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The development of the Internet of Things (IoT) and artificial intelligence has accompanied the evolution of energy demand and
structure  in  the  new  era,  and  the  power  sources  for  billions  of  distributed  electronics  and  sensors  have  aroused  worldwide
interest.  As  an  alternative  energy  harvesting  technology,  triboelectric  nanogenerators  (TENGs)  have  received  remarkable
attention  and  have  shown  attractive  potential  applications  for  use  in  micro/nano  power  sources,  self-powered  sensors,  high-
voltage  power  sources,  and  blue  energy  due  to  their  advantages  of  small  size,  light  weight,  flexibility,  low  cost,  and  high
efficiency  at  low  frequency.  In  this  review,  we  discuss  high-performance  TENGs  from  the  perspectives  of  triboelectric  charge
density,  output  voltage,  energy  density,  and  corresponding  quantification  methods.  Among  these  topics,  the  limitations,
optimization  methods  and  techniques,  and  potential  directions  to  challenge  these  limits  are  comprehensively  discussed  and
reviewed.  Finally,  we  discuss  the  emerging  challenges,  strategies,  and  opportunities  for  research  and  development  of  high-
performance TENGs.
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 2.1    Origin of contact electrification

High-performance 
TENGs

PZT-PVDF

Symmetrical structure

Liquid lubricationq

Charge 
space-accumulation

OCT-TENG

P(VDF-TrFE)

Physical modification

Chemical modification

Soft & fragmental 
contact

Charge pump

Self-excitation

Charge accumulation

Charge supplementary

Freestanding mode

SSSSSSSSS ff

H
igh output voltage      High energ

y 
de

ns
iy

   
   

  

  Nano Res. 2023, 16(9): 11698–11717 11699

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

  11700 Nano Res. 2023, 16(9): 11698–11717

| www.editorialmanager.com/nare/default.asp



 2.2    Four working modes of the TENG

R e R e

R e R

e

CS-TENG LS-TENG

SE-TENG FT-TENG

(a) (b)

(c) (e)

(f) (g)

(d)

  Nano Res. 2023, 16(9): 11698–11717 11701

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



 2.3    Maxwell’s displacement current
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 2.4    Methods for quantifying the performance of TENGs
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 3.1    Limitations of charge density

max = ( triboelectrification, air breakdown, dielectric breakdown)min
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 3.2    Improving surface charge density
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 3.3    Challenge the charge density limitations
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 4.1    Output voltage of CS-TENGs
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 4.2    Output voltage of sliding mode TENGs

 4.3    Challenge the voltage limitations

 5.1    Improving charges and voltage

 5.2    Employing the diode and switch
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 5.3    Challenge the energy density limitations
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 6.1    Fundamental physics of CE

 6.2    Charge density improvement

 6.3    Output voltage improvement

 6.4    Lifetime requirement

 6.5    Integration
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 6.6    Standard evaluation
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