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Abstract

Triboelectric nanogenerators (TENGs), a new green energy, that have various potential applications, such as energy harvesters and

self-powered sensors. The output performance of TENGs has been improving rapidly, and their output power significantly increased

since they were first reported owing to improved triboelectrification materials and interfacial material engineering. Because the operation

of a TENG is based on contact electrification in which electric charges are exchanged at the interface between two materials, its output

can be increased by increasing the contact area and charge density. Material surface modification with microstructures or nanostructures

has increased the output performance of TENGs significantly because not only does the sharp micro/nano morphology increases the

contact area during friction, but it also increases the charge density. Chemical treatment in which ions or functional groups are added

has also been used to improve the performance of TENGS by modifying the work functions, charge densities, and dielectric constants

of the triboelectric materials. In addition, ultrahigh output power from TENGs without using new materials or treatments has been

obtained in many studies in which special structures were designed to control the current release or to collect the charge current directly.

In this review, we discuss physical and chemical treatments, bulk modifications, and interfacial engineering for enhancing TENG per-

formance by improving contact electrification and electrostatic induction. 
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1. INTRODUCTION

The triboelectric nanogenerator (TENG) is a simple, efficient,

cost-effective, environmentally friendly, and new energy

technology harvester, that can convert several forms of

mechanical energy into electrical power [1-5]. Many studies have

demonstrated the potential of large-scale energy harvesting from

natural sources, such as the wind [6,7], rain[7], and ocean waves

[8], to complement and replace fossil fuels. Moreover, owing to

their high sensitivity and linearity, TENGs can be used as

temperature [9], vibration [10], motion [11,12], humidity [13],

pressure [14], gas [15], and self-powered sensors[16]. Their

flexibility has led to proposals for using TENGs in wearable

electronic networks formed by billions of devices in which each

device contributes microwatts to milliwatts of power [17,18].

In recent years, the output performance of TENGs has increased

rapidly to over 100 MW/m2 through a variety of strategies, such as

the use of triboelectric materials, friction surface nano/microstructure

modification, material doping, and ion-gel/liquid deposition. The

impressive ability of a single TENG to power a 180 W lamp is

promising for applications in daily living [19]. Challenges in further

improvements of TENGs include their working mechanisms,

technological classification, material selection and preparation,

material electrical properties, integration methodology and

structural design, and design for energy conversion. 

From the perspective of the fundamental operating

mechanisms, the design and selection of suitable materials is

expected to increase the output power of TENGs for applications

in our daily lives. Suitably modified TENG devices provide new

possibilities for next-generation power electronics. In particular,

engineered modifications to the applied triboelectric materials is

expected to improve their contact area, charge density, and charge

work function for high-efficiency harvesting. Increasing the

charge density is critical for increasing the output because the

output increases quadratically with the surface charge density. By

optimizing the surface morphology to maximize the contact area

and increase the surface charge density, the output performance of

TENGs can be improved by tens to thousands of times. Such

micro/nanostructure surface modifications have a wide range of

applications in energy harvesters, self-powered sensors,
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biomechanical energy harvesters, and biomedical devices.

This review focuses on the performance enhancement strategies

of physical modification (surface micro/nanostructure, tunneling

electrical properties, and ionic layer design), chemical

modification (doping, interfacial materials), and charge boosting.

Some emerging mechanisms and applications that are attractive

targets for extension in future studies are highlighted. Finally, the

challenges, future research directions, and applications of TENGs

are discussed. Furthermore, we review articles that are expected to

be useful to researchers from different majors such as mechanics,

chemistry, physics, and material science. 

2. TENG ENHANCEMENT 

2.1 Physical Modification

Physical modification is a physical method to increase the output

performance of TENGs without adding to or changing their

chemical components. The contact area is an important parameter

that affects the output performance of TENGs because the two

triboelectric materials exchange charges with each other through

contact. In general, flat surfaces refer as unknow structure. These

features provide only limited effective contact area and charge

density on the surface, which significantly reduces the output.

Therefore, surfaces with uniform microstructures and

nanostructures have been fabricated. The surface morphology

differs in scale and shape depending on the fabrication method.

Many studies on increasing TENG performance through surface

modifications have been reported. Photolithography techniques

involving ultraviolet (UV) light are suitable for fabricating

microstructures. Although nanostructures can be fabricated using

e-beam lithography, the process is complicated, costly, and time-

consuming. Dudem et al. reported the fabrication of a nanopillar

array on a polydimethylsiloxane (PDMS) surface using nano-

porous anodic alumina (NAA) templates produced by aluminum

anodization without the need for expensive lithography and dry

etching processes. The nanopillar array architecture in the PDMS

layers was created using imprint lithography [20]. The resultant

TENG performance of the different nanopillar diameters shown in

the scanning electron microscopy (SEM) images in Fig. 1a(i) was

investigated. The contact area is determined by the nanopillar

height and period. The relationship between the contact force

(effective/uniaxial stress × contact area) and pillar diameter and

period was investigated. The contact force increased with the

period as the period increased from 100 to 200 nm and decreased

when the period was increased further (Fig. 1a-(ii) and 1a-(iii)). In

addition, the effect of the pillars was investigated. The highest

voltage output obtained at the optimal diameter of 60 nm and

period of 125 nm was twice that obtained from the flat TENG, as

shown in Fig. 1a(iv). In another study, Fan et al. investigated

transparent and flexible triboelectric nanogenerators (FTNGs) with

three different microstructure patterns (lines, cubes, and pyramids).

To produce these micropatterns, PDMS was coated on wafer molds

fabricated using traditional photolithography techniques, and the

light-exposed areas were subsequently etched (Fig. 1b-(i))[21]. The

pyramidal pattern produced the highest output efficiency, followed

by the cubic, linear, and film patterns in sequence. The

improvement in the microstructured films compared to the flat

films can be explained by the various advantages conferred by the

microstructures during the operation of FTNGs, such as a larger

effective triboelectric effect, effective dielectric constant, and

dipole moment between the electrodes. Because the effective

contact area depended on the microstructure pattern, the maximum

output performance was achieved in the pyramidal PDMS pattern,

which had the largest contact area and contact force. In particular,

the power generation capacities of the PDMS films with pyramidal

or cubic structures were improved by 5−6 times compared with

that of the flat films (Fig. 1b-(ii) and 1a-(iii)).

To further investigate the effect of nano/microstructures on

TENGs, Huang et al. fabricated micro/nanostructure-enhanced

TENGs using femtosecond-laser direct writing to create

nanostructures on both the triboelectric layer and metal electrode

[22]. Stripe and conical micro/nanostructures were fabricated on

the Cu film surface and micro-bowl structures on the PDMS

surface, as shown in Fig. 1c-(i). The small effective pulse number

during the fast laser scanning ablation process resulted in the

formation of nanoparticles on the microstructures of the Cu

surface. To investigate the output power of TENGs with different

micro/nanostructures on the triboelectric layers (electrode and

PDMS), five types of TENGs were fabricated. The optimal

performance was exhibited by a micro/nanocone structure on the

Cu surface and a larger microbowl structure on the PDMS surface

(2Cu-2P) (Fig. 1c-(ii)). The voltage was improved by more than

4 times and maximum power by 21 times compared to those of a

TENG without nano/microstructures on its surfaces.

Bio-nanowire and bio-nanofiber structures have been widely

adopted to improve the output performance of TENGs. Kim et al.

demonstrated the good output performance of a silk nanofiber-

networked TENG produced using electrospun silk (Fig. 1d(i))

fibroin nanofibers [23]. For comparison, the casted flat-silk TENG

shown in the SEM image in Fig. 1d-(ii) was also fabricated. The
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silk fibers had diameters of 100–200 nm and formed a uniform

network. With the same TENG configuration, the silk nanofiber

network produced a peak voltage 1.5 times higher than that

produced by the cast flat silk (Fig. 1c-(iii)). Enhanced output

performance has also been demonstrated in TENGs with

nanofiber network structures in other studies [24-27].

In addition to fabricating nanostructures on the surface, another

methods to enhance the output performance of TENGs has been

demonstrated. Zhu et al. enhanced the output performance of a

TENG by depositing a nanoparticle layer on a Au film electrode

at an extremely high power density of 313 W/m2 [28].

2.2 Chemical Modification

Chemical modification involves the use of new surface or

chemical components to modify the material electrical properties,

such as the surface charge density, dielectric constant, and work

function. In this section, we review different modification

methods for enhancing the output performance of TENGs.

The type of ion doping is an important consideration for

enhancing TENG output. The selected doping material should be

appropriate for the base material because bonding to a new form

changes the electrical properties of the material. Ba et al.

investigated the role of ion doping on the output performance of

TENGs by doping cellulose nanofibrils with different ions [29].

Ion doping enhanced the output performance significantly (Fig.

2a-(i)). The optimal output performance was achieved by adding

calcium chloride, which resulted in a peak-to-peak voltage and

short-circuit current of 254 V and 11.52 μA, respectively (Fig. 2a

(ii)). In another study, Lee et al. incorporated 10 wt% of C60 into

azide-containing polyimide (PI) through a cycloaddition reaction

with C60 to produce amorphous PI-b-C60 with a hydrophobic

character. The role of C60 in the functionalized PI was

investigated. The functionalization resulted in the creation of new

energy states that accepted electrons more easily. This resulted in

enhanced output performance compared to that of unfunctionalized

PI with a 4.3-fold increase in the output power and a 30-fold

decrease in the decay rate of the 300 mC m-2 charge density

generated (Fig. 2a-(iii–v)) [30]. 

Chemical modifications induced by simple and efficient

Fig. 1. a- (i) SEM images of nanopillar structures with different diameters of 50, 60, 70, and 80 nm from left to right. Simulation results showing

the (ii) effective and uniaxial normal stresses and (iii) contact area as functions of the nanopillar diameter and (iv) variation of TENG

output voltage with the PDMS layers. Reprinted with permission from Ref. [20]. b- (i) Three different microstructure patterns: line, cube,

and pyramid (scale bar: 5 mm). (ii) Output voltages and (iii) currents from FTNGs fabricated using PDMS thin films with flat surfaces

and various patterned features. Reprinted with permission from Ref. [21]. c- TENG with surface morphology modified via direct laser

writing: (i) nano/micro cone (1 Cu) and stripe (2 Cu) structures on a Cu substrate and small (1 P) and large micro-bowl (2 P) structures

on a PDMS surface. (ii) Output voltage of TENGs with different micro/nanostructures. Reprinted with permission from Ref. [22]. d-

(i) Schematic of the electrospun silk fibroin nanofiber-networked film, (ii) FE-SEM images of electrospun and cast silk, and (iii) output

voltage of TENGs produced using electrospun and cast silk. Reprinted with permission from Ref. [23].
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physical processes such as high-energy radiation (ultraviolet light,

gamma beam, alpha beam, and X-ray) have been studied. Such

processes can be used to etch, dope, or/and modify the surface

state of materials without defects at the atomic-layer level. Kim et

al. used neutral beams to treat PDMS and thermoplastic

polyurethane (TPU) that were used as negative and positive

triboelectric materials, respectively [31]. A neutral beam (NB)

was created using a carbon electrode array to separate the plasma

from plasma ions of gaseous N2 and O2 (Fig. 2b(i)). In other

studies, the surface roughness was increased through NB

treatment, which enhanced the TENG performance by increasing

the contact area and surface charge density [32-34] (Fig. 2b-(ii)).

Although the new bonds (N-relative bonds) created on the PDMS

surface (the surface potential of PDMS became relatively

positive) could degrade output performance, the increased

roughness resulted in improved TENG performance when the NB

power was increased. The peak voltage was increased by 6.39

times and the current by 11.37 times compared to those of a

pristine TENG (Fig. 2b (iii) and (iv)).

Plasma chemical treatment is a simple method that has been

widely used to modify the surfaces of triboelectric materials.

Plasma etching is frequently used to create surface nanostructures

to increase surface roughness. Ion plasmas of fluorocarbon gases

induce fluorinated groups on the surface, which significantly

improve the output performance of the TENGs. Fluorocarbon

plasma etching is a chemical modification method that involves

physical processes. Lee et al. performed a sequential two-step

reactive ion plasma treatment with Ar and CF4 + O2 plasmas on

a PDMS substrate. As shown in Fig. 2c, PDMS was coated onto

a fabric film and then subjected to plasma treatment with Ar and

CF4+O2 (Fig. 2c (i))[35]. The possible mechanisms for the

chemical modification of the PDMS surface with only Ar and the

two-step Ar and CF4 + O2 plasma treatment are shown in Fig. 2c

(ii). The Ar plasma broke the weak molecular chains on the

Fig. 2. a- (i) Schematic of cellulose nanofibril paper produced from raw carrot extract and surrounding ions, (ii) output voltage and current of

TENGs with different ion doping, (iii) schematic of the fabrication process for the PI-b-C60-based TENG, and (iv) voltage and (v) current

density of TENGs with different polymers comprising PFA, Kapton, 6FDA-APS PI, and PI-b-C60. Reprinted with permission from Ref.

[29,30]. b- (i) NB treatment process, (ii) AFM images of polymer surfaces before and after the NB treatment of TPU and PDMS, (iii)

structure (top) and optical photo (bottom) of NB-treated TENG, and (iv) triboelectric performance of NB-treated TENGs. Reprinted with

permission from Ref. [31]. c- (i) Schematic of 2-step RIE etching, (ii) possible mechanisms for the chemical modification of PDMS sur-

faces via one-step Ar-only plasma treatment and the two-step process with consecutive Ar and CF4 +O2 plasmas, which enhanced the

triboelectric charging effect, and (iii) output voltage performance of TENGs without the plasma process and TENGs exposed to plasma

for different durations. Reprinted with permission from Ref. [35].
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PDMS surface. These broken chains were highly susceptible to

the absorption of H2 or O2 molecules from the atmosphere. The

resulting oxidation of the PDMS surface decreased its charge

density, which rapidly decreased the output voltage. In contrast, in

the two-step plasma treatment, the broken molecular chains

immediately bonded to reactive species, such as F, CF3, CF3

+, and

O2. In this case, the (C-F) branches significantly influenced the

TENG output performance because of their higher electron

affinities (Fig. 2c (iii)). The dependence of the output performance

on the plasma exposure time was investigated. The optimal

exposure time was 2 to 4 min. The output performance decreased

at longer exposure times because of the reduced surface roughness.

2.3 Embedded Impurity Modification

Modification by impurity embedding can enhance the TENG

performance through increasing the charge density on the surface

and preventing triboelectric loss when nanomaterials are added to

the contact layer. Impurity particles can play different roles in the

TENG depending on the additive and base triboelectric materials.

They can enhance the TENG performance by improving the

dielectric properties and charge density. 

The dielectric constant is an important parameter that affects the

output performance[36-41]. Improving the dielectric properties of

the materials is a simple approach for improving the TENG output

performance. High-dielectric materials, such as SiO2, TiO2,

BaTiO3, and SrTiO3, are preferred for modifying dielectric

properties. Chen et al. modified the dielectric properties of PDMS

by adding high-dielectric materials (Fig. 3a(i))[41]. The relative

permittivity of the doped PMDS was investigated as a function of

the doping concentration. The results are shown in Fig. 3a-(iii).

Through the combined effects of enhanced permittivity and pore

Fig. 3. a- (i)- Illustration of the dielectric material/PDMS composite film and (ii) relative permittivity, (iii) current density, and (iv) peak voltage

as functions of the volume ratio for doping with different ions. (v) Schematic of a TENG with ion gel deposits on the electrode surface,

(vi) measured charge density with different ion concentrations at a pressure of 25 kPa, and (vii) output voltages of ion gel TENGs with

different ion concentration as functions of applied pressure. Reprinted with permission from Ref. [41,42]. b- (i) Schematic and SEM

image of porous PDMS with Au nanoparticles, (ii) porosity as a function of the DI water concentration (inset images are SEM images

at 3%, 20%, and 50% DI water concentration), (iii) output performance of mesoporous AuNP/PDMS with different Au NP con-

centrations, and (iv) electrostatic potential of Au NP-embedded nanoporous TENG as a function of porosity calculated using the COM-

SOL multi-physics software. Inset shows the potential distributions in the pores of the mesoporous films. (v) Output voltage of porous

PDMS-TENGs with different DI water concentrations. Reprinted with permission from Ref. [46]. c- (i) Schematic of the fabrication pro-

cess of the hydrogel-TENG, (ii) illustration of interface formed between PDMS and hydrogel with benzophenone treatment, and (iii) volt-

age and (iv) current output performance of hydrogel-TENGs. Reprinted with permission from Ref. [48].
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production in the PDMS film in an optimized film containing

10% SrTiO3 nanoparticles (approximately 100 nm in size) and

15% pores in volume, the charge density, open-circuit voltage, and

power density of the film reached approximately 19 nC cm−2,

338 V, and 6.47 W m−2, respectively. This constitutes a power

enhancement of more than five times compared with that of a

nanogenerator based on a pure PDMS film. The effect of the

nanoparticle concentration is shown in Fig. 3a (ii–iv). The optimal

concentration was between 8% and 10% depending on the

material. Significantly, the pores formed in/on the sponge PDMS

film can effectively reduce its thickness and increase the contact

effective area. The highest TENG performance was achieved at

the optimal pore ratio of 15%. 

Hwang et al. (2019) introduced an ion liquid TENG (iTENG)

that included a TPU matrix and polymer ion pump (iTPU)[42]. Its

operating mechanism is the migration of ions through the porous

chain structures in the soft segments induced by mechanical

contact (Fig. 3a (vi)). The highest output performance was

exhibited by an iTPU film with 10 wt% ionic liquid, which

provided the optimal condition for pressure to influence ion

immigration and the resulting charge density. The voltage

therefore increased with the pressure, as shown in Fig. 3a (vi) and

(vii). 

At the same time, TENG performance enhancement through the

addition of conductive materials to triboelectric materials has also

been demonstrated[43-46]. Chun et al. reported that the TENG

performance was improved by adding Au nanoparticles[46]. They

proposed that contact between the Au nanoparticles and PDMS

inside the pores produced charges, which led to aligned dipoles

that affected the surface potential energy of the porous films. The

fabrication process of the TENG is illustrated in Fig. 3b-(i).

PDMS and Au nanoparticle solutions were mixed, and the water

was subsequently removed by applying heat. The TENG output

performance was enhanced in the presence of the Au

nanoparticles and increased with the Au nanoparticle

concentration. The peak voltage of 150 V at 0.28 wt% Au

nanoparticles was much higher than the 5 V produced by the pure

PDMS film. Hwang et al. reported that adding metal oxides

improved the output performance of TENGs[47]. They proposed

that the metal oxide played a similar role to the Au nanoparticles

by creating charges through contact between the metal oxide

nanoparticles and PDMS inside the pores. This resulted in dipole

alignment and a consequent increase in the dielectric constant of

the film.

Soft and wearable TENG devices have attracted attention for

potential applications in human sensors. Communication between

humans and machines requires real-time response. Lee et al.

developed a self-cleanable, transparent, and attachable ionic

TENG (STAIC), which demonstrated sensitivity and electrical and

optical stability, as a communication device for human

sensors[48]. Fig. 3c-(i) shows the benzophenone treatment

fabrication process of the STAICs. A hydrogel was covalently and

robustly anchored to an elastomer (Fig. 3c(ii)). The output voltage

and current increased by 24.5% and 17.5%, respectively, in the

presence of (heptadecafluoro-1,1,2,2-tetrahydrodecyl) trichlorosilane

(Fig. 3c-(ii)). 

2.4 Interfacial Layer and TENG Structure Design

Performance enhancement in TENGs is limited by the

electrification loss due to leakage current from the triboelectric

material to the electrode, which is the largest source of charge

loss. To address this issue, Park et al. suggested depositing a metal

oxide layer between the triboelectric material and electrode[49].

As shown in Fig. 4a-(i), a deposited TiO2 layer on the Al electrode

called the electron blocking layer (EBL) not only separated

positive and negative charges but also increased the polarization

because of its high dielectric constant. Compared to a normal

TENG, which generated a peak output voltage of approximately

50 V and peak output current of 2 µA, the output power was

significantly increased in a TENG with a TiO2 EBL, which

produced a peak output voltage and current of approximately 272

V and 9.1 µA, respectively (Fig. 4a-(ii,iii)). The optimized TENG,

which contained 100 nm-thick TiO2, achieved the highest

performance owing to the increased relative amount of oxygen

vacancies. 

Kim et al. significantly improved the output performance of a

TENG by creating a molecular layer between the electrode and

triboelectric material (Fig. 4b-(i))[49,50]. The molecular layer was

created using the self-assembled monolayer (SAM) technique.

The monolayer prevented opposite charges from recombining and

increased the polarization. Fig. 4b-(ii) shows the power density as

a function of load resistance for different monolayer types. The

optimal performance was achieved in the TENG with an ABT

monolayer because it generated the highest surface charge density.

Another strategy has been used in many studies to achieve a

high power density. This strategy is optimal for designs that

produce ultrahigh powers. Wu et al. demonstrated a power density

of 10 MW/m2 using a triboelectric generator that has a similar

design to an opposite-charge-enhanced transistor [19]. Fig. 4c(i)

shows two new TENG designs. In the OTC-TENG structure, the

output current is controlled in each cycle using two left and right
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electrodes. Its output performance (Fig. 4c-(ii)) and estimated

power density (Fig. 4c-(iii)) were improved significantly

compared to those of other reported TENGs. It is clear that 10

MW/m2 is the optimal value that has been reported thus far (Fig.

4c-(iv)). A single OTC-TENG can power a 180 W lamp (Fig. 4c-

(v)), which is a highly practical application in everyday life.

Many researchers have attempted to improve the efficiency of

raindrop generators through both physical and chemical

modifications for the past decade. However, the raindrop

generators typically had a low conversion value of 1%. In a

significant study, a raindrop generator was fabricated by placing

an electrode on the top triboelectric layer in direct contact with the

droplet[51]

 (Fig. 4d-(i,ii)). Importantly, a single drop produced a charge

that approached 50 nC, voltage of 100 V, and current that

exceeded 300 mA, as shown in Fig. 4d-(iii–vi). This opens

significant prospects for applications of infinitive drain-drop

energy[52-57].

3. CONCLUSIONS

The performance of TENGs can be enhanced by interfacial

material engineering using a variety of physical, chemical, and

biological methods. Despite being the simplest method, surface

morphology modification can produce significant performance

improvements. Chemical and biological methods are more

complicated and have higher material selectivity but can produce

large-scale output performance improvements. Many polymer

treatments to enhance the output performance of TENGs, such as

UV treatment, laser writing, plasma treatment, and the use of

neutral beams, ion beam irradiation, wet chemical reactions, and

Fig. 4. a- (i) Schematic of the working principle of TENGs and role of multifunctional TiOx EBL and output voltages of TENGs (ii) with/with-

out TiOx EBL and (iii) with different TiOx EBL thicknesses. Reprinted with permission from Ref. [49]. b- (i) Schematic and photograph

of the interfacial TENG. (ii) Power density and (iii) rectifying voltage output performance of interfacial TENGs with different negative

tribo-materials. Reprinted with permission from Ref. [50]. c- (i) Schematic of the cross-section of the opposite-charge-enhanced tran-

sistor-like TENG (OCT-TENG) and conventional sliding mode TENG. (ii) Output current of the OCT-TENG and control TENG through

1 M resistance. (iii) Estimated power density of over 10 MW/m
2
 achieved by OTC-TENG, (iv) comparison with other TENGs, and (v)

demonstration of high output power from OTC-TENG using a 180 W lamp. Reprinted with permission from Ref. [19]. d- (i) Schematic

and (ii) optical image of the droplet electricity generator (DEG). (iii) Amount of charge on the polytetrafluoroethylene (PTFE) surface

increases gradually and eventually reach a stable value. (iv) Hundred LEDs were powered by one droplet on the DEG. Comparison of

(v) voltage and (vi) current from DEG with a control device. Reprinted with permission from Ref. [51].
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patterning, were discussed. In addition, new interlayer designs and

operating mechanisms that resulted in significant enhancements of

TENG performance were introduced. Enhancing output

performance through a variety of modification approaches is

important and promising for a variety of applications in green

energy harvesting.
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