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Figure 1 (a) Schematic diagram of the basic concepts of thunderstorms and triboelectrification as they appear in physics textbooks [11].
Copyright©2019, Elsevier Ltd. (b) The various material interfaces where triboelectrification occurs. (c) Timeline of several important developments in

the history of triboelectrification.
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Figure 2 (a) AFM for triboelectrification at micro-scale [14]. Copyright©2013, American Chemical Society. (b) KPFM for measuring the surface
charge density at micro-scale. (c) The topography for the charging area. (d) The surface charge density mapping for the charge area.
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Figure 3 (a) Diagram of the experimental setup for investigating the effect of thermal excitation on triboelectrification [17]. Copyright©2019,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Matrix of the evolution of the charge density on the sample surface with different
temperatures and times. (c) Evolution of the transferred charge density with time at different heating temperatures. (d) Schematic diagram of the energy

bands for electron transfer under temperature gradients.
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Figure 4 (a) Experimental diagram of the apparatus used to investigate the effect of photoexcitation on triboelectrification [18]. Copyright©2019,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Variation of charge density transferred on the surface of SiO, with time under different
wavelengths of irradiation. (c) Variation of transferred charge density on the surface of polyvinyl chloride (PVC) with time at different irradiation
powers. (d) Diagram of the electron transfer energy band under photoexcitation.

5 R, IR T R

T R SRR 50 HL T R S AR R A 5 [ 44
55 [ R 22 TRV BE R B T T, BTN Bk —
DR TR TR R, WRmEHR, <
FAE. R E N EAR R UR BT T PR
ANLAEGAR 2 18] B R LR (1815 (a)), K ILO, 70 T4
I 7 2 T Y B B 2 ok 248 G A PR S HL P B2 2 7
PR S0 o A A AR it BTt 0 AN ] (1 4 L, AR5
LA 2 2 80T s PR ) 7 R N0 R 2] 2 T e A T,
A 07592 B I AE RS BE B IR T . 45 2R
RW, AUy 7 [ PR 10 B2 5 i o] R 3 T 25
WA s RS RS, PO, TRES KL
GARI BRI BES B I RE IR REAE S, IR 42k
PR S BE B 1 AT i £ HL (5 (b)), i
R BRI TE 45 5 o 2R A58 U 1 O, B R 4
I TENGH it PR RS (I 1 — FhAE 7 ik,

B TR, TP T R AR R R [ AR

824

T BEAS WL, TR ) 4] A 2 [R) F) BE AR vl T e 88 VF
s NPOEE kB L 0FR ST, A8 B AL R
FRFEEIAPRHE S BESR R, IF TORRER T i 2 0 BE kS
LS. 45 SRR I U A R BE A 17 I, Ty
A RSB 17 T £ AL (P 5 (). IR A2 3R T 3R A
[ P BRI REAS AR, R 70T e sl s 4, 520 1
RIMBESHI A, IR 275 A B TR 2
FRPRLZ B RE R BRI R —. B EEEE
FLIE W R AEAE PSSR RV ] A2 TR, (EZ B TEAE
WH RIS 7E [ Fiob L 2 1), AR it mT g R Y. 431
n, AERORIADER 8] e b, /0N R RO 8 ) 7
SR, BRI TR A A IE R, R e
SRR TR N NG B ST R
[ 2 TAAH EL AR, Al O 2 i X 5 7 LS 0 o 4 2
R, HLT 2 A N AR R G 7% 1) h 3K PR A A e
b AR, R AT AR ST T L M RERS
SRR, T SECR T HeRe. BRI, 72 B R R o A4
AL LA A2 B AT 4 S B TR



hEBE: AR 2023 48 #5336 b

\

| \ |
| | ] ) |
1 | ’ |
1 | . = LUMO |
i : LUMO | | LUMO iilio | ;
' I = L I
1 —1 == | R
N [ —  ree—FE
1 | E34 € E-—q0] 9o |
1 ol 36 9o 9o
| 9 e 38 oo |
1 90 9o 4
1 I = e 34 Homo |
\ o
4 | HOMO HOMO oo |
| |
| - e |
Evac Evac | \ G \ I
e |®|
i : ; ) ‘j ! B
L_J
' E : Ec - Ec ! = |
o = _— s i | ) LUMO f tumo |
L= Oar Ou - | Lumo . LUMO —— | |
P T : = o | P
Er Vi iges Er — E Er v I } — | I
i : e - - [ E——t9—E E—— —%E
v oo T - | —9o+9o- 9o 9o I
H .::: Ev 3 e | 90190~ 9o 9o |
' o —— .\.::: »/ 9090 9o 99
o v b e E | 13 B I
i i ' Oy | .l HOMO -+ HOMO |
Metal ! ! Dielectric Metal ! ! Dielectric Metal ! !Dielectric HoMo~-— _ _ _ _ _ _ HOMO— .

Bl 5 (a) FTHRFC UM BRI FUZ 0 (T AFM S 50258 B R i ) (b) 78000 T IO PR I R R . (o) NIy
fil 2T, LT R R O A s R
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(b) Schematic diagram of the energy band of electron transfer under the influence of the atmosphere. Copyright©2019, Elsevier Ltd. (¢) The band

scheme of different contact curvatures on charge transfer between the same materials [20]. Copyright©2019, American Chemical Society.
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Figure 6 (a) Electron cloud potential well model between two atoms [16]. Copyright©2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) Interatomic interaction potential energy variation at the different interatomic distances. (c) Schematic diagram of the experimental setup.
(d) Corresponding phase difference and contact potential difference of the sample at different set amplitudes [23]. Copyright©2020, WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.
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(e) Schematic diagram of the TENG device operating in a high temperature environment [25]. Copyright©2018, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (f) Voltage output curves of TENG at different temperatures.
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Electron transfer in solid-solid triboelectrification
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Triboelectrification is a phenomenon that has been observed for over 2600 years, where charges are transferred from the surface of
one material to another when they come into contact or rub against each other. However, the mechanism behind triboelectrification
has long been debated, with the central issue being the type of charge carrier involved, whether it is electrons, ions, or material
residue. Recent research has investigated the fundamental principles underlying triboelectrification at the solid-solid interface through
the use of triboelectric nanogenerator (TENG) and Kelvin probe force scanning microscopy (KPFM). The results suggest that electron
transfer is the most likely dominant charge carrier in this process, occurring when the electron clouds of two atoms overlap. This
paper mainly focuses on the experimental evidence supporting electrons as the main charge carriers in charge transfer and elucidates
the newly proposed physical model of triboelectrification.
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