1

Models of Triboelectric Effect

1.1 Introduction

Contact electrification (CE) exists universally between any materials. It can be
widely applied for energy harvesting [1, 2], electrostatic printing [3], etc., but may
also cause electric breakdown in electronics and even fires [4, 5]. Understanding CE
mechanisms will be of great significance to accurately control the surface charge
level upon requirements of applications. Although CE has been discovered for more
than 2600 years, its mechanism continues to elude the scientific community due to
lack of proper systematic studies. Long-term debates exist on the charge carriers
of CE: some scientists demonstrated the electron transfer dominant mechanism,
while others favored material or ion transfer mechanism. An early study in 1980
by Lowell and Rose-Innes concluded CE mechanism between metal and dielectric
as the electron transfer, with the surface states model proposed [6]. Through
redox chemical reactions induced by triboelectric static charges, Bard et al. further
confirmed electrons as charge carriers in CE [7-10]. The thermionic emission
behaviors observed by Xu et al. indicated electron transfer dominant mechanism,
with the electron-cloud-potential-well model developed [11-14]. Through atomic
force microscopy (AFM) studies conducted by Lin et al., Zhou et al., and Li et al.,
further evidences were provided for CE on microscale to support electron transfer
mechanism [15-17]. In the meanwhile, the transfer mechanisms by materials
or ions were proposed by other scientists. Prof. Whitesides’ group conducted a
series of works on CE in ionic electrets from 2003 [18-21], concluding the ion
transfer dominant mechanism with a model proposed. Prof. Grzybowski’s group
discovered the mosaic of surface charge generated by CE as attributed to material
transfer [22-25]. Giuseppe Pezzotti and Sutka et al. attributed electrification as the
output of bond cleavage and chemical changes at the molecular scale, implying
ion/material transfer mechanism in CE [26, 27]. Therefore, to provide an answer
to this millennium puzzle, further systematic studies are still required on CE in
various material systems with well-designed methodology.
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1 Models of Triboelectric Effect
1.2 Thermionic Emission Method

A method to quantitatively investigate real-time charge transfer in CE via tri-
boelectric nanogenerator (TENG) as a function of temperature was reported
based on thermionic emission in 2018 [11]. The conventional metal-polymer
or polymer—polymer structure of TENGs was not adopted in this study, mainly
because polymers could not withstand at high temperatures. Here, two kinds
of high-temperature-resistant contact-separation (CS) mode TENGs, a Ti-SiO,
TENG and a Ti-Al,O; TENG, were designed and fabricated, which were able to
withstand a maximum temperature of 673 K and operate stably for a long period
of time. Each TENG was placed in a heating cabinet, which could provide the
desired temperature with an accuracy of +5 K. The structure of the Ti-SiO, TENG is
shown in Figure 1.1a. The charges increasingly accumulate with the CS operation
of the TENG and then tend to balance at 293 K. It is worth noting that both the
short-circuit charge transfer Qg (0.45nC) and the open-circuit voltage V. (1.3V)
are rather low, which means that the CS Ti-SiO, TENG in the experiment can
only generate limited charges during the CS operation. Thus, to investigate the
influence of temperature on the tribocharges on the surfaces, SiO, was first rubbed
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Figure 1.1 Performances of the Ti-SiO, TENG at different temperatures: (a) setup of the
measurement platform, (b) the change of Qg at various temperatures, (c) the residual
charges of the TENG at different temperatures (Inset is the diagram of the working model of
the TENG) and (d) Q. evolution with time under high temperatures. Source: Reproduced
with permission of [11], 2018 © John Wiley & Sons.
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by polyurethane (PU) foam to introduce initial surface charges on SiO,, as reflected
by a Qg of around 45 nC. The cabinet was heated up to the desired temperature and
then held for five minutes to measure the variation of Qg.. Figure 1.1b shows the
change of Qg at temperatures of 353, 533, and 583 K, demonstrating that the charge
density decreased more rapidly at higher temperatures. When the temperature rose
to 583 K, the charges quickly disappeared and the total charges Qg were less than
1nC. Figure 1.1c shows the residual charges on the TENG after five minutes of
measurement at different temperatures and the inset is the diagram of the working
model of the CS Ti-SiO, TENG. The residual charges decreased more rapidly with
the increase in the temperature, and it is interesting to note that they started to
decrease more rapidly once the temperature was higher than 533 K.

It is worthwhile to note that the aforementioned experiments are the results after
holding the TENG at different temperatures for five minutes. In order to further
systematically explore the effect of high temperature on Qg, long-term measure-
ments were conducted on the TENG under various temperatures. Figure 1.1d shows
long-term charge decay under high temperatures, which indicates that the increase
in temperature facilitates charge decay. It also reveals that the Qg response is analo-
gous to exponential decay under high temperatures. In addition, taking the temper-
ature of 503 K as an example, all of Qq¢, V¢, and short-circuit current I share the
same decay characteristics, which feature a slow-fast-slow trend in decay speed.

Ruckdeschel and Hunter studied the CE of Al,0;-glass in the range of 293-393K
and observed the charge decay at high temperatures [28]. However, they only
attributed this phenomenon to the thermal desorption of water on the Al,O,
surface. Here, since the Qg decay is analogous to exponential decay at higher tem-
peratures, it is assumed that they may be consistent with the electron thermionic
emission model, which is always applied for charge transport through Schottky
diodes [29, 30]. Thus, the measured Qg values are fitted according to the thermionic
emission equation [31, 32]:

w AW
J = AA, T [eﬁ - 1] (1.1)

where J is current density, A is the material-specific correction factor, A, is Richard-
son constant of a free electron, T is temperature, W is height of the potential barrier,
k is Boltzmann constant, and AW is the potential barrier height variation due to the
surface electric field E. Such potential barrier height W might be related to the work
function of materials [12]. Since E i & Qgc, we may assume that AW = 4, Qgc/ 4.

AW
(4, is a constant). When AW < kT, e — 1~ %, then

_ LA,

J Teiw Qg (1.2)

or equivalently:

J\ _ eV A
In (m) = —k_T +1In <EQSC> (13)
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where e is the electronic charge. By assuming J = i dgfc = 5Qq, where A is the sur-
face area:
Qsc = ¢ Qg (14)

where Qg is the initial value of Qg.. According to Equation (1.4), Qg follows an
exponential decay during thermionic emission. For tested metal/Kapton pairs, such
exponential decay relations are shown in Figure 1.2a,d,g. Evolution of the measured
Qqc in the Al/Kapton pair at different temperatures was summarized in Figure 1.2b,
similar to that of Ti/Kapton and SLS/Kapton pairs as shown in Figure 1.2¢,h. Resid-
ual ratios of metal/Kapton pairs at different temperatures are summarized in Figure
S2, where around 60% Qg remained on the surface with T of 420K, but rapidly
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Figure 1.2 Results of metal/Kapton and Kapton/Kapton tribo-pairs. The measured (dots)
and fitted (line) Q. as a function of the time at various temperatures, evolution of Q.- with
time at different temperatures, plots of In(J/A,/T) against 1/T with measured results in dots
and linear fitted results in line, for (a-c) Al/Kapton; (d-f) Ti/Kapton; (g—i) SLS/Kapton; (j-L)
Kapton/Kapton, respectively. Fitted slope of the plots of In(J/A,/T) against 1/T and the R?
are marked next to the line. Source: Reproduced with permission of [33], 2020 © Elsevier.
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decreased to 20% when T reached 450 K. Plots of In(J/A,/T) against 1/T with mea-
sured results in dots for Al/Kapton, Ti/Kapton, and SLS/Kapton pairs were shown in
Figure 1.2c,fi, respectively. Slopes of the fitted lines of In(J/A,/T) against 1/T and the
coefficients of determination R?> were marked next to the line. It should be noted that
all slopes for metal/Kapton pairs with different metals are around 9600, with very
little variation. This reflects that the material for thermionic emission is identical
for these pairs, which should be Kapton. To confirm this conclusion, the tribo-pair
of Kapton/Kapton was employed in experiments to rule out the potential influence
of metals and served as a reference experiment. The exponential decay with fitted
curves at 423 K, evolution of Qg with time at different temperatures, and plots of
In(J/A,/T) against 1/T for the Kapton/Kapton pair were shown in Figure 1.2j-1,
respectively. The slope in Figure 1.21 is similar to that of metal/Kapton pairs, ver-
ifying Kapton as the only possible thermionic emission material in metal/Kapton
pairs. The extracted W of 0.82745 +0.0173 eV from these tribo-pairs should be that
of the Kapton surface.

1.3 Material-Dependent Charge Transfer Mechanism
and Model

According to the previous results of metal/Kapton in Figure 1.2, thermionic emis-
sion electrons carried by Kapton as material B were originally transferred from met-
als as material A, confirming the electron transfer dominant mechanism. To further
study the dominant charge transfer mechanism during CE, experiments of nine
other metal/polymer pairs were conducted, where Al, Ti, and SLS were applied as
the positive surfaces to contact with three polymers of fluorinated ethylene propy-
lene (FEP), polycarbonate (PC), and polyether ether ketone (PEEK). These polymers
were employed due to their relatively high working temperature limits, which are
all around or over 473 K. Residual ratio of metal/FEP pairs gradually decreased with
temperature increase, similar to that of metal/Kapton pairs. Such trends were quite
different in residual ratio of metal/PC and metal/PEEK pairs due to the effects of
glass transition in PC and PEEK, indicating possibly different W at the temperature
below (part I) and above (part II) the glass transition, as marked W, and Wy;. Thus,
analysis was conducted separately for temperatures below and above the glass tran-
sition of each polymer. Considering the surface properties of polymers are usually
complicated during the glass transition, the data collected during the glass transition
temperature range was not analyzed. We may conclude from the results in Table 1.1
that W extracted from metal/polymer pairs is usually consistent with that of negative
polymers, as measured from identical polymer/polymer pairs.

Besides metal/polymer pairs, studies about four polymer/polymer pairs were con-
ducted, with results shown in Table 1.1. For polymer/polymer pairs, the extracted W
is more complicated, which is all quite different from that of material B, and besides
only a few of them are similar to that of material A. It should be noticed that W
extracted from the Kapton/PC pair is between that of Kapton and PC for both tem-
perature ranges (Parts I & II), indicating the co-existence of both electron transfer
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Table 1.1 Summary and comparison of different tribo-pairs.

Tribo-pairs (Positive/Negative) Part 1 (T < Tg) Part Il (T > Tg)
Slope W, (eV) Slope W, (eV)
Al/Kapton 9803.2 0.844778 N/A N/A
Metal/Kapton Ti/Kapton 9649.8 0.831559
SLS/Kapton 9542.9 0.822347
Al/PC 3763 0.324271 20097 1.7318
Metal/PC Ti/PC 3562.5 0.306994 19498 1.6802
SLS/PC 3210.3 0.276639 18773.6 1.6178
Al/PEEK 6563.2 0.565575 24 600.1 2.1199
Metal/PEEK Ti/PEEK 5288.5 0.455729 26 695 2.3004
SLS/PEEK 6819 0.587618 24258 2.0904
Al/FEP 6737.2 0.5806
Metal/FEP Ti/FEP N/A N/A 6477.8 0.5582
SLS/FEP 6368.2 0.5488
Polymer/polymer Kapton/FEP N/A N/A 3772.3 0.3251
Kapton/PC 6393.7 0.550969 15642.3 1.3480
Kapton/Kapton  9412.7 0.811127 N/A N/A
PEEK/PC 6886.65 0.593448 24967.65 2.1516
PC/FEP 3520 0.303331281 11519 0.9926
FEP/FEP N/A N/A 6234.5 0.5372

and material/ion transfer mechanisms according to Figure 1.1d. Similar trends can
be observed in PC/FEP pair, where W; of PC/FEP pair is between PC and FEP and
W, extracted is similar to that of PC. Additionally, W, extracted from Kapton/FEP
was 0.3251 eV, which is lower than that of both Kapton and FEP, indicating possi-
bly varied surface chemical status. W; and Wy; from PEEK/PC were always far away
from that of PC as the negative material but similar to W, and W, of PEEK, respec-
tively, indicating a possibly material transfer mechanism. Thus, it can be concluded
that the W extracted from polymer/polymer pairs is usually different from that of
negative polymers, indicating that material/ion transfer, electron transfer, and even
chemical reactions may co-exist in CE of polymer/polymer pairs. And besides, the
dominant charge transfer mechanism in CE is highly dependent on the type of mate-
rial pairs.

The model to illustrate the material-dependent charge transfer mechanisms in CE
was established in this work. As illustrated in Figure 1.3a, CE in metal/dielectric
pairs usually follows electron transfer dominant mechanism, as demonstrated in
this article as well as numerous previous studies. Figure 1.3b shows the potential
CE mechanisms of dielectric/dielectric pairs. When the pairs are contacted together,
electron transfer along with possibly ion/material transfer happens simultaneously,



1.3 Material-Dependent Charge Transfer Mechanism and Model | 31

Metal + 4+ + + |
(@) Separate with no charges Contact and electron transfer Saparate with charges

() Separate with no charges Contact and electron and ion transfer

Atom of material B

Atom of material A

(c) (d)

Figure 1.3 Mechanisms and model for contact electrification. (a) Illustration for electron
transfer dominant mechanism in CE of metal/dielectric pairs. (b) ILllustration for charge
transfer mechanisms in CE of dielectric/dielectric pairs. Source: Reproduced with
permission of [33], 2020 © Elsevier. Schematic of the electron cloud and potential energy
profile (3D and 2D) of two atoms belonging to two materials A and B, respectively, when
they are: (c) before contact and (d) in contact. Source: Reproduced with permission of [11],
2018 © John Wiley & Sons.

while the ratio of transferred charge contributed by each part varies a lot in different
pairs, which is still waiting for further studies. After separation, both negative and
positive charges may co-exist on the surface, consistent with the mosaic patterns
observed before, while the net charge of a certain material may be either positive
or negative. This model is also consistent with the covalent bond cleavage mecha-
nism proposed previously [26, 34, 35], where the cleavage between interfacial bonds
may induce electron transfer while that within a certain material may contribute to
material/ion transfer.

To explain the mechanism of electron transfer, an electron cloud/potential model
based on fundamental electron cloud interaction is proposed to explain all types of
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CE phenomena for general materials (Figure 1.3c). Here, the electron clouds are
formed by electrons that are spatially localized within specific atoms or molecules,
and occupying specific atomic or molecular orbitals. An atom can be represented
by a potential well in which the outer shell electrons are loosely bounded, form-
ing an electron cloud of the atom or molecule. As shown in Figure 1.3c, d is the
distance between electron clouds, E, and Ej; are the occupied energy levels of elec-
trons in materials A and B, and E, and E, are the required potential energies for
electrons to escape from the surfaces of materials A and B, respectively. E, and Ey
are, respectively, smaller than E; and E,. Before the contact of the two materials,
the electrons cannot transfer due to the local trapping effect of the potential wells.
When material A contacts with material B, the electron clouds overlap due to the
“screening” between the two materials introduced in physical contact, and the ini-
tial single potential well becomes asymmetric double-well potential and then the
electron could hop from material A to material B (Figure 1.3d). Later on, Li et al. dis-
covered the interface interatomic electron transition as induced by photon emission
in CE, which confirms the existence of electron transfer in CE [36].

Although previous studies demonstrated that electron transfer is dominant in
metal/polymer CE, the complicated mechanism of polymer/polymer CE remains
unclear. To address this issue, a quantified model was proposed to investigate
the CE, with the contribution ratios from different charge transfer mechanisms
identified for different polymers. Since the potential barrier height ® is affected
by the electric field, different charge transfer mechanisms can be distinguished by
the polarity of the charge transfer and the corresponding emission materials [37].
Considering the random breakage of chemical bonds of both surfaces, the trans-
ferred materials were found to usually include both positive and negative charges.
Additionally, considering the different electron affinity of local atoms in molecular
chain, the electron transfer was also bidirectional, and thus the polymer/polymer
CE model with six potential mechanisms was established. A quantified model for
calculating the contribution ratios of different charge transfer mechanisms was thus
derived, and the contribution ratios were calculated. These contribution ratios were
usually larger than 1, indicating that the total generated charge in CE is actually
much larger than the net surface charge, which is also consistent with the previous
studies. The relationship between the positive/negative charge generation ratio and
the relative wear rate ratio, as well as the relationship between the relative potential
barrier height and the relative wear rate ratio, were investigated, further confirming
the material-dependent CE mechanism in polymer/polymer CE.

1.4 Liquid-Solid Contact Electrification Mechanism

CE may actually happen in all possible interfaces, including not only all types of
solid-solid interfaces, but also liquid-solid [38-40], liquid-liquid [41-43], and even
potentially solid—gas or liquid-gas interfaces [44]. Specifically, as compared to CE
in solid-solid interfaces, CE in liquid—-solid interfaces (LSI) show advantages of low
friction (for liquid with low viscosity), minimum wearing, and high fluidity, with
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high potential applications in irregular energy harvesting [40]. Considering the
potential of chemical reactions and physical processes, other potential applications
of LSI include electrochemistry [45, 46], catalysis [47, 48], electrowetting [49, 50],
etc., which attract broad attention from scientists and industry. However, the
mechanism of CE in LSI still requires further systematic studies.

Usually, the charge transfer in LSI is believed to be related to the formation of the
electric double-layer (EDL), which indicates that the ions from liquid attracted to
solid surface dominate the charge distribution in LSI[51]. Such ions were distributed
in a Stern layer in which ions were adsorbed next to the solid surface and a diffuse
layer where the ion concentration decays with the distance to the solid surface [52].
However, the formation of EDL could be just a result instead of reason for the charge
transfer. Even though the EDL was formed by ions, there is still not enough evidence
to demonstrate that these ions originate from ion transfer. In fact, it was theoretically
calculated that in deionized (DI) water, the ion density may not be able to provide
enough ions to obtain observed charge density in LSI [53].

Lin et al. demonstrate a new method to reveal the origin of the charge in CE of
LSI [54]. With a droplet of liquid drops on the surface of solid material, both ion and
electron transfers may happen on the interface to transfer charge. If the high tem-
perature was applied after the droplet was removed from the surface, thermionic
emission of electrons will happen, which is similar to the process in solid-solid
interface [11]. However, the thermionic emission of ions is usually quite difficult,
considering the high potential barrier height for ions (8.5 eV for OH™ and 20 eV for
H* on SiO, surface [55, 56]). As a comparison, the potential barrier height for elec-
trons is usually <2.5 eV as shown in Table 1.1. Therefore, the electron will be emitted,
leaving the residue charge due to ions, as shown in Figure 1.4a. Through Kelvin
probe force microscopy (KPFM) equipped in atomic force microscope (AFM), the
variation of the surface charge density can be monitored, as shown in Figure 1.4b.
The droplet-charging and thermionic-emission processes are repeated many times
as shown in Figure 1.4c, while the residue charge due to ions (red dots) increases
gradually until saturation at around —800 uC/m?. It should be noted that most of
such charge transfer was initiated by electrons, which can already achieve around
—800 pC/m? in the first cycle, and then more charge was transferred to more ions
in following cycles. In other words, the charge transfer in CE of LSI was mostly ini-
tiated by electron transfer at the beginning, while ion accumulation on the surface
becomes a stable status of charge in LSI. Similar results were also obtained in other
experimental and theoretical studies [53, 57].

Therefore, as summarized by Prof. Zhong Lin Wang, the CE in LSI follows
a “two-step” formation process with a hybrid EDL model [58]. As shown in
Figure 1.5a, the first step of CE in LSI is similar to that in solid-solid interface, in
which the electron transfer happens while the electron clouds of solid interface
and liquid molecules overlap due to liquid pressures and thermal effects. The
transferred electrons may remain in the charged solid surface due to the potential
barrier height, as the very beginning electron transfer step to initiate the CE process.
As shown in Figure 1.5b, in the second step, the ions in the liquid are attracted
electrostatically to the LSI interface to form EDL. Such a migration of ions from

33



34| 1 Models of Triboelectric Effect

_|__'£@“‘( O «Si ,//
R

Si Sio, @0 +«Ele

e, -

P
- o

5~
==

/ehe
i aj
P2T tpg
(a) (b)
-1400
& —12004 M—— . aee
E . o 80 o oo - -
0—1000— ® veoe we —
2 °®
2 I R .
3 —800- . ] : i e
g c
S
o —600- . 2 Anion
s ]l J N J \ / EBEEunes
E —4004 e Electron
© L
g —2004 ° . = Contact with DI water
=] ) Heat (513 K for 10 min)
2] [0 T T T T T L L LT T T
Initial
200 T T T T T
1 2 3 4 5
(c) Number of cycles

Figure 1.4 The experiment by Lin et al. to determine the charge transfer mechanism in

LSI. (a) the experiment step and ion/electron formation in LSI. (b) the test method by KPFM
after thermionic emission. (c) The tested charge density after repeated DI water contact and
thermionic emission. Source: Reproduced with permission of [54], 2020 ©® Springer Nature.

liquid body to the interface may also facilitate the ionization reaction, which already
exists in the liquid such as water, which further facilitates the formation of EDL.
In this hybrid EDL model, the charge transfer process was initiated in the first step
and dominated by electron transfer. The ion accumulation in EDL formation in the
second step is just like a result of electron-dominated charge transfer. Different from
solid-solid interface CE, we may assume the material transfer based on wearing is
minimal in LST interface.

1.5 Environmental and Material Effects on Charge
Transfer

As a long-term mysterious phenomenon with debate over centuries, the CE mech-
anism still requires further explorations, which is due to the complexity brought by
many impact factors. Typically, environmental factors such as temperature, humid-
ity, stress/strain status, and atmosphere as well as material factors such as surface
functional groups and strain statues, highly affect the CE process. Here, we summa-
rized several recent studies in these aspects.
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Figure 1.5 The hybrid EDL model with the “two-step” formation process for CE in LSI.
(@) The electron transfer in the first step. (b) the EDL formation due to ion migration and
redistribution. Source: Reproduced with permission of [44], 2022 ® American Chemical
Society.

1.5.1 Temperature Effect on the CE

As stated above, high temperature may facilitate the thermionic emission of elec-
trons, as an experimental tool to reveal the CE mechanism, and in the meanwhile,
it is also a pathway to release triboelectric charge, which may limit the applica-
tion scenario of triboelectricity. The TENG used in previous studies is mainly based
on CS motions, in which the two triboelectric surfaces are separated mostly. It has
been discovered that the charge decay during contact status is much slower than
that in separation status, which indicates that more charges can be kept at con-
tact status [11]. Therefore, Wang et al. demonstrated sliding-based CE to generate
more charge in high temperatures [59]. It has been discovered that sliding-based CE
can facilitate CE charge transfer even in the highest temperature tested. Such a CE
mechanism may comprehensively involve surface charge transfer, thermionic emis-
sion, and surface contact area changes. Based on sliding CE, Xu et al. developed the
preannealing strategy to further raise the working temperature of CE, to be up to
673 K [60]. The mechanism of preannealing strategy to promote charge transfer is
attributed to the atomic thermal vibration, which increases with the temperature sig-
nificantly and partially balances the thermionic emission. Such annealing strategy
may even change the polarity of the triboelectric charges in some materials, as care-
fully examined by KPFM [61]. The annealing strategy may also be unevenly applied
on both sides or only on one side, which may facilitate the electron transfer from
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the heated side to the unheated side, due to thermionic emission of electrons [62].
Such an effect may be used to generate and modify triboelectric charge on purpose,
even in identical material pairs, considering the unevenly heated areas in contact
surfaces due to frictional heat.

1.5.2 Impact of Material Surface

As an interface effect, the characteristics of CE or triboelectric effect are strongly
related to the material surface. The triboelectric series, as the empirical sequence of
triboelectric polarity, was usually used to select and compare triboelectric materials
qualitatively. Zou et al. developed a quantitative method to understand the triboelec-
tric series by characterizing the triboelectric charge density (TECD) as a material
“gene” [63, 64]. In the meanwhile, surface of materials also plays key roles in CE.
In the past decade, the method of modifying surface to promote TECD has been
intensively investigated, including chemical modification method [65-67] and intro-
duction of surface micro-/nanostructures [68-70]. However, more systematic studies
are still required to quantify the promotion effect of surface functional groups.

Li et al. demonstrated that the electron-withdrawing (EW) ability of the functional
groups is the key to determining their polarity and resulting TECD [71]. In various
functional groups, the —F group shows the best EW ability, and increase of the —F
groups can greatly enhance the negative TECD, which explains why polymers that
are fully fluorinated (such as FEP and polytetrafluoroethylene, PTFE) demonstrate
the best TECD compared to other common polymers. The EW ability for other com-
mon functional groups is ranked as —CH; < —H < —OH < —Cl < —F. Besides, it was
discovered that unsaturated groups can enhance the EW of fluorinated polymers,
such as —CF,=CF,— and —CF=CF-, which may be introduced to the original flu-
orinated polymers through thin firm sputtering, UV-ozone treatment, etc. In the
meanwhile, the density of surface states (DOSS) may also contribute to the resulting
TECD [72]. A model based on DOSS was proposed to explain the abnormal TECD
generation between ternary materials, with an experimental method established to
characterize DOSS of materials. Through this DOSS model, it can be predicted that
TECD of FEP may achieve ~560 pC/m?, which is close to the reported maximum
values. These studies may inspire a more complete mechanism model for CE and
TECD in the near future.

1.5.3 Stress/Strain States and Others

Besides the chemical composition of the material surface, the surface stress or
strain states may also impact the TECD. However, even for identical material pairs
in contact, CE may also happen. Xu et al. demonstrated that the charge transfer
is also related to the curvature of surfaces, while positive curvature tends to take
negative charge and negative curvature tends to take positive charge [73]. The
mechanism of CE between the curved surfaces may be attributed to the shift of
occupied level of surface states. In light of that, mutual CE may even happen
between any identical material pairs in contact considering the surface roughness,
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which may result in uneven stress/strain distribution on the surface. This discovery
may explain the mosaic distribution of triboelectric charge [22]. Furthermore, the
applied stress/strain can also vary the electron transfer amount during CE, which
may be contributed by the induced flexoelectricity [74].

For some stretchable polymer materials, the crystallization level may be induced
by strain, which can greatly impact the band diagram. Liu et al. demonstrated that
strain-induced crystallization can shift the position of polymers in triboelectric
series, and even induce polarity reversal of TECD [75]. With the crystalliza-
tion process, the electron cloud on the surface can be totally redistributed,
which can greatly impact the CE process by assuming the electron-dominated
electron-cloud-potential-well model. CE can also be promoted by UV light, as
attributed to photoexcitation effect on electrons [15, 76], which demonstrated the
existence of threshold photon energy to assist electrons to overcome the potential
barrier heights. The TECD can even be modified by atmosphere, especially the
oxygen atmosphere, which may both impact the DOSS and occupied energy
levels [77].

1.6 Potential Applications

When two different materials or surfaces are in physical contact or sliding against
one another, charges will be transferred from one surface to the other, making them
positively or negatively charged, respectively. This is the triboelectric effect (also
called triboelectrification or CE) well-known for thousands of years, which was first
recorded by Thales of Miletus (c. 624-546 Bc), an ancient Greek philosopher. Under-
standing and discovering methods to tailor the triboelectric effect by controlling the
surface charge density will benefit a number of applications. As examples:

e Prevention of electrostatic damage (ESD): The electrostatic charge produced by
the triboelectric effect may cause sparks which can ignite flammable materials
or vapors, interfering in the operation of electronics in the household, work-
place, and societal infrastructures including public transportation, aircraft and
spacecraft. It has been reported that related losses in the electronics industry are
up to US$5 billion. (https://www.durablecorp.com/the-costs-of-esd-damage)
Therefore, these industries would benefit from the ability to downregulate or
decrease the triboelectric effect.

e Power generation: TENG is an emerging technology for low-frequency energy
harvesting with demonstrated advantages of being lightweight, facile fabrication,
high performance, and low cost [78]. It has been predicted that TENG and the
resulting applications will be a US$480 million market by 2028 (https://www
.dtechex.com/en/research-report/triboelectric-energy-harvesting-teng-2018-
2028/577). As indicated by the TENG figure-of-merit (FOM) developed by the
PI, TECD is the key parameter to maximize output performance [38]. Therefore,
these applications would require that the triboelectric effect could be upregulated,
maximized, or increased.
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e High-voltage applications: For applications which require high-voltage input, such
as the TENG-triggered electrospray for mass spectrometry (MS) demonstrated
by the PI, quantitatively controlled charge generation is critical to achieving
nanocoulomb level and ultrasensitive chemical analysis [79]. Similar research
conducted by the PI includes field emission of electrons [78], and microplasma
generation [80]. Here, the triboelectric effect should be tailored precisely
according to the applications.

o Self-powered wireless solution through tribophotonics: Tribophotonics is cou-
pling of triboelectricity as a self-powered solution and photonics as a wireless
transmission solution, which was proposed in recent years [81]. The developed
technologies under tribophotonics include tribo-induced EM-wave generation
(TIEG), tribo-induced light propagation tuning (TILPT), tribo-induced electrolu-
minescence (TIEL), and tribo-assisted spectrometry (TAS), which was detailed
in Chapter 9. As induced by photon emission from CE, Li et al. also proposed
CE-induced interface photon emission spectroscopy (CEIIPES), which can be
considered a new type of TAS, and may be expanded as a new self-powered
spectroscopy tool [36].

1.7 Summary

This chapter summarized the studies on CE mechanisms in recent years, as facil-
itated by the emerging field of TENG. Through experiments based on thermionic
emission, intensive studies have been conducted on charge transfer mechanisms,
with universal existence of electron transfer confirmed in CE through various stud-
ies. An electron-cloud-potential-well model was established, as key model for CE
studies. In the meanwhile, the contributions from material transfer and ion transfer
were studied in solid-solid interface and LSI CEs, respectively. The impacts of mate-
rials, environment, stress/strain, etc., were investigated, which greatly improved our
understanding and provided charge modification tools for CE. It is expected that a
more detailed CE mechanism will be revealed in the near future considering the
intensive studies in recent years.
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