro-gressandpotentialapplicationsasanewenergytechnologyandasself-poweredactivesensors.FundamentalsofTriboelectrification.Thetriboelectriceffectisacontact-inducedelectrificationinwhichamaterialbecomeselectricallychargedafteritiscon-tactedwithadifferentmaterialthroughfriction.Tribo-electriceffectisageneralcauseofeveryday'selectro-statics.Thesignofthechargestobecarriedbyamaterialdependsonitsrelativepolarityincomparisontothematerialtowhichitwillcontact.Triboelectriceﬀectisprobablyoneofafeweﬀectsthathavebeenknownforthousandsofyears.Althoughthisisoneofthemostfrequentlyexperiencedeﬀectsthateachandeveryoneofusinevitablyuseseveryday,themechanismbehindtriboelectriﬁcationisstillbeingstudiedpossiblywithdebate.5,6Itisgenerallybelievedthat,aftertwodiﬀerentmaterialscomeintocontact,achemicalbondisformedbetweensomepartsofthetwosurfaces,calledadhesion,andchargesmovefromonematerialtotheothertoequalizetheirelectroche-micalpotential.Thetransferredchargescanbeelec-tronsormaybeions/molecules.Whenseparated,someofthebondedatomshaveatendencytokeepextraelectronsandsomeatendencytogivethemaway,possiblyproducingtriboelectricchargesonsur-faces.Theobjectiveofourstudyisnottoinvestigatethemechanismofthetriboelectriﬁcation,instead,useitforpositivepurposes.Materialsthatusuallyhavestrongtriboelectriﬁca-tioneﬀectarelikelylessconductiveorinsulators,thus,theyusuallycapturethetransferredchargesandretainthemforanextendedperiodoftime,buildinguptheelectrostaticcharges,whichareusuallyconsideredtobeanegativeeﬀectinourdailylifeandtechnologydevelopments.Wecanusethefollowingexamplestoillustratethedamagesthatcanbecausedbytriboelec-triﬁcation.Aircraftﬂyingwilldevelopstaticchargesfromairfrictionontheairframe,whichwillinterferewithradiofrequencycommunication.Electrostaticchargesareanimportantconcernforsafety,duetothefactthatitcancauseexplosionandigniteﬂam-mablevapors.Carts/carsthatmaycarryvolatileliquids,ﬂammablegases,orexplosivechemicalshavetobedischargedproperlytoavoidﬁre.Someelectronicdevices,mostnotablyCMOS-integratedcircuitsandMOSFETtransistors,canbeaccidentallydestroyedbyhigh-voltagestaticdischargethatmaybecarriedbygloves.Therefore,triboelectriﬁcationismostlytakenasanegativeeﬀectinourdailylife,industrialmanu-facturing,andtransportation.Therefore,bysurprise,althoughtriboelectriﬁcationhasbeenknownforthou-sandsofyears,ithasnotbeenusedformanypositiveapplications.Inthispaper,wegiveareviewonanew,innovative,andimportantapplicationoftriboelectriceﬀectforconvertingmechanicalenergyintoelectricityandasself-poweredactivemechanicalsensors.NanoscaleEnergy(Nanoenergy)andMacroscaleEnergy.Ingeneral,energyusuallymeansthepowerrequiredtoGLOSSARY:triboelectriceﬀect-acontact-inducedelectriﬁcationinwhichamaterialbecomeselectricallychargedafteritiscontactedwithadiﬀerentmaterialthroughfriction;nanoenergy-theapplicationsofnano-materialsandnanotechnologyforharvestingenergyforpoweringmicro/nanosystems;triboelectricnanogenera-tor(TENG)-adevicethatconvertsmechanicalenergyintoelectricityusingthecouplingeﬀectsbetweentriboelec-triﬁcationandelectrostaticinductionthroughthecontact-separationorrelativeslidingbetweentwomaterialsthathaveoppositetribo-polarity;self-poweredactivestrain/forcesensors-asensorthatoperatesusingtheelectricsignalgeneratedbyitselfinrespondingtomechanicaltriggeringoragitationwithoutapplyinganexternalpowersource;PMMA-polymethylmethacrylate;PDMS-polydimethylsiloxane;REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgCrunafactory,acity,oracountry.Thisisgenerallyreferredtoasmacroscaleenergy,whichismeasuredinthescaleofgigawattormegawatt.Generalcharacter-isticsofatechnologyformacroscaleenergyarethetotalpoweroutput,stability,conversionefficiency,andcost.Inmanycases,costisthemostimportantmea-sure,suchasforsolarcells(Figure1).Ontheotherhand,withthetremendousincreaseinthenumberofportableelectronics,developingen-ergy-storage-relatedtechnologiesisvitallyimportantbecausemostarerunbybatteries.Althoughthepowerconsumptionofeachisrathersmall,thetotalnumberofdevicesisextremelyhuge.Overthreebillionpeoplearoundtheworldhavecellphones.Withtheimple-mentationofsensornetworksaroundtheglobe,agiganticnumberofsensorswillbedistributedworld-wide;poweringofsuchahorrendousnetworkconsist-ingoftrillionsofsensorswouldbeimpossibleusingbatteriesbecauseonehastoﬁndthelocation,replacebatteries,andinspecttheproperoperationofbatteriesfromtimetotime.Energyharvestingfromtheenvi-ronmentinwhichthesenorisemployedisapossiblesolution.Thisistheﬁeldofnanoenergy,whichisthepowerforsustainable,maintenance-free,andself-poweredoperationofmicro/nanosystems.7Thegen-eralcharacteristicsfornanoenergypowersourcesareavailability,eﬃciency,andstability(Figure1).Inacasewhereadeviceisusedunderthelight,theuseofsolarenergywouldbeanaturalchoice.Inacaseofadeviceusednearanenginepossiblyinthedark,harvestingmechanicalvibrationenergywouldbethebestchoice.Asforbiologicalapplication,harvestingdeformationenergyfrommusclestretchingwouldbeagoodapproach.Althoughwemayhaveasuperhigheﬃcientsolarcell,theconditionunderwhichthedevicewillworkmayhavelittlelight,thehighlyeﬃcientsolarcellisnotthechoiceforthisdevice.Therefore,thetypeofenergytobeharvesteddependsontheworkingenvironmentofthedevice.Thisiswhatwemeanbytheavailabilityoftheenergysourceforaparticularapplication.Thestabilityoftheenergysourceisalsoimportantbecauseitguaranteesthelong-termopera-tionofthedevice.Takesolarcellsasanexample;ithasstrongdependenceonthedayornight,weather,orevenseason.Thisisthereasonthatwehavebeendevelopingtechnologiesforconvertingmechanicalenergyintoelectricityforself-poweredsensors.TraditionalTriboelectricGenerators.Traditionaltribo-electricgeneratorisamechanicaldevicethatproducesstaticelectricityorelectricityathighvoltagebycontactcharging.ThemostpopularonesaretheWimshurstmachineandVandeGraaffgenerator,whichwereinventedin∼1880and1929,respectively.Bothma-chinesusetheaccumulatedstaticchargesgeneratedbytriboelectrification;thetribo-chargesaretransferredfromarotatingbelttoametalbrushbythecoronadischarging(e.g.,theelectric-field-inducedarchingofair);oncetheaccumulatedchargedensityreachesacriticalvalue,dischargingovertwooppositeelectrodesoccurs(Figure2).Itappearsthatthetraditionaltribo-electricgeneratorisahighvoltagesource,andthereisnocurrentunlessthereisadischarging.TriboelectricNanogenerators.Althoughthetriboelec-trificationeffecthasbeenknownforthousandsofFigure1.Magnitudeofpoweranditscorrespondingapplications.Macroscaleenergyisforpoweringacityandevenacountry;nanoscaleenergyistopowertinysmallelectronics.Bothapplicationsaremeasuredbydiﬀerentcharacteristics.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgDyears,afundamentalunderstandingaboutitisratherlimited.Researchhasbeenconductedtocharacterizethetriboelectrificationprocessusingvariousmethodssuchasrollingspheretool-collecting-inducedchargesfromrollingspheresontopofadielectricdisk8,9andusingatomicforcemicroscopy(AFM)tomeasuresur-faceelectrostaticforceorpotentialonsurfacescon-tactedbymicropatternedmaterials.1012However,thesemethodseitherlackanaccuratecontroloftheelectrificationprocessand/orcannotdirectlyrevealthetriboelectricinterface,thushardlyachievingaquantita-tiveunderstandingabouttheinsitutriboelectricprocess.Wehavedemonstratedaninsitumethodtoquan-titativelycharacterizethetriboelectriﬁcationatthenanoscaleviaacombinationofcontact-modeAFMandscanningKelvinprobemicroscopy.13Asabeneﬁtofthecapabilityofcontrolledchargetransferringandinsitumeasurement,AFMcanbeusedtoinvestigatethetriboelectricchargetransferatsurfaces.Asamodelsystem,aSiO2thinﬁlmwasrubbedformultiplecyclesatthesameareawithconstantcontactforce.ThecorrespondingscanningKelvinprobemicroscopyimagesaftereachfrictioncycleareshowninFigure3a,andtheextractedpotentialproﬁlesarepresentedinFigure3b.Withineightcyclesoffriction,themagni-tudeofthepotentialincreasedfrom0.1to0.7Vataslowingrate.AsshowninFigure3c,thereisacleartrendforthesurfacechargeaccumulationandsaturationprocess.Byquantitativelyﬁttingtheexperimentaldata,surfacechargedensitybeforethetriboelectricprocessisσ0=(12(3)μC/m2,andsaturationchargedensityafterinﬁnitenumbersofcyclesoffrictionisσ¥=(150(8)μC/m2.Theelectricﬁeldatthevicinityofthesurfaceis∼1.7107V/m,whichcaneasilygenerateahighvoltage.Thecontact-inducedchargetransferistheexperimentalbaseofourTENG.VerticalContact-SeparationMode-BasedTENG:Dielectric-to-DielectricCase.ThediscoveryofTENGFigure2.WimshurstmachineandVandeGraaﬀgenerator,developedacenturyago,aretheonlytwopossibleapplica-tionsoftriboelectriﬁcationrelatedtoenergy.Figure3.TriboelectricchargeaccumulationontheSiO2surfacewiththeincreaseofthenumberofrepeatedrubbingsatthesamearea.(a)Seriesofsurfacepotentialimagestakeninthesameareafromintactstatustotheoneafterthe8thrubbingcycles,and(b)theircorrespondingpotentialproﬁles.(c)Derivedsurfacepotentialasafunctionofthenumberoffrictioncyclesandthesimulationbasedonchargeaccumulationtheory.Reproducedfromref13.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgEcanbetracedbacktoourdevelopmentofpiezoelectricnanogenerators,14inwhichZnOnanowiresweregrownonpolymersurfaces.Thedevicewasusuallyfullypackagedwithoutgaporvoid.However,inacasewhereadevicewasnotfullypackagedsothatthebottompolymersubstrateandthetoppackagingmaterialmighthavearelativeslidingorcontacting,avoltageofafewvoltswasgenerated.Thisphenomen-onwasfirstconsideredasan“artifact”orsurfaceelectrostaticchargeandwasignored.However,inearly2012,wedidasystematicstudyaboutthisphenom-enonandfoundthatitwasatriboelectrification-drivenenergyconversionprocess.14,15ThiswasthebirthoftheTENG,whichisdistinctlydifferentfromthetradi-tionalVandeGraaffgeneratorinawaythatelectro-staticinductionisintroducedforoutputpower.TheoperatingprincipleoftheTENGforthecaseofdielectric-to-dielectricincontactmodecanbedescribedbythecouplingofcontactchargingandelectrostaticinduction.16Respectively,Figure4a,bdepictselectricoutputofopen-circuitvoltageandshort-circuitcur-rent.Intheoriginalstate,nochargeisgeneratedorinduced,withnoelectricpotentialdiﬀerence(EPD)betweenthetwoelectrodes(Figure4aI).Withanexter-nallyappliedforce,thetwopolymersarebroughtintocontactwitheachother.Surfacechargetransferthentakesplaceatthecontactareaduetotriboelectriﬁcation.Accordingtothetriboelectricseries,17,18whichisalistofmaterialsbasedontheirtendencytogainorlosecharges,electronsareinjectedfromPMMAintoKap-ton,resultinginnetnegativechargesattheKaptonsurfaceandnetpositivechargesatthePMMAsurface,respectively.Itisworthnotingthattheinsulatingpropertyofthepolymersallowsalong-timeretentionoftriboelectricchargesforhoursorevendays.Sincetheyareonlyconﬁnedonthesurface,chargeswithoppositesignscoincideatalmostthesameplane,generatingpracticallynoEPDbetweenthetwoelec-trodes(Figure4aII).Asthegeneratorstartstobereleased,theKaptonﬁlmtendstorevertbacktoitsoriginalpositionduetoitsownresilience.Oncethetwopolymersseparate,anEPDisthenestablishedbetweenthetwoelectrodes(Figure4aIII).Ifwedeﬁneelectricpotentialofthebottomelectrode(UBE)tobezero,electricpotentialofthetopelectrode(UTE)canbecalculatedbyUTE¼σd0ε0(1)whereσisthetriboelectricchargedensity,ε0isthevacuumpermittivity,andd0istheinterlayerdistanceatagivenstate.Asthegeneratorisbeingreleased,VocincreasesuntilreachingthemaximumvaluewhentheKaptonFigure4.SketchthatillustratestheoperatingprincipleoftheTENGfordielectric-to-dielectricincontact-separationmode.(a)Open-circuitcondition.(b)Short-circuitcondition.Thepolymernanowiresarenotshownforthepurposeofsimpliﬁcation.Reproducedfromref16.Copyright2012AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgFﬁlmfullyrevertstotheoriginalposition(Figure4aIVandFigure4aV).Suchasignalwillremainconstantprovidedthattheinputimpedanceoftheelectrometerisinﬁnitelylarge.Ifpressingisimmediatelyfollowed,theEPDstartsdiminishingasthetwopolymerlayersgetclosertoeachother.Asaresult,Vocdropsfromthemaximumvaluetozerowhenafullcontactismadeagainbetweenthetwopolymers(Figure4aV,VI).Ifthetwoelectrodesareshorted,anyestablishedEPDshownineq1asthetwopolymersseparatedriveselectronstoﬂowfromthetopelectrode(TE)tothebottomelectrode(Figure4bIII)inordertobalancethegeneratedtriboelectricpotential,resultinginaninstantaneouspositivecurrentduringthereleasingprocess(Figure4bIV).Theneteﬀectisthatinducedchargesaccumulatewithpositivesignonthetopelectrodeandnegativesignonthebottomelectrode(Figure4bV).Theinducedchargedensity(σ0)whenthegeneratorisfullyreleasedisgivenby16σ0¼σd0εrkεrpd1εrpþd0εrkεrpþd2εrk(2)whereεrkandεrparetherelativepermittivityofKaptonandPMMA,respectively,andd1andd2arethethick-nessesoftheKaptonﬁlmandthePMMAlayer.Themaximumvalueofσmax0isobtainedbysubstitutingd3ford0intheequationabove.Oncethegeneratorispressedagain,reductionoftheinterlayerdistancewouldmakethetopelectrodepossessahigherelectricpotentialthanthebottomelectrode.Asaconsequence,electronsaredrivenfromthebottomelectrodebacktothetopelectrode,redu-cingtheamountofinducedcharges(Figure4bVI).Thisprocesscorrespondstoaninstantaneousnegativecurrent(Figure4bV).Whenthetwopolymersareincontactagain,allinducedchargesareneutralized(Figure4bII).FabricationoftheTENGisrelativelysimple,easy,low-cost,andsometimesnocleanroomequipmentisevenneeded.TheTENGhasalayeredstructurewithtwosubstrates,asschemedatthetopleftofFigure5.19Polymethylmethacrylate(PMMA)wasselectedasthematerialforsubstratesduetoitsdecentstrength,lightweight,easyprocessing,andlowcost.Onthelowerside,alayerofcontactelectrodeisprepared.Thecontactelectrodeplaysdualrolesofelectrodeandcontactsurface.Itconsistsofagoldthinﬁlmandgoldnanoparticlescoatedonthesurface.Inpractice,suchnanoparticlescanbereplacedbyanymetallicnano-particles.Ontheotherside,athinﬁlmofgoldislaminatedbetweenthesubstrateandalayerofpolydimethylsiloxane(PDMS).Thiselectrodeistermed“backelectrode”forlaterreference.Thetwosubstratesareconnectedbyfourspringsinstalledatthecorners,leavinganarrowspacingbetweenthecontactelec-trodeandthePDMS.AmechanicalshakerwasusedtoapplyimpulseimpactontheTENG.Here,theinteractionforcegen-eratedbetweenthegoldandthePDMSisdeﬁnedascontactingforce.Open-circuitvoltage(Voc)andshort-circuitcurrent(Isc)weremeasuredtocharacterizetheTENG'selectricperformance.Withacontactingforceof10N,theVocandtheIscarepresentedinFigure5a,b,respectively.TheVocswitchedbetweenzeroandaplateauvalue,respectively,correspondingtothecon-tactpositionandtheoriginalposition.TheIscexhibitsACbehavior,withanequalamountofelectronsﬂow-inginoppositedirectionswithinonecycle.Theexperi-mentaldatavalidatetheworkingprincipledescribedinFigure4.Itisobservedthatthecurrentsignalfortheseparationprocesshasasmallermagnitudebutlongerdurationthanthatforthecontactprocess(insetofFigure5b).Itcanbeexplainedbyfastercontactresult-ingfromexternalimpactcomparedtoslowersepara-tioncausedbyrestoringforceofthesprings.Thepolarityofthemeasuredelectricsignalscanbere-verseduponswitchingtheconnectionpolaritybe-tweentheTENGandthemeasurementinstrument.Furthermore,theACoutputcouldbetransferredtopulseoutputinthesamedirectionsimplybyafull-waverectifyingbridge(Figure5c).TheNG'selectricoutputisstronglyrelatedtothecontactingforce,yieldinghigheroutputwithlargerforce.Ataforceassmallas10N,theNGcanstillproduceIscrangingfrom160to175μA(Figure5d).Whentheforceincreasesto500N,theelectricoutputreachesasaturatedvalue,producingapeakIscof1.2mA.Thisresultisduetoincreasedcontactareawithalargerforce.Thetwocontactingsurfacesareneitherabsolutelyﬂatnorsmooth.Withalargerforce,duetoelasticproperty,thePDMScandeformandﬁllmorevacantspace,thusleadingtolargercontactarea.Asaresult,theelectricoutputincreasesuntilallthevacantspaceiscom-pletelyﬁlledbythePDMS,reachingasaturatedlimit.ResistorswereconnectedasexternalloadstofurtherinvestigatetheeﬀectiveelectricpoweroftheTENGfordrivingelectronics.AsdemonstratedinFigure5e,theinstantaneouscurrentdropswithin-creasingloadresistanceduetoOhmicloss,whilethevoltagebuildsup.Consequently,theinstantaneouspoweroutput(W=Ipeak2R)reachedthemaximumataloadresistanceof1MΩ.Atacontactingforceof500N,apoweroutputof0.42Wwasachieved(Figure5f),correspondingtoapowerdensityof109W/m2foronelayerofTENG.Ifthemechanicalshakerwasreplacedbyhumanfootfalls,whichcangenerateacontactingforcebetween500and600N,themaximumIsccouldreachupto2mA,whichcansimultaneouslylightup600LEDs(Figure5g).Itcorrespondedtoaninstantaneouscurrentof1.1mAataloadof1MΩ,instantaneousoutputpowerof1.2W,andpowerdensityof313W/m2.Thecorrespondingtriboelectricsurfacechargedensityof594.2μC/m2isdemonstrated.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgGVerticalContact-SeparationMode-BasedTENG:Metal-to-DielectricCase.ThedesignoftheTENGforthemetal-to-dielectricincontact-separationmodeispresentedinFigure6a.20Accordingtothetriboelectricseries,electronsareinjectedfromcellulosepapertoPTFE,resultinginnetnegativecharges(Q)onthePTFEsurface.Inasimplifiedmodel,theequivalentcircuitoftheTENGwithanexternalloadofRisillustratedinFigure6bd,inwhichthedevicecanberegardedasaflat-panelcapacitor.IfσisthechargedensityoftheFigure5.Topleft:basicstructureoftheTENGfordielectric-to-dielectricincontact-separationmode.(a)Open-circuitvoltage(Voc)atcontactingforceof10N.Inset:enlargedviewofonecycle.SeparationcausesrisingoftheVoctoaplateauvalue,andcontactmakesitfallbacktozero.(b)Short-circuitcurrent(Isc)atcontactingforceof10N.Inset:enlargedviewofonecycle.Contactandseparationcorrespondtoapositivecurrentpulseandanegativecurrentpulse,respectively.(c)Rectiﬁedshort-circuitcurrent(Isc)byafull-wavebridgeatcontactingforceof10N.Inset:enlargedviewofonecycle,showingtwocurrentpulsesinthesamedirection.(d)DependenceoftheIsconthecontactingforce.Largercontactingforcecorrespondstohighercurrentuntilsaturationoccurs.Inset:Iscatcontactingforcelessthan50N.Thedatapointsrepresentapeakvalueofcurrentpulses,whilethelineistheﬁttedresult.(e)Dependenceofthecurrentoutputonexternalloadresistanceatacontactingforceof10N.Increasedloadresistanceresultsinlowercurrentoutputbuthighervoltageoutput.Thepointsrepresentthepeakvalueofelectricsignals,whilethelineistheﬁttedresult.(f)Dependenceofthepoweroutputonexternalloadresistanceatacontactingforceof500N,indicatingmaximumpoweroutputwhenR=1MΩ.Thecurveisaﬁttedline.(g)PhotographofasetupinwhichtheTENGactsasadirectpowersourcefor600commercialgreen,red,andblueLEDbulbs,whenfootstepfallsontheNG,simultaneouslylightinguptheLEDsinreal-time.Theestimatedoutputopen-circuitvoltageis∼1200V.Note:allLEDsareconnectedserially.Reproducedfromref20.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgHPTFEsurface,σ1isthechargedensityoftheCusurfacethatiscontactedwithPTFE,andσ2ischargedensityoftheAguppersurface(Figure6b),wehave21σ1¼σ1þd1d2εrp(3)σ2¼σσ1(4)whered1andεrparethethicknessandpermittivityofPTFE,respectively,andchargeQisstableforarelativelylongtimeonthePTFEsurface;thusσ1isdictatedbythegapdistanced2.Thevariationofd2willresultintheredistributionofthechargesbetweenCuandAgelectrodesthroughtheloadRthatgeneratesacurrentthroughtheload,sothatmechanicalenergyiscon-vertedintoelectricity.TheworkingmechanismoftheTENGissimilartoavariable-capacitancegenerator22exceptthatthechargesareself-generatedtriboelectricchargesratherthananexternalpowersource.OncetheTENGwaspressed(Figure6c),areductionoftheinterlayerdistanceofd2woulddecreaseσ1accordingtoeq3,whichresultsinaninstantaneouspositivecurrent(Figure6e).UpontheTENGbeingreleased(Figure6d),thedevicewouldrevertbacktoitsoriginalarchshapeduetoresilience,theinterlayerdistanced2wouldincrease,andthesurfacechargeσ1increasedaswell,resultinginaninstantaneousnegativecurrent(Figure6e).AlthoughthemechanismillustratedinFigure6isforaﬂatsurface,micro-ornanopatternscanbegen-eratedonsurfacestoenhancethecontactareaandtheeﬀectivenessofthetriboelectriﬁcation.TheTENGshowninFigure7isbasedonthecontactelectriﬁcationbetweenpatternedPDMSasthetopplateandpatternedAlfoilasthebottomplate(Figure7a).18Accordingtothetriboelectricseries,thepurposelychosenPDMSandAlarealmostatthetwoendswithverylargediﬀerencesintheabilitytoattractandretainelectrons.Theuniquearch-shapedstructureoftheTENGfromthenaturallybenttopplate,whichhelpstocarryouttheactionofeﬀectivechargesepara-tionandcontactusingtheelasticityoftheﬁlm,isachievedbythefollowinginnovativefabricationpro-cess(Figure7b,c):ThetoppartstartsfromapieceofﬂatKaptonﬁlm(Figure7b,i).Alayerof500nmSiO2ﬁlmisdepositedusingplasma-enhancedchemicalvapordeposition(PECVD)at250°C(Figure7b,ii).Uponcool-ingtoroomtemperature,theKaptonwillshrinktoamuchlargerextentthantheSiO2ﬁlmbecauseofthelargediﬀerenceinthermalexpansioncoeﬃcients,sothatthermalstressacrosstheinterfacewillmaketheplatebentnaturallytowardtheSiO2side.Then,theprefabricatedPDMSﬁlmwithpyramidpatternsisgluedtotheinnersurfacethroughathinPDMSbondinglayer(Figure7b,iii).Finally,theelectrodeisdepositedontop(Figure7b,iv).Asforthebottomplate,analuminumfoil(Figure7c,i)ispatternedwithatypicalphotolithographyprocess:deﬁningthephoto-resisttothearrayofsquarewindows(Figure7c,ii),depo-sitingalayerofaluminumontop(Figure7c,iii),andﬁnallylift-oﬀ,leavingthepatternedAlcubesonthefoil(Figure7c,iv).Atlast,thetwoas-fabricatedplatesofthesamesizeareattachedface-to-faceandsealedatthetwoends.ThesoftAlplatewillbeforcedtobendoutwardunderthecontractionfromtheotherplate,sothatagapwillformnaturallybetween.ThepatternedsurfacesofPDMSﬁlm(Figure7d)andAlfoilFigure6.Design,operatingprinciple,andperformanceofaTENGinthemetal-to-dielectricincontact-separationmode.(a)Schematicdiagramanddigitalphotographyofanarch-structuredﬂexibletriboelectricnanogenerator.EquivalentcircuitoftheTENGwithanexternalloadofRwhenthedeviceisat(b)origin,(c)pressing,and(d)releasingstatesand(e)correspondingcurrenttimecurve,respectively.(f)LinearsuperpositiontestsoftwoTENGs(G1andG2)connectedinparallelwiththesamepolarity(G1þG2)andoppositepolarity(G1G2).Reproducedwithpermissionfromref21.Copyright2013Elsevier.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgI(Figure7e)arefabricatedtoenhancethetriboelectriccharging.Basedonthecontact-separationtriboelectriﬁcationprocess,multilayeredandstackedTENGcanbefabri-catedinordertoenhancethetotaloutputpower.23,24SuchdesignsextendTENGfromaplanarstructuretoavolumestructure.Insuchacase,therearetwopara-metersforcharacterizingtheoutputpower:surfacepowerdensityandvolumepowerdensity.Thistypeof3D-TENGhasuniqueadvantagescomparedtotheconventionalsolarcellandthermoelectricenergygenerator.Asolarcellcanonlyreceivelightfromitsnormaldirection,inwhichanystructurebeneathacertaindepthofthestructureisineﬀectiveforenergyconversion.Athermalelectricgeneratorislimitedbythetemperaturedropbetweenitstwoends,anditsenergyharvestingeﬃciencymaynotbeimprovedbydesigningathermoelectricgeneratorintoalayeredorstackedstructure.LateralSliding-Mode-BasedTENG:Dielectric-on-DielectricCase.Therearetwobasicfrictionprocesses:normalcontactandlateralsliding.WedemonstratedFigure7.StructureandfabricationprocessoftheTENGformetal-to-dielectricincontact-separationmode.(a)Schematicdiagramshowingthestructuraldesignofthearch-shapedTENG;theinsetisthephotographofatypicalarch-shapedTENGdevice.(b,c)Fabricationﬂowchartfor(b)topplateand(c)bottomplateoftheTENG.(d,e)TopviewSEMimagesof(d)PDMSsurfacewithpyramidpatternsand(e)Alsurfacewithcubicpatterns;insetsarehigh-magniﬁcationimagesatatiltedangle.(c,d)TENGdrivingaloadwithrectiﬁcation,anddependenceof(c)theoutputvoltage,current,and(d)instantaneouspowerontheresistanceoftheload.Allofthedotsaremeasuredvalues,andthesolidlinesareﬁttedcurves.Reproducedfromref19.Copyright2012AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgJhereaTENGthatisdesignedbasedonthein-planeslidingbetweenthetwosurfacesinlateraldirection.25,26Withanintensivetriboelectrificationfacilitatedbyslidingfriction,aperiodicchangeinthecontactareabetweentwosurfacesleadstoalateralseparationofthechargecenters,whichcreatesavoltagedropfordrivingtheflowofelectronsintheexternalload.Thesliding-inducedelectricitygenerationmechanismisschematicallydepictedinFigure8a.Intheoriginalposition(Figure8aI),thetwopolymericsurfacesfullyoverlapandintimatelycontactwitheachother.Be-causeofthelargedifferenceintheabilitytoattractelectrons,thetriboelectrificationwillleavethenylonsurfacewithnetpositivechargesandthePTFEwithnetnegativechargeswithequaldensity.Sincethetribo-chargesontheinsulatorswillonlydistributeinthesurfacelayerandwillnotbeleakedoutforanextendedperiodoftime,theseparationbetweenthepositivelychargedsurfaceandnegativelychargedsurfaceisnegligibleatthisoverlappingposition,andthustherewillbelittleelectricpotentialdropacrossthetwoelectrodes.Oncethetopplatewiththepositivelychargedsurfacestartstoslideoutward(Figure8aII),thein-planechargeseparationisinitiatedduetothedecreaseincontactsurfacearea.Theseparatedchargeswillgenerateanelectricfieldpointingfromtherighttotheleftalmostparalleltotheplates,inducingahigherpotentialatthetopelectrode.Thispotentialdifferencewilldriveacurrentflowfromthetopelectrodetothebottomelectrodeinordertogenerateanelectricpotentialdropthatcancelsthetribo-charge-inducedpotential.Becausetheverticaldistancebetweentheelectrodelayerandthetribo-chargedpolymericsurfaceisnegligiblecomparedtothelateralchargeseparationdistance,theamountofthetransferredchargesontheelectrodesapproxi-matelyequalstotheamountoftheseparatedchargesatanyslidingdisplacement.Thus,thecurrentflowwillcontinuewiththecontinuationoftheongoingslidingprocessthatkeepsincreasingtheseparatedcharges,untilthetopplatefullyslidesoutofthebottomplateandthetribo-chargedsurfacesareentirelyseparated(Figure8aIII).Themeasuredcurrentshouldbedeterminedbytherateatwhichthetwoplatesarebeingslidapart.Subsequently,whenthetopplateisrevertedtoslidebackward(Figure8aIV),theseparatedchargesbegintocontactagainbutwithnoannihilationduetotheinsulatornatureofthepolymermaterials.Theredundanttransferredchargesontheelectrodeswillﬂowbackthroughtheexternalloadwiththeincreaseofthecontactarea,inordertokeeptheelectrostaticequilibrium.Thiswillcontributetoacurrentﬂowfromthebottomelectrodetothetopelectrode,alongwiththesecondhalfcycleofsliding.OncethetwoplatesFigure8.WorkingmechanismoftheslidingmodeTENGfordielectric-on-dielectriccase.(a)Sketchesthatillustratetheelectricitygenerationprocessinafullcycleoftheslidingmotion.(bd)Finiteelementsimulationofthepotentialdiﬀerencebetweenthetwoelectrodesatconsecutiveslidingdisplacements:(b)0mm(theoverlappingposition);(c)41mm(slidinghalfwayout);(d)71mm(fullyslidingout).(e)CurvesofthesimulatedpotentialdiﬀerenceΔV(red)andtransferredchargedensityΔσ(blue)vstheslidingdisplacementfrom11to91mm,inwhichthetwoplatesfullyslideoutofeachotherat71mm(markedbythepurpledotline).Reproducedfromref26.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgKreachtheoverlappingposition,thechargedsurfacesarefullyincontactagain.Therewillbenotransferredchargesleftontheelectrode,andthedevicereturnstothestateinFigure8aI.Inthisentirecycle,theprocessesofslidingoutwardandinwardaresymmetric,soapairofsymmetricalternatingcurrentpeaksshouldbeexpected.Thisin-planecharge-separation-inducedpotentialdiﬀerenceandchargetransfercanbeveriﬁedthroughnumericalsimulationusingCOMSOL.Themodelcon-structedherehasthesamestructureanddimensions(71mm50mmsurface)withtherealdevice,andthosetwotribo-chargedsurfacesareassignedwithachargedensityof(70μC/m2.Thedeviceisinopen-circuitcondition,whichmeansnoelectrontransferbetweenthetwoelectrodes.Asshownbythesimula-tionresults,whenthetwoplatesareinthefullyalignedstackingposition,whichcorrespondstothestateinFigure8aI,thereisnopotentialdiﬀerencegenerated(Figure8b).Whenthetopplateslidesabouthalfwayout(withadisplacementof41mm),therewillbea2950Vpotentialdiﬀerencebetweenthetwoelectro-des(Figure8c),andthispotentialdiﬀerencewillin-creaseto1.03105Vwhenthetopplatejustslidesoutofcontactwiththebottomplate(withadisplacementof71mm)(Figure8d).InthesesimulationresultsofFigure8bd,thebackgroundplanesshowthepoten-tialdistributioninthefreespaceofairsurroundingtheTENG,asaresultofthein-planechargeseparation.Wehavealsosimulatedthevoltagebetweenthetwoelectrodesataseriesofdisplacementsfrom11to91mm.AsshowninFigure8e,thevoltagekeepsincreasingwhenthedisplacementgetslarger,evenaftertheplatesslideoutofeachother.Thisisbecausethevoltageisapathintegraloftheelectricﬁeldalongthedisplacement.Ontheotherhand,theamountsoftransferredchargesbetweenthetwoelectrodesunderthesediﬀerentdisplacementsarealsosimulatedbyequatingthepotentialoftheelectrodesattheshort-circuitcondition.AsshowninFigure8e,theamountoftransferredchargesincreaseslinearlywiththedispla-cementbeforethetopplateslidesoutofthebottomplate(withadisplacementsmallerthan71mm),butdiﬀerentfromthetrendofthevoltage,theamountoftransferredchargeswillsaturateatthetotalamountoftribo-chargesononesurfaceaftertheplateshavefullyslidoutofeachotherbecausethereisnofurtherchargeseparationhere.So,theeﬀectivedisplacementregionforgeneratingelectricityisbetween0and71mm,wherethecontactareaofthetwoplatesischangedduringtherelativeslidingofthetwoplates.LateralSliding-Mode-BasedTENG:Metal-on-Dielec-tricCasewithLinearGrating.Intheslidingmode,introducinglineargratingontheslidingsurfacesisanextremelyefficientmeansforenergyharvesting.Lineargratingwithuniformperiodisfabricatedonbothslidingsurfaces.Therowsofgratingunitshavethesamesizeasintervalsbetween,withallrowsbeingelectricallyconnectedatbothendsbytwobuses.Thegratingpatternsonbothslidingsurfacesareidenticalsothattheycanmatchwellwitheachotherwhenaligned.Althoughthegratingdesignreducesthetotalcontactareabyhalf,thusseeminglysacrificinghalfofthetriboelectriccharges,itincreasesthepercentageofthemismatchedareato100%foradisplacementofonlyagratingunitlengthratherthantheentirelengthoftheTENGsothatitdramaticallyincreasesthetransportefficiencyoftheinducedcharges.Inducedfreeelectronscanbepumpedbackandforthbetweenelectrodesmultipletimesduetothegratingstructure,providingmultifoldsofoutputchargecomparedtoanongratingTENG.Everyrowofthegratingunitscanbeconsideredasareduced-sizedTENG,anditisinparallelconnectionwithallotherrowsthroughbuses.IncontrasttoanongratingTENGthatneedstobefullydisplacedinordertocompletepumpingofthein-ducedchargesforonetime,thegratingTENGonlyrequiresadisplacementofaunitlengthtocompletelytransporttheinducedcharges,largelyimprovingtheenergyconversionefficiency.Withfurtherdisplace-mentofanotherlengthoftheunit,backflowoftheinducedchargescanberealized.Therefore,foraone-wayslidingprocessacrossthewholelengthoftheTENG,theinducedchargescanbepumpedfor2N1timesintotal,whereNisthenumberofgratingunits.Ifwetakeintoaccountthatthecontactingareade-creasesasthetwosurfacesslideapart,thefollowingequationrepresentsthetotalinducedchargesQthatthegratingTENGcanprovideforasingleslidingacrosstheentirelengthoftheTENG:24Q¼(2q0N)N=2(5)whereq0istheinducedchargesgeneratedfromasinglegratingunitforadisplacementoftheunitlength.Todemonstratethecapabilityofthenewprincipleasadirectpowersource,atotalof80commercialLEDbulbswereutilizedasoperatingload(Figure9a).Theyweredividedintotwogroups,whichwereconnectedtoaTENGwithreversedpolarityinordertoclearlydemonstratetheACoutputwithoutrectiﬁcation(Figure9b).ShowninFigure9a,onesubstrateoftheTENGwasﬁxedonabreadboardwheretheLEDswereinstalled,whiletheotheronewasattachedtohumanﬁngers.Asthehandsweptbackandforth,theslidingwasrealized.ForanongratingTENG,theoutputcur-rentitdeliverstotheloadisdisplayedinFigure9c.Itisnoticedthatfastersweepinggenerateshighercurrentpeaksascomparedwiththosefromslowersweeping.EverycurrentpeakwascapableofsimultaneouslylightinguponegroupofLEDs.DuetotheACoutput,thetwoLEDgroupswerealternatelylightedup,asindicatedby“ON”and“OFF”statesinFigure9d.ItisworthnoticingthatasingleslidingprocessREVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgLcorrespondstoonlyasinglecurrentpeak,whichisvisualizedbysnapshotsinFigure9d.Incomparison,agratingTENGisabletopowertheloadformultipletimeswithinasinglesliding.ForaTENGwith8gratingunits,onlyadisplacementofaunitlengthwasrequiredtolightuptheLEDs.Therefore,withgratingstructure,notonlycantheTENGhavesubstantialenhancementsofcurrentandchargesbutalsoitcanprovidehigh-frequencyACoutputthatenablescontinuousopera-tionofelectricdevices.Rotation-Mode-BasedTENG.Themechanismpre-sentedinFigure8canworkineitheronedirectionalslidingbetweentwoplatesorinrotationmode.Wedemonstrateasegmentallypatterneddisk-shapedTENG,inwhichaperiodicoverlappingandseparationprocessofthetwogroupsofsectorsonthetwoconcentricandcloselycontacteddisksisachievedbyrelativerotation.27ThebasicstructureofthediskTENGiscomposedoftwodisk-shapedcomponentswithfoursectorseach,asschematicallyillustratedinFigure10ac.TheworkingprincipleofthediskTENGisbasedonthetriboelectrificationandtherelative-rotation-inducedcyclicin-planechargeseparationbetweenAlandKapton,asshowninFigure10d.Intherelativerotation,theAlsurfaceandKaptonsurfaceslideonerelativetotheother,sothattheelectronswillbeinjectedfromtheAlfoiltotheinnersurfaceoftheKaptonfilm,leavingnetpositivechargesontheAlfoilandnetnegativechargesontheKaptonfilm.TheelectricitygenerationprocessofthediskTENGcanbedividedintofourstages:InstageI,thetwodisksareatanoverlappingposition.Sincethetwochargedsurfacesarecloselycontactedwithnopolarization,therewillbenopotentialdifferencebetweenthetwoelectrodes,thusnocurrentflowintheexternalload.WhentheAlfoilrotatesinreferencetotheKaptonfilm,thecorrespondingtwosegmentsstarttohaveapartiallymismatchedcontactarea(stageII),andthein-planetribo-chargesarethusseparatedinthedirec-tionalmostparalleltotheslidingdirection,whichwillinduceahigherpotentialontheAllayerthantheKapton'selectrode,thustheelectronsintheelectrodeattachedtotheKaptonfilmwillbedriventoflowtotheAlfoilthroughanexternalload(formingacurrentflowinthereversedirection),sothatanoppositepotentialisgeneratedtobalancethepotentialdifferenceFigure9.DemonstrationoftheslidingmodeTENGformetal-on-dielectriccasewithaﬁnegratingstructure.(a)Photographthatshowstheexperimentalsetup.Inset:fourrowsofLEDbulbsthatarebeinglightedup.(b)Electriccircuitdiagram,indicatingthefourrowsofLEDsaredividedintotwogroupswithreversedconnectionpolarities.(c)Short-circuitcurrentgeneratedfromanongratingTENGastherelativedisplacementresultsfromreciprocatingsweepingofahumanhand.(d)Enlargedviewofthesectionhighlightedin(c).Insets:snapshotsthatshowthestatesofthetwogroupsofLEDscorrespondingtothecurrentpeaks.(e)DiﬀerentstagesoftheslidingprocessasaTENGwith8gratingunitsisbeingslidapart(leftcolumn)andcorrespondingstatesofthetwogroupsofLEDsduringtheslidingprocess(rightcolumn).Reproducedfromref25.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgMcreatedbytheseparatedtribo-charges.Inthisprocess,theelectronskeepflowinguntilthetwodisksarefullymismatchinthecontactingsegmentedareas(e.g.,for45°rotationinthiscase),whichisrepresentedbystageFigure10.RotatingTENGinsegmenteddiskconﬁguration.(a)SchematicillustrationshowingthestructuredesignofthediskTENG.Theinset(bottomleft)isanenlargedﬁgureshowingtheKaptonnanorodarraycreatedonthesurfacearea.(b)TopviewSEMimageoftheKaptonnanorodsshowingitsuniformityinalargerange.Theinsetisahigh-magniﬁcationSEMimageoftheKaptonnanorodsin30°tiltedview.Thescalebaris500nm.(c)PhotographshowingthetwopartsofarealdiskTENG.(d)SchematicillustrationsshowingtheproposedworkingprincipleofthediskTENGwiththeelectronﬂowdiagraminfourconsecutivestageswithinafullcycleofelectricitygeneration.Pleasenotethatonlyonepairofsectors(thecross-sectionareaentangledinFigure1awasshownwithsurfacechargesforclarityofillustration,andthesurfacechargesontheinterfaceareabetweenAlfoilandKaptonﬁlmarehiddenandarenotdrawnforeasypresentation.(e)relationshipbetweentheoutputvoltage/currentandtheresistanceofanexternalload.(f)Relationshipbetweentheeﬀectivepowerdensityandtheresistanceoftheexternalload.Themaximumpowerisreceivedwhentheexternalresistanceis10MΩ.Reproducedfromref27.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgNIII.Atthismoment,boththeinducedpotentialdiffer-enceandtheamountoftransferredchargesbetweenthetwoelectrodesreachthemaximumvalues.InstageIV,asthetopplatecontinuesspinning,theKaptonsurfacebeginstocontactanotheradjacentsectorofAlfoil,andthepotentialdifferencebetweentwoelectro-deswilldropwiththedecreaseofthemismatcharea.Asaresult,theelectronswillflowbackintheoppositedirectionfromtheAlfoiltotheelectrodeattachedtotheKaptonfilm.Thus,theentireprocesswillresultinanalternatingcurrent(AC)output.SuchachargetransfercyclewillstartoverfromstageIwhenthetwoplatesreachacompleteoverlappingagain.Figure10eshowstheresistancedependenceofbothoutputcurrentdensityandvoltage,from10Ωto1GΩ.Theoutputcurrentdensitydecreaseswiththeincreasingresis-tance,whiletheoutputvoltageshowsthereversetrend,butboththecurrentandvoltagetendtosaturateatbothhighandlowendsoftheresistance.ThepowerdensitywasalsoplottedasafunctionofexternalresistanceinFigure10f.Theoutputpowerdensityfirstincreasesatalowresistanceregionandthendecreasesatahigherresistanceregion.Themaxi-mumvalueofthepowerdensityof∼1W/m2occursat∼10MΩ.AschematicdiagramofacylindricalrotatingTENGwith6stripunitsisshowninFigure11a.28TheTENGhasacoreshellstructurethatiscomposedofacolumnconnectedtoarotationalmotorandahollowtubeﬁxedonaholder.Here,acrylicwasselectedasthestructuralmaterialduetoitslightweight,goodma-chinability,andproperstrength.Ontheinnersurfaceoftheﬁxedtube,metalstripsmadeofcopperareevenlydistributed,witheachhavingacentralangleof30°,creatingequal-sizedintervalsbetween.Thesemetalstrips,connectedbyabusatoneend,playdualrolesasaslidingsurfaceandasacommonelectrode.Onthesurfaceoftherotatablecolumn,acollectionofseparatedstripsoffoamtapewereadheredasabuﬀerlayerwithacentralangleof30°foreachunit.Thebuﬀerlayerisacriticaldesignthatensuresrobustnessandtoleranceonoﬀ-axisrotation,whichwillbedis-cussedindetaillater.Ontopofthefoamtape,alayerofcopperandalayerofPTFEﬁlmareconformablyattachedinsequence.ThecopperlayerservesasbackelectrodeoftheTENG.TheoutersurfaceofthePTFEﬁlmismodiﬁedbyspreadingalayerofPTFEnanopar-ticlestoenhanceenergyconversioneﬃciency.TheworkingprincipleofarotatingTENGcanbedescribedbythecouplingofcontactelectriﬁcationandelectrostaticinduction.Thedesignofthecylind-ricalrotatingTENGisbasedontherelativeslidingmotionofgratedsurfaces.Here,apairofslidingunitsisselectedtoillustratetheprocessofelectricitygen-eration,asschemedinFigure11b.ThefoamtapeandnanoparticlesonthePTFEﬁlmarenotpresentedforFigure11.RotationTENGincylindricalconﬁguration.(a)DesignandstructureofthecylindricalrotationTENG.(b)WorkingprincipleoftheTENG.(c)MaximumIscasafunctionoflinearrotationalvelocity/rotationrateof1.33m/s(arotationrateof1000r/min).(d)MaximumVocasafunctionoflinearrotationalvelocity/rotationrate.(e)Equivalentdirectcurrentasafunctionoflinearrotationalvelocity/rotationrate.Reproducedfromref28.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgOsimpliﬁcationandclearillustration.Atthealignedposition,thetwopartsoftheslidingpaircompletelymatchbecauseofthesamecentralangle.Uponcon-tactbetweenthePTFEﬁlmandthemetalstrips,chargetransfertakesplace.Duetothediﬀerenceontribo-electricpolarities,electronsareinjectedfrommetalintothesurfaceofPTFE.Sincethetwoslidingsurfacesarecompletelyaligned,triboelectricchargeswithop-positepolaritiesarefullybalancedout,makingnoelectronﬂowintheexternalcircuit(Figure11bI).Oncearelativeslidingoccursasaresultofrotation,tribo-electricchargesonthemismatchedareascannotbecompensated.ThenegativeonesonthePTFEwilldrivefreeelectronsonthebackelectrodetotheslidingelectrodethroughtheexternalcircuitduetoelectro-staticinduction,neutralizingpositivetriboelectricchargesontheslidingelectrodeandleavingpositivelyinducedchargesbehindonthebackelectrode(Figure11bII).Theﬂowoftheinducedelectronslastsuntilthemismatchbetweenthetwoslidingsurfacesreachesthemaximumwhenthepositivetriboelectricchargesarefullyscreenedbyinducedelectrons(Figure11bIII).Astherelativerotationcontinues,thePTFEﬁlmwillcomeintocontactwithanadjacentmetalstrip(Figure11bIV).Thus,theinducedelectronswillﬂowbackinanoppositedirectionuntilthefullyalignedpositionisrestored(Figure11bI).Therefore,inacycleofelectricitygeneration,ACelectricoutputisgenerated.Sincealloftheslidingunitsareelectricallyconnectedinparallel,outputcurrentfromdiﬀerentunitsaresynchronizedtoconstructivelyaddup.Tocharacterizetheelectricoutput,IscandVocofarotatingTENGwith6stripunitsweremeasuredatarotationrateof1000r/min,correspondingtoanequivalentlinearrotationalvelocityof1.33m/s.AnapproximatelylinearrelationshipbetweenthelinearrotationalvelocityandthecurrentamplitudecanbederivedfromtheresultsshowninFigure11c.Thelinearrelationshipbetweenthevelocityandoutputcurrentcanbeexplainedbytheincreasingfrequency.TheVocstaysstableatdiﬀerentrotationratebecausethevoltageisonlyafunctionofpercentageofmismatchasshowninFigure11d.Foroutputcharge,ahighercurrentfrequencyproducesalargeramountofaccu-mulativechargeswithinthesameperiodoftime,resultinginalargerequivalentdirectcurrent.AsshowninFigure11e,theequivalentdirectcurrentincreasesfrom3.7to38.9μAwhenthelinearrotationalvelocityincreasesfrom0.13to1.33m/s.Single-Electrode-BasedTENG.TheTENGspresentedinthelastfewsectionsmusthavetwoelectrodesinordertoformaclosedcircuitfortheelectronstoflow.Suchaconfigurationispossibleforaworkingalonesystem,butitintroducesdifficultyinengineeringde-signforspecificapplicationssuchasharvestingenergyfromarotatingtire.Inthissection,weintroduceasingle-electrode-basedTENGthatismorepracticalandfeasibledesignforsomeapplicationssuchasfinger-tip-drivenTENG.2932ToobtainamorequantitativeunderstandingabouttheTENG,weemployedfiniteelementsimulationtocalculatetheelectricpotentialdistributionintheTENGandthechargetransferbe-tweentheITOelectrodeandgroundusingCOMSOL.TheconstructedmodelisbasedonaskinpatchandaPDMSfilmontheITOelectrodewiththedimensionsof45mm65mmandthicknessof1mmforskin,0.5mmforPDMSfilm,1mmforITOelectrode,asdepictedinFigure12a.TheITOelectrodewascon-nectedwiththeground.Thetriboelectricchargeden-sitiesontheskinandPDMSfilmwereassumedtobeþ10and10μC/m2,respectively.Figure12bshowsthecalculatedresultsoftheelectricpotentialdistribu-tionintheTENGunderthedifferentseparationdis-tancesof0.5,10,30,and60mm.WhentheskinandPDMSfullycontactwitheachother,theelectricpoten-tialsonboththeskinandPDMSapproachzero.Theelectricpotentialdifferencewasfoundtoincreasedra-maticallywithincreasingseparationdistance.Whentheyareseparatedby60mm,theelectricpotentialontheskinsurfacereaches1.2104V,whiletheelectricpotentialonthePDMSisstillclosetozero,whichisassociatedwithcontactwiththeITOelectrode/ground.AsillustratedinFigure12c,theamountofthetotalchargesontheITOelectrodewasplottedasafunctionofseparationdistancebetweentheskinandPDMS.Itincreaseswithincreasingseparationdistance,reveal-ingthatchargetransferdecreaseswithincreasingdistance.Theseresultsareconsistentwiththemea-suredchangeinchargequantitywhenthecontactedskinwasremovedfromthePDMSfilm,asshowninFigure12d.TheworkingprincipleofthefabricatedTENGisschematicallyshowninFigure12ebythecouplingofcontactelectriﬁcationandelectrostaticinduction.Intheoriginalposition,thesurfacesofskinandPDMSfullycontactwitheachother,resultinginchargetrans-ferbetweenthem.Accordingtothetriboelectricseries,electronswereinjectedfromtheskintothePDMSsincethePDMSismoretriboelectricallynegativethanskin,whichisthecontactelectriﬁcationprocess.Theproducedtriboelectricchargeswithoppositepolaritiesarefullybalanced/screened,leadingtonoelectronﬂowintheexternalcircuit.OncearelativeseparationbetweenPDMSandskinoccurs,thesetriboelectricchargescannotbecompensated.ThenegativechargesonthesurfaceofthePDMScaninducepositivechargesontheITOelectrode,drivingfreeelectronstoﬂowfromtheITOelectrodetoground.Thiselectrostaticinduc-tionprocesscangiveanoutputvoltage/currentsignalifthedistanceseparatingthetouchingskinandthebottomPDMSisappreciablycomparabletothesizeofthePDMSﬁlm.WhennegativetriboelectricchargesonthePDMSarefullyscreenedfromtheinducedpositivechargesontheITOelectrodebyincreasingtheREVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgPseparationdistancebetweenthePDMSandskin,nooutputsignalscanbeobserved,asillustrated.More-over,whentheskinwasrevertedtoapproachthePDMS,theinducedpositivechargesontheITOelec-trodedecreaseandtheelectronswillﬂowfromgroundtotheITOelectrodeuntiltheskinandPDMSfullycontactwitheachotheragain,resultinginareversedoutputvoltage/currentsignal.ThisisafullcycleoftheelectricitygenerationprocessfortheTENGincontact-separationmode.Themechanismofthesingle-electrode-basedslid-ingTENGisschematicallydepictedinFigure13a.Intheoriginalposition,thesurfacesofPTFEandAlfullyoverlapandintimatelycontactwitheachother.Ac-cordingtothetriboelectricseries,thecontactbetweenthePTFEandAlwillresultinelectronsbeinginjectedfromAltoPTFEsincePTFEismuchmoretriboelectri-callynegativethanAl.Theproducednegativetribo-electricchargescanbepreservedonthePTFEsurfaceforalongtimeduetothenatureoftheinsulator.OncethetopPTFEwiththenegativelychargedsurfacestartstoslideoutward,itwillresultinthedecreaseoftheinducedpositivechargesontheAl,thustheelectronsﬂowfromgroundtoAl,producingapositivecurrentsignal.WhenthetopPTFEfullyslidesoutofthebottomAl,thetwotriboelectricchargedsurfacesareentirelyseparated,andthenanequilibriumstatecanbecre-atedwithnooutputvoltage/current.WhenthetopPTFEplateisrevertedtoslidebackward,theinducedpositivechargesontheAlincrease,drivingtheelec-tronstoﬂowfromAltogroundtoproduceanegativecurrentsignal.Oncethetwoplatescompletelyreachtheoverlappingposition,thechargedsurfacesgetintofullcontactagainandtherewillbenochangeoftheinducedchargesontheAl,thusnooutputcurrentcanbeobserved.Thisisafullcycleofthesingle-electrode-basedslidingTENGworkingprocess.TheelectricpotentialdistributionintheTENGandthechargetransferbetweentheAlandgroundcanbeveriﬁedthroughnumericalsimulationusingCOMSOL.TheproposedmodelisbasedonaPTFEpatchandanAlplatewiththesamedimensions(5cm8cm0.1cm),asshownintheinsetofFigure13b.ThetriboelectricchargedensityonthePTFEwasassumedtobe10μC/m2.TheAlplatewasconnectedwiththeground.Figure13bdepictsthecalculatedresultsoftheelectricpotentialdistributionintheTENGunderfourdiﬀerentslidingdistancesof0,16,26,and40mm.Whentwoplatesarefullyoverlapped,theelectricpotentialonthePTFEsurfaceapproacheszero.WhenthetopPTFEplateslidesoutwithadisplacementof26mm,theelectricpotentialonthePTFEsurfaceisupto6000V.ItcanbeclearlyseenthattheelectricpotentialdiﬀerencebetweenthePTFEandtheAlincreasesdramaticallywithincreasingslidingdistance.Asillu-stratedinFigure13c,theamountofthetotalchargesontheAlplatedecreaseslinearlywithincreasingslidingdistance,indicatingthatthetransferredchargesbetweenAlandthegroundincreasewiththeincreas-ingslidingdistance.Usually,theeﬀectiveoutputpoweroftheTENGdependsonthematchwiththeloadingresistance.Figure13dshowstheresistancedependenceofbothoutputvoltageandtheoutputcurrentdensitywiththeFigure12.Single-electrodeTENGincontact-separationmode.(a)Schematicdiagramofthemodelforthecalculation.(b)FiniteelementsimulationofthepotentialdistributionintheTENGforthediﬀerentseparationdistancesbetweentheskinandPDMSﬁlm.(c)TotalchargesontheITOelectrodeasafunctionoftheseparationdistancebetweentheskinandPDMSﬁlm.TheincreaseintotalchargesisaresultoftheelectronﬂowfromITOtoground.(d)MeasuredchargequantitywhentheappliedpressureonthePDMSﬁlmwasreleased.(e)Sketchesthatillustratetheelectricitygenerationprocessinafullcycle.(I)FullcontactbetweenthehumanskinandPDMSﬁlm.(II)Twosurfacesareseparatedwithasmalldistance.(III)Twosurfacesareseparatedwithalargedistance.(IV)Separatedtwosurfacesareapproaching.Reproducedwithpermissionfromref29.Copyright2013Wiley.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgQresistancefrom10Ωto1GΩ.Theoutputvoltageofthedevicerisesupwithincreasingtheloadingresis-tance,whilethecurrentdensitydropswiththein-creaseoftheresistance.AsshowninFigure13e,theoutputpowerdensitywasplottedasafunctionoftheloadingresistance.Theinstantaneouspowerdensityremainscloseto0withtheresistancebelow1MΩandthenincreasesintheresistanceregionfrom1to100MΩ.Thepowerdensitydecreasesunderthelargerloadingresistance(>100MΩ).Themaximumvalueoftheoutputpowerdensityreaches350mW/m2ataloadingresistanceof100MΩ.ApplicationsofTENG.TENGisaphysicalprocessofconvertingmechanicalagitationtoanelectricsignalthroughthetriboelectrification(ininnercircuit)andelectrostaticinductionprocesses(inoutercircuit).Figure13.Single-electrodeTENGinslidingmode.(a)Sketchesthatillustratetheelectricitygenerationprocessinafullcycle.(b)FiniteelementsimulationofthepotentialdistributionintheTENG.Theinsetshowsthemodelforthecalculationwiththeseparationdistanceof0.2mmbetweenPTFEandAl.(c)CurveoftheinducedchargequantityontheAlelectrodeversustheslidingdistancefrom0to40mm.(d)Dependenceoftheoutputvoltageandthecurrentdensityontheexternalloadingresistance.(e)Plotofthepowerdensityversustheloadingresistance.Reproducedfromref30.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgRThisbasicprocesshasbeendemonstratedfortwomajorapplications.Thefirstapplicationisenergyharvestingwithaparticularadvantageofharvestingmechanicalenergy.Theotherapplicationistoserveasaself-poweredactivesensorbecauseitdoesnotneedanexternalpowersourcetodrive.Inthissection,webrieflysummarizetheapplicationsthathavebeendemonstratedinthesetwoareas.HarvestingVibrationEnergy.Vibrationisoneofthemostpopularphenomenainourdailylife,fromwalk-ing,voices,enginevibration,automobile,train,aircraft,wind,andmanymore.Itexistsalmosteverywhereandatalltimes.Harvestingvibrationenergyisofgreatvalueespeciallyforpoweringmobileelectronics.Basedonthefundamentalprinciplesintroducedinsection4,varioustechnologieshavebeendemonstratedforharvestingvibrationenergy.Cantilever-basedtechniqueisaclassicalapproachforharvestingmechanicalenergy,especiallyforMEMS.Bydesigningthecontactsurfaceofacantileverwiththetopandbottomsurfacesduringvibration,TENGhasbeendemonstratedforharvestingambientvibra-tionenergybasedonthecontact-separationmode.Withtheassistanceofnanowirearraysfabricatedontothesurfacesofberylliumcopperalloysfoils,thenewlydesignedTENGproducesanopen-circuitvoltageupto101V,ashort-circuitcurrentof55.7μA,withacorre-spondingpeakpowerdensityof252.3mW/m2.33Toharvesttheenergyfromabackpack,wedemon-stratedarationallydesignedTENGwithintegratedrhombicgridding,whichgreatlyimprovedthetotalcurrentoutputowingtothestructurallymultipliedunitcellsconnectedinparallel.34Withthehybridizationofboththecontact-separationmodeandslidingelectri-ﬁcationmodeamongnanowirearraysandnanoporesfabricatedontothesurfacesoftwocontactplates,thenewlydesignedTENGproducesanopen-circuitvol-tageupto428Vandashort-circuitcurrentof1.395mAwithapeakpowerdensityof30.7W/m2.BasedontheTENG,aself-poweredbackpackwasdevelopedwithavibration-to-electricenergyconversioneﬃciencyupto10.6%.ThenewlydesignedTENGcanbeamobilepowersourceforﬁeldengineers,explorers,anddisaster-reliefworkers.Withtheuseoffoursupportingsprings,aharmonicresonator-basedTENGhasbeenfabricatedbasedontheresonance-inducedcontactseparationbetweenthetwotriboelectricmaterials,whichhasbeenusedtoharvestvibrationenergyfromanautomobileen-gine,asofa,andadesk.35Itproducesauniformquasi-sinusoidalsignaloutput,withanopen-circuitvoltageupto287.4V,ashort-circuitcurrentamplitudeof76.8μA,andapeakpowerdensity726.1mW/m2.Itcaneﬀectivelyrespondtoinputvibrationfrequencyfrom2to200Hzwithaconsiderablywideworkingbandwidthof13.4Hz.Theharmonicresonator-basedTENGisverysensitivetosmallambientvibrationssuchasanoperatingautomobileengine;itcanalsoactasanactivevibrationsensorforambientvibrationdetection.ThisworknotonlypresentsanewprincipleintheﬁeldofvibrationenergyharvestingbutalsogreatlyexpandstheapplicabilityofTENGsaspowersourcesforself-sustainedelectronics.Recently,athree-dimensionaltriboelectricnano-generator(3D-TENG)hasbeendesignedbasedonahybridizationmodeofconjunctiontheverticalcon-tact-separationmodeandthein-planeslidingmode.36Theinnovativedesignfacilitatesharvestingrandomvibrationenergyinmultipledirectionsoverawidebandwidth.Ananalyticalmodelisestablishedtoin-vestigatethemechano-triboelectrictransductionof3D-TENG,andtheresultsagreewellwithexperimentaldata.Comparedwiththestate-of-the-artvibrationenergyharvesters,the3D-TENGisabletoharvestambientvibrationinout-of-planedirection(z-axis)withextremelywideworkingbandwidthupto75Hzatafrequencyof∼63.5Hz(Δf/f∼1.18)andarbitraryin-plane(xyplane)directionswithabandwidthof14.4Hzatafrequencyof∼38Hz(Δf/f∼0.38).Themaximumpowerdensitiesof1.35and1.45W/m2havebeenachievedunderout-of-planeandin-planeexcita-tions,respectively.The3D-TENGisdesignedforhar-vestingambientvibrationenergy,especiallyatlowfrequencies,underarangeofconditionsindailylife,thus,openingtheapplicationsofTENGinenviron-mental/infrastructuremonitoring,chargingportableelectronics,andInternet.HarvestingEnergyfromHumanBodyMotion.Hu-manmotionhasanabundantamountofenergy,whichcanbeusefulforchargingportableelectronicsandbiomedicalapplications.Wehavedemonstratedapackagedpower-generatinginsolewithbuilt-inflex-iblemultilayeredtriboelectricnanogeneratorsthatenableharvestingmechanicalpressureduringnormalwalking.TheTENGusedherereliesonthecontact-separationmodeandiseffectiveinrespondingtotheperiodiccompressionoftheinsole.Usingtheinsoleasadirectpowersource,wedevelopafullypackagedself-lightingshoethathasbroadapplicationsfordis-playandentertainmentpurposes.Furthermore,apro-totypeofawearablecharginggadgetisintroducedtochargeportableconsumerelectronics,suchascellphones.Thisworkpresentsasuccessfulinitialattemptinapplyingenergy-harvestingtechnologyforself-poweredelectronicsinourdailylife,whichwillhavebroadimpactonpeople'slivingstyleinthenearfuture.ATENGcanbeattachedtotheinnerlayerofashirtforharvestingenergyfrombodymotion.Undergen-eralwalking,themaximumoutputofvoltageandcurrentdensityareupto17Vand0.02μA/cm2,respectively.TheTENGwithasinglelayersizeof2cm7cm0.08cmstickingonclotheswasdemonstratedasasustainablepowersourcethatnotonlycandirectlylightup30light-emittingdiodesbutREVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgSalsocanchargealithiumionbatterybypersistentlyclappingclothes.Theelectricenergystoredinthelithiumionbatterywasusedtopowerabiosensorfordetectingglucose.Thedetectionofbioactivechemi-calsinourbodyusingtheenergyharvestedfrombodymotionisdemonstrated.Moreover,duetothesensitivityanddesirablestabilitytoperiodicvibra-tion,theTENGwasusedtomeasurestridefrequency,aswell.TENGasSelf-PoweredActiveStrain/ForceSensors.ATENGautomaticallygeneratesanoutputvoltageandcurrentonceitismechanicallytriggered.Themagni-tudeortheoutputsignalsignifiestheimpactofthemechanicaldeformationanditstime-dependentbe-havior.ThisbasicprincipleoftheTENGcanbeappliedasaself-poweredpressuresensor.15,37,38Figure14aillustratesthevoltageoutputsignalofvarioustypesofsensordevicestotheappliedpressureinducedbyadropletofwater(8mg,∼3.6Paofpressure).AlltypesofTENGshaveahighsensitivityandfastresponsetotheexternalforceandshowasharppeaksignal.Thesensitivitiesoftheline-featuredandcube-featuredsensorswereabout5and10times,respectively,largerthanthatoftheunstructuredfilm-featuredsensor.Thepyramid-featureddeviceshowedthehighestsensitiv-ityinthefourtypesofpressuresensors.Furthermore,wemeasuredtheresponsetotheimpactofapieceoffeather(20mg,∼0.4Paincontactpressure),corre-spondingtoalow-enddetectionlimitof13mPa.InFigure14b,thesensorshowstwooppositevoltagesignalcurvesindicatingthefeatherloading(on)andunloading(off)process.Intherealsituation,whenthefeatherfallsonthesensor,itwillgothroughtwoprocesses:initiallytouchingthesensorandcompletelyfallingonthesensor.Thesensorsignalcandelicatelyshowthesedetailsoftheentireprocess.Theexistingresultsshowthatoursensorcanbeappliedtomeasurethesubtlepressureinreallife.InthecasewherewemakeamatrixarrayofTENGs,wecanhavealarge-areaandself-poweredpressuremapappliedonasurface.32TheresponseoftheTENGarraywithlocalpressurewasmeasuredthroughamultichannelmeasurementsystem.Onthebasisofthisworkingprinciple,wedemonstratedthetactileimagingcapabilityoftheTEASmatrixbyloadingpressurethroughpredesignedplasticarchitecturewiththecalligraphyoftheletters“TENG”.Beforeapplyingthepressure,thevoltageoutputfromallofthepixelsoftheTEASmatrixwasatthebackgroundlevel,asdisplayedinFigure15b.Figure15cfshowsthetwo-dimensionalcontourplotofthepeakvalueofthevoltageresponsesthatweremeasuredwhenex-ternalpressureswereappliedthrougheacharchitec-ture.Thehighlightedcolorrepresentstheareaunderpressingthrougheachletter,asoutlinedbythewhitedashedlines.Theseplotselaboratethespatialresolu-tionoftheTEASmatrixfordistinguishablymappingthecalligraphyoftheappliedpressureanditspotentialapplicationssuchaspersonalsignaturerecognition.Inaddition,togainamoreintuitiveunderstandingofthe“self-powered”pressuremappingfunctionalityoftheTEASmatrix,eachnineunitsofthesamearraydevicewereconnectedinparalleltopowerupaseriallyconnectedarrayofLEDsshowing“T”,“E”,“N”,and“G”.ThisdemonstrationprovesthattheTEASmatrixcanworkasanexternalpowersourceandasensorarraysimultaneouslyforatrulystand-aloneself-pow-eredsystem.TherearetwotypesofoutputsignalsfromtheTENG:open-circuitvoltageandshort-circuitcurrent.Theopen-circuitvoltageisonlydictatedbytheﬁnalconﬁgurationoftheTENGafterapplyingamechanicaltriggering,sothatitisameasureofthemagnitudeofthedeformation,whichisattributedtothestaticinformationtobeprovidedbyTENG.TheoutputcurrentdependsontherateatwhichtheinducedFigure14.TENGasself-poweredpressuresensor.(A)Performanceofthepressuresensordeviceinducedbyadropletofwaterfallingfromabout5cmhigh.Thevoltageresponsesofvarioustypesofsensordevicesweremeasured.(B)Performanceofthepressuresensordeviceinducedbyapieceoffeather.Thetopinsetimageillustratestheprocessthatadoublepeakwasinducedbyplacementofthefeather.Thebottominsetimageshowsthephotographofthefeatherinducedpressuresensor.Reproducedfromref15.Copyright2012AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgTchargewouldﬂow,sothatthecurrentsignalismoresensitivetothedynamicprocessofhowthemechan-icaltriggeringisapplied.Theactivepressuresensorandtheintegratedsensorarraybasedonthetriboelectriceﬀectpresentedinthisworkhaveseveraladvantagesoverconven-tionalpassivepressuresensors.First,theactivesensorinthisworkiscapableofbothstaticpressuresensingusingtheopen-circuitvoltageanddynamicpressuresensingusingtheshort-circuitcurrent,whileconven-tionalsensorsareusuallyincapableofdynamicsensingtoprovidetheloadingrateinformation.Second,thepromptresponseofbothstaticanddynamicsensingenablestherevealingofdetailsabouttheloadingpressure.Third,thedetectionlimitoftheTENGfordynamicsensingisaslowas2.1Pa,owingtothehighoutputoftheTENG.Fourth,theactivesensorarraypresentedinthisworkhasnopowerconsumptionandcouldevenbecombinedwithitsenergyharvestingfunctionalityforself-poweredpressuremapping.Fu-tureworksinthisﬁeldinvolvetheminiaturizationofthepixelsizetoachievehigherspatialresolution,andtheintegrationoftheTEASmatrixontoafullyﬂexiblesubstrateforshape-adaptivepressureimaging.OneofthematerialsfortheTENGcanbehumanskinbasedonthesingle-electrode-basedTENG.30Thisallowsadirectinterfaceofﬁngertipandatransparentbottomelectrodematerialasdevicefortouchpadandsmartskinapplications.AsshowninFigure16,theoutputvoltagesignalsof16deviceswererecordedinreal-timeasamappingﬁgure.Byaddressingandmonitoringthepositiveoutputvoltagesignalsin16channelsofthetactilesensorsystem,thetouchedinformationofahumanﬁngerincludingthepositionandpressurecanbeattainedbyanalysisofthemea-suredmappingﬁgures.Iflargerpressureisappliedonthedevice,thelargeroutputvoltagesignalscanbeobservedinthemappingﬁgures.Figure16apresentsaphotographofthedevicewhenthesixthand11thdevicesinthematrixweresimultaneouslytouched.Two,almostthesame,pressuresofabout4.9kPacanbeconﬁrmedbytheanalysisoftheobtainedsameoutputvoltagesignalsinthecorrespondingmappingimage,asshowninFigure16b.Figure16cdisplaystheresponseofthedevicetothelocalizedpressurein-ducedbytwoﬁngerswhenthematrixwasrotatedby90°.Theobtainedmappingﬁgureclearlyrevealsthattheseventhand10thdevicesweretouched,wheretheproducedpressuresofabout7.0kPaarelargerthanthoseinFigure16b.Whenthepressureswereappliedalongthediagonallineofthematrixbyusingthesidesurfaceofahumanhand,thedistinctivechangesintheoutputvoltagesignalscanbeobserved,reveal-inganincreaseofthepressurefrom3.2to6.0kPaalongthediagonalline,asillustratedinFigure16d.Whenthepressureswereappliedonall16devicesbyusingthehumanhand,therecordedmappingﬁgure(Figure16e)showsthatallthedevicesarefunctionalandthepressuresondevices18areobviouslylargerthanthoseondevices916.Thereal-timedetectionofthetouchedactionsontheﬂexibledevicesisadesir-ablefeatureforsensorsembeddedinrobotsorpros-theticdevices.Figure16fshowsaphotographoftheﬂexiblematrixattachedtoatransparentacrylictube.Whenthepressureswereappliedonthetubesurfacebyusingthehumanhand,thelargestpressureofabout7.3kPaoccursatthemarkedarea(thewhitedashedlineinFigure16g),whichisconsistentwiththemea-suredmappingﬁgure,asshowninFigure16k.Suchademonstrationcanalsobedonebyplacingatrans-parentTENGarrayonthedisplaypanelofacellphoneorunderneaththekeyboardsduringtyping,clearlydemonstratingitspotentialassensorsandaspotentialenergyharvester.TENGasSelf-PoweredActiveChemicalSensors.AsforTENG,maximizingthechargegenerationonoppo-sitesidescanbeachievedbyselectingthematerialswiththelargestdifferenceintheabilitytoattractelectronsandchangingthesurfacemorphology.Insuchacase,theoutputoftheTENGdependsonthetypeandconcentrationofmoleculesadsorbedontheFigure15.Self-poweredpressuremappingusinganarrayofTENG.(a)SchematicillustrationoftheTENGarray.(b)BackgroundsignalwithnopressureappliedontheTENGmatrix.Theinsetiscolorscalingofvoltageforallthemeasurementsinthisﬁgure.(cf)Two-dimensionalvoltagecontourplotfromthemultichannelmeasurementoftheTENGmatrixwithanexternalpressureuniformlyandlocallyappliedontothedevicethrougharchitectureswithcalli-graphyof“T”,“E”,“N”,and“G”.Reproducedfromref37.Copyright2013AmericanChemicalSociety.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgUsurfaceofthetriboelectricmaterials,whichcanbeusedforfabricatingchemicalandbiochemicalsensors.39Inourcase,theperformanceoftheTENGdependsontheassemblyofAunanoparticles(NPs)ontothemetalplate.TheseassembledAuNPsnotonlyactassteadygapsbetweenthetwoplatesatstrain-freeconditionsbutalsoenablethefunctionofenlargingthecontactareaofthetwoplates,whichwillincreasetheelectricaloutputoftheTENG.Throughfurthermodificationof3-mercaptopropionicacid(3-MPA)moleculesontheassembledAuNPs,thehigh-outputnanogeneratorcanbecomeahighlysensitiveandselectivenanosensortowardHg2þiondetectionbe-causeofthedifferenttriboelectricpolarityofAuNPsandHg2þions(Figure17a).Onthebasisofthisuniquestructure,theoutputvoltageandcurrentofthetribo-electricnanosensor(TENG)reached105Vand63μAwithaneffectivedimensionof1cm1cm.Underoptimumconditions,thisTENGisselectiveforthedetectionofHg2þions,withadetectionlimitof30nMandlinearrangefrom100nMto5μM(Figure17b).Withitshighsensitivity,selectivity,andsimplicity,theTENGholdsgreatpotentialforthedeterminationofHg2þionsinenvironmentalsamples.TheTENGisafuturesensingsystemforunreachableandaccess-deniedextremeenvironments.Asdifferentions,molecules,andmaterialshavetheiruniquetriboelectricpolarities,weexpectthattheTENGcanbecomeeitheranFigure16.TENGasself-poweredtouchpadsensorandsmartskin.(a)Photographofthematrixtouchedbytwohumanﬁngers.(be)Measuredmappingﬁguresunderdiﬀerentpressures.(f)Photographofthefabricatedmatrixattachedtoanacrylictube.(g)Measuredmappingﬁgurewhenthedevicein(f)wastouchedbyahumanhand.Reproducedfromref31.Copyright2013AmericanChemicalSociety.Figure17.TENGasself-poweredchemicalsensorforde-tectingHg2þions.Top:FabricationoftheTENGfunctiona-lizedwithAunanoparticlesatoneside.Bottom:Sensitivityandselectivityoftheas-developedTENGforthedetectionofHg2þions.Theconcentrationofallmetalionstestedintheselectivityexperimentwas5μM.Reproducedwithpermissionfromref39.Copyright2013Wiley.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgVTABLE1.TriboelectricSeriesforSomeCommonMaterialsFollowingaTendencyToEasilyLoseElectrons(Positive)andToGainElectrons(Negative)6REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgWelectricalturn-onorturn-offsensorwhentheanalytesareselectivelybindingtothemodifiedelectrodesur-face.WebelievethisworkwillserveasthesteppingstoneforrelatedTENGstudiesandinspirethedevel-opmentofTENGtowardothermetalionsandbiomo-leculessuchasDNAandproteinsinthenearfuture.Water-Surface-BasedTENGforChemicalSensors.Mostrecently,wehavedemonstratedanewlyde-signedTENGbasedonthecontactelectrificationbe-tweenapatternedPDMSpyramidarrayandwater.40ThisnewprototypewaterTENGprovidedanopen-circuitvoltageof52Vandashort-circuitcurrentdensityof2.45mAm2withapeakpowerdensityofnearly0.13Wm2.Thedependenceoftheelectricaloutputsonthecontactfrequencyandmotionsofwaterwavehasbeensystematicallystudied.Tapwateranddeionizedwaterwithsimilarionconcentrationtoseawaterwerealsoevaluatedandshowedthepoten-tialforharvestingwater-relatedenergyfromtheenvi-ronment.ComparedwithtraditionalTENGsthataredesignedforthecontactofsolidmaterials,thisstudyopensthepossibilityofutilizingliquidmovementsandextendsitsapplicationscopeinchemistryandchemi-calsensors.TheoryofTENG.TohelpunderstandthebasicoutputoftheTENG,analyticalandnumericaltheorieshavebeendevelopedtocalculatetheoutputvoltage,cur-rent,andcharges.41Atheoreticalmodelforthecontact-separationmodeTENGwasfirstdeveloped.Basedonthetheoreticalmodel,itsreal-timeoutputcharacteristicsandtherelationshipbetweentheoptimumresistanceandTENGparameterswerederived.ThetheorycanserveasanimportantguidanceforrationaldesignoftheTENGstructureinspecificapplications.Atheoreticalmodelforthesliding-modeTENGhasalsobeendeveloped.Theﬁniteelementmethodwasutilizedtocharacterizethedistributionsofelectricpotential,electricﬁeld,andchargesonthemetalelectrodesoftheTENG.42BasedontheFEMcalcula-tion,thesemianalyticalresultsfromtheinterpolationmethodandtheanalyticalVQxrelationshipwerebuilttostudythesliding-modeTENG.TheanalyticalVQxequationwasvalidatedthroughcomparisonwiththesemianalyticalresults.Furthermore,basedontheanalyticalVQxequation,dynamicoutputper-formanceofsliding-modeTENGwascalculatedwitharbitraryloadresistance,andgoodagreementwithexperimentaldatawasreached.Thetheorypresentedhereisamilestoneworkforin-depthunderstandingoftheworkingmechanismofthesliding-modeTENGandprovidesatheoreticalbasisforfurtherenhancementofthesliding-modeTENGforbothenergyscavengingandself-poweredsensorapplications.ChoiceofMaterialsandSurfaceStructures.Almostallmaterialsweknowhavetriboelectrificationeffect,frommetal,topolymer,tosilk,andtowood,almosteverything.AllofthesematerialscanbecandidatesforfabricatingTENGs,sothematerialchoicesforTENGsarehuge.However,theabilityofamaterialtogain/loseelectronsdependsonitspolarity.JohnCarlWilckepublishedthefirsttriboelectricseriesin1757onstaticcharges.43,44Table1givessuchaseriesforsomeconventionalmaterials.Amaterialtowardthebottomoftheseries,whentouchedtoamaterialnearthetopoftheseries,willattainamorenegativecharge.Thefurtherawaytwomaterialsarefromeachotherontheseries,thegreaterthechargetransferred.Besidethechoiceofthematerialsinthetribo-electricseries,themorphologiesofthesurfacescanbemodiﬁedbyphysicaltechniqueswiththecreationofpyramid-,square-,orhemisphere-basedmicro-ornanopatterns,whichareeﬀectiveforenhancingthecontactareaandpossiblythetriboelectriﬁcation.How-ever,thecreatedbumpystructureonthesurfacemayincreasethefrictionforce,whichmaypossiblyreducetheenergyconversioneﬃciencyoftheTENG.There-fore,anoptimizationhastobedesignedtomaximizetheconversioneﬃciency.Thesurfacesofthematerialscanbefunctionalizedchemicallyusingvariousmolecules,nanotubes,nano-wires,ornanoparticles,inordertoenhancethetri-boelectriﬁcationeﬀect.Surfacefunctionalizationcanlargelychangethesurfacepotential.Theintroductionofnanostructuresonthesurfacescanchangethelocalcontactcharacteristics,whichmayimprovethetriboe-lectriﬁcation.Thiswillinvolvealargeamountofstudiesfortestingarangeofmaterialsandarangeofavailablenanostructures.Besidesthesepurematerials,thecontactmaterialscanbemadeofcomposites,suchasembeddingnano-particlesinapolymermatrix.Thischangesnotonlythesurfaceelectriﬁcationbutalsothepermittivityofthematerialssothattheycanbeeﬀectiveforelectrostaticinduction.Therefore,therearenumerouswaystoenhancetheperformanceoftheTENGfromthematerialspointofview.Thisgivesanexcellentopportunityforchemistsandmaterialsscientiststodoextensivestudybothinbasicscienceandinpracticalapplications.Incontrast,materialssystemsforsolarcellandthermalelectrics,forexample,areratherlimited,andtherearenotverymanychoicesforhigh-performancedevices.SUMMARYANDPERSPECTIVESAssparkedbytheﬁrstdiscoveryofnanogeneratorsin2006,researchinnanoenergyhasinspiredworld-wideinterest.Nanoenergyisabouttheapplicationsofnanomaterialsandnanotechnologyforharvestingen-ergyforpoweringmicro/nanosystems.Thediscoveryofthetriboelectricnanogenerator(TENG)isamajormilestoneintheﬁeldofconvertingmechanicalenergyintoelectricityforbuildingself-poweredsystems.Itoﬀersacompletelynewapproachforharvestingme-chanicalenergyusingorganicandinorganicmaterials.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgXFigure18givesasummaryaboutourprogressmadefromJanuary2012toJanuary2013intheperformanceoftheTENG,a5orderofmagnitudeenhancementinoutputpowerdensity!Theareapowerdensityreaches313W/m2,andvolumedensityreaches490kW/m3.TheTENGcanbemadeintomultilayerssothatwehaveathree-dimensionalnanogenerator.Suchhighperfor-manceoutplaysmanyexistingtechnologiesinitscategory.Weanticipatethatmuchmoreenhancementoftheoutputpowerdensitywillbedemonstratedinthenextfewyears.Suchahugeoutputmakesitpossiblenotonlyforself-poweredportableelectronicsbutalsoforharvestingenergyfromwindandoceanwave.Therefore,TENGisanewenergytechnologyforthenextcentury!WeanticipateaworldwidestudyofTENGinthenextfewyears,andsoonsomeindustrialproductsandapplicationswillbeachieved.Sincethemostlyusefulmaterialsareorganic,TENGisanorganicnanogenerator,whichisexpectedtobeequallyimportantasorganicLEDsandorganicsolarcells.Furthermore,TENGhastobehybridizedwithothertechnologiessuchassolarcellandthermalelectricgeneratorstosimultaneouslyharvestmultiple-typeenergies.TENGalsohastobehybridizedwithanenergystorageunittoformaself-chargedpowerpack.Thefutureisaboutmaterialanddevicehybridization.Theself-poweringideaisanewparadigminnano-technologyfortrulyachievingsustainableself-suﬃcientmicro/nanosystems,whichareofcriticalimportanceforsensing,medicalscience,infrastruc-ture/environmentalmonitoring,defensetechnology,andevenpersonalelectronics.Therefore,nanoisnotonlybeautifulbut,moreimportantly,nanohastobeuseful!Nanotechnologyhastheobligationtosolvesomeofthecriticalproblemsfacingthesustainabledevelopmentoftheworld.Thishastobethegoalofnanotechnologynowandinthefuture.ConﬂictofInterest:Theauthorsdeclarenocompetingﬁnancialinterest.Acknowledgment.ResearchwassupportedbyBESDOE,NSF,Airforce,Samsung,SKKU(Korea),MANANIMS(Japan),andtheKnowledgeInnovationProgramoftheChineseAcad-emyofSciences(KJCX2-YW-M13).Ithankmygroupmembersandmycollaboratorsfortheircontributionstotheworkre-viewedhere.ThankstoDr.YongDingforhisassistanceinthepreparationofthemanuscript.Allofthematerialspresentedhavebeenpublishedandproperreferenceshavebeencited,andsomepublishedﬁguresandpossiblytexthavebeenusedforthisreviewarticle.NoteAddedafterASAPPublication:ThispaperpublishedASAPonOctober3,2013.Figures6and7wereadjustedtocorrectaﬁgure/captionmismatchandtherevisedversionwasrepostedonOctober14,2013.REFERENCESANDNOTES1.Wang,Z.L.;Song,J.H.PiezoelectricNanogeneratorsBasedonZincOxideNanowireArrays.Science2006,312,242–246.2.Wang,Z.L.NanogeneratorsforSelf-PoweredDevicesandSystems.GeorgiaInstituteofTechnology,2011.3.Wang,Z.L.ZnONanowireandNanobeltPlatformforNanotechnology.Mater.Sci.Eng.R2009,64,33–71.4.Wang,Z.L.;Yang,R.S.;Zhou,J.;Qin,Y.;Xu,C.;Hu,Y.F.;Xu,S.LateralNanowire/NanobeltBasedNanogenerators,Piezo-tronicsandPiezo-Phototronics.Mater.Sci.Eng.R2010,70,320–329.5.Henniker,J.TriboelectricityinPolymers.Nature1962,196,474.6.Davies,D.K.ChargeGenerationonDielectricSurfaces.J.Phys.D:Appl.Phys.1969,2,1533–1537.7.Wang,Z.L.;Wu,W.Z.Nanotechnology-EnabledEnergyHarvestingforSelf-PoweredMicro-/Nanosystems.Angew.Chem.,Int.Ed.2012,51,11700–11721.8.Elsdon,R.;Mitchell,F.R.G.ContactElectriﬁcationofPolymers.J.Phys.D:Appl.Phys.1976,9,1445–1460.9.McCarty,L.S.;Whitesides,G.M.ElectrostaticChargingDuetoSeparationofIonsatInterfaces:ContactElectriﬁcationofIonicElectrets.Angew.Chem.,Int.Ed.2008,47,2188–2207.Figure18.SummaryontheprogressmadeintheoutputpowerdensityofaTENGwithin12months.TheinsetsarethepeopleinWang'sgroupwhohavemadeimportantcontributionstothediscoveryanddevelopmentofTENG.REVIEW WANGVOL.XXX’NO.XX’000–000’XXXXwww.acsnano.orgY10.Cole,J.J.;Barry,C.R.;Knuesel,R.J.;Wang,X.Y.;Jacobs,H.O.NanocontactElectriﬁcation:PatternedSurfaceChargesAﬀectingAdhesion,Transfer,andPrinting.Langmuir2011,27,7321–7329.11.Baytekin,H.T.;Baytekin,B.;Soh,S.;Grzybowski,B.A.IsWaterNecessaryforContactElectriﬁcation?Angew.Chem.,Int.Ed.2011,50,6766–6770.12.Baytekin,H.T.;Patashinski,A.Z.;Branicki,M.;Baytekin,B.;Soh,S.;Grzybowski,B.A.TheMosaicofSurfaceChargeinContactElectriﬁcation.Science2011,333,308–312.13.Zhou,Y.S.;Liu,Y.;Zhu,G.;Lin,Z.H.;Pan,C.F.;Jing,Q.S.;Wang,Z.L.InSituQuantitativeStudyofNanoscaleTriboe-lectriﬁcationandPatterning.NanoLett.2013,13,2771–2776.14.Fan,F.R.;Tian,Z.Q.;Wang,Z.L.FlexibleTriboelectricGenerator!.NanoEnergy2012,1,328–334.15.Fan,F.R.;Lin,L.;Zhu,G.;Wu,W.Z.;Zhang,R.;Wang,Z.L.TransparentTriboelectricNanogeneratorsandSelf-Pow-eredPressureSensorsBasedonMicropatternedPlasticFilms.NanoLett.2012,12,3109–3114.16.Zhu,G.;Pan,C.F.;Guo,W.X.;Chen,C.Y.;Zhou,Y.S.;Yu,R.M.;Wang,Z.L.Triboelectric-Generator-DrivenPulseElectrodepositionforMicropatterning.NanoLett.2012,12,4960–4965.17.http://www.triﬁeld.com/content/tribo-electric-series/.18.Diaz,A.F.;Felix-Navarro,R.M.ASemi-quantitativeTribo-electricSeriesforPolymericMaterials:TheInﬂuenceofChemicalStructureandProperties.J.Electrostat.2004,62,277–290.19.Wang,S.H.;Lin,L.;Wang,Z.L.NanoscaleTriboelectric-Eﬀect-EnabledEnergyConversionforSustainablyPoweringPortableElectronics.NanoLett.2012,12,6339–6346.20.Zhu,G.;Lin,Z.H.;Jing,Q.S.;Bai,P.;Pan,C.F.;Yang,Y.;Zhou,Y.S.;Wang,Z.L.TowardLarge-ScaleEnergyHarvestingbyaNanoparticle-EnhancedTriboelectricNanogenerator.NanoLett.2013,13,847–853.21.Zhong,J.W.;Zhong,Q.Z.;Fan,F.R.;Zhang,Y.;Wang,S.H.;Hu,B.;Wang,Z.L.;Zhou,J.FingerTypingDrivenTribo-electricNanogeneratorandItsUseforInstantaneouslyLightingupLEDs.NanoEnergy2013,2,491–497.22.O'Donnell,R.;Schoﬁeld,N.;Smith,A.C.;Cullen,J.DesignConceptsforHigh-VoltageVariable-CapacitanceDCGen-erators.IEEEInd.Appl.2009,45,1778–1784.23.Bai,P.;Zhu,G.;Lin,Z.H.;Jing,Q.S.;Chen,J.;Zhang,G.;Ma,J.;Wang,Z.L.IntegratedMultilayeredTriboelectricNano-generatorforHarvestingBiomechanicalEnergyfromHumanMotions.ACSNano2013,7,3713–3719.24.Zhang,X.S.;Han,M.D.;Wang,R.X.;Zhu,F.Y.;Li,Z.H.;Wang,W.;Zhang,H.X.Frequency-MultiplicationHigh-OutputTriboelectricNanogeneratorforSustainablyPower-ingBiomedicalMicrosystems.NanoLett.2013,13,1168–1172.25.Zhu,G.;Chen,J.;Liu,Y.;Bai,P.;Zhou,Y.S.;Jing,Q.S.;Pan,C.F.;Wang,Z.L.Linear-GratingTriboelectricGeneratorBasedonSlidingElectriﬁcation.NanoLett.2013,13,2282–2289.26.Wang,S.H.;Lin,L.;Xie,Y.N.;Jing,Q.S.;Niu,S.M.;Wang,Z.L.Sliding-TriboelectricNanogeneratorsBasedonIn-PlaneCharge-SeparationMechanism.NanoLett.2013,13,2226–2233.27.Lin,L.;Wang,S.H.;Xie,Y.N.;Jing,Q.S.;Niu,S.M.;Hu,Y.F.;Wang,Z.L.SegmentallyStructuredDiskTriboelectricNanogeneratorforHarvestingRotationalMechanicalEn-ergy.NanoLett.2013,13,2916–2923.28.Bai,P.;Zhu,G.;Liu,Y.;Chen,J.;Jing,Q.S.;Yang,W.Q.;Ma,J.S.;Zhang,G.;Wang,Z.L.CylindricalRotatingTribo-electricNanogenerator.ACSNano2013,7,6261–6266.29.Yang,Y.;Zhou,Y.S.;Zhang,H.L.;Chen,J.;Liu,Y.;Lee,S.M.;Wang,Z.L.Single-ElectrodeBasedTriboelectricNano-generatorasSelf-PoweredTrackingSystem.Adv.Mater.2013inpress.30.Yang,Y.;Zhang,H.L.;Chen,J.;Jing,Q.S.;Zhou,Y.S.;Wen,X.N.;Wang,Z.L.Single-Electrode-BasedSlidingTribo-electricNanogeneratorforSelf-PoweredDisplacementVectorSensorSystem.ACSNano2013,7,7342–7351.31.Yang,Y.;Zhang,H.L.;Lin,Z.H.;Zhou,Y.S.;Jing,Q.S.;Su,Y.J.;Yang,J.;Chen,J.;Hu,C.G.;Wang,Z.L.HumanSkinBasedTriboelectricNanogeneratorsforHarvestingBio-mechanicalEnergyandasSelf-PoweredActiveTactileSensorSystem.ACSNano2013,10.1021/nn403838y.32.Meng,B.;Tang,W.;Too,Z.H.;Zhang,X.S.;Han,M.D.;Liu,W.;Zhang,H.X.ATransparentSingle-Friction-SurfaceTriboelectricGeneratorandSelf-PoweredTouchSensor.EnergyEnviron.Sci.2013,10.1039/C3EE42311E.33.Yang,W.Q.;Chen,J.;Zhu,G.;Wen,X.N.;Bai,P.;Su,Y.J.;Lin,Y.F.;Wang,Z.L.HarvestingVibrationEnergybyaTriple-CantileverBasedTriboelectricNanogenerator.NanoRes.2013,10.1007/s12274-013-0365-z.34.Yang,W.Q.;Chen,J.;Zhu,G.;Yang,J.;Bai,P.;Su,Y.J.;Jing,Q.S.;Wang,Z.L.HarvestingEnergyfromNaturalVibrationofaHumanWalking.EnergyEnviron.Sci.2013inpress.35.Chen,J.;Zhu,G.;Yang,W.Q.;Jing,Q.S.;Bai,P.;Su,Y.J.;Lin,Y.;Wang,Z.L.HarmonicResonatorBasedTriboelectricNanogeneratorasSustainablePowerSourceandSelf-PoweredActiveVibrationSensor.Adv.Mater.2013,10.1002/adma.201302397.36.Yang,J.;Yang,Y.;Chen,J.;Zhang,H.L.;Yang,W.Q.;Bai,P.;Su,Y.J.;Wang,Z.L.BroadbandVibrationEnergyHarvest-ingBasedonTriboelectricNanogenerator.Adv.EnergyMater.2013submitted.37.Lin,L.;Xie,Y.N.;Wang,S.H.;Wu,W.Z.;Niu,S.M.;Wen,X.N.;Wang,Z.L.TriboelectricActiveSensorArrayforSelf-PoweredStaticandDynamicPressureDetectionandTactileImaging.ACSNano2013,7,8266–8274.38.Zhang,H.L.;Yang,Y.;Su,Y.J.;Chen,J.;Adams,K.;Lee,S.M.;Hu,C.G.;Wang,Z.L.TriboelectricNanogeneratorforHarvestingVibrationEnergyinFullSpaceandasSelf-PoweredAccelerationSensor.AdvFunctMater2013inpress.39.Lin,Z.H.;Zhu,G.;Zhou,Y.S.;Yang,Y.;Bai,P.;Chen,J.;Wang,Z.L.ASelf-PoweredTriboelectricNanosensorforMercuryIonDetection.Angew.Chem.,Int.Ed.2013,52,5065–5069.40.Lin,Z.H.;Cheng,G.;Lin,L.;Lee,S.M.;Wang,Z.L.Water-Solid-SurfaceContactElectriﬁcationandItsUseforHar-vestingLiquidWavyEnergy.Angew.Chem.,Int.Ed.2013,10.1002/anie.201307249.41.Niu,S.M.;Wang,S.H.;Lin,L.;Liu,Y.;Zhou,Y.S.;Hu,Y.F.;Wang,Z.L.TheoreticalStudyoftheContact-ModeTribo-electricNanogeneratorsasEﬀectivePowerSource.EnergyEnviron.Sci.,inpress.42.Niu,S.M.;Liu,Y.;Wang,S.H.;Lin,L.;Zhou,Y.S.;Hu,Y.F.;Wang,Z.L.,TheoryofSliding-modeTriboelectricNano-generators,Adv.Mater.,DOI:10.1002/adma.201302808.43.http://owlsmag.wordpress.com/2010/01/20/a-natural-history-devin-corbin/.44.DisputatioPhysicaExperimentalis,DeElectricitatibusCon-trariis.TypisIoannisIacobiAdleri,1757.REVIEW
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