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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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